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INTRODUCTION 
 

Indy and microbiota have vital roles in health and 

longevity 

 

The aging process in organisms is characterized by  

loss of homeostasis, accumulation of cell damage, and 
decline in physiologic function [1–3]. Key factors  

that contribute to aging and its related pathologies have 

been identified using model organisms including  

mice, worms, and Drosophila melanogaster [3–5]. 

Microbiota imbalance has been linked to a growing 

number of human disorders including obesity, cardio-

vascular disease, type-2-diabetes and inflammatory 

bowel disease. One of the major risk factors for 

dysbiosis is aging. Age-associated dysbiosis of the 

intestinal microbiota has been implicated in intestinal 

barrier impairment, activation of intestinal immune 

response and increased frailty. Increased microbial 
load in the fly midgut has been associated with age-

related intestinal dysfunction and increased mortality 

[6–10].  
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ABSTRACT 
 

Reduction in the Indy (I'm not dead yet) gene, a plasma membrane citrate transporter, in Drosophila and its 
homolog in worms extends lifespan by promoting metabolic homeostasis. Indy reduction delays the onset of 
aging-associated pathology in the fly midgut, including preservation of intestinal barrier integrity and 
intestinal stem cell homeostasis. Gut microbiota has broad impacts on host metabolism, health, and aging. 
Age-related dysbiosis impairs intestinal barrier function and drives mortality. However, the underlying 
mechanisms that link increased microbial load to frailty and negative effects on health remain mostly 
unclear. Here we show that Indy heterozygote flies have significantly lower bacterial load and increased 
diversity during aging compared to controls. However, the presence of the microbiota was not required for 
Indy lifespan extension, though removal of microbes did enhance the effects of Indy reduction on longevity, 
suggesting potential interactions between the microbiota and Indy. Indy down-regulation was linked to 
reduced expression of Upd3 and Upd2 in the midgut of young flies and Stat92E in old Indy flies, while no 
change in other members of the JAK/STAT signaling pathway observed. Furthermore, flies double 
heterozygous for Indy206/+ and upd3Delta/+ alleles lived longer than single heterozygous flies, suggesting 
synergistic effects on longevity of Indy and upd3 pathways. Altogether, our results suggest that Indy 
reduction impacts microbiota load and composition, which together with effects of Indy on midgut 
metabolism contributes to preserved gut homeostasis and extended lifespan. 
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The Indy (I’m not dead yet) gene encodes the fly 

homolog of a mammalian SLC13A5 plasma membrane 

citrate transporter [11–14]. Reduction of Indy gene 

activity in flies or its homologs in worms, rats, and mice 

has beneficial effects on energy balance by affecting the 

levels of cytoplasmic citrate, which plays a central role in 

metabolism [15–21]. Cytoplasmic citrate levels affect 

glucose and lipid metabolism, and energy production by 

mitochondria. In flies, INDY protein is highly expressed 

in the midgut, fat body, and oenocytes, all of which are 

important sites of fly metabolic regulation [11–13, 22–

24]. Indy reduction alters the metabolism of flies, worms, 

mice and rats, in a manner akin to changes associated 

with caloric restriction (CR) [11, 15–17, 19, 25–28]. 

Reduction in Indy gene expression extends longevity of 

Indy206/+ heterozygous flies and in other Indy 

heterozygous alleles, compared to control flies, delays the 

onset of intestinal barrier disfunction, and preserves 

intestinal stem cell homeostasis, and midgut integrity and 

function [11, 22, 23, 25, 26, 29]. Maximal life span 

extension was observed in Indy heterozygous flies, and 

their lifespan is not further extended by CR, providing 

further evidence that Indy and longevity pathways 

overlap. While Indy homozygous flies live longer than 

control flies when aged on a conventional laboratory diet 

or a high caloric diet, their lifespan is shorter than Indy 

heterozygous flies most likely because they are 

malnourished [20]. CR without malnutrition delayed the 

onset of aging associated pathologies, and extended 

lifespan in a variety of species [30–33]. Beneficial effects 

of CR on the microbiota and global host metabolism have 

been reported [34, 35]. Transplantation of the microbiota 

from female mice aged for 8 weeks on a very-low calorie 

diet to obese female mice increased recipient microbiota 

alpha diversity, decreased their body fat accumulation, 

and improved glucose tolerance compared to mice that 

received microbiota from ad libitum fed mice [34]. In 

addition, antitumor effects of CR have been linked to 

changes in the gut microbiota [36]. However, the level of 

CR is important for the effects on microbiota, as severe 

CR improved metabolic health in a randomized human 

interventional study, but led to a decrease in bacterial 

abundance and altered microbiota composition [37]. 

Transplantation of the post-CR diet microbiota decreased 

adiposity and body weight of recipient mice by impairing 

nutrient absorption and enriching for pathobionts 

including, Clostridioides difficile. In another randomized 

controlled study, CR was shown to affect microbiota 

composition and shift plasma metabolites to a longevity-

related metabolic pathway signature [38]. These studies 

highlight the importance of interactions between nutrients 

and microbiota and their effects on metabolism.  

 
The JAK/STAT signaling pathway has a key role in 

epithelium renewal [6, 39–41]. Drosophila cytokines 

Upd3, Upd2 and Upd are released from different cells 

type in the intestine to promote stem cell proliferation 

through activation of the JAK/STAT pathway. While 

JAK/STAT is important for initiating damage repair 

pathways in response to stress, sustained activation of 

JAK/STAT, as occurs in old age, disrupts homeostatic 

processes of the gut, contributing to organismal death 

[42]. These age-related increases in the JAK/STAT 

signaling are attributed in large part to increased 

microbiota density, a commonly reported phenotype in 

aging D. melanogaster [7, 8, 10, 41, 43]. Over-

expression of the JAK/STAT pathway leads to 

increased enterocyte damage and aberrant ISC 

proliferation resulting in midgut hyperplasia and 

reduced lifespan. Age-related increases in gut damage 

and microbiota density are associated with higher ROS 

production further contributing to activation of the 

JAK/STAT pathway. Previously, we reported that the 

midgut of Indy flies has reduced ROS accumulation and 

increased expression of genes encoding ROS-

detoxification enzymes, which reduces age-associated 

hyperproliferation of ISCs [23, 24]. Given the impact of 

the microbiota on gut damage in aging and JAK/STAT 

activity, it is possible that the beneficial effects of Indy 

reduction are mediated through impacts on the fly 

microbiota and reduced JAK/STAT signaling pathway 

activation. Therefore, we hypothesized that reduction in 

Indy gene activity could also alter the gut microbiota, 

which in turns reduces JAK/STAT signaling. As such, 

reduced Indy gene expression would lead to lower 

bacterial load during aging, translating to reduced 

JAK/STAT signaling, which would be consistent with 

the previously reported preservation of intestinal 

homeostasis into old age, and lifespan extension in 

heterozygous flies [22, 23]. 

 

To address our hypothesis, we characterized the 

microbiota of young and old control and Indy206/+ flies 

and found a significant decrease in bacterial load and 

increased bacterial diversity in aging Indy206/+ flies 

compared to age-matched control flies. Additionally, we 

compared lifespan of control and Indy206/+ flies with 

and without a microbiota to determine if lifespan 

extension in Indy heterozygotes was dependent on the 

presence of the microbiota. We found that the presence 

of the microbiota was not required for Indy206/+ lifespan 

extension, but removal of microbes did enhance the 

effects of Indy reduction on longevity. In addition, 

transcriptomic analysis on the midgut of control yw and 
Indy on conventional and AX conditions revealed 

reduction in expression of the JAK/STAT signaling 

ligand Upd3, and Upd2 in young Indy206/+ flies, which 

leads to slower activation of epithelial cell turnover in 

the gut and likely contributes to preserved intestinal 
stem cell homeostasis of Indy flies. Taken together, our 

study shows that microbiota is not required for 

longevity extension in Indy flies, however, reduced Indy 
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expression impacts microbiota load and diversity, which 

likely add to beneficial effects of Indy reduced gene 

activity on gut homeostasis and longevity.  

 

RESULTS 
 

Presence of the microbiota augments but is not 

required for lifespan extension in Indy heterozygotes 

 

To determine if the previously reported differences in 

lifespan between control and Indy206/+ flies depend on 

the presence of the microbiota, we assessed lifespan of 

both conventional (containing an un-altered microbiota) 

and axenic (containing no microbes) flies. Flies were 

passaged twice per week. Median lifespan of Indy206/+ 
exceeded that of controls by 12 days in males (21%) 

and 8 days in females (21%) in conventional conditions 

(Figure 1A, 1B and Supplementary Table 1). In axenic 

conditions, median lifespan of Indy206/+ flies was 7 

days (10%) longer than controls in males and 16 days 

(50%) longer in females (Figure 1C, 1D and 

Supplementary Table 2 and Supplementary Figure 1A–

1D), suggesting that removal of bacteria impacted 

control and Indy/+ flies to different extents. Thus, while 

the microbiota is not necessary for Indy206/+ lifespan 

extension, microbes may impact control and Indy flies 

in different ways, potentially indicating direct 

interactions between the microbiota and Indy and/or 

citrate metabolism. While both male and female 

Indy206/+ and male yw live longer in axenic condition 

compared to conventional, control female lifespan was 

not significantly different in axenic conditions 

(Supplementary Figure 1C and Supplementary Table 3). 

Lifespan studies were repeated by passing flies daily. 

Median lifespans of Indy206/+ male flies were 

significantly increased compared to yw control male 

flies in conventional and in AX condition, while female 

Indy206/+ flies showed small changes in median lifespan 

in conventional condition, and a significant increase in 

median lifespan in AX conditions compared to yw 

control females (Figure 1E, 1F and Supplementary 

Figure 1E–1H and Supplementary Table 3). Consistent 

with lifespans of flies that were passaged twice per 

week, males and female Indy206/+, and yw male lived 

longer in AX conditions, while yw female lived shorter 

in AX condition compared to aging on a conventional 

diet (Figure 1E, 1F and Supplementary Table 4). 

 

Bacterial load is lower in aging Indy206/+ compared 

to control flies 

 

It has been reported that aging-associated gut pathology 

is exacerbated by increased bacterial load in aging flies 

[7, 40, 43]. To determine the extent to which delayed 

aging phenotypes observed in Indy206/+ flies may be 

attributed to microbiota load or diversity, we performed 

culture-dependent microbiota analysis of young and old 

yw controls and Indy206/+ flies via plating of whole 

surface-sterilized fly homogenates on MRS agar (Figure 

2A) and culture-independent analysis (Figure 2B). We 

found that while bacterial load was similar in the two 

genotypes at 7 days old, 40-day old Indy206/+ flies had a 

roughly 10-fold lower microbiota load compared to their 

yw counterparts (Figure 2C). Repeated analysis showed 

that the total bacterial load was lower in Indy206/+ 
female flies at both 7 and 40 days (Supplementary 

Figure 2A). In addition, we observed some differences in 

microbiota composition between the two genotypes, 

especially at 40 days old, as Indy206/+ flies had a higher 

abundance of a specific isolate (isolate 2) that we 

determined by 16S rRNA sequencing (V3/V4 region) 

was most closely related to Acetobacter pomorum or 

pasteurianus (Figure 2D). Both genotypes contained 

similar levels of another isolate, closely related to either 

A. malorum or A. orleanensis (Figure 2D).  

 

Lifespan extension of Indy206/+ flies is not dependent 

on presence of Acetobacter spp 

 

To determine if the presence of either cultured 

Acetobacter isolate was responsible for the lifespan 

differences between conventional control and Indy206/+ 

flies, we generated gnotobiotic flies by inoculating 

axenic embryos with isolate 1 (A. pomorum/ 

pasteurianus), isolate 2 (A. malorum/orleanensis), or a 

mix of both. We recorded lifespan of each gnotobiotic 

condition and found that, regardless of bacterial 

treatment, Indy206/+ lifespan exceeded that of controls 

as seen in both conventional and axenic conditions 

(Figure 2E–2J). These results suggest either that: 1) 

neither Acetobacter isolate impacts lifespan extension 

of Indy206/+ flies, or 2) that both isolates impact 

longevity in a similar fashion.  

 

Microbiota composition differs between control and 

Indy flies 

 

To further investigate microbial community com-

position in each genotype, we performed culture-

independent 16S rRNA microbiota sequencing on yw 

controls, Indy206/Indy206 homozygous, and Indy206/+ 

heterozygous flies (Figure 2B). While this analysis 

could not distinguish between species of Acetobacter 

as in Figure 2, it did reveal the presence of a member 

or members of the Lactobacillus genus, which are 

common members of the D. melanogaster microbiota. 

In both male and female flies, Lactobacillus was most 

prevalent in Indy206/Indy206, and Indy206/+ flies, and 

was only present in a few control flies, particularly at 
7 days old (Figure 3A). By 40 days, most 

Indy206/Indy206, and Indy206/+ flies were still associated 

with Lactobacillus spp., whereas it was mostly absent 
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from yw aged-matched controls (Figure 3A). This 

difference in Lactobacillus presence between geno-

types was reflected in the beta and alpha diversity 

metrics, which show greater differences between 

Indy206/+ and yw controls than between Indy 

heterozygous and homozygous flies (Figure 3B-3E and 

Supplementary Figure 2B). Furthermore, 

Indy206/Indy206 and Indy206/+ male and female flies 

have increased Shannon diversity compared to control 

yw flies (Figure 3F, 3G and Supplementary Figure 

2C). A similar increase in Shannon diversity was 

confirmed in young and old Indy206/+ female flies 

 

 
 

Figure 1. (A–D) Lifespan of conventional and axenic yw control and Indy206/+ heterozygous flies passed twice per week (Supplementary 

Dataset 1). Longevity of conventional (A, B) and axenic (C, D) yw control (green (A), brown (B) light green (C), orange (D)) and Indy206/+ (blue 
(A, C), magenta (B), purple (D)) male (A, C) and female (B, D) flies passed twice per week expressed as Kaplan-Meier survival curves. N= 131-
187 individual flies per condition spread across 10 vials that were passed twice weekly. (E–F) Effects of axenic culture on lifespan of yw 
control and Indy206/+ flies passed daily. Longevity of axenic yw control ((light green (E), orange (F)) and Indy206/+ ((blue (E), purple (F)) male (E) 
and female (F) flies passaged daily expressed as Kaplan-Meier survival curves. AX: axenic. 
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Figure 2. Experimental diagram: Workflow of culture-dependent (A) and culture-independent (B) microbial sequencing from individual whole 

flies, which were homogenized in bacterial growth media, plated and extracted DNA was sequenced (A), or DNA was extracted from 
homogenate, PCR for V4 region of 16S rRNA and sequenced (B). (C) Total bacterial load in 7 day and 40-day old yw controls and Indy206/+ flies. 
Bacterial counts are expressed as colony forming units (CFU) per fly, as determined by growth of colonies on MRS agar (Supplementary Dataset 
2). Points represent individual flies; lines and error bars represent median and interquartile range of data points. (D) Load of bacterial isolates 1 
and 2 detected in 7 day and 40 day old yw controls and Indy206/+ flies (Supplementary Dataset 3). Bacterial counts are expressed as colony 
forming units (CFU) per fly, as determined by growth of colonies on MRS agar. (C, D) Points represent individual flies; lines and error bars 
represent median and interquartile range of data points. Statistical differences between yw controls and Indy206/+ CFU counts were determined 
via two-way ANOVA with Bonferroni multiple comparisons tests. N= 3 replicate experiments collecting 3 individual flies per treatment group (n=9 
flies per genotype/age). Statistical results not shown were non-significant. Significance is expressed as follows: ns, not significant (P > 0.05); 
*, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001. (E–J) Lifespan of gnotobiotic yw control and Indy206/+ heterozygous flies. Longevity of 
gnotobiotic control yw and Indy206/+ male (E, G, I) and female (F, H, J) flies containing Isolate 1 (E, F), Isolate 2 (G, H), or a mix of both isolates (I, J) 
expressed as Kaplan-Meier survival curves (Supplementary Dataset 4). Statistical differences between control and heterozygote lifespan were 
determined via Log-rank analysis. N= 84-125 individual flies per condition spread across 7-13 vials passed twice weekly. All survivorships of 
Indy206/+ were significantly longer compared to yw control flies P≤0.0001=****. het: heterozygote Indy206/+. 
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Figure 3. (A) Microbial community composition of young and old yw control, Indy206/Indy206, and Indy206/+ flies. Plots represent relative 

abundance of top five genera of bacteria present in individual whole flies. (B–G) Beta and alpha diversity of young and old yw control, 
Indy206/Indy206, and Indy206/+ flies (Supplementary Dataset 5). (A–D) Principal component analysis (PCoA) of Bray-Curtis distances between 
microbiotas of individual fly samples. Genotypes are indicated by different colors. Shaded ellipses represent 95% confidence intervals for 
clusters of each group. (F, G) Shannon diversity of each condition separated by males (F) and females (G) (Supplementary Dataset 6). Boxes 
range from the 25th to 75th percentile values for individual samples within each group; middle line shows the median; whiskers represent 
minimum and maximum values; individual points outside of minimum and maximum show outliers. 

1009



www.aging-us.com 1010 AGING 

compared to controls in a second set of experiments 

(Supplementary Figure 2B). Along with our culture-

dependent analysis, these differences in microbial 

diversity between aging yw controls and Indy206/+ 

suggest that microbial diversity, in addition to total 

microbial load, may be impacting aging.  

 

Indy reduction has a significant impact on host 

transcriptome 

 

To determine molecular mechanisms and pathways 

underlying longevity extension and the effects of the 

reduced microbiota load in Indy206/+ flies, we 

performed RNA-Seq analysis. We determined RNA-

Seq profiles using three biological replicates at each 

time point and of each genotype. Bulk RNA was 

extracted from dissected midguts of female Indy206/+ 

and yw control flies at 7 and 40 days of age, reared 

under conventional or axenic conditions. A sample-to-

sample distance heatmap shows genotype and age to be 

the driving force for distance, indicating distinct 

transcriptional profiles across age, genotypes  

and rearing condition (Supplementary Figure 3A).  

This is corroborated by transcriptome-wide principal 

component (PC) analysis, which indicates that 

biological samples from the same age and genotype 

cluster together and are clearly distinct (Figure 4A). PC 

analyses of samples from the AX and conventional 

reared flies are more similar at age 7 and partially 

overlap, while samples of AX and conventional reared 

flies at 40 days are more distant (Figure 4A). 

 

Difference in age-associated DE between control yw 

and Indy in conventional and AX conditions 

 

The generation of axenic fly lines eliminates both gut 

and substrate specific microbes, as well as their 

compounds, therefore, our study can distinguish 

between effects of microbiota and Indy reduction on 

transcriptome of the midgut. To search for common 

upregulated and downregulated age-associated DE 

genes, we compared yw control and Indy206/+ age-

specific DE genes in flies reared in AX and 

conventional conditions (CR): Up:yw CR 7-v-40, Up:yw 

AX 7-v-40, Up: Indy206/+ CR 7-v-40 and Up: Indy206/+ 

AX 7-v-40 (Figure 4B). Similar comparison was 

performed for downregulated common and unique DE 

(Figure 4C). A Venn diagram shows only 66 commonly 

upregulated and 52 commonly downregulated DE genes 

across control and Indy206/+ flies in AX and 

conventional conditions (FDR 0.02 (Figure 4B, 4C). 

Common upregulated genes belong to four KEGG 

pathways including metabolic pathways, carbon 
metabolism, cytoskeleton and motor proteins. Highest 

number of unique upregulated and downregulated DE 

genes are observed in yw CR 7-v-40 females N=370, 

and N=293, respectively (Figure 4B, 4C). This 

illustrates that yw flies reared with microbiota 

experienced the largest age-associated changes in 

midgut gene expression. As a consequence of increased 

bacterial load, there is an upregulation of the members 

of Cytochrome P450 family, including Cytochrome 

P4504g1, Cyp6a22, Cyp12d1-p, and Cyp12d1-d. The 

number of age-associated DE genes is much lower in 

both AX and conventional Indy206/+ flies, consistent 

with lower bacterial load observed in aging Indy206/+ 

flies (Figure 4B, 4C). There are 31 common 

upregulated DE genes in Indy206/+ in AX and 

conventional conditions, that include Glutathione S 

transferase E10, a member of the glutathione pathway, 

and the Phosphoenolpyruvate carboxykinase 2 (Pepck2), 

a mitochondrial enzyme that is the key regulator in 

gluconeogenesis. Common downregulated DE genes in 

Indy206/+ AX and conventional aging flies include tobi 

(target of brain insulin). 

 

KEGG pathway analysis revealed upregulated fatty acid 

(FA) metabolism in samples from Indy206/+ flies when 

compared with controls in AX and conventional 

conditions at 7 or 40 days of age (Figure 4D). 

Upregulated biological processes include FA 

biosynthetic processes, FA elongation, peroxisome, 

pentose phosphate pathway and ribosome (Figure 4D). 

FA metabolism is upregulated in Indy flies due to the 

shift to using FA oxidation as the preference for 

substrate oxidation. Similar changes in fat metabolism 

were reported in calorie restricted flies and rodents [30, 

44]. Comparison of the transcriptome of 7-day old 

Indy206/+ flies to 40-day old Indy206/+ kept in both  

AX and conventional conditions, revealed similar 

upregulation of carbon metabolic processes and FA 

metabolic processes as Indy flies age (Figure 4E). 

Hippo signaling pathway is downregulated in 40 days 

old Indy206/+ flies compared to yw control flies in CR 

conditions, which includes downregulation of cell 

proliferation, consistent with our previous report that 

Indy flies have reduced age-associated increase in 

intestinal stem cell (ISC) proliferation [23]. There is 

also downregulation of Hippo signaling pathway in Indy 

flies when 7- and 40-days old flies aged in AX 

condition were compared. In addition, Indy flies have 

downregulated bacterial invasion of epithelial cells, as 

well as Toll and Imd signaling pathways, in agreement 

with reduced bacterial load observed in 40 days old 

Indy flies (Figure 4E). 

 

The role of the JAK/STAT signaling pathway in Indy 

longevity 

 
We next examined if there is a link between reduced 

Indy expression and the JAK/STAT signaling pathway. 

We determined the levels of expression of Upd3, and 
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Figure 4. Effects of Indy reduction, age and AX condition on female midgut transcriptome. (A) PCA plots of differentially 
expressed genes in midgut samples from Indy206/+ and yw control female flies in conventional (CR) and axenic (AX) condition at 7 and 40 days 
of age. (B, C) Venn diagrams show common or unique upregulated (Up) (B) or downregulated (Down) (C) DE genes between yw control and 
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Indy206/+ in flies reared in AX or conventional conditions: Up: yw CR 7-v-40, Up: yw AX 7-v-40, UP: Indy206/+ CR 7-v-D-40 and Up: Indy206/+ AX 
7-v-40. (C) The same comparison shown for downregulated DE genes. FDR threshold: 0.02, logFC threshold: 0 (D, E) Functional enrichment 
analysis shows KEGG pathways of upregulated (D) or downregulated (E) DE genes associated with Indy reduction, aging, conventional vs. AX 
conditions compared to yw controls. logFC threshold: 0.2. (F–K) Indy reduction affects JAK/STAT signaling pathway. Indy206/+ and yw (control) 
differentially expressed gene analysis of count data of Upd2 (F), Upd3 (G), dome (H), hop (I) (Supplementary Dataset 7), Stat92E (J) and 
Socs36E (K) at 7 and 40 days of age in conventional (CR) and AX conditions. (L, M) The epistatic relationship between the Indy and JAK/STAT 
longevity pathways. Survivorships of male (L) and female (M) upd3Delta/upd3Delta(brown), upd3Delta/+ (green), Indy206/+ (magenta), and 
upd3Delta/+;Indy206/+ (black) flies expressed as Kaplan-Meier survival curves. Survivorship was determined by log-rank analysis using JMP16 
program. N= 253-293 individual flies per genotype across 12 vials that were passed daily. (N) Proposed model of beneficial effects of Indy 
reduction on intestinal stem cell homeostasis. Intestinal integrity is preserved in aging Indy flies, compared to aging control flies. Indy 
reduction decreases bacterial load, and increases microbial diversity. Lower ATP/ADT ratio in Indy flies increases AMPK gene expression that 
leads to increased gene expression of the PGC1α, ROS detoxification genes and lower ROS production in mitochondria in the midgut, which 
all lead to preserved ISC homeostasis and longer lifespan. 

Upd2, which are released from different cells type and 

promote proliferation by activation of the JAK/STAT 

pathway and epithelial cell turnover in the gut. We found 

significant decrease in the expression levels of Upd2 and 

Upd3 in Indy206/+ flies aged in a conventional condition, 

but not in flies kept in AX condition at 7 days of age 

(Figure 4F, 4G). We also determined expression levels 

of other members of JAK/STAT signaling (Dome, Hop, 

Stat92E, and Socs36E) in the midguts of Indy and 

control flies (Figure 4H–4K). Hop is Drosophila 

homologue of mammalian JAK, Stat92E is Drosophila 

homologue of STAT transcriptional factor and Socs36E 

is suppressor of cytokine signaling. There is a significant 

decrease in the Stat92E levels of expression levels at age 

40 in CR condition (Figure 4J). No differences were 

found in levels of Upd2, Upd3, Hop, and Socs36E at age 

40 days in females that were kept in either conventional 

or axenic conditions (Figure 4H–4K). The levels of 

Upd2 and Upd3 were very low in Indy206/+ flies 

compared to control flies at 7 days of age kept in 

conventional condition consistent with lower bacterial 

load in Indy flies at 7 days (bacterial load Figure 2C). 

While the levels of expression of Dome and hop in Indy 

flies were lower compared to control flies, the levels 

were not significantly different in females reared on 

either conventional condition or AX conditions (Figure 

4H, 4I). Heatmap illustrate trend of lower expression 

levels of Upd2, Upd3, Hop, Dome, Socs36E and 

Stat92E in all Indy206/+ samples compared to yw control 

with exception of yw samples isolated from 7 days old 

female in AX condition. These results are consistent 

with the lack of a microbiota in yw AX females and 

lower microbial count in Indy206/+ flies (Supplementary 

Figure 3B). 

 

We identified specific changes in the levels of immune 

and stress response genes in the midgut of control and 

Indy flies reared under conventional and axenic 

conditions. In aged flies, intestinal barrier dysfunction is 

associated with increased expression of immunity-
related genes such as antimicrobial peptides (AMPs). 

To examine the role of the immune response in 

preserved intestinal integrity of Indy flies we 

determined expression levels of AMPs responsive  

to the microbiota and with activity predominately 

against Gram-negative bacteria (Diptericin A (DptA), 

Diptericin B (Dpt B)), as well as Drosocin (Dro), which 

is mostly active towards Gram-positive bacteria, and 

Drosomycin (Drs)), an antifungal peptide, using mRNA 

isolated from yw and Indy206/+ females. There was no 

significant difference in levels of mRNA between Indy 

and control samples, however heatmap illustrates a 

trend of lower levels of AMPs genes in Indy206/+ flies 

(Supplementary Figure 3C–3G).  

 

Synergistic effects of Upd3 and Indy in longevity 

extension 

 

To determine if Indy and JAK/STAT longevity 

pathways overlap we examined the epistatic relationship 

between these two pathways. Reducing Indy or 

JAK/STAT signaling extends fly lifespan, while 

overexpressing JAK/STAT activity reduces lifespan. If 

Indy and JAK/STAT pathways overlap, longevity of 

flies with simultaneous Indy and JAK/STAT reduction 

will be similar to longevity of flies with reduction in 

only Indy or Upd3. In contrast, if the two pathways are 

independent, longevity of flies with simultaneous 

reduction in both genes will be longer compared to a 

single mutant. To examine the role of Upd3 in longevity 

extension of Indy flies, we determined lifespan of 

Indy206/+, upd3D/+ heterozygous and upd3Delta/ 

upd3Delta homozygous flies, and flies double 

heterozygous for Indy206/+ and upd3Delta/+. upd3Delta/+ 

allele has a 13,464 bl deletion that removes the first 

three exons of Upd3 (including the start ATG) made by 

imprecise excision of P{XP}upd3(d00871) and is 

shown to lack function [45]. Both male and female 

upd3Delta/upd3Delta homozygous flies have the shortest 

median and maximal lifespan. upd3Delta/+ male and 

female flies have 26% and 23% longer median lifespan 

compared to homozygous flies respectively (Figure 4L, 

4M and Supplementary Table 5). Median longevity of 
Indy206/+ flies is similar to upd3Delta/+ flies when 

compared to homozygous upd3Delta flies, (Median 

lifespan: males live 38%, females 27% longer.) 
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However, upd3Delta/+;Indy206/+ male flies have a 

median lifespan 38% longer, while female flies live 

77% longer compared to homozygous upd3Delta flies 

(Supplementary Table 5). These finding suggest that 

mechanisms underlying longevity extension observed in 

Indy206/+ and upd3Delta/+ partially overlap, but also 

have independent effects on longevity, more notably in 

females. 

 

DISCUSSION 
 

Indy and microbiota have vital roles in health and 

longevity 

 

Here, we show that Indy reduction is associated with 

lower bacterial load and higher bacterial diversity in 

aging Indy flies compared to controls. We hypothesize 

that INDY as a plasma membrane citrate transporter 

affects microbiota via its impacts on cellular citrate 

levels. Reduction of SLC13A5 (the mammalian 

homolog of Indy) results in reduced intracellular citrate 

levels in mice [15]. INDY has affinity for several other 

intermediate metabolites including succinate, malate, 

and fumarate, however, its highest affinity is for 

transporting citrate [12, 13]. Cytoplasmic citrate is the 

substrate of ATP-citrate lyase (ACLy), generating 

cytosolic Acetyl-CoA and oxaloacetate. Acetyl-CoA is 

a building block for the synthesis of fatty acids and 

cholesterol, but it also affects gene expression and 

epigenetics [17]. Nonhuman primates on high fat, high 

sucrose diet for 2 years showed increase in hepatic 

mIndy levels, and their liver microarray analysis showed 

increase in hepatic lipid metabolism and inflammation 

[46]. Mice fed citrate exhibited increased inflammation 

in liver and white adipose tissue, as well as elevated 

insulin resistance [47]. Another factor contributing to 

levels of Krebs cycle intermediates in the gut is the 

presence of microbes. Based on their genomes, 

Acetobacter is predicted to produce succinate while 

Lactobacillus likely consumes both succinate and citrate 

[48, 49], meaning that cross-feeding between gut 

microbes likely contributes to metabolite flux, resulting 

in downstream effects on nutrient cycling [50, 51]. 

While citrate can promote growth of microbes such as 

Lactobacillus, it has also been shown to have 

bactericidal effects, possibly due to its ability to lower 

pH [52, 53]. Thus, changes to citrate levels may result 

in alterations to diversity depending on how different 

bacteria are able to tolerate these shifts. A recent study 

has shown that increased citrate consumption by young 

mice increases SLC13A5 levels, increases bacterial 

load, decreases microbiota diversity, and shifts 

composition characterized by decreased Bacteroidetes 

and increased Firmicutes [54]. Citrate consumption 

could alter gut pH promoting growth of acid tolerant 

microbiota [54]. Citrate consumption also supports 

short-chain FA synthesis, which when internalized  

in enterocytes activates HIF-1a, in a non-hypoxic 

dependent pathway leading to increased colon 

permeability [54].  

 

The mechanism by which age-associated increases in 

microbiota load decreases ISC homeostasis and 

contributes to shorter lifespan is thought to be tied to 

constitutive activation of the immune response, 

including release of reactive oxygen species and 

antimicrobial peptides, which damage enterocytes [7]. 

This damage activates the JAK/STAT signaling 

pathway to repair and renew the gut epithelium, 

however, age-associated increases in bacterial load and 

dysbiosis are thought to lead to continuous JAK/STAT 

activation, resulting in hyperproliferation and loss of 

ISC homeostasis which causes further gut deterioration 

and dysplasia, and subsequently host death [42]. We 

hypothesized that Indy reduction preserves midgut 

integrity and prevents intestinal barrier dysfunction by 

affecting host-microbiota interactions, thus preventing 

the negative effects of age-associated increase of 

JAK/STAT signaling pathway (Figure 4N). In response 

to increased microbiota load with age, Drosophila 

cytokines Upd, Upd2 and Upd3 are released from 

different cell types and activate the JAK/STAT 

pathway. We found that Indy reduction prevented age-

associated increases in microbiota load in male and 

female Indy206/+ flies compared to yw control at 7 days 

of age. We also found that Indy reduction increases 

microbiota diversity across the fly lifespan. This is 

consistent with our findings that Indy reduction 

decreases transcriptional levels of Upd2, and Upd3, but 

not other members of the JAK/STAT (Dome, 

9STAT92E, Soc36E) pathway in the midgut of young 

conventionally reared Indy flies. To examine the 

epistatic relationship between Indy and the JAK/STAT 

signaling pathway we determined lifespans of the upd3D 

mutant flies as homozygous, heterozygous and double 

heterozygous upd3Delta/+; Indy206/+. Homozygous 

upd3Delta flies have the shortest lifespans compared to 

heterozygous upd3Delta/+ and Indy206/+, which have 

similar and long lifespans. There is an additive effect on 

longevity when female flies are double heterozygous 

suggesting that the effect of Indy and upd3 on female 

longevity only partially overlaps and are synergistic. Our 

data suggest that Indy reduction has downstream effects 

on the microbiota of the fly, preventing bacterial 

overgrowth and altering microbiota diversity, which 

impacts longevity at least partially in a JAK/STAT-

mediated fashion.  

 

Age-related increases in ROS production contribute to 
activation of JAK/STAT pathway, and ISC 

proliferation. We previously showed that Indy flies have 

reduced ROS levels and increased transcription of genes 

1013



www.aging-us.com 1014 AGING 

encoding ROS-detoxification enzymes in the midgut of 

Indy heterozygous and homozygous flies, which could 

reduce JAK/STAT activity [23]. Another phenotype of 

Indy reduction in D. melanogaster is preserved 

mitochondrial function, which leads to reduced levels of 

reactive oxygen species in the fly midgut [23]. Indy 

heterozygous flies have increased spargel/dPGC1 

mRNA expression levels, which lead to increased 

mitochondrial biogenesis as measured by increased 

mtDNA copies, increased number and decreased size of 

mitochondrial examined by electron microscopy (EM), 

increased mRNA levels of l(2)neo, Pdsw encoding 

components of complex I and Cytochrome C oxidase 

encoding a component of complex IV, and enhanced 

mitochondrial activity [23]. Genetic interventions that 

preserve mitochondrial capacity and lower ROS 

production promote regenerative homeostasis in the 

Drosophila midgut [55–57]. Recent studies have shown 

that transient exposure to low doses of oxidants in 

developing D. melanogaster results in the reduction of 

Acetobacter spp. in the gut, which culminates in both 

extended gut healthspan and extended lifespan [58]. In 

mice, mitochondrial function was shown to regulate 

reactive oxygen species production and, as a result, 

microbiota diversity [59], providing evidence that the 

effects of Indy reduction on the microbiota may have 

ties to its impacts on mitochondria and reactive oxygen 

species levels.  

 

Despite the differences in the microbial communities of 

control flies and Indy206/+, our lifespan analysis 

comparing conventional and axenic flies make it clear 

that the microbiota is not required for Indy’s effects on 

longevity. However, given that total removal of the 

microbiota resulted in an even greater lifespan 

extension in Indy206/+ compared to control flies over 

that observed in conventional flies, we expect that the 

microbiota does factor into Indy’s effects on the host. It 

is possible that the microbiota prevents Indy206/+ flies 

aged in conventional conditions from reaching their 

maximum lifespan by, along with increasing ROS and 

JAK/STAT signaling, affecting upstream levels of 

citrate or other Krebs cycle intermediates, which 

translates to downstream effects of Indy on energy 

homeostasis [23]. With the microbiota removed in 

axenic flies, these processes would be allowed to 

proceed unhindered, leading to a lifespan extension 

attributable to both the complete lack of microbiota and 

microbiota-independent factors. It is worth noting that 

effects of microbiota on flies’ longevity depend on fly 

age, diet, environment and microbiota composition. In 

some studies, flies in axenic conditions live longer 

compared to siblings kept in conventional conditions 
[10]. Previously axenic flies live longer if they are 

exposed to microbiota early in life, but not when 

exposed late in life [60]. In a previous study, when 

germ-freen flies were fed different combinations of a 

the five core Drosophila microbiota, their resulting 

bacterial loads, development, reproduction and aging 

differed [51]. As such, in our study, we did not observe 

a significant lifespan extension of axenic control flies 

(yw Ax), as has been reported for other control 

genotypes. It is possible that microbiota isolates 1 and 

2, or interactions between the different isolates 

improved lifespan in our gnotobiotic assays and may 

explain the conventional yw lifespan. Considering that 

flies with reduced Indy gene activity live longer when 

kept in both conventional and in axenic conditions, it 

would be useful in the future to compare activity levels, 

energy expenditure, or reproduction in axenic versus 

conventional flies. Previously, we reported that 

reducing Indy gene activity increases spontaneous 

physical activity [20], but does not affect fight velocity 

or resting metabolic rate [28]. Indy heterozygous flies 

have higher fecundity compared to genetic control in 

standard laboratory condition, but they have reduced 

fecundity on a reduced-calorie diet, which is consistent 

with hypothesis that reduced Indy gene activity 

phenocopies the CR condition [28]. Similarly, mice 

living in axenic conditions can exhibit positive or 

negative effects on longevity. Reduced lifespan of 

axenic mice compared to conventionally raised mice 

has been attributed to reduced immune development 

and increased susceptibility to infection. Other studies 

have reported altered neurodevelopment, stress 

responses, and anxiety-like behaviors in axenic mice 

that have been linked to microbiota-gut-brain axis [61]. 

Whether Indy reduction has a similar interaction with 

microbiota in flies would be an interesting follow up to 

our work.  

 

In summary, here we show that Indy reduction prevents 

age-related dysbiosis, which typically is associated with 

an increase in bacterial load and decrease in microbiota 

diversity. We found reduced expressions of Upd2 and 

Upd3 in young Indy flies and Stat92E in old Indy flies 

reared in conventional condition, while no change in 

other members of the JAK/STAT signaling pathway 

were observed. Flies double heterozygous for Indy206/+ 

and upd3Delta/+ alleles lived longer than single 

heterozygous flies, suggesting synergistic effects Indy 

and upd3 pathways on longevity. Together with our 

prior work, an interesting model is emerging that 

changes in metabolism associated with Indy reduction 

lead to increased intestinal homeostasis and health that 

is characterized by preserved mitochondrial function 

and reduced ROS production, reduced aberrant 

intestinal stem cell proliferation, preserved gut integrity, 

and reduced age-associated dysbiosis, leading to 
healthier and longer life of Indy flies (Figure 4N). As 

the role of INDY and microbiota are conserved across 

organisms, our study provides a framework to study 
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underlying mechanisms of the effects of reduced Indy 

and microbiota on health and longevity. 

 

MATERIALS AND METHODS 
 

Fly stocks and rearing 

 

The yellow white (yw) control line was obtained from 

the Bloomington Stock Center (Stock number 6599, 

y(1(w(67c23)). Indy206 flies were originally obtained 

from Tim Tully [11, 62], w(*)upd3)Delta) was obtained 

from the Bloomington Stock Center (Stock number 

55728). yw and Indy206 flies were reared on food 

containing 25 mg/mL tetracycline for 3 generations to 

eliminate Wolbachia. This treatment was followed by 

growing flies for at least 10 generations in tetracycline-

free food. Flies were recovered from antibiotics for at 

least six months prior to experiments to allow for 

regrowth of the microbiota. To addressed genetic 

background Indy206 flies were backcrossed to yw flies 

for 10 generations prior experiments. Heterozygous 

Indy206/+ flies were the F1 progeny of 10 virgin yw 

female crossed with 9 Indy206/Indy206 male flies. Flies 

were reared on food containing per liter of water: 28 g 

Brewer’s yeast, 49 g yellow cornmeal, 113 g sucrose, 

8.1 g Drosophila agar, and 2.4 g Tegosept (Methyl4-

hydroxybenzoate) dissolved in 10.7 mL of 100% 

ethanol as in [63]. Food was autoclaved prior to 

addition of Tegosept. Stocks were maintained in a 25 °C 

incubator with a 12-hour light:dark cycle, and newly 

emerged flies were passaged to fresh vials every 3-4 

days. 

 

Generation of axenic flies 

 

Using embryo cages, yw and Indy206/Indy206 flies laid 

eggs overnight on grape juice agar plates smeared with 

yeast paste. The next morning, plates were rinsed with 

70% ethanol, then PBS, and embryos were lifted from 

the agar with sterile swabs. Embryos were poured into 

cell strainers and rinsed with 5% bleach until 

dechorionation was confirmed under a dissecting 

microscope. Embryos were then rinsed well with sterile 

water and suspended in 100% ethanol before being 

transferred via pipette to sterile fly food to develop. 

Axenic flies were maintained by passaging flies only in 

a biosafety cabinet or next to a flame. To mate axenic 

yw and Indy206/Indy206 flies or collect axenic flies for 

experiments, CO2 fly pad and paintbrush were 

thoroughly bleached, then treated with 70% ethanol, 

then put under UV light for 15 minutes in a PCR 

cabinet, where flies were then collected. Stocks and 

experimental vials containing axenic flies were 

regularly screened visually (axenic tubes have a distinct 

darkening of the media and no visible microbial growth 

as described in [64]) and via plating to ensure axenic 

status was maintained (all fly microbiome members in 

these studies were culturable). 

 

Lifespan studies 

 

Newly emerged yw or F1 Indy206/+ (cross described in 

Fly Stock Rearing) flies were collected and passed onto 

fresh food twice per week (Figure 1A–1D) or daily 

(Figure 1E, 1F). Each vial contained 20 male and 20 

female flies, and 10 replicate vials per treatment were 

established. Deceased flies were recorded regularly 

until all flies in each vial were dead. Heterozygous flies 

used in survivorship analysis described in Figure 2H, 2I 

were generated by crossing 10 virgin 4-9 days old 

female to 9 male 4-9 days old flies. Parents were passed 

to a new vials every 2 days: a) Indy206/+ were F1 

generation from crosses in which virgin Indy206/Indy206 

homozygous female flies were crosses to yw males; b) 

upd3D/+ were F1 generation of cross in which virgin 

upd3D/upd3D homozygous female flies were crossed to 

yw males; c) upd3D/+; Indy206/+ were F1 generation 

from crosses in which virgin upd3D/upd3D homozygous 

female were crossed to Indy206/Indy206 homozygous 

male flies. F1 progeny for lifespan studies were 

collected within 24 hours following eclosion using CO2 

and transferred to a vial at density of 25 male and  

25 female flies per vial containing conventional  

corn diet. 12 replicate vials were established. Flies  

were maintained in a humidified temperature-controlled 

environmental chamber at 25 °C (Percival Scientific) on 

a 12-hour light:dark cycle. Flies were passed every day, 

and the number of dead flies were counted. Longevity 

data were censored for early mortality (1-10 Days) to 

remove death due to post-eclosion maturation, or other 

deaths that are not related to aging. The number of 

censored flies is listed in brackets in Supplementary  

Tables 1, 2, and 5. Survivorship curves were analyzed 

by log-rank test JMP16 program. 

 

Culture-dependent microbiota analysis 

 

Flies were surface sterilized in 70% ethanol to remove 

external microbes, then washed in sterile PBS. 

Individual whole flies were collected in 1.5 mL screw-

top vials containing 1 mm glass beads and 500 µL of 

sterile PBS. Samples were homogenized via bead-

beating for 45 s at 4000 rpm. Homogenate was diluted 

to 10-5 in PBS using 96-well plates, then 3 µL of each 

dilution was pipetted onto MRS agar plates. Colony 

growth was recorded after 3-5 days. Colony types were 

determined visually, and colonies of different 

morphologies were re-streaked for isolation, then 

subjected to DNA extraction using the Epicentre 
MasterPure kit. Purified bacterial DNA was submitted 

to Eurofins for Sanger sequencing using primers 27F 

(5’-AGAGTTTGATYMTGGCTCAG-3’) and 519R 
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(5’-GTATTACCGCGGCKGCTG-3’). DNA sequences 

were run through BLAST to obtain genus-level 

identification predictions (or species-level if possible).  

 

16S rRNA microbiota sequencing 

 

Flies were surface sterilized in 70% ethanol and washed 

in sterile PBS. Individual whole flies were collected in 

1.5 mL screw-top vials containing a 1:1 mix of 1 mm 

glass beads and 0.5 mm glass beads and 300 µL of 

tissue and cell lysis buffer with proteinase K (Epicentre 

MasterPure DNA kit). Samples were homogenized via 

bead-beating for 45 seconds at 4000 rpm, then frozen at 

-80 °C. Upon thawing, samples were again homo-

genized as performed previously to ensure tissue 

degradation. DNA extraction was performed following 

the Epicentre MasterPure protocol and 16S rRNA 

library preparation and sequencing was performed by 

the University of Connecticut Microbial Analysis, 

Resources, and Services (MARS) facility. Briefly, the 

V4 region of the 16S rRNA gene was PCR amplified 

using 515F and 806R primers with Illumina adapters 

and dual indices. Libraries were cleaned following the 

Omega Bio-Tek Mag-Bind Beads protocol and 

sequenced on the Illumina MiSeq (2x250 base pair kit).  

 

Bacterial culturing and generation of gnotobiotic 

flies 

 

Bacterial strains isolated from the culture-based 

microbiota analysis were kept at -80 °C in 50% glycerol 

for long-term storage. To generate gnotobiotic flies, 

bacteria were streaked on MRS agar plates, then single 

colonies were transferred to flasks containing a 1:1 mix 

of MRS broth and mannitol broth. Liquid cultures were 

grown shaking at 29 °C, 200 rpm, for up to 24 hours. 

Cultures were set to an OD600 of 0.5 (about 105 cells per 

mL), and 150 mL of a 1:1 mix of diluted culture and 

2.5% sucrose was fed to axenic adults by dispensing it 

onto the food to soak into the diet before fly transfer. 

After several days of laying, adults were discarded and 

F1 progeny were collected for lifespan analysis.  

 

Bioinformatics and statistical analyses 

 

16S rRNA sequences were processed using Mothur v. 

1.39.4 following the MiSeq SOP [65]. Sequences were 

clustered at 97% similarity and rarified to 10,000 reads 

for alpha and beta diversity metrics. Taxonomy plots, 

Shannon alpha diversity plots, and Bray-Curtis beta 

diversity principal component analysis plots were 

generated in R using ggplot2. Lifespan was analyzed  

in GraphPad Prism using Kaplan-Meier survival; 
statistical significance of differences in survival 

between genotypes was determined via Log-rank test. 

Statistical differences between yw controls and Indy 

heterozygote CFU counts were determined via two-way 

ANOVA using GraphPad Prism. Significance is 

expressed as: P>0.05=ns, P≤0.05=*, P≤0.01=**, 

P≤0.001=***, P≤0.0001=****. 

 

RNA-Seq and analysis (RiboZ-Seq) 

 

For RNA-Seq experiments flies were collected and 

maintained as described above. At ages 7 and 40 d, 

Indy206 heterozygous and yw flies, aged in conventional 

and axenic conditions were separated by sex on CO2 

pads and midguts were dissected from female flies. 

Dissections of female midguts were performed under 

sterile conditions, which was achieved by cleaning all 

equipment (Microscope, centrifuge) and forceps with 

70% alcohol, RNAse detergent (RNaseZap™, Thermo 

Fisher Scientific) and using a flame to create a sterile 

zone around dissecting area. All supplies and solutions 

in RNA-seq experiment were sterile, RNAse, and 

DNAse free. Total RNA was isolated from 3 biological 

replicates from 30-40 female flies in each replicate, 

except samples from 40 days old yw female aged in 

axenic condition, which had between 17 and 26 guts in 

each replicate. Total RNA was isolated using Trizol as 

described [23]. One mg of each RNA sample was used 

to prepare RNA-seq libraries with the Illumina Tru-Seq 

Stranded mRNA Library Preparation kit (cat # 

20020594) with the IDT for Illumina TruSeq RNA UD 

Indexes set (cat # 20040871). The libraries were pooled 

and sequenced on one lane of a NovaSeq 6000 S4 flow 

cell generating 100bp paired-end reads yielding an 

average of 80 million reads per sample and a minimum 

of 20 million reads per replicate.  

 

mRNA-Seq analysis 
 

The quality of the sequencing data was evaluated with 

FastQC (v0.11.9) and MultiQC (1.9). Sequence reads 

were mapped to the Drosophila genome (GSE97233) 

with STAR (version 2.71a) and the resulting BAM files 

were used to generate gene counts with featureCounts 

using the unique-counting mode. Analyses of sample 

relationship and differential expression were performed 

with DESeq2 [66]. To identify specific pathways 

associated with diet shift, we performed functional 

enrichment analysis using the DAVID database. 

Pathway analysis and identification of networks 

associated with shifting flies were also carried out by 

Gene Ontology (GO) and the KEGG. 

 

Data sharing plans 
 

All the bulk RNA-Seq data have been deposited at 

NCBI BioProject and are publicly available as of the 

date of publication. Submission ID: SUB16031777 

BioProject ID: PRJNA1431527.  
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BioProject and associated SRA metadata are available at 

https://urldefense.com/v3/__https://dataview.ncbi.nlm.nih

.gov/object/PRJNA1431527?reviewer=ikldhgv7huct0c00

9ub9v0juc5__;!!ADdU39pX!WSXLCZy5lEgmAPDjqF

Y3I6ZAzYCm1rGIv4n52fiOwtvdZKbYgDOlJ-

sGlCSHraBbZkeyzrhogweV1jtG7w$ in red only format. 

 

Original codes used for data analysis are available 

through GitHub:  

 

https://github.com/graveleylab/Microbiome-Indy-

Longevity-in-Drosophila 

 

Raw data for survival and microbiota analysis (CFUs, 

16S rRNA pipeline) is available in supplemental data 

and posted on Figshare (Reviewers access) (DOI to be 

updated upon publication).  

 

AUTHOR CONTRIBUTIONS 
 

Conceptualization, B.R., N.A.B; Methodology and 

Investigation, D.N.A.L., S.P, J.M., E.S., K.K., S.O., 

B.R.G., B.R., N.A.B; Writing – Original Draft and 

Figure Creation, D.N.A.L., E.S., K.K., S.O., B.R., 

N.A.B; Writing – Review and Editing, Supervision, 

D.N.A.L., E.S., S.O., B.R., N.A.B. 
 

ACKNOWLEDGMENTS 
 

We thank Surya Kumar for help with Figure 4. Figures 

2A and 4N were prepared using BioRender.  

 

CONFLICTS OF INTEREST 
 

The authors declare that they have no conflicts of 

interest. 

 

FUNDING 
 

This work was supported by grants from the National 

Institute of Health: R35GM128871 to NAB; 

R01AG059586-03S1, R56AG082788, the University of 

Connecticut (UConn) Claude D. Pepper Older 

Americans Independence Center (P30-AG067988) to 

B.R.; U24 HG009889, and R35 GM118140 to BRG; 

Rogina is a recipient of a Glenn Award for Research in 

Biological Mechanisms of Aging. 
 

REFERENCES 
 

1. Kenyon CJ. The genetics of ageing. Nature. 2010; 
464:504–12. 

 https://doi.org/10.1038/nature08980 PMID:20336132 

2. Helfand SL, Rogina B. Regulation of Gene Expression 
During Aging. In: Hekimi S, editor. The Molecular 
Genetics of Aging (Internet). Berlin, Heidelberg: 

Springer Berlin Heidelberg; 2000 (cited 2024 Jan 13). p. 
67–80. http://link.springer.com/10.1007/978-3-540-
48003-7_4 

3. Helfand SL, Rogina B. Molecular genetics of aging in 
the fly: is this the end of the beginning? Bioessays. 
2003; 25:134–41. 

 https://doi.org/10.1002/bies.10225 PMID:12539239 

4. Mitchell SJ, Scheibye-Knudsen M, Longo DL, de Cabo R. 
Animal models of aging research: implications for 
human aging and age-related diseases. Annu Rev Anim 
Biosci. 2015; 3:283–303. 

 https://doi.org/10.1146/annurev-animal-022114-
110829 PMID:25689319 

5. Rogina B. For the special issue: aging studies in 
Drosophila melanogaster. Exp Gerontol. 2011; 
46:317–9. 

 https://doi.org/10.1016/j.exger.2010.09.001 
PMID:20828603 

6. Jasper H. Intestinal Stem Cell Aging: Origins and 
Interventions. Annu Rev Physiol. 2020; 82:203–26. 

 https://doi.org/10.1146/annurev-physiol-021119-
034359 PMID:31610128 

7. Li H, Qi Y, Jasper H. Preventing Age-Related Decline of 
Gut Compartmentalization Limits Microbiota Dysbiosis 
and Extends Lifespan. Cell Host Microbe. 2016; 
19:240–53. 

 https://doi.org/10.1016/j.chom.2016.01.008 
PMID:26867182 

8. Broderick NA, Buchon N, Lemaitre B. Microbiota-
induced changes in drosophila melanogaster host gene 
expression and gut morphology. mBio. 2014; 
5:e01117–4. 

 https://doi.org/10.1128/mBio.01117-14 
PMID:24865556 

9. Broderick NA. Friend, foe or food? Recognition and the 
role of antimicrobial peptides in gut immunity and 
Drosophila-microbe interactions. Philos Trans R Soc 
Lond B Biol Sci. 2016; 371:20150295. 

 https://doi.org/10.1098/rstb.2015.0295 
PMID:27160597 

10. Clark RI, Salazar A, Yamada R, Fitz-Gibbon S, Morselli 
M, Alcaraz J, Rana A, Rera M, Pellegrini M, Ja WW, 
Walker DW. Distinct Shifts in Microbiota Composition 
during Drosophila Aging Impair Intestinal Function and 
Drive Mortality. Cell Rep. 2015; 12:1656–67. 

 https://doi.org/10.1016/j.celrep.2015.08.004 
PMID:26321641 

11. Rogina B, Reenan RA, Nilsen SP, Helfand SL. Extended 
life-span conferred by cotransporter gene mutations in 
Drosophila. Science. 2000; 290:2137–40. 

 https://doi.org/10.1126/science.290.5499.2137 
PMID:11118146 

1017

https://urldefense.com/v3/__https:/dataview.ncbi.nlm.nih.gov/object/PRJNA1431527?reviewer=ikldhgv7huct0c009ub9v0juc5__;!!ADdU39pX!WSXLCZy5lEgmAPDjqFY3I6ZAzYCm1rGIv4n52fiOwtvdZKbYgDOlJ-sGlCSHraBbZkeyzrhogweV1jtG7w$
https://urldefense.com/v3/__https:/dataview.ncbi.nlm.nih.gov/object/PRJNA1431527?reviewer=ikldhgv7huct0c009ub9v0juc5__;!!ADdU39pX!WSXLCZy5lEgmAPDjqFY3I6ZAzYCm1rGIv4n52fiOwtvdZKbYgDOlJ-sGlCSHraBbZkeyzrhogweV1jtG7w$
https://urldefense.com/v3/__https:/dataview.ncbi.nlm.nih.gov/object/PRJNA1431527?reviewer=ikldhgv7huct0c009ub9v0juc5__;!!ADdU39pX!WSXLCZy5lEgmAPDjqFY3I6ZAzYCm1rGIv4n52fiOwtvdZKbYgDOlJ-sGlCSHraBbZkeyzrhogweV1jtG7w$
https://urldefense.com/v3/__https:/dataview.ncbi.nlm.nih.gov/object/PRJNA1431527?reviewer=ikldhgv7huct0c009ub9v0juc5__;!!ADdU39pX!WSXLCZy5lEgmAPDjqFY3I6ZAzYCm1rGIv4n52fiOwtvdZKbYgDOlJ-sGlCSHraBbZkeyzrhogweV1jtG7w$
https://urldefense.com/v3/__https:/dataview.ncbi.nlm.nih.gov/object/PRJNA1431527?reviewer=ikldhgv7huct0c009ub9v0juc5__;!!ADdU39pX!WSXLCZy5lEgmAPDjqFY3I6ZAzYCm1rGIv4n52fiOwtvdZKbYgDOlJ-sGlCSHraBbZkeyzrhogweV1jtG7w$
https://github.com/graveleylab/Microbiome-Indy-Longevity-in-Drosophila
https://github.com/graveleylab/Microbiome-Indy-Longevity-in-Drosophila
https://doi.org/10.1038/nature08980
https://pubmed.ncbi.nlm.nih.gov/20336132
http://link.springer.com/10.1007/978-3-540-48003-7_4
http://link.springer.com/10.1007/978-3-540-48003-7_4
https://doi.org/10.1002/bies.10225
https://pubmed.ncbi.nlm.nih.gov/12539239
https://doi.org/10.1146/annurev-animal-022114-110829
https://doi.org/10.1146/annurev-animal-022114-110829
https://pubmed.ncbi.nlm.nih.gov/25689319
https://doi.org/10.1016/j.exger.2010.09.001
https://pubmed.ncbi.nlm.nih.gov/20828603
https://doi.org/10.1146/annurev-physiol-021119-034359
https://doi.org/10.1146/annurev-physiol-021119-034359
https://pubmed.ncbi.nlm.nih.gov/31610128
https://doi.org/10.1016/j.chom.2016.01.008
https://pubmed.ncbi.nlm.nih.gov/26867182
https://doi.org/10.1128/mBio.01117-14
https://pubmed.ncbi.nlm.nih.gov/24865556
https://doi.org/10.1098/rstb.2015.0295
https://pubmed.ncbi.nlm.nih.gov/27160597
https://doi.org/10.1016/j.celrep.2015.08.004
https://pubmed.ncbi.nlm.nih.gov/26321641
https://doi.org/10.1126/science.290.5499.2137
https://pubmed.ncbi.nlm.nih.gov/11118146


www.aging-us.com 1018 AGING 

12. Knauf F, Rogina B, Jiang Z, Aronson PS, Helfand SL. 
Functional characterization and immunolocalization of 
the transporter encoded by the life-extending gene 
Indy. Proc Natl Acad Sci USA. 2002; 99:14315–9. 

 https://doi.org/10.1073/pnas.222531899 
PMID:12391301 

13. Knauf F, Mohebbi N, Teichert C, Herold D, Rogina B, 
Helfand S, Gollasch M, Luft FC, Aronson PS. The life-
extending gene Indy encodes an exchanger for Krebs-
cycle intermediates. Biochem J. 2006; 397:25–9. 

 https://doi.org/10.1042/BJ20060409 PMID:16608441 

14. Gopal E, Miyauchi S, Martin PM, Ananth S, Srinivas SR, 
Smith SB, Prasad PD, Ganapathy V. Expression and 
functional features of NaCT, a sodium-coupled citrate 
transporter, in human and rat livers and cell lines. Am J 
Physiol Gastrointest Liver Physiol. 2007; 292:G402–8. 

 https://doi.org/10.1152/ajpgi.00371.2006 
PMID:16973915 

15. Birkenfeld AL, Lee HY, Guebre-Egziabher F, Alves TC, 
Jurczak MJ, Jornayvaz FR, Zhang D, Hsiao JJ, Martin-
Montalvo A, Fischer-Rosinsky A, Spranger J, Pfeiffer AF, 
Jordan J, et al. Deletion of the mammalian INDY 
homolog mimics aspects of dietary restriction and 
protects against adiposity and insulin resistance in 
mice. Cell Metab. 2011; 14:184–95. 

 https://doi.org/10.1016/j.cmet.2011.06.009 
PMID:21803289 

16. Fei YJ, Liu JC, Inoue K, Zhuang L, Miyake K, Miyauchi S, 
Ganapathy V. Relevance of NAC-2, an Na+-coupled 
citrate transporter, to life span, body size and fat 
content in Caenorhabditis elegans. Biochem J. 2004; 
379:191–8. 

 https://doi.org/10.1042/BJ20031807 PMID:14678010 

17. Mishra D, Kannan K, Meadows K, Macro J, Li M, Frankel 
S, Rogina B. INDY-From Flies to Worms, Mice, Rats, 
Non-Human Primates, and Humans. Front Aging. 2021; 
2:782162. 

 https://doi.org/10.3389/fragi.2021.782162 
PMID:35822025 

18. Pesta DH, Perry RJ, Guebre-Egziabher F, Zhang D, 
Jurczak M, Fischer-Rosinsky A, Daniels MA, Willmes 
DM, Bhanot S, Bornstein SR, Knauf F, Samuel VT, 
Shulman GI, Birkenfeld AL. Prevention of diet-induced 
hepatic steatosis and hepatic insulin resistance by 
second generation antisense oligonucleotides targeted 
to the longevity gene mIndy (Slc13a5). Aging (Albany 
NY). 2015; 7:1086–93. 

 https://doi.org/10.18632/aging.100854 
PMID:26647160 

19. Neretti N, Wang PY, Brodsky AS, Nyguyen HH, White 
KP, Rogina B, Helfand SL. Long-lived Indy induces 
reduced mitochondrial reactive oxygen species 
production and oxidative damage. Proc Natl Acad Sci 

USA. 2009; 106:2277–82. 
 https://doi.org/10.1073/pnas.0812484106 

PMID:19164521 

20. Wang PY, Neretti N, Whitaker R, Hosier S, Chang C, Lu 
D, Rogina B, Helfand SL. Long-lived Indy and calorie 
restriction interact to extend life span. Proc Natl Acad 
Sci USA. 2009; 106:9262–7. 

 https://doi.org/10.1073/pnas.0904115106 
PMID:19470468 

21. Schwarz F, Karadeniz Z, Fischer-Rosinsky A, Willmes 
DM, Spranger J, Birkenfeld AL. Knockdown of 
Indy/CeNac2 extends Caenorhabditis elegans life span 
by inducing AMPK/aak-2. Aging (Albany NY). 2015; 
7:553–67. 

 https://doi.org/10.18632/aging.100791 
PMID:26318988 

22. Rogers RP, Rogina B. The role of INDY in metabolism, 
health and longevity. Front Genet. 2015; 6:204. 

 https://doi.org/10.3389/fgene.2015.00204 
PMID:26106407 

23. Rogers RP, Rogina B. Increased mitochondrial 
biogenesis preserves intestinal stem cell homeostasis 
and contributes to longevity in Indy mutant flies. Aging 
(Albany NY). 2014; 6:335–50. 

 https://doi.org/10.18632/aging.100658 
PMID:24827528 

24. Kannan K, Rogina B. The Role of Citrate Transporter 
INDY in Metabolism and Stem Cell Homeostasis. 
Metabolites. 2021; 11:705. 

 https://doi.org/10.3390/metabo11100705 
PMID:34677421 

25. Rogina B. INDY-A New Link to Metabolic Regulation in 
Animals and Humans. Front Genet. 2017; 8:66. 

 https://doi.org/10.3389/fgene.2017.00066 
PMID:28596784 

26. Rogina B, Helfand SL. Indy mutations and Drosophila 
longevity. Front Genet. 2013; 4:47. 

 https://doi.org/10.3389/fgene.2013.00047 
PMID:23580130 

27. Fei YJ, Inoue K, Ganapathy V. Structural and functional 
characteristics of two sodium-coupled dicarboxylate 
transporters (ceNaDC1 and ceNaDC2) from 
Caenorhabditis elegans and their relevance to life 
span. J Biol Chem. 2003; 278:6136–44. 

 https://doi.org/10.1074/jbc.M208763200 
PMID:12480943 

28. Marden JH, Rogina B, Montooth KL, Helfand SL. 
Conditional tradeoffs between aging and organismal 
performance of Indy long-lived mutant flies. Proc Natl 
Acad Sci USA. 2003; 100:3369–73. 

 https://doi.org/10.1073/pnas.0634985100 
PMID:12626742 

1018

https://doi.org/10.1073/pnas.222531899
https://pubmed.ncbi.nlm.nih.gov/12391301
https://doi.org/10.1042/BJ20060409
https://pubmed.ncbi.nlm.nih.gov/16608441
https://doi.org/10.1152/ajpgi.00371.2006
https://pubmed.ncbi.nlm.nih.gov/16973915
https://doi.org/10.1016/j.cmet.2011.06.009
https://pubmed.ncbi.nlm.nih.gov/21803289
https://doi.org/10.1042/BJ20031807
https://pubmed.ncbi.nlm.nih.gov/14678010
https://doi.org/10.3389/fragi.2021.782162
https://pubmed.ncbi.nlm.nih.gov/35822025
https://doi.org/10.18632/aging.100854
https://pubmed.ncbi.nlm.nih.gov/26647160
https://doi.org/10.1073/pnas.0812484106
https://pubmed.ncbi.nlm.nih.gov/19164521
https://doi.org/10.1073/pnas.0904115106
https://pubmed.ncbi.nlm.nih.gov/19470468
https://doi.org/10.18632/aging.100791
https://pubmed.ncbi.nlm.nih.gov/26318988
https://doi.org/10.3389/fgene.2015.00204
https://pubmed.ncbi.nlm.nih.gov/26106407
https://doi.org/10.18632/aging.100658
https://pubmed.ncbi.nlm.nih.gov/24827528
https://doi.org/10.3390/metabo11100705
https://pubmed.ncbi.nlm.nih.gov/34677421
https://doi.org/10.3389/fgene.2017.00066
https://pubmed.ncbi.nlm.nih.gov/28596784
https://doi.org/10.3389/fgene.2013.00047
https://pubmed.ncbi.nlm.nih.gov/23580130
https://doi.org/10.1074/jbc.M208763200
https://pubmed.ncbi.nlm.nih.gov/12480943
https://doi.org/10.1073/pnas.0634985100
https://pubmed.ncbi.nlm.nih.gov/12626742


www.aging-us.com 1019 AGING 

29. Frankel S, Rogina B. Indy mutants: live long and 
prosper. Front Genet. 2012; 3:13. 

 https://doi.org/10.3389/fgene.2012.00013 
PMID:22363340 

30. Longo VD, Anderson RM. Nutrition, longevity and 
disease: From molecular mechanisms to interventions. 
Cell. 2022; 185:1455–70. 

 https://doi.org/10.1016/j.cell.2022.04.002 
PMID:35487190 

31. Bross TG, Rogina B, Helfand SL. Behavioral, physical, 
and demographic changes in Drosophila populations 
through dietary restriction. Aging Cell. 2005; 4:309–17. 

 https://doi.org/10.1111/j.1474-9726.2005.00181.x 
PMID:16300483 

32. Li M, Macro J, Meadows K, Mishra D, Martin D, Olson 
S, Huggins BJ, Graveley BR, Li JY, Rogina B. Late-life 
shift in caloric intake affects fly metabolism and 
longevity. Proc Natl Acad Sci USA. 2023; 
120:e2311019120. 

 https://doi.org/10.1073/pnas.2311019120 
PMID:38064506 

33. Li M, Macro J, Huggins BJ, Meadows K, Mishra D, 
Martin D, Kannan K, Rogina B. Extended lifespan in 
female Drosophila melanogaster through late-life 
calorie restriction. Geroscience. 2024; 46:4017–35. 

 https://doi.org/10.1007/s11357-024-01233-w 
PMID:38954128 

34. Sbierski-Kind J, Grenkowitz S, Schlickeiser S, Sandforth 
A, Friedrich M, Kunkel D, Glauben R, Brachs S, Mai K, 
Thürmer A, Radonić A, Drechsel O, Turnbaugh PJ, et al. 
Effects of caloric restriction on the gut microbiome are 
linked with immune senescence. Microbiome. 2022; 
10:57. 

 https://doi.org/10.1186/s40168-022-01249-4 
PMID:35379337 

35. Zheng X, Wang S, Jia W. Calorie restriction and its 
impact on gut microbial composition and global 
metabolism. Front Med. 2018; 12:634–44. 

 https://doi.org/10.1007/s11684-018-0670-8 
PMID:30446879 

36. Mao YQ, Huang JT, Zhang SL, Kong C, Li ZM, Jing H, 
Chen HL, Kong CY, Huang SH, Cai PR, Han B, Wang LS. 
The antitumour effects of caloric restriction are 
mediated by the gut microbiome. Nat Metab. 2023; 
5:96–110. 

 https://doi.org/10.1038/s42255-022-00716-4 
PMID:36646754 

37. von Schwartzenberg RJ, Bisanz JE, Lyalina S, 
Spanogiannopoulos P, Ang QY, Cai J, Dickmann S, 
Friedrich M, Liu SY, Collins SL, Ingebrigtsen D, Miller S, 
Turnbaugh JA, et al. Caloric restriction disrupts the 
microbiota and colonization resistance. Nature. 2021; 
595:272–7. 

 https://doi.org/10.1038/s41586-021-03663-4 
PMID:34163067 

38. Mohr AE, Sweazea KL, Bowes DA, Jasbi P, Whisner CM, 
Sears DD, Krajmalnik-Brown R, Jin Y, Gu H, Klein-
Seetharaman J, Arciero KM, Gumpricht E, Arciero PJ. 
Gut microbiome remodeling and metabolomic profile 
improves in response to protein pacing with 
intermittent fasting versus continuous caloric 
restriction. Nat Commun. 2024; 15:4155. 

 https://doi.org/10.1038/s41467-024-48355-5 
PMID:38806467 

39. Jasper H, Jones DL. Metabolic regulation of stem cell 
behavior and implications for aging. Cell Metab. 2010; 
12:561–5. 

 https://doi.org/10.1016/j.cmet.2010.11.010 
PMID:21109189 

40. Buchon N, Broderick NA, Chakrabarti S, Lemaitre B. 
Invasive and indigenous microbiota impact intestinal 
stem cell activity through multiple pathways in 
Drosophila. Genes Dev. 2009; 23:2333–44. 

 https://doi.org/10.1101/gad.1827009 PMID:19797770 

41. Buchon N, Broderick NA, Poidevin M, Pradervand S, 
Lemaitre B. Drosophila intestinal response to bacterial 
infection: activation of host defense and stem cell 
proliferation. Cell Host Microbe. 2009; 5:200–11. 

 https://doi.org/10.1016/j.chom.2009.01.003 
PMID:19218090 

42. Herrera SC, Bach EA. JAK/STAT signaling in stem cells 
and regeneration: from Drosophila to vertebrates. 
Development. 2019; 146:dev167643. 

 https://doi.org/10.1242/dev.167643 PMID:30696713 

43. Clark RI, Walker DW. Role of gut microbiota in aging-
related health decline: insights from invertebrate 
models. Cell Mol Life Sci. 2018; 75:93–101. 

 https://doi.org/10.1007/s00018-017-2671-1 
PMID:29026921 

44. Green CL, Lamming DW, Fontana L. Molecular 
mechanisms of dietary restriction promoting health 
and longevity. Nat Rev Mol Cell Biol. 2022; 23:56–73. 

 https://doi.org/10.1038/s41580-021-00411-4 
PMID:34518687 

45. Osman D, Buchon N, Chakrabarti S, Huang YT, Su WC, 
Poidevin M, Tsai YC, Lemaitre B. Autocrine and 
paracrine unpaired signaling regulate intestinal stem 
cell maintenance and division. J Cell Sci. 2012; 
125:5944–9. 

 https://doi.org/10.1242/jcs.113100 PMID:23038775 

46. von Loeffelholz C, Lieske S, Neuschäfer-Rube F, 
Willmes DM, Raschzok N, Sauer IM, König J, Fromm 
MF, Horn P, Chatzigeorgiou A, Pathe-Neuschäfer-
Rube A, Jordan J, Pfeiffer AF, et al. The human 
longevity gene homolog INDY and interleukin-6 

1019

https://doi.org/10.3389/fgene.2012.00013
https://pubmed.ncbi.nlm.nih.gov/22363340
https://doi.org/10.1016/j.cell.2022.04.002
https://pubmed.ncbi.nlm.nih.gov/35487190
https://doi.org/10.1111/j.1474-9726.2005.00181.x
https://pubmed.ncbi.nlm.nih.gov/16300483
https://doi.org/10.1073/pnas.2311019120
https://pubmed.ncbi.nlm.nih.gov/38064506
https://doi.org/10.1007/s11357-024-01233-w
https://pubmed.ncbi.nlm.nih.gov/38954128
https://doi.org/10.1186/s40168-022-01249-4
https://pubmed.ncbi.nlm.nih.gov/35379337
https://doi.org/10.1007/s11684-018-0670-8
https://pubmed.ncbi.nlm.nih.gov/30446879
https://doi.org/10.1038/s42255-022-00716-4
https://pubmed.ncbi.nlm.nih.gov/36646754
https://doi.org/10.1038/s41586-021-03663-4
https://pubmed.ncbi.nlm.nih.gov/34163067
https://doi.org/10.1038/s41467-024-48355-5
https://pubmed.ncbi.nlm.nih.gov/38806467
https://doi.org/10.1016/j.cmet.2010.11.010
https://pubmed.ncbi.nlm.nih.gov/21109189
https://doi.org/10.1101/gad.1827009
https://pubmed.ncbi.nlm.nih.gov/19797770
https://doi.org/10.1016/j.chom.2009.01.003
https://pubmed.ncbi.nlm.nih.gov/19218090
https://doi.org/10.1242/dev.167643
https://pubmed.ncbi.nlm.nih.gov/30696713
https://doi.org/10.1007/s00018-017-2671-1
https://pubmed.ncbi.nlm.nih.gov/29026921
https://doi.org/10.1038/s41580-021-00411-4
https://pubmed.ncbi.nlm.nih.gov/34518687
https://doi.org/10.1242/jcs.113100
https://pubmed.ncbi.nlm.nih.gov/23038775


www.aging-us.com 1020 AGING 

interact in hepatic lipid metabolism. Hepatology. 
2017; 66:616–30. 

 https://doi.org/10.1002/hep.29089 PMID:28133767 

47. Branco JR, Esteves AM, Leandro JG, Demaria TM, 
Godoi V, Marette A, Valença HD, Lanzetti M, Peyot ML, 
Farfari S, Prentki M, Zancan P, Sola-Penna M. Dietary 
citrate acutely induces insulin resistance and markers 
of liver inflammation in mice. J Nutr Biochem. 2021; 
98:108834. 

 https://doi.org/10.1016/j.jnutbio.2021.108834 
PMID:34371126 

48. Ankrah NY, Barker BE, Song J, Wu C, McMullen JG 2n, 
Douglas AE. Predicted Metabolic Function of the Gut 
Microbiota of Drosophila melanogaster. mSystems. 
2021; 6:e01369–20. 

 https://doi.org/10.1128/mSystems.01369-20 
PMID:33947801 

49. Petkau K, Fast D, Duggal A, Foley E. Comparative 
evaluation of the genomes of three common 
Drosophila-associated bacteria. Biol Open. 2016; 
5:1305–16. 

 https://doi.org/10.1242/bio.017673  
PMID:27493201 

50. Henriques SF, Dhakan DB, Serra L, Francisco AP, 
Carvalho-Santos Z, Baltazar C, Elias AP, Anjos M, Zhang 
T, Maddocks OD, Ribeiro C. Metabolic cross-feeding in 
imbalanced diets allows gut microbes to improve 
reproduction and alter host behaviour. Nat Commun. 
2020; 11:4236. 

 https://doi.org/10.1038/s41467-020-18049-9 
PMID:32843654 

51. Gould AL, Zhang V, Lamberti L, Jones EW, Obadia B, 
Korasidis N, Gavryushkin A, Carlson JM, Beerenwinkel 
N, Ludington WB. Microbiome interactions shape host 
fitness. Proc Natl Acad Sci USA. 2018; 115:E11951–60. 

 https://doi.org/10.1073/pnas.1809349115 
PMID:30510004 

52. Lee YL, Cesario T, Owens J, Shanbrom E, Thrupp LD. 
Antibacterial activity of citrate and acetate. Nutrition. 
2002; 18:665–6. 

 https://doi.org/10.1016/s0899-9007(02)00782-7 
PMID:12093451 

53. Su LC, Xie Z, Zhang Y, Nguyen KT, Yang J. Study on the 
Antimicrobial Properties of Citrate-Based 
Biodegradable Polymers. Front Bioeng Biotechnol. 
2014; 2:23. 

 https://doi.org/10.3389/fbioe.2014.00023 
PMID:25023605 

54. Costa-Bartuli E, Paixão LP, Crepaldi LD, da Fonseca R, 
Vianna M, Moraes-Ribeiro R, Lima GV, Nascimento 
Junior JX, Branco JR, Caldas CA, Belo TC, Takiya CM, de 
Almeida LA, et al. Enhanced citrate consumption 
increases colon permeability in C57BL/6J mice by 

affecting gut microbiota and activating HIF-1α. J Nutr 
Biochem. 2025; 143:109942. 

 https://doi.org/10.1016/j.jnutbio.2025.109942 
PMID:40320183 

55. Rera M, Bahadorani S, Cho J, Koehler CL, Ulgherait M, 
Hur JH, Ansari WS, Lo T Jr, Jones DL, Walker DW. 
Modulation of longevity and tissue homeostasis by 
the Drosophila PGC-1 homolog. Cell Metab. 2011; 
14:623–34. 

 https://doi.org/10.1016/j.cmet.2011.09.013 
PMID:22055505 

56. Hochmuth CE, Biteau B, Bohmann D, Jasper H. Redox 
regulation by Keap1 and Nrf2 controls intestinal stem 
cell proliferation in Drosophila. Cell Stem Cell. 2011; 
8:188–99. 

 https://doi.org/10.1016/j.stem.2010.12.006 
PMID:21295275 

57. Biteau B, Karpac J, Hwangbo D, Jasper H. Regulation of 
Drosophila lifespan by JNK signaling. Exp Gerontol. 
2011; 46:349–54. 

 https://doi.org/10.1016/j.exger.2010.11.003 
PMID:21111799 

58. Obata F, Fons CO, Gould AP. Early-life exposure to low-
dose oxidants can increase longevity via microbiome 
remodelling in Drosophila. Nat Commun. 2018; 9:975. 

 https://doi.org/10.1038/s41467-018-03070-w 
PMID:29515102 

59. Yardeni T, Tanes CE, Bittinger K, Mattei LM, Schaefer 
PM, Singh LN, Wu GD, Murdock DG, Wallace DC. Host 
mitochondria influence gut microbiome diversity: A 
role for ROS. Sci Signal. 2019; 12:eaaw3159. 

 https://doi.org/10.1126/scisignal.aaw3159 
PMID:31266851 

60. Brummel T, Ching A, Seroude L, Simon AF, Benzer S. 
Drosophila lifespan enhancement by exogenous 
bacteria. Proc Natl Acad Sci USA. 2004; 101:12974–9. 

 https://doi.org/10.1073/pnas.0405207101 
PMID:15322271 

61. Luczynski P, McVey Neufeld KA, Oriach CS, Clarke G, 
Dinan TG, Cryan JF. Growing up in a Bubble: Using 
Germ-Free Animals to Assess the Influence of the Gut 
Microbiota on Brain and Behavior. Int J 
Neuropsychopharmacol. 2016; 19:pyw020. 

 https://doi.org/10.1093/ijnp/pyw020 PMID:26912607 

62. Boynton S, Tully T. latheo, a new gene involved in 
associative learning and memory in Drosophila 
melanogaster, identified from P element mutagenesis. 
Genetics. 1992; 131:655–72. 

 https://doi.org/10.1093/genetics/131.3.655 
PMID:1321066 

63. Lesperance DNA, Broderick NA. Gut Bacteria Mediate 
Nutrient Availability in Drosophila Diets. Appl Environ 
Microbiol. 2020; 87:e01401–20. 

1020

https://doi.org/10.1002/hep.29089
https://pubmed.ncbi.nlm.nih.gov/28133767
https://doi.org/10.1016/j.jnutbio.2021.108834
https://pubmed.ncbi.nlm.nih.gov/34371126
https://doi.org/10.1128/mSystems.01369-20
https://pubmed.ncbi.nlm.nih.gov/33947801
https://doi.org/10.1242/bio.017673
https://pubmed.ncbi.nlm.nih.gov/27493201
https://doi.org/10.1038/s41467-020-18049-9
https://pubmed.ncbi.nlm.nih.gov/32843654
https://doi.org/10.1073/pnas.1809349115
https://pubmed.ncbi.nlm.nih.gov/30510004
https://doi.org/10.1016/s0899-9007(02)00782-7
https://pubmed.ncbi.nlm.nih.gov/12093451
https://doi.org/10.3389/fbioe.2014.00023
https://pubmed.ncbi.nlm.nih.gov/25023605
https://doi.org/10.1016/j.jnutbio.2025.109942
https://pubmed.ncbi.nlm.nih.gov/40320183
https://doi.org/10.1016/j.cmet.2011.09.013
https://pubmed.ncbi.nlm.nih.gov/22055505
https://doi.org/10.1016/j.stem.2010.12.006
https://pubmed.ncbi.nlm.nih.gov/21295275
https://doi.org/10.1016/j.exger.2010.11.003
https://pubmed.ncbi.nlm.nih.gov/21111799
https://doi.org/10.1038/s41467-018-03070-w
https://pubmed.ncbi.nlm.nih.gov/29515102
https://doi.org/10.1126/scisignal.aaw3159
https://pubmed.ncbi.nlm.nih.gov/31266851
https://doi.org/10.1073/pnas.0405207101
https://pubmed.ncbi.nlm.nih.gov/15322271
https://doi.org/10.1093/ijnp/pyw020
https://pubmed.ncbi.nlm.nih.gov/26912607
https://doi.org/10.1093/genetics/131.3.655
https://pubmed.ncbi.nlm.nih.gov/1321066


www.aging-us.com 1021 AGING 

 https://doi.org/10.1128/AEM.01401-20 
PMID:33067193 

64. Koyle ML, Veloz M, Judd AM, Wong AC, Newell PD, 
Douglas AE, Chaston JM. Rearing the Fruit Fly 
Drosophila melanogaster Under Axenic and 
Gnotobiotic Conditions. J Vis Exp. 2016; 113:54219. 

 https://doi.org/10.3791/54219  
PMID:27500374 

 Erratum in: J Vis Exp. 2020. 
 https://doi.org/10.3791/6442  

PMID: 39538439 

65. Love MI, Huber W, Anders S. Moderated estimation of 
fold change and dispersion for RNA-seq data with 
DESeq2. Genome Biol. 2014; 15:550. 

 https://doi.org/10.1186/s13059-014-0550-8 
PMID:25516281 

66. Kozich JJ, Westcott SL, Baxter NT, Highlander SK, 
Schloss PD. Development of a dual-index sequencing 
strategy and curation pipeline for analyzing amplicon 
sequence data on the MiSeq Illumina sequencing 
platform. Appl Environ Microbiol. 2013; 79:5112–20. 

 https://doi.org/10.1128/AEM.01043-13 
PMID:23793624 

  

1021

https://doi.org/10.1128/AEM.01401-20
https://pubmed.ncbi.nlm.nih.gov/33067193/
https://doi.org/10.3791/54219
https://pubmed.ncbi.nlm.nih.gov/27500374
https://doi.org/10.3791/6442
https://pubmed.ncbi.nlm.nih.gov/27500374
https://doi.org/10.1186/s13059-014-0550-8
https://pubmed.ncbi.nlm.nih.gov/25516281
https://doi.org/10.1128/AEM.01043-13
https://pubmed.ncbi.nlm.nih.gov/23793624


www.aging-us.com 1022 AGING 

SUPPLEMENTARY MATERIALS 

Supplementary Figures 

Supplementary Figure 1. Effects of axenic culture on lifespan of control and Indy206/+ flies passed twice per week (A–D) 
(Supplementary Dataset 8) or daily (E–H). Axenic conditions extend lifespan of yw (A, E) and Indy206/+ (B, F) males, and Indy206/+ females 
(D, E), but yw females live shorter in axenic condition (C, G). Longevity of conventional (green) and axenic (light green) yw males (A, E); 
conventional (brown) and axenic (orange) yw females (C, G); conventional (blue) and axenic (light blue) Indy206/+ males (B, F); 
conventional (magenta) and axenic purple Indy206/+ female (D, H) flies expressed as Kaplan-Meier survival curves. N= 131-187 individual 
flies per condition spread across 10 vials that were passaged twice weekly. AX: axenic. 
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Supplementary Figure 2. Bacterial load and diversity in young and old controls and Indy206/+ heterozygous flies. (A) Total 
bacterial load in 7-and 40-day old yw control and Indy206/+ female flies. Bacterial counts are expressed as colony forming units (CFU) per 
fly, as determined by growth of colonies on MRS agar. Lines and error bars represent median and interquartile range of data points. 
Statistical differences between yw control and Indy206/+ female flies CFU counts were determined via two-way ANOVA. N= 3 replicate 
experiments collecting 3 individual flies per treatment group (n=9 flies per genotype/age). Statistical results not shown were non-
significant. Significance is expressed as follows: ns, not significant (P > 0.05); *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001. (B) 
Alpha diversity of young and old control, and Indy206/+ heterozygous female flies determined by sequencing V3V4 region to better reach 
species level IDs.   

Supplementary Figure 3. (A) A sample-to-sample distance heatmap shows the driving force for distance in each genotype (yw: control, 
het: Indy206/+), age (7, 40 days) and rearing condition (CD: conventional, AX: axenic condition). (B) Heatmaps of members of JAK/STAT 
signaling pathway: Upd3, Upd2, Hop, Dome, Socs36E and Stat92E, in control and Indy206/+ flies at 7 and 40 days of age in conventional 
and AX conditions. (C) Heatmaps of members of antimicrobial peptide (AMPs): Diptericin A (DptA), Diptericin B (DptB), Drosocin (Dro), 
and Drosomycin (Drs), in control and Indy206/+ flies at 7 and 40 days of age in conventional and AX conditions. (D–G) The levels of DptB, 
DptA, Dro and Drs are not different in the midgut of Indy and control female flies. 
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Supplementary Tables 

Supplementary Table 1. Effects of reducing Indy gene activity on longevity of flies aged in non-axenic or 
axenic condition compared to control yw flies when passed twice per week. 

Genotype  Sex  Diet N 

(n censored) 

Mean LS 

(% change) 

 X2   p  Maximal LS (% change) 

yw M non-AX 162 (2) 53.7 38.171 <0.0001* 75.7 

Indy206/+ M non-AX  131 (4) 65.5 (21) 84.7 (12) 

yw F non-AX  178 (4) 36.9 18.7023 <0.0001* 59.3 

 Indy206/+ F non-AX 142 (5) 44.7 (21) 66.6 (12) 

yw M AX 176 (6) 73.2 44.3441 <0.0001* 88.5 

Indy206/+ M AX 147 (7) 80.4 (10) 96.4 (9) 

yw F AX 187 (8) 32.9 59.4104 <0.0001* 65.5 

 Indy206/+ F AX 160 (5) 49.4 (50) 76.2 916) 

M: Male, F: Female, non-AX: non axenic, AX: axenic. 
*Statistically significant.

Supplementary Table 2. Effects of axenic culture on lifespan of control and Indy206/+ flies passed twice per 
week.  

Genotype  Sex Diet N 

(n censored) 

Mean LS 

(% change) 

 X2   p  Maximal LS (% change) 

yw M non-AX 162 (2) 53.7 -181.8958 <0.0001* 75.7 

yw M AX  176 (6) 73.2 (36) 88.5 (17) 

yw F non-AX  178 (4) 36.9 2.5089 0.1132 59.3 

yw F AX 187 (8) 32.9 (-10) 65.5 (10) 

Indy206/+ M non-AX 131 (4) 65.5 106.5593 <0.0001* 84.7 

Indy206/+ M AX 147 (7) 80.4 (23) 96.4 (14) 

Indy206/+ F non-AX 142 (5) 44.7 14.7471 <0.0001* 66.6 

Indy206/+ F AX 160 (5) 49.4 (11) 76.2 (14) 

non-AX: non-axenic, AX: axenic. 
*Statistically significant.
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Supplementary Table 3. Effects of reducing Indy gene activity on lifespan of control and Indy206/+ flies aged 
in non-axenic or axenic condition when passed daily. 

Genotype  Sex Diet N 

(n censored) 

Mean LS 

(% change) 

 X2   p  Maximal LS (% change) 

yw M non-AX 208 (0) 67.2 49.9147 <0.0001* 82.7 

Indy206/+ M non-AX 149 (1) 75.7 (13) 89.3 (8) 

yw F non-AX 208 (3) 55.3 1.7025 0.1806 75.5 

Indy206/+ F non-AX 176 (5) 56.7(3) 77.7 (3) 

yw M AX 198 (3) 72.1 94.1875 <0.0001* 87.0 

Indy206/+ M AX 208 (2) 81.0 (12) 99.8 (6) 

yw F AX 212 (3) 42.8 169.5708 <0.0001* 76.9 

Indy206/+ F AX 230 (3) 68.8 (61) 91.5 (21) 

M: Male, F: Female, non-AX: non-axenic, AX: axenic. 
*Statistically significant.

Supplementary Table 4. Effects of axenic culture on lifespan of control and Indy206/+ flies when passaged 
daily. 

Genotype  Sex  Diet N  Mean LS 

(% change) 

X2    p  Maximal LS (% change) 

yw M non-AX 208 (0) 67.2 56.8646 <0.0001* 82.7 

yw M AX 198 (3) 72.1 (7) 87.0 (5) 

yw F non-AX  208 (3) 55.3 27.0522 <0.0001* 75.5 

yw F AX 212 (3) 42.5 (-23) 76.9 (2) 

Indy206/+ M non-AX 149 (1) 75.7 68.4399 <0.0001* 89.3 

Indy206/+ M AX 208 (2) 81.0 (7) 99.7 (12) 

Indy206/+ F non-AX 176 (5) 56.7 73.5511 <0.0001* 77.7 

Indy206/+ F AX 230 (3) 68.8 (21) 91.5 (18) 

M: Male, F: Female, non-AX: non-axenic. AX: axenic. 
*Statistically significant.
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Supplementary Table 5. Effect of reducing Indy gene activity on lifespan of upd3Delta flies. 

Sex  Genotype N 

(n censored) 

Median LS 

(% change) 

 X2   p  Maximal LS 

(% change) 

M upd3Delta/upd3Delta 270 (10) 53 68 

M upd3Delta /+      280 (1) 67 (26)  221.9  <0.0001* 87 (28) 

M Indy206/upd3Delta    253 (4) 73 (38) 235.1  <0.0001* 90 (32) 

M  Indy206/+      279 (3) 68 (28)  242.2  <0.0001* 90 (32) 

F upd3Delta/upd3Delta 263 (19) 44 60 

F upd3Delta/+      273 (2) 54 (23)  105.0  <0.0001* 71 (18) 

F Indy206/upd3Delta   274 (3) 78 (77) 516.2  <0.0001* 98 (63) 

F  Indy206/+      293 (1) 56 (27) 130.1   <0.0001* 62 (3) 

M upd3Delta/+      280 (1) 67 87 

M Indy206/upd3Delta   253 (4) 73 (9) 12.16  0.0005 90 (3) 

F upd3Delta/+      273 (2) 54 71 

F Indy206/upd3Delta   274 (3) 78 (44) 339.7  <0.0001* 98 (38) 

M: Male, F: Female. 
**** <0.0001. 
P=***. 
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Supplementary Datasets 

Please browse Full Text version to see the data of Supplementary Datasets 1–8. 

Supplementary Dataset 1. Survivorships data of conventional and axenic yw control and Indy206/+ 
heterozygous flies passed twice per week (A–D) or passed daily (E, F). Survivorship data were censored for 
early mortality (1 – 10 Days) (Figure 1). 

Supplementary Dataset 2. Bacterial load in 7 days old young and 40 days old controls and Indy206/+ 
heterozygous flies. Bacterial counts are expressed as colony forming units (CFU) per fly as determined by 
growth of colonies on MRS agar (Figure 2C). 

Supplementary Dataset 3. Bacterial loads of bacterial isolates 1 and 2 detected in 7 days old young and 40 
days old yw controls and Indy206/+ flies. Bacterial counts are expressed as colony forming units (CFU) per fly, as 
determined by growth of colonies on MRS agar, (Figure 2D). 

Supplementary Dataset 4. Survivorships of gnotobiotic yw control and Indy206/+ heterozygous male and 
female flies containing Isolate 1, Isolate 2, or a mix of both isolates, Figure 2E–2J. 

Supplementary Dataset 5. Microbial community composition of young and old control, Indy206/Indy206 
homozygous, and Indy206/+ heterozygous flies. Figure 3B–3E (7 days old and 40 days old are uploaded as FASTA 
file and the codes are available following the link: https://figshare.com/s/b047a29fa0e52c7b52d3; 
https://figshare.com/s/be61c39aa6ae77ec6bb1. 

Supplementary Dataset 6. Shannon diversity of each condition separated by males (F) and females (G). 
Original codes used for data analysis are available: https://figshare.com/s/e5a99f43871474c5adf8. 

Supplementary Dataset 7. Survivorships of male and female upd3D/upd3D, upd3Delta/+, Indy206/+, and 
upd3Delta/+;Indy206/+ flies. Survivorship data were censored for early mortality (1 – 10 Days) (Figure 2H, 2I). 

Supplementary Dataset 8. Survivorships of yw control and Indy206/+ flies passed twice per week (A–D) or daily 
(E–H) on a conventional or axenic conditions. AX=Axenic (Supplementary Figure 1). 

https://figshare.com/s/b047a29fa0e52c7b52d3
https://figshare.com/s/be61c39aa6ae77ec6bb1
https://figshare.com/s/e5a99f43871474c5adf8

