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Diet elicits varied effects on longevity across a wide range of
animal species where dietary discordance between an
organisms’ evolutionary and developmental dietary history is
increasingly recognized to play a critical role in shaping
lifespan. However, whether such changes, predominantly
assessed in a single generation, lead to evolutionary shifts in
lifespan remains unclear. In this study, we used an
experimental evolution approach to test whether changes in
an organisms’ evolutionary and developmental dietary history,
specifically carbohydrate content, causes lifespan evolution in
Drosophila serrata. After 30 generations, we investigated the
evolutionary potential of lifespan in response to four novel
diets that varied systematically in their ratio of carbohydrate–
protein content. We also examined developmental plasticity
effects using a set of control populations that were raised on
the four novel environments allowing us to assess the extent
to which plastic responses of lifespan mirrored adaptive
responses observed following experimental evolution. Both
high- and low-carbohydrate diets elicited plastic effects on
lifespan; however, the plastic responses for lifespan to
developmental diets bore little resemblance to the evolved
responses on evolutionary diets. Understanding the dietary
conditions regulating the match/mismatch of plastic and
evolved responses will be important in determining whether a
particular match/mismatch combination is adaptive for
lifespan. While the differences in evolutionary diet by
developmental diet interactions are only beginning to be
elucidated, this study lays the foundation for future
investigations of carbohydrate contributions to evolved and
plastic effects on health and lifespan.
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1. Introduction

Diet is a fundamental component of an organism’s environment, responsible for physiological and
morphological adaptations [1]. Variation in dietary macronutrient balance, specifically the ratio of
protein to carbohydrate, has been shown to have strong influences on the important life-history trait
of lifespan. For example, in insects, diets low in protein and high in carbohydrate typically extend
lifespan [2–6]. Further, lifespan is maximized at different macronutrient ratios in males and females
indicating fundamental differences in resource acquistion and allocation between the sexes [7–15]. It is
worth noting that while sex differences in reproductive performance and fitness are reported by
numerous studies, only a very limited number of studies actually demonstrated that males and
females differed in their nutritional optima for lifespan [16,17]. To date, most of what is known about
the effects of diet on longevity, especially its extension, comes from studies manipulating nutrient
content within a single generation [18]. A smaller number of studies have shown that diet-induced
lifespan changes can persist through transgenerational plasticity for a small number of generations
[19–24]. Experimental evolution has also revealed that lifespan evolves during adaptation to novel
diets [20,22]. However, it is not yet known whether lifespan changes seen during experimental
evolution mirror those observed in studies of phenotypic plasticity.

Broadly, it is well recognized that genotypic evolution and phenotypic plasticity are two key
mechanisms by which natural populations respond to environmental change; however, their relative
contributions remain unresolved [25–28]. For instance, phenotypic plasticity is generally assumed to
be adaptive, allowing the phenotype to move in the direction of higher fitness. However, plasticity
can also be maladaptive, moving the phenotype in the opposite direction to adaptive evolution when
organisms are exposed to unusual or novel environments [29,30]. In the context of diet and lifespan,
recent studies in Drosophila have demonstrated the evolutionary potential for lifespan to evolve
genetically under different dietary conditions; however, the extent to which evolutionary and plastic
responses align in response to diet remains unclear [20,22]. In this study, we combine experimental
evolution and phenotypic plasticity assays to bridge this gap in our understanding. Long-term adult
health and lifespan is shaped by both current diet and past dietary history, where persistent long-term
effects of nutrition transmitted from parent to offspring are known to programme lifespan [31]. These
effects, including caloric or dietary restriction (DR), can range from being instantaneous to inter-
generational in nature [32]. In Drosophila, flies switched from DR to an ad libitum diet later in life
immediately adopted the survival pattern of the group kept on the ad libitum diet treatment [33]. In
murine models, switches between DR and unrestricted feeding have shown mixed results, but the
results of a meta-analysis do suggest the presence of a lasting ‘memory’ of diet [34].

Disproportionate dietary sucrose has been used to create a fly model of an obesogenic and unhealthy
diet that bears relevance to modern human diets; however, different hypotheses for the evolution of
lifespan under a high-carbohydrate diet have rarely been tested, and a capacity for lifespan to evolve
in response to macronutrients is yet to be established for many model systems (but see [20,22]).
Diet concentrations have been shown to have a bell-shaped relationship with lifespan, ranging from
under-nutrition to over-nutrition (figure 1).

Much of our current understanding of how diet alters lifespan comes from studies using model
organisms where diet has been manipulated by changing the proportions of protein relative to
carbohydrate. Diets with lower protein content and higher carbohydrate content have been associated
with increased lifespan and healthspan in Drosophila. However, little is known about the effects of
carbohydrate–protein diets on longevity phenotypes in response to manipulating the carbohydrate
concentration against a fixed nutritional background. To determine if the response of lifespan to
changing carbohydrate : protein ratios follow the same pattern as changing protein : carbohydrate
ratios, we created four novel diets where we varied the sucrose-to-yeast (S : Y) ratio by manipulating
carbohydrates (sucrose) while keeping protein (yeast) content fixed (figure 2). Our approach to diet
manipulation was important for two reasons. First, carbohydrate-rich diets represent a fitting model
of unhealthy, modern, human diets, and the carbohydrate diets used in this experiment are a
particularly relevant example of recent nutritional changes in many human populations with
important implications for human health [36–38]. Second, the effects of a high carbohydrate (sucrose)
manipulation in diet have not yet been studied extensively, though consistent with our findings,
studies have shown that adults developed on high-carbohydrate diets have reduced lifespan [39,40].

In this study, we used an outbred population of Drosophila serrata [41] that had adapted for over 200
generations to laboratory culture in a diet where the carbohydrate content is 1.5 times that of the protein
content. For 30 generations, we exposed replicates of the founding population to these four novel diets



nutritional range
ad

ul
t l

if
es

pa
n

under-
nutrition over-nutrition

dietary
restriction ad libitum

Figure 1. Lifespan reaction norm to diet. Diet nutritional content has a convex shaped relationship with lifespan, ranging from
under-nutrition, dietary restriction and maximal lifespan to ad libitum feeding and over-nutrition. The lifespan reaction norm
can shift or change shape (dashed line) in response to genetic or environmental changes. For instance, dietary restriction
effects can lead to increased lifespan on the focal curve but under-nutrition on the dashed curve. Adapted from [35].
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spanning a carbohydrate–protein gradient to detect evolved responses in lifespan. To elucidate
developmental plasticity effects, we concurrently assayed lifespan in a set of control populations that
were raised on the four novel environments. This comparative approach allows us to assess the extent
to which plastic responses of lifespan mirrored adaptive responses observed following experimental
evolution. While we found both high- and low-carbohydrate diets to elicit plastic and evolved effects
on lifespan, the plastic responses to developmental diets bore little resemblance to the evolved
responses on evolutionary diets indicating that plastic responses to reduced sucrose diets may initially
be maladaptive for lifespan.
2. Methods
2.1. Fly husbandry
Flies used to set up the experimental evolution population experiment were all derived from a wild-type,
outbred and long-term laboratory-adapted population that was founded from 102 inbred lines of the
D. serrata Genomic Reference Panel established from a single natural population in Brisbane, Australia
[41]. When the experiment began, the founding population had been maintained at The University of
Queensland for approximately 200 generations at a large population size, on a 12 h : 12 h light : dark
cycle at 25°C on a standard 1.5 carbohydrate (sucrose) : protein (yeast) (S : Y) diet. From this founding
population, 20 replicate populations were established and randomly allocated in equal numbers to
five dietary treatments (0.5, 1.0, 1.5, 2.0 and 2.5 S : Y) for 30 generations before the start of the
experiment (specific diet characteristics are given in electronic supplementary material, table S1). Each
dietary treatment consisted of four replicates: A, B, C and D. Each replicate contained four mixed-sex
population bottles. To control for density, each new generation was established from 60 randomly
selected virgin offspring from the previous generation. All the other environmental conditions were
kept constant for each generation.

2.2. Experimental design
Two generations of common garden were used to remove common environmental and parental effects
from the S : Y diet treatments before lifespan and survival was measured. All replicate experimental
populations were reared back on the ancestral diet for two generations before phenotyping. The solid
blue arrow in figure 2c represents the experimental set-up for examining the plastic responses to
developmental diet, i.e. the transfer of the ancestral diet replicate populations lines to every other
developmental diet. The dotted blue arrow represent the experimental set-up for examining the
evolved changes, i.e. the transfer of replicates from every evolutionary diet back to the ancestral diet.

After two generations of common garden, virgin flies were collected using CO2, sorted by sex and
transferred to single-sex experimental vials for the lifespan assay. For each evolutionary diet ×
developmental diet combination, we used 10 replicate vials with 10 flies per each of the four replicate
bottles (N = 400). Sample sizes are given in electronic supplementary material, tables S2 and S3. Flies
were maintained at 25°C and 60% humidity, on a 12 : 12 h light : dark cycle. Survival was checked
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Figure 2. Experimental evolution design where (a) D. serrata flies from an outbred and long-term laboratory-adapted population
were evolved on five distinct diets with different sucrose content as adults for 30 generations (electronic supplementary material,
table S1). (b) Flies from each diet in the experimental evolution experiment were kept as four independent replicates. (c) To remove
any parental effects from the evolution diet treatments, experimental flies were subjected to two generations of common garden
before we used 10 replicate vials with 10 flies per replicate for each evolution diet (n = 400) to test for evolved and plastic lifespan
responses. The solid blue arrow represents the experimental set-up for examining the plastic responses to developmental diet, i.e.
the transfer of the ancestral diet replicate populations lines to every other developmental diet. The dotted blue arrow represents
the experimental set-up for examining the evolved changes, i.e. the transfer of replicates from every evolutionary diet back to the
ancestral diet.
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every 3–4 days and flies were tipped into fresh food vials without anaesthesia. On these occasions,
dead flies were counted and removed from vials without replacement. This continued until all flies
had died. Flies that escaped while changing food vials were excluded from subsequent lifespan and
survival analysis.

2.3. Statistical analysis
PROC GLIMMIX (SAS software v. 9.4) was used to analyse treatment effects on adult lifespan in
D. serrata according to the split-split-plot experimental design outlined in Littell et al. [42]. We used a
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mixed effects linear model to analyse the evolved and plastic effects of diet on lifespan. Models were fit a

categorical ‘diet’ effect that included the five diets (0.5, 1.0, 1.5, 2.0 and 2.5 S : Y). Given the sex differences
in D. serrata lifespan, different models were fit to examine the effects of evolutionary and developmental
diets, with sex as a fixed effect to control for and detect any sex-specific effects.

The model for plastic responses contained developmental diet as the fixed effect,

L ¼m þ sexþ developmental diet þ sex� developmental dietþ replicate

þ developmental diet� replicateþ vial(sex � replicate � developmental diet)þ 1,
ð2:1Þ

where lifespan L is measured in days, μ is mean lifespan, developmental diet is the fixed main effect of
diet, replicate is a random effect describing variation among the four replicate (control, 1.5 S : Y diet)
populations from the evolution experiment and ε is the residual error.

The model for evolved responses contained evolutionary diet as a fixed effect,

L ¼ m þ sexþ evolutionary diet þ sex� evolutionary dietþ replicate(evolutionary diet)

þ sex� replicate(evolutionary diet)þ vial(sex� replicate� evolutionary diet)þ 1,
ð2:2Þ

where lifespan L is measured in days, μ is mean lifespan, evolutionary diet is the fixed main effect of diet,
replicate(evolutionary diet) is a random effect of replicate population nested within diet and ε is the
residual error.

For both models, we used a Satterthwaite approximation to calculate the denominator degrees of
freedom via the ‘ddfm = SAT’ option in SAS software when testing significance of the diet effect. We
present effect sizes as least square means and used Tukey’s honestly significant difference (HSD) to
test for differences between specific diets (α = 0.05).

As a follow-up to validate the patterns of mean lifespan observed, we also carried out univariate/
multivariate Cox proportional hazards regression analysis and generated Kaplan–Meier survival
curves. Likelihood tests of differences in Cox proportional hazard ratios were used to measure
differences in hazard, and comparisons of different Kaplan–Meier survival curves were performed
using the log-rank test. In all cases, a p < 0.05 was considered statistically significant. All follow-up
survival analyses were performed using GraphPad Prism version 10.0.
3. Results
3.1. Plasticity of lifespan in response to diet
We found that relative to the ancestral 1.5 S : Y diet, both high- and low-carbohydrate diets elicited plastic
effects on lifespan. Lifespan responded to changes in nutritional environments for both sexes resulting in
a bell-shaped relationship between lifespan and increasing carbohydrate content (figure 3). Lifespan
responded to the novel diet treatments, with significant main effects of sex (F1,371.6 = 476.9, p = 1.32 ×
10−68) and developmental diet (F4,12.1 = 6.54, p = 4.90 × 10−03) detected, but not sex × developmental diet
(F4,371.6 = 1.82, p = 0.12) (figure 3). The plastic effects resemble a bell-shaped relationship between
lifespan and increasing carbohydrate content with lifespan in both males and females maximized
around the intermediate 1.5 S : Y developmental diet (figure 3). However, instead of increased lifespan
on low S : Y diets as expected from decreasing sucrose content, there was a nonlinear relationship
between developmental diets and lifespan (figure 3) that negatively affected adult survival (electronic
supplementary material, figure S1). Compared with females, higher lifespan was observed over a
broader range of low S : Y developmental diets for males, albeit with a tendency for lifespan to still
peak on intermediate 1.5 S : Y developmental diets (figure 3).

Both high- and low-carbohydrate developmental diets significantly decreased longevity in female
D. serrata. In females, post hoc comparisons relative to the 1.5 S : Y ancestral diet showed that flies
raised on 0.5 and 2.5 S : Y developmental diets lived significantly shorter lives (0.5 S : Y versus 1.5 S :
Y: t =−2.42, p = 0.02; 2.5 S : Y versus 1.5 S : Y: t = 4.90, p = 1.40 × 10−05; figure 3; electronic
supplementary material, figure S1A and table S4). Neither mean lifespan nor survival was
significantly different on the 1.0 and 2.0 S : Y developmental diets which were closer to the control 1.5
S : Y diet (1.0 S : Y versus 1.5 S : Y: t =−1.06, p = 0.30; 1.5 S : Y versus 2.0 S : Y: t = 1.26, p = 0.23; figure 3;
electronic supplementary material, figure S1A and table S4). The significant plastic effects of
developmental diets for lifespan could be driven by flies on both lower and higher S : Y diets living
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shorter and ageing faster than flies from populations closer to the ancestral 1.5 S : Y diet (figure 3;
electronic supplementary material, figure S1A and table S8).

Post hoc comparisons for males showed that mean lifespan was not significantly different on any of
the low S : Y developmental diets relative to the ancestral 1.5 S : Y control diet (0.5 S : Y versus 1.5 S : Y:
t =−1.90, p = 0.07; 2.5 S : Y versus 1.5 S : Y: t = 0.95, p = 0.35; figure 3; electronic supplementary material,
figure S1B; tables S2 and S5). However, compared with the 1.5 S : Y ancestral diet, male flies raised on 2.0
and 2.5 S : Y developmental diets lived significantly shorter lives with a higher risk of death (2.0 S : Y
versus 1.5 S : Y: t = 2.41, p = 0.02; 2.5 S : Y versus 1.5 S : Y: t = 2.85, p = 0.01; figure 3; electronic
supplementary material, figure S1B; table S2; S5 and S9).

3.2. Evolution of lifespan in response to diet
Having detected lifespan plasticity in response to the developmental diets, we then tested whether those
developmental plastic responses matched evolved responses to the same evolutionary diets. After
approximately 30 generations of experimental evolution, we detected significant main effects of
evolutionary diet (F4,15.0 = 10.2, p = 3.00 × 10−04) and sex (F1,367.2 = 544.8, p = 1.57 × 10−74), but not sex ×
evolutionary diet (F4,367.2 = 1.47, p = 0.21). With an overall negative relationship between lifespan and
carbohydrate content, we found that both high- and low-carbohydrate diets elicited evolutionary
effects on lifespan (figure 4). However, evolved responses to evolutionary diets did not resemble the
pattern of plastic responses for lifespan on S : Y developmental diets.

Post hoc comparisons between females showed that flies evolved on lower S : Y diets of 0.5 and 1.0 S :
Y lived on average 5.3, 5.8 and 9.5 days longer than flies evolved on 1.5, 2.0 and 2.5 S : Y diets,
respectively (electronic supplementary material, table S3). Mean lifespan and survival time was
significantly different on 0.5 and 1.0 S : Y diets (0.5 S : Y versus 1.5 S : Y: t = 2.05, p = 0.047; 1.0 S : Y
versus 1.5 S : Y: t = 2.06, p = 0.046; figure 4; electronic supplementary material, figure S2A; tables S6
and S10). Mean lifespan was not significantly different on the 2.0 and 2.5 S : Y diet compared with the
ancestral control diet of 1.5 S : Y (1.5 S : Y versus 2.0 S : Y: t = 0.25, p = 0.80; 1.5 S : Y versus 2.5 S : Y: t =
1.77, p = 0.09; figure 4; electronic supplementary material, figure S2A; tables S6 and S10). Female
lifespan appeared more resilient to changes brought on by high S : Y evolution diets and evolution
under high S : Y diets did not result in strong effects on female lifespan and survival patterns.

In contrast to females, post hoc comparisons showed that lifespan increases observed in male flies
evolved on low sucrose diets were not statistically significant (0.5 S : Y versus 1.5 S : Y: t = 0.89, p =
0.38; 1.0 S : Y versus 1.5 S : Y: t = 0.38, p = 0.38; figure 4; electronic supplementary material, figure S2B;
tables S7 and S11). Males on the ancestral 1.5 S : Y diet lived on average 8 days longer than males on
higher S : Y diets (1.5 S : Y versus 2.0 S : Y: t = 3.19, p = 2.90 × 10−03; 1.5 S : Y versus 2.5 S : Y: t = 3.01,
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p = 4.60 × 10−03; figure 4; electronic supplementary material, figure S2B; table S3 and S5). Compared with
females, males had less resilience to a high sucrose diet leading to a reduction in lifespan. The significant
effects of novel diet for lifespan could be driven by flies on lower S : Y diets living longer and ageing
slower than flies from higher S : Y diet populations (figure 4; electronic supplementary material, figure
S2B, tables S3, S7 and S11).
4. Discussion
4.1. Dietary-based developmental plasticity affects lifespan
Our plasticity assay revealed a dietary optimum for male and female lifespan where developmental diet
concentrations had a bell-shaped relationship with lifespan representative of the typical lifespan reaction
norm to diet (figure 1). We did not detect any lifespan extension under low S : Y developmental diets in
females or males. Instead, compared with the ancestral diet, we found decreased lifespan on low S : Y
developmental diets. In contrast to our findings, Zajitschek et al. [20] found no difference in male fruit
fly survivorship between evolution diet populations after approximately 25 generations. However, DR
responses under protein manipulation are highly variable even among different genotypes of
D. melanogaster with some genotypes showing no or only little lifespan extension on a DR diet, with
others showing decreased lifespan on a DR diet [43]. Furthermore, we manipulated sucrose content
while keeping yeast content the same, whereas most studies including Zajitschek et al. [20] and
Zajitschek et al. [22] have manipulated yeast content. Studies have previously shown that varying the
protein : carbohydrate balance, rather than the caloric content is the main driver of ageing processes
and lifespan variation [39,44–46]. Decreasing either sucrose or dietary yeast extends lifespan and
reduces mortality, but by an amount that is unrelated to the caloric content of the diet. Furthermore,
diets higher in protein content have been shown to induce elevations in metabolic rate and reduce
whole body carbohydrate content in adult Drosophila [47]. It should be acknowledged that we cannot
distinguish the effects of the altered carbohydrate levels from that of an altered protein: carbohydrate
ratio including vitamins, and other micronutrients in the yeast. It is possible that the plastic and
evolved lifespan responses are driven by these changes, including the upregulation of gluconeogenesis
and certain other metabolic pathways as well [48].

Under life-history theory predictions of decreased fitness and lifespan, the plastic response to low
S : Y diets in our study most likely corresponds to a ‘stress’ that is expressed when populations have
not yet adapted to this new dietary environment [49]. For example, gene expression plasticity evolved
in D. melanogaster adapted to a medium enriched in salt and cadmium [49], but the direction of
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plasticity observed was in the opposite direction compared with the ancestral populations. Salt and

cadmium represent novel and extreme environments seldom encountered by fruit flies outside
laboratory settings. Such extreme environments suggest a likelihood of maladaptive plasticity and
therefore the possibility of robust selection [50,51], including on the plasticity of a trait [52]. A reason
for not detecting lifespan extension plasticity on high sucrose diets in males might be that these diets
represent stressful environments where the optimal lifespan phenotype is constrained, leaving
females’ lifespan more receptive to the effects of diets that are optimal for reproduction and lifespan
[12,53,54]. Indeed, sites of fat deposition in females are different to those of males and have been
proposed to reflect adaptations promoting female reproductive success [55]. An alternative hypothesis
would be that the plastic responses are adaptions to a nutritional environment that is fluctuating or
experienced transiently. Zajitschek et al. [22] employed experimental evolution to examine the
‘waiting-for-the-good-times’ hypothesis. According to this hypothesis, selection during prolonged DR
would encourage heightened reproductive investment at the expense of survival, as the anticipated
‘good times’ never materialize. Contrary to expectations, their findings challenge the idea that
reallocating resources between fecundity and somatic maintenance is the basis for extending lifespan
under DR. However, we cannot exclude the possibility that the diet-induced changes might provide
other adaptive benefits that trade off with lifespan and could not be measured easily under laboratory
settings, e.g. greater reproductive investment associated with ranging for food that might allow for
offspring to survive in poor environments and find more favourable conditions [56]. Finally, although
both sexes can demonstrate nutritionally plastic responses, in many species it is the larger sex
(females in flies) that is more nutritionally plastic [57], a pattern consistent with the present study.

4.2. Evolutionary adaptation to nutrient availability
Our experimental evolution experiments revealed that lifespan evolved in response to changes in dietary
carbohydrate concentration and that the direction of the evolved response observed on low S : Y
developmental diets was in the opposite direction to the plastic response. We found a strong positive
effect of increased lifespan for evolution under low S : Y in females, whereas a prior experimental
evolution study [22] found that females evolved under DR had lower lifespans compared with
females that evolved on the standard diet. Another difference between this experimental evolution
study and our study was that males evolved lower lifespans on high S : Y diets as opposed to no
differences in male survivorship on any of the evolutionary diets in the previous study [20]. Flies
evolved on higher carbohydrates, especially males, had shorter lifespans. According to previous
studies, this suggests a preference or programme in adults where even after the carbohydrate
challenge has been removed, lifelong exposure to diets high in carbohydrates may affect many
metabolic pathways such as those involved in glucose homeostasis, or cholesterol metabolism in
offspring [58,59].

Dietary interventions that extend lifespan can also be considered as a form of hormetic nutritional
stress and may explain the potential to evolve longer lifespans [60,61]. In the context of ageing, DR is
recognized as a nutritional hormetin due to its ability to trigger a stress response, leading to adaptive
hormetic effects that ultimately result in physiological hormesis. This process is achieved by regulating
stress chaperones, such as heat shock proteins (HSP70), antioxidants and redox enzyme activities.
Overall, these contribute significantly to promoting cell and overall life longevity [62,63]. Although
constant dietary excess such as diets high in sucrose have been known to accelerate ageing and reduce
lifespan [18,40,64], it is still possible for such a diet to also select for longer lifespans given a
particular combination of conditions [65,66]. Nutrient availability in response to distinct nutritional
and metabolic demands of life-history strategies can cause organisms to experience alternative
developmental programmes [67]. This enables organisms to endure severe or persistent environmental
stress by altering physiological responses until environmental conditions improve [68,69] and may
facilitate long-term adaptation [52]. For example, exposure to heat stress in C. elegans results in
individuals with slower ageing [70]. Such adaptive responses may also have evolved to allow the
females to survive periods of starvation during reproduction and would explain why female lifespan
was more robust to the effects of a high carbohydrate evolutionary diet.

Although lifespan extension under DR is frequently attributed to energy reallocation for somatic
maintenance instead of reproduction [71], the trade-offs sometimes observed between reproduction
and lifespan are now thought to relate to hormonal signalling [72] or programmatic mechanisms [73]
rather than a shift in reallocation of resources to somatic maintenance from reproduction.
Experimental evolution studies have tested this resource reallocation prediction in male and female
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experimental evolution lines of D. melanogaster [20,22] and shown mixed and sex-specific results. Females

evolved shorter lifespan but increased fecundity on DR [20], while males displayed increased fitness at
no cost to lifespan on DR [22]. These findings show that lifespan can evolve in response to diet, but the
results contradict the typical hypothesis that resource reallocation is driving lifespan extension as
predicted under the disposable soma theory of ageing. An unexplored but important factor may be
potential confounding due to selection by carbohydrate diets acting on larval traits such as
survivorship, growth and body size that influence lifespan instead rather than acting directly on
lifespan. In Drosophila, studies have used experimental evolution to study the impact of diet
composition and shown that rearing under alternative diet regimes for multiple generations results in
genetically based changes in life-history traits [20,22,74] but not lifespan. However, it is still possible
that the evolved changes in lifespan found after 30 generations of selection could also be the indirect
outcome of evolved changes in previously unmeasured larval traits that correlate with lifespan in
Drosophila. Although an increasing number of experimental evolution studies now show that trade-
offs between longevity and life-history traits are non-ubiquitous and can be uncoupled [20,22,74], diet-
driven changes in lifespan associated with life-history traits, such as reproduction and body size may
further advance our understanding of the evolution of dietary interventions in ageing and lifespan.

While examinations of fitness and lifespan trade-offs were beyond the scope of the present study,
lifespan extensions have been shown to occur even in sterile and non-reproducing animals in the
absence of trade-offs between reproduction and somatic maintenance [75]. While genotypic (female/
male) and environmental (sucrose rich/sucrose poor) specific constraints might also restrict the
evolution of phenotypes that are similar in both sexes [22] based on our experimental data, it is
reasonable to assume that the effects observed in male and female D. serrata under experimental
evolution represent similar diet-dependent patterns that have evolved but are different from the
plastic lifespan patterns observed in the same populations.
5. Conclusion
We previously showed that lifespan variation in D. serrata arises due to condition-dependent
environmental modulations of underlying genetic variation [76]. Dietary discordance between
organisms’ evolutionary and developmental history is increasingly recognized to play a critical role in
shaping lifespan and survival [13,77,78]. While this study demonstrates that diets with varying levels
of carbohydrates can have evolved and plastic effects on lifespan for D. serrata on the ancestral dietary
environment, there was a pronounced misalignment between the plastic and evolved responses. The
match/mismatch implies that plastic responses to high carbohydrates are adaptive but plastic
responses to low carbohydrates are not. Here, we were only able to test the dietary treatments in a
single environment to isolate the evolved response, but whether this holds true across a broader range
of evolutionary and developmental diet combinations merits further investigation. This would allow
us to test the evolved responses across all the different diets to see if/how plasticity evolves as a
correlated response to selection imposed by the different dietary environments. Such match/mismatch
approaches could improve the understanding of evolved and plastic responses in natural populations
and subsequent consequences to health and lifespan. This approach also helps translate our
understanding regarding the impact of contemporary diets into interventions aimed at optimizing or
ameliorating population health and lifespan [79,80]. Ultimately, understanding the basis of this
variation for lifespan and the different responses to dietary treatments across a broader range of
evolutionary and developmental diets may help address the causes and consequences of rapidly
changing dietary histories of human populations.
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