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Abstract 
Nutrition plays a central role in healthy living, however, extensive variability in individual responses to dietary 

interventions complicates our understanding of its effects. Here we present a comprehensive study utilizing the 

Drosophila Genetic Reference Panel (DGRP), investigating how genetic variation influences responses to diet 

and aging. Quantitative genetic analyses of the impact of dietary restriction on lifespan, locomotor activity, dry 

weight, and heat knockdown time were performed. Locomotor activity, dry weight and heat knockdown time were 

measured on the same individual flies. We found significant genotype-by-diet interaction (GDI) and genotype-by-

age interaction (GAI) for all traits. Therefore, environmental factors play a crucial role in shaping trait variation 

at different ages and diets, and/or distinct genetic variation influences these traits at different ages and diets. Our 

genome wide association study also identified a quantitative trait locus for age-dependent dietary response. The 

observed GDI and GAI indicates that susceptibility to environmental influences changes as organisms age, which 

could have significant implications for dietary recommendations and interventions aimed at promoting healthy 

aging in humans. The identification of associations between DNA sequence variation and age-dependent dietary 

responses opens new avenues for research into the genetic mechanisms underlying these interactions.   
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Introduction 
All organisms age and eventually die – a topic that has interested researchers for decades (1–3). Lifespan and 

healthspan are defined as the total time an individual lives and the period of life during which individuals are 

healthy and free from age-related diseases, respectively (4–6). Extending lifespan without improving healthspan 

can lead to longer periods of poor health and diminished quality of life (5,7). In humans and model species such 

as mice (Mus musculus), roundworms (Caenorhabditis elegans), and vinegar flies (Drosophila melanogaster), it 

is well established that lifespan and healthspan can be uncoupled (6–10). This means that the duration of healthy 

life can be altered without necessarily changing the overall lifespan, and vice versa. Therefore, living longer does 

not always mean better health late in life, highlighting the importance of studying both lifespan and healthspan to 

uncover mechanisms affecting each (6,11). Obviously, this topic is of general importance and interest to humans, 

as the average global lifespan has increased markedly by ca. 21 years from 1960 to 2020 (12). However, healthspan 

has not increased at the same pace (13–15). This discrepancy poses significant societal challenges because it 

reduces the quality of life for the elderly and imposes economic burdens on healthcare systems. However, the 

interest in aging extends beyond humans. For livestock, improving healthspan can enhance animal welfare. 

Livestock are raised for economic purposes and are often culled when their production declines. By improving 

the overall quality of life and health of these production animals, it may be possible to extend their productive 

years. This approach could reduce costs for farmers and enhance the welfare of the animals (16). In wild 

populations, understanding aging can help in conservation efforts (17,18), and in evolutionary biology studying 

aging can provide insights into the natural selection processes that shape lifespan and healthspan within and across 

different species (19–21). 

 
The considerable variation in age-related traits raises fundamental questions: Why does the average lifespan differ 

so much between even closely related species? How do we explain why Greenlandic sharks (Somniosus 

microcephalus) can live 500 years and that closely related species such as the Pacific sleeper (S. pacificus) ‘only’ 

live up to 250 years (22)? Why do some genotypes of D. melanogaster have an average lifespan of 22 days, while 

others survive up to 80 days (23). Additionally, D. melanogaster and C. elegans individuals of the same genotype 

reared under different environmental conditions can vary in lifespan by more than a factor of 5 (24,25). These 

variations arise due to genetic and environmental factors, as well as interactions between genotype and 

environment.  

 

To address these questions on the genetic basis of variation in lifespan and healthspan across age classes and 

nutritional conditions, we utilized a subset of the D. melanogaster Genetic Reference Panel (DGRP), which 

includes more than 200 inbred lines with full genome sequences (26). Using the DGRP in genetic studies provides 

many advantages, including the rapid decay of linkage disequilibrium in D. melanogaster which allows for precise 

mapping of genetic variants (26). The DGRP system allows testing many individuals with the same genotype in 

different environments, enabling an understanding of the interaction between genetic variation and environmental 

conditions (26–31).  
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The DGRP has been instrumental in identifying genes that affect various traits, including aging and response to 

diets, providing potential targets for anti-aging interventions (11,25,32). Healthspan studies in D. melanogaster 

typically use measures such as locomotor activity, stress responses, and body mass as health indicators. Locomotor 

activity in flies often declines with increased age or disease, which makes it a valuable healthspan metric (11,33). 

Rapid iterative negative geotaxis and Drosophila activity monitor (DAM) assays measure locomotor ability and 

overall activity, respectively, while body size indicates fitness influenced by environmental factors (34–36). Heat 

stress resistance is another important metric, as higher resistance often correlates with longer lifespan, better 

overall health and resilience (37–40).  

 

Here, we investigated the effects of a standard nutritionally rich diet and a restricted diet on lifespan and healthspan 

metrics in D. melanogaster; specifically, locomotor activity, heat knockdown time (HKDT), and dry weight. Our 

study aimed to investigate whether (i) there is genetic variation for all traits across diet environments; (ii) assess 

genotype-by-diet and genotype-by-age interactions for lifespan, dry weight, locomotor activity and HKDT; (iii) 

identify candidate genes associated with environment-specific or pleiotropic allelic effects within the same trait 

using genome-wide studies (GWAS). 
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Materials and Methods 
Fly Stocks and Nutritional Environments 
We used 98 DGRP lines, obtained from the Bloomington Drosophila Stock Center (NIH P40OD018537). The 

DGRP is a collection of inbred lines derived from a natural population of D. melanogaster from Raleigh, North 

Carolina, USA. Each line has undergone 20 generations of full-sib inbreeding, resulting in extremely low genetic 

variation within lines and genetic variation reflecting the original population distributed between lines (41,42). 

The complete genomes of all DGRP lines have been sequenced to high coverage (average ~27 fold), identifying 

a total of 4,565,215 molecular variants, including single or multiple nucleotide polymorphisms, insertions, 

deletions, and microsatellites.  

 

Prior to the experiments, flies were maintained in a climate-controlled room at 23°C and 50% relative humidity 

with a 12:12 h light/dark cycle. Flies were reared on either a standard or restricted diet. The standard diet was 

Leeds medium composed of dry yeast (60 g∙L-1), sucrose (40 g∙L-1), oatmeal (30 g∙L-1), agar (18 g∙L-1), Nipagen 

(12 mL∙L-1) and acetic acid (1.2 mL∙L-1). The restricted diet was a 25% dilution of the nutritional content of the 

standard Leeds medium using the indigestible compound a-cellulose (Product no. 102550125, Sigma-Aldrich, 

Buchs SG, Switzerland) (Table 1). The concentrations of agar, nipagin and acetic acid were the same in the two 

diet types. This restricted diet has previously been shown to cause marked decreases in traits related to lifespan 

and healthspan (8). 

 
Table 1. Nutritional components of the two different medium types. The control diet is set to have 100% nutritional value 

and the nutritional value of the restrictive diet is set relative to that. 

Medium 

types 
Yeast Sucrose Oat Agar Nipagin Acetic acid Cellulose 

Standard 

Leeds 
60 g 40 g 30 g 18 g 12 mL 1.2 mL 0 g 

25% 15 g 10 g 7.5 g 18 g 12 mL 1.2 mL 97.5 g 

Experimental Design 
For each DGRP line, ca. 10 flies were transferred to new vials every third day 5-7 times, resulting in 15-20 vials 

containing the F1 generation. The F1 generation flies were pooled into five bottles per line, each containing 100 

flies, to ensure consistent density, provided there were enough flies. The flies were transferred to new bottles daily 

for a total of five days, resulting in up to 25 bottles per line. Upon emergence of the F2 generation, males were 

retained while females were discarded. Males were used in the experiments because it was not feasible to ensure 

that the females were virgins, and females have a higher reproduction and age trade-off than males (43–45). This 

sorting procedure was continued for four days, and on the fifth day, the flies were 2 days ± 36 hours old when 

placed into three bottles (whenever possible) for each diet type, with each bottle containing exactly 110 flies 

(Figure 1). This resulted in a total of 6,338 flies, with 4,015 flies reared on the control diet, and 2,323 flies reared 

on the restricted diet for the measurement of the healthspan metrics; dry weight, locomotor activity and heat 

knockdown time (HKDT). These health metrics were also measured on 7 day-old flies and at 9 day intervals until 
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flies were 61 day-old (N = 1,561 at test day 7; N = 1,504 at test day 16; N = 1,440 at test day 25; N = 1,126 at test 

day 34; N = 530 at test day 43; N = 170 at test day 52 and N = 7 at test day 61). Generally, flies had a shorter 

lifespan when fed on the restricted diet compared to those fed on the control diet, which resulted in an unbalanced 

data set. The healthspan dataset was balanced by removing lines where all the flies had died on one diet (for the 

number of flies on each diet and age see Tables S1-S3). Analyses run with all data included gave similar results, 

but we had greater power for all health metrics when working with the balanced dataset (Figure S1 and Tables 

S4-S9). With increasing age, fewer individuals were alive for phenotyping, leading to a significant reduction in 

statistical power. Consequently, data from day 25 and beyond were removed, and we present here the results from 

analysis of data from days 7 and 16. 

 

 
Figure 1. Flowchart of experiment. 98 DGRP lines were raised at 23°C on a control diet. When the adult flies were two days 

± 36 hours old, they were placed on either a control diet (Leeds medium) or a restricted diet. Health metrics, including 

locomotor activity, HKDT, and dry weight, were first assessed when the flies were seven day-old and subsequently measured 

every nine days. From the same pool of flies, mortality was recorded every three days, starting from five day-old flies. Barplots 

indicate the relative content of the dietary components yeast (Y), sugar (S), oat (O) and cellulose (C). 

Lifespan Assay 
For each DGRP line and dietary condition (Table 1), we attempted to rear three biological replicates with 110 flies 

each. This was not possible for all lines. The cohorts were transferred to fresh vials containing 60 mL of medium 

every three days. During these transfers, mortality was recorded, and the deceased individuals were removed from 

the study. This protocol was followed until all flies had died in all replicates. Lifespan was measured on a total of 

35,067 flies (15,904 on the control diet (on average 166 flies/line) and 19,163 on the restricted diet (on average 

196 flies/line).  

Locomotor Activity Assay 
For the first locomotor activity assay, eight seven day-old flies from all three replicate bottles per line and 

nutritional condition were transferred to 5 mm polycarbon tubes (TriKinetics Inc, Waltham, MA USA) containing 
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a pipe cleaner moistened in water in both ends. We aimed to test 16 flies per line and nutritional condition for all 

other locomotor activity assays. However, flies from some lines survived longer than others and therefore fewer 

individuals were used at the later activity measurements for short-lived lines (Tables S1-S3). The polycarbon 

tubes containing flies were added to Drosophila Activity Monitors (DAM) (DAM2 Activity Monitor, Trikinetics 

Inc, Waltham, MA US). The monitors were placed in a climate-controlled chamber (Binder KB 400, Binder, 

Tuttlingen, Germany) at 23°C. Locomotor activity was quantified as the number of times individual flies generate 

an activity count every 10 seconds for 6 hours (9:40 PM to 3:40 AM) (Figure 2). Temperature and humidity 

conditions were recorded every 5 minutes. 

 
Figure 2. Flowchart of healthspan metrics (locomotor activity, heat stress tolerance and dry weight). Healthspan metrics 

were all obtained on the same individual flies. First, locomotor activity was monitored for six hours at 23°C. Subsequently, 

the HKDT assay started with a temperature increase to 39°C and HKDT was determined as the last recorded activity count 

using DAM. Finally, the flies were stored at -80°C for subsequent measurement of dry weight. The x-axis indicates the time 

of day. 

Heat Stress Tolerance 
Following the assessment of locomotor activity at 23°C, the flies were kept in the activity monitors and exposed 

to 39°C within a climate-controlled chamber (Binder KB 400, Binder, Tuttlingen, Germany). Locomotor activity 

was recorded every 10 seconds for 2 hours (3:40 AM to 5:40 AM), after which all flies were dead (Figure 2). The 

time to death due to heat stress was determined as the last recorded activity count. Temperature and humidity 

conditions were monitored every 5 minutes. This assay provided data on HKDT. Individual flies used for 

locomotor activity and heat tolerance assessments were stored in Eppendorf tubes at -80°C for subsequent dry 

weight measurement. 

Dry Weight 
After assessing heat stress tolerance, the flies were desiccated for 48 hours at 60°C and subsequently weighed to 

the nearest 10 µg (Sartorius Quintix35-1S, Satorius, Göttingen, Germany). 
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Quantitative Genetic Analyses 
The contributions of age, diet and DGRP line to variation in lifespan, locomotor activity, HKDT and dry weight 

in the DGRP were assessed separately using mixed model analyses of variance (ANOVA) with a type 3 estimation 

method utilizing PROC MIXED in SAS (Version 5.2, SAS Institute, Cary, NC). The full mixed model is shown 

in Eq. 1: 

 𝑦!"# = 𝜇 + 𝐿! + 𝐴" +𝐷# + 𝐿! × 𝐴" + 𝐿! × 𝐷# + 𝐴" × 𝐷# + 𝐿! × 𝐴" × 𝐷# + 𝑅𝑒𝑝+𝐿! × 𝐴" × 𝐷#, + 𝑒!"# , (1) 

 

where yijk is the phenotype; µ is the fixed effect of the overall mean; Li (i = 1, 2, …, 98) is the random effect of 

DGRP line; 𝐴! (j = 1, 2, 3) and DK (k = 1, 2) are the fixed effects of age and diet respectively; Li×Aj, Li×Dk, Aj×Dk 

and Li×Aj×Dk are the interaction effects; Rep is the random effect of replicate; and eijk is the random residual effect. 

Broad-sense heritability, 𝐻", for the full model was estimated as: 

 
𝐻" =

𝜎#"

𝜎#" + 𝜎$"
=

𝜎%" + 𝜎%&" + 𝜎%'" + 𝜎%&'"

𝜎%" + 𝜎%&" + 𝜎%'" + 𝜎%&'" + 𝜎$"
, 

 

(2) 

where 𝜎#", 𝜎%", 𝜎%&" , 𝜎%'" , 𝜎%&'"  and 𝜎$" are the genetic, among-line, line × age, line × diet, line × age × diet and 

residual (environmental) variance components, respectively. All combinations of reduced ANOVA models were 

performed; all ages on separate diets, separate ages on all diets, and separate ages on all separate diets. Standard 

errors (SE) and confidence intervals (CI) of the 𝐻" were calculated as in Rohde et al. (46): 

 𝑆𝐸(𝐻") = +𝑉𝑎𝑟(𝐻"), 

𝑉𝑎𝑟(𝐻") = /
𝛿ℎ"

𝛿𝜎#"
2
"

𝜎(!"
" + /

𝛿ℎ"

𝛿𝜎$"
2
"

𝜎(#"
" + 2/

𝛿ℎ"

𝛿𝜎#"
2/

𝛿ℎ"

𝛿𝜎$"
2𝜎(!,#

" , 

(3) 

 𝐶𝐼 = 𝐻" ± 1.96 ⋅ SE, (4) 

where 𝜎#", 𝜎$", and 𝜎#,$"  are the elements from the asymptotic covariance matrix. Moreover, the partial derivatives 

are  *+
"

*(!
" =

(#"

((!
"-(!

")"
, and *+

"

*(#"
= /(!

"

((!
"-(!

")"
. Genetic correlations, 𝜌#%&, between ages and diets were estimated as 

Falconer and Mackay (47): 

 𝜌#%& =
𝑐𝑜𝑣0%&
𝜎%%𝜎%&

, (5) 

where 𝑐𝑜𝑣0%& is the phenotypic covariance between a trait (i) at one diet and age (7 or 16 days) and trait (j) at the 

same or another diet or age.The percent contribution of changes in rank order (% rank), was calculated as in 

Cockerham (48): 

 
%	𝑟𝑎𝑛𝑘 =

𝜎%%𝜎%& F1 − 𝑟#%&H

𝜎%%𝜎%& F1 − 𝑟#%&H +
F𝜎%% − 𝜎%&H

"

2

, (6) 

where I𝜎%%𝜎%& F1 − 𝑟#%&HJ	represents	the	component of the genotype-by-diet interaction (GDI) or genotype-by-

age interaction (GAI) caused by changes in rank order of DGRP line means between the control and restricted 
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diets or between ages 7 and 16 days. IF𝜎%% − 𝜎%&H
"
/2J is the component of GDI or GAI attributed to differences 

in the magnitude of between-line genetic variance between the control and restricted diets or ages 7 and 16 days. 

 

Phenotypic correlations were estimated using Pearson correlation coefficients (𝜌) (equation 7): 

 𝜌1%& =
𝑐𝑜𝑣0%&
𝜎2𝜎!

, (7) 

where 𝜎 is the trait value between a trait (i) at one diet and age (7 or 16 days) and trait (j) at the same or another 

diet or age. Standard errors and confidence intervals of the phenotypic and genotypic correlations were estimated 

as in Gnambs (49): 

 
𝑆𝐸 =

1 − 𝜌"

√𝑛 − 3
, 

(8) 

 𝐶𝐼 = 𝜌 ± 1.96 ⋅ SE. (9) 

Survival Analysis 
The contribution of diet to the age of the DGRP lines was also assessed using a Cox Proportional Hazards model. 

The risk of events over time, 𝜆(𝑡), was estimated by: 

 𝜆(𝑡) = 𝜆3(𝑡)𝑒4%'% , (10) 

where 𝜆3(𝑡) is the baseline hazard, 𝐷2 is diet with i representing control or restricted diet, and 𝛽2 is the regression 

coefficient. 

 

Genome-wide Association Study  
Single marker regression analyses were conducted on DGRP line means for lifespan, locomotor activity, HKDT 

and dry weight separately. We performed genome-wide association studies (GWAS) separately for diets and ages 

using a mixed model accounting for Wolbachia infection status, major chromosomal inversion status (In(2L)t, 

In(2R)NS, In(3R)P, In(3R)K and In(3R)Mo), and polygenic relatedness as described previously (25,41,42)). These 

analyses assessed the strength of association for additive effects of 1,928,067 polymorphic variants across 98 lines 

with a minor allele frequency (MAF) greater than 0.05. These analyses were performed for traits with significant 

genetic components (p < 0.05) in the ANOVA models.  

 

We conducted GWAS for line means within each age group, considering two pairs of environments (control diet 

vs. restricted diet) separately for 7 and 16 day-old flies. Additionally, genotype-by-diet and genotype-by-age 

interaction effects were investigated using the difference in line means between the conditions as the analysis 

variable.  
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Results 
We assessed how genetic variation impacts responses to diet and aging using the Drosophila Genetic Reference 

Panel (DGRP). We performed quantitative genetic analyses to evaluate the effects of dietary restriction on lifespan, 

locomotor activity, dry weight, and heat knockdown time. These measurements were all taken from the same 

individual flies. 

 

Dry weight ranged from 0.07 mg to 0.36 mg, with a mean of 0.18 mg (Figures 3A and S2A-B, Tables 2 and S10). 

A significant difference was observed between the control diet and restricted diet for 7 and 16 day-old flies (p < 

0.0001; Table S7), with flies on the control diet having, on average, a 7% (0.01 mg) higher dry weight than flies 

on the restricted diet. Dry weight varied between lines for combinations of individual diets and ages (Table S7). 

There was no significant change in dry weight as the flies aged from 7 to 16 days on control diet (p = 0.4801, 

Table S7) or on restricted diet (p = 0.2610, Table S7), but there was an interaction effect between line and age on 

these diets (control diet; p < 0.0001, restricted diet; p < 0.0001, Table S7). Similar to dry weight, there was a 

significant decrease in lifespan when flies were exposed to a restricted diet compared to a control diet (Figures 

3D, S2G-H and S3, and Tables 2, S11, S12 and S13). In contrast, locomotor activity was higher for flies exposed 

to the restricted diet (Figures 3B and S2C-D, Tables 2, S8 and S14), while HKDT is age-dependent (Figures 3C 

and S3E-F, Tables 2, S9 and S15). Locomotor activity plasticity with diet is age-dependent, where only 16 day-

old flies showed a significant difference in locomotor activity between the two diets. Furthermore, locomotor 

activity differs across age in a diet-dependent manner, where only flies kept at the control diet showed plasticity 

with regards to age. HKDT showed plasticity for both diet and age. Similarly, lifespan showed diet-dependent 

plasticity. 
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Figure 3. Distribution of line means. Mean (A) dry weight (purple), (B) locomotor activity (blue) and (C) HKDT (green) of 

DGRP lines across seven ages, fed on control diet (dark shades) and restricted diet (light shades), and (D) lifespan (orange) 

also fed on control diet (dark shade) and restricted diet (light shade). Points represent the mean phenotype of each DGRP line, 

with filled grey points indicating the mean population trati values and grey lines indicating population standard errors for each 

diet and age. 
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Table 2. 𝐴verage	trait	means	within	diet	and	age	groups	at	the	two	different	diets.	

Phenotype 
Control diet  Restricted diet 

7 day-old 16 day-old  7 day-old 16 day-old 

Dry weight 0.182 0.183  0.168 0.171 

Locomotor 
activity 1.890 1.869  1.918 2.022 

HKDT 37.11 22.38  29.91 25.40 

Lifespan 20.58  19.34 

 

To understand the relationships between the various traits, age groups, and diets, we estimated the phenotypic 

correlations among them. Strong positive correlations between the same traits across different age groups and diet 

types were observed for all traits (Figure 4 and Tables S16-S17). Most of the phenotypic correlations between 

traits were positive, with the exception of locomotor activity in 7 day-old flies fed the control diet and HKDT in 

16 day-old flies fed the control diet, which showed negative correlations with other traits (Figure 4 and Tables 

S16-S17). 

 

The estimates of broad sense heritability (𝐻"Z ) for dry weight ranged from 0.24 to 0.34, for locomotor activity 

from 0.37 to 0.43, for HKDT from 0.12 to 0.36 and for lifespan from 0.39 to 0.53 (Figure 4 and Tables S16-S17). 

Most of the estimated environmental variance components, genetic variances components and heritabilities were 

significantly different from zero, but not significantly different between diets and ages within traits (Figure 4 and 

Tables S16-S17).  
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Figure 4. Phenotypic (above diagonal) and genetic (below diagonal) correlations with heritability estimates in the 

diagonal for all traits. This figure illustrates the linear relationships between traits, age groups, and diet types. The traits are 

dry weight (DW), lifespan (LS), heat knockdown  time (HKDT), and locomotor activity (LA). Age groups are 7 day-old (7) 

and 16 day-old (16) flies, and diet types are control diet (c) and restricted diet (r). The upper diagonal matrix displays the 

phenotypic Pearson correlation coefficients between traits, the diagonal contains the estimated heritabilities and the lower 

diagonal matrix shows the genetic correlations between traits. Color and size indicate the strength of the correlations and the 

heritability (cyan for positive correlations and magenta for negative correlations, with a larger size indicating a stronger 

correlation). 

 

The cross-diet genetic correlation for dry weight between control and restricted diets (𝜌#'%#() was 0.645 at 7 days 

and 0.755 at 16 days (Figure 4 and Tables S16-17). The interaction effect between diet and line was significant at 

both day 7 (p < 0.0001, Table S7) and day 16 (p = 0.0030, Table S7). Therefore, the genetic correlations at both 

ages were signficantly less than unity, indicating genotype-by-diet interaction (GDI) for this trait (Figure 5). The 

GDI variance was primarily due to changes in rank order of line means of dry weight rather than between-line 

variance for the two diets within each age group. The GDI variance for dry weight was increasingly attributed to 

the rank order, from 73.5% at day 7 to 96.8% at day 16 (Figure 6 and Table S18). The cross-age genetic correlation 

for dry weight of 7 and 16 day-old flies (𝜌#)*#) was higher on the control diet (0.823) than the restricted diet 

(0.623) (Figure 4 and Tables S16-17). Since the interaction effect between age and line was significant both on 

the control diet (p < 0.0001, Table S7) and on the restricted diet (p = 0.0003, Table S7), the correlations on both 

diets were significantly less than unity, indicating genotype by age interaction (GAI) for this trait (Figure S4). The 

GAI variance was mostly due to differences in the rank order of line means of dry weight between day 7 and day 

16 on the control diet (93.6% rank, Figure 6 and Table S18) and on the restricted diet (99.4% rank, Figure 6 and 

Table S18). Locomotor activity, HKDT, and lifespan exhibited highly significant interaction effects between both 
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diet and line and age and line, indicating GDI and GAI for these traits as well (Tables S8-S10). The GDI was 

primarily influenced by the rank order of line means for locomotor activity, HKDT and lifespan, which ranged 

from 88.8% to 100% (Figure 6 and Table S18). GAI was also largely due to the rank order of line means for 

locomotor activity and HKDT with values increasing from 84.3% to 100% (Figure 6 and Table S18). 

 
Figure 5. Reaction norm plot. Line means of (A) dry weight (purple), (B) locomotor activity (blue) and (C) HKDT (green) 

across seven ages, fed on control diet (dark shades) and restricted diet (light shades), and (D) lifespan (orange) also fed on 

control diet (dark shades) and restricted diet (light shades). Points represent the mean phenotype of each DGRP line, and lines 

connecting points across diets represent the same DGRP line. Numbers (n) of DGRP lines assessed at each age and diet is 

indicated above the points. 

 
Figure 6. GAI and GDI due to differences in magnitude of between line variance and changes in rank order. The relative 

proportion of interaction variance due to these effects for genotype-by-diet or genotype-by-age interactions for dry weight 

(DW), lifespan (LS), heat knockdown  time (HKDT), and locomotor activity (LA). The age groups are 7 day-old (7) and 16 

day-old (16) flies, and the diet types are control (c) and restricted (r) diets. Colors indicate the proportion of GDI and GAI 

attributed by differences in magnitude of between-line variance (light shades) of genetic variance between the control and 

restricted diet or age 7 and 16 days and rank order of line means (dark shades). 
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We performed GWAS for dry weight, locomotor activity, HKDT, and lifespan using 1,928,067 polymorphic 

(minor allele frequency > 0.05) genetic variants in 98 DGRP lines. We conducted GWAS using line means     

within each age group, considering two pairs of environments (control diet vs. restricted diet) separately for 7- 

and 16 day-old flies. Additionally, diet-by-line and age-by-line interaction effects were investigated by performing 

the GWAS using the difference in line means between conditions.  

 

Genotype-by-diet interaction for dry weight showed a strong signal for the variants in the gene encoding 

Peptidoglycan Recognition Protein LC (PGRP-LC), as indicated by the Quantile-Quantile (Q-Q) plot (Figure 7A) 

and -log10(p) values below the Bonferroni threshold in the Manhattan plot (Figure 7B and Table S19) PGRP-LC 

is essential for the innate immune response in D. melanogaster (50,51). No other genetic variants were associated 

with dry weight, locomotor activity and HKDT (Figures S5-S7) association tests at the genome-wide significance 

threshold. However, a single genetic variant within the gene muscleblind (mbl) was genome-wide significant for 

the lifespan genotype-by-diet interaction (Figures 7C-D and Table S20). mbl encodes an RNA-binding protein 

that plays a crucial role in RNA metabolism, including alternative splicing, transcript localization, and the 

biogenesis of miRNA and circRNA (52–54). 

 
Figure 7. Q-Q and Manhattan plots for GWAS of GDI for dry weight and lifespan. Results of GWAS for the genotype-

by-diet interaction for dry weight of 7 day-old flies (A, B) and genotype by diet interaction for lifespan (C, D). Panels (A, C) 

are Q-Q plots comparing the observed -log10(p) values of each variant to the expected values, with the red line representing 

the null expectation and the grey area indicating the confidence interval. Panels (B, D) are Manhattan plots where each point 

represents a variant. The y-axes show the strength of the association between individual variants and GDI for dry weight and 

lifespan, expressed as -log10(p). The dashed horizontal lines indicate the significance threshold adjusted for multiple testing 

using the Bonferroni correction. Variants highlighted for dry weight (purple) and lifespan (orange) indicate the GWAS index 

variant and all other variants within ± 2500 base pairs of the index variant. 
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Discussion 
Dietary restriction (DR), defined as reducing calorie intake without causing malnutrition, has been shown to delay 

aging in numerous species (55). While some studies have shown that DR extends longevity in flies (11,56,57), 

Bak et al. (8) found that increasing DR reduces both longevity and healthspan. In addition, dietary responses 

depend on genetic background (25,27,29). Diet plays a pivotal role in promoting healthy living, yet individual 

responses to dietary interventions can vary widely, complicating our understanding of its effects. The aim of the 

current study was to explore how individual genotypes influence responses to diet and the aging process in D. 

melanogaster. We used 98 DGRP lines to examine how a standard caloric-rich diet and a restricted diet impacted 

lifespan and various healthspan metrics, including locomotor activity, heat knockdown time (HKDT), and dry 

weight.  

 

We found that feeding DGRP flies the restricted diet resulted in an average decrease in mean lifespan compared 

to flies fed a nutritionally rich control diet (Figures 3A and S2A-B, Tables 2 and S10). This suggests that the 

restricted diet may have caused malnutrition rather than DR. Nakagawa et al. (58) conducted a meta-analysis, 

including a range of species, which showed a U-shaped relationship between the risk of death and amount of DR, 

indicating that an intermediate level of calorie intake increases lifespan. Our findings align with the broader 

understanding that DR can lead to reduced longevity in some contexts, possibly due to the stress associated with 

insufficient nutrient intake. Furthermore, mice studies on fasting, defined as a period without calorie consumption, 

have shown that the positive effects of DR can, in some cases, be attributed more to the effects of fasting itself 

rather than just the reduction in calorie intake (59,60). When M. musculus were exposed to fasting in DR studies, 

their lifespan increased, while mice exposed to an ad libitum diet with nondigestible fiber did not have an increased 

lifespan (59,60). These observations are consistent with our results showing that flies exposed to non-fasting DR 

using indigestible cellulose for dilution had reduced lifespans. However, Carey et al. (43) found an increase in D. 

melanogaster lifespan with DR also using an ad libitum feeding and calorie restriction by diluting with indigestible 

cellulose. Furthermore, Lenhart et al. (61) found that the effects of fasting in D. melanogaster depend on genetic 

background and do not always confer positive effects. These contrasting findings suggest complex and genotype-

specific responses to diet. The healthspan-related traits assessed in our study (dry weight, locomotor activity and 

HKDT) showed mixed results when exposed to different diets. When flies were exposed to a restricted diet, mean 

dry weight decreased (Figures 3A and S2A-B, Tables 2 and S10), locomotor activity increased (Figures 3B and 

S2C-D, Tables 2, S8 and S14), and the directional change in HKDT depended on the age of the flies (Figures 3C 

and S3E-F, Tables 2, S9 and S15). These effects of diet on healthspan metrics and lifespan show that aging is a 

complex and context-dependent phenomenon. Our finding that dietary nutritional conditions can have opposite, 

and trait- and genotype-specific impacts on lifespan and healthspan challenge our ability to make general 

recommendations as to which conditions are most advantageous.  

 

Interestingly, the phenotypic correlations showed that lifespan on either diet is only weakly associated with most  

of the healthspan traits (Figure 4 and Tables S16-S17). This finding is inconsistent with Soo et al. (40), who 

reported a positive correlation between stress resistance, including heat stress, and lifespan in C. elegans. 

However, the lack of correlation between locomotor activity and lifespan aligns with Wilson et al. (11), who found 
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no correlation between climbing ability and lifespan in the DGRP under dietary restriction. Therefore, we do not 

see much evidence of constraint among these traits, suggesting they can respond to selection independently. 

Consequently, dry weight, HKDT, and locomotor activity might not be crucial for survival under nutrient-limited 

laboratory conditions. Additionally, we do not find evidence of antagonistic pleiotropy, with the exception of dry 

weight that was found to be negatively correlated with HKDT of 16 day-old flies fed on control diet. 

 

Our study aimed to investigate trait variation in flies under different dietary conditions, focusing on the genetic 

background of DGRP lines. The 𝐻"Z  of lifespan was 0.39 on the control diet and 0.53 on the restricted diet (Figure 

4 and Tables S16-S17), which are comparable to previous D. melanogaster studies (𝐻"Z = 0.29 − 0.42) 

(23,25,57). Dry weight 𝐻"Z  ranged from 0.25 to 0.34, aligning with the DGRP study by Jumbo-Lucioni et al. (62), 

but lower than Watanabe (63) who found 𝐻"Z ≈ 0.77. Locomotor activity 𝐻"Z  ranged from 0.37 to 0.43, consistent 

with other DGRP studies (𝐻"Z = 0.19 − 0.62) (64–67). HKDT 𝐻"Z  was between 0.12 and 0.36, also comparable 

to other DGRP findings (𝐻"Z = 0.14 − 0.61) (68–70). This suggests considerable genetic variation for all the 

traits. 

 

Environmental factors can influence genetic variation through environment-dependent gene action. This means 

that genes affecting a particular trait in one environment might not be significant for that trait in another 

environment. This phenomenon is often reflected in altered genetic correlations, either between different traits 

within a single environment or the same trait across various environments (71–73). Our findings indicate that the 

genetic correlations for dry weight, locomotor activity, and HKDT remain consistent across ages, suggesting that 

the same genes influence these traits across age-classes (Figure 4 and Tables S16-S17). However, the magnitude 

of these genetic correlations varies with diet. Specifically, the genetic correlations for dry weight and HKDT 

decrease when shifting from a control diet to a restricted diet, whereas the genetic correlation for locomotor 

activity increases under the same dietary change. This suggests that different regulatory pathways influence dry 

weight, locomotor activity, and HKDT depending on the diet. The pattern of change in genetic correlations across 

different diets is further validated by the highly significant GDI values for all traits (Tables S7-S9). The 

significance of GDI is mainly attributed to changes in the rank order of lines, rather than the magnitude of 

between-line genetic variance for all traits. Additionally, the GAI values were also significant for all traits (Tables 

S7-S9). The significance of GAI is primarily due to changes in the rank order of lines, rather than the magnitude 

of between-line genetic variance for all traits (Figure 6 and Table S18). This indicates that trait values for dry 

weight, locomotor activity, HKDT, and lifespan in flies depend on their genetic background and age. These GDI 

and GAI findings underscore that dietary responses vary significantly not only among individuals with different 

genetic backgrounds, as shown previously (25,27,29), but also across different ages within those genetic 

backgrounds. This indicates that the effectiveness of dietary interventions depends on age, highlighting the 

importance of considering both genetic background and age when assessing dietary impacts on an individual. 

Therefore, dietary interventions should be personalized and may need to be adjusted continuously throughout an 

individual's life. 

 

We conducted GWAS to identify genetic variants associated with dietary response of lifespan, as well as age and 

diet response for dry weight, locomotor activity, and HKDT (Figure 7 and Tables S5-S8). We identified a variant 
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associated with genotype-by-diet interaction of dry weight of 7 day-old flies (Figures 7A-B and Table S19), 

located at the intronic PGRP-LC locus. PGRP-LC encodes a transmembrane protein that acts as a pattern 

recognition receptor, identifying peptidoglycan in bacterial cell walls (74). It influences cellular immune responses 

by activating blood cells and enhancing their circulation independently of the Relish pathway, thereby playing a 

role in both humoral and cellular immunity (50). Activation of PGRP-LC in the IMD pathway in the fat body 

leads to the production of antimicrobial peptides during infections (51). However, the current literature does not 

indicate that PGRP-LC directly regulates fat body metabolism or functions beyond its immune response role. 

Furthermore, PGRP-LC has been found to regulate lifespan but in a temperature-dependent manner in the DGRP 

(25). This suggests that PGRP-LC is important for immune regulation rather than metabolic functions in the fat 

body (75). We also identified a QTL for  the genotype-by-diet interaction affecting the lifespan of D. melanogaster 

(Figures 7C-D and Table S20) at the mbl locus. The mbl gene encodes an RNA-binding protein crucial for RNA 

metabolism, including alternative splicing and microRNA (miRNA) biogenesis (52–54). It is essential for muscle, 

eye, and neural tissue differentiation and plays a significant role in cardiac function, influencing lifespan in D. 

melanogaster (52,76). Overexpression of mbl in myotonic dystrophy type 1 (DM1) models improved muscle 

function and lifespan (77). Manipulating expression of mbl and its counterpart Bru-3 led to asynchronous 

heartbeats and dilated cardiomyopathy, highlighting the role of mbl in cardiac health (78,79). These findings 

suggest that the regulatory functions of mlb in RNA processing may impact lifespan and aging in a diet-dependent 

manner. The candidate genes have only been identified in genotype-by-diet interactions, highlighting the crucial 

role of genetics in shaping the aging response to diet. The GWAS results presented here indicate two candidate 

genes, PGRP-LC and mbl, which can be targeted for further research on aging. 
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