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Abstract: 15 
 16 
Reducing overall food intake or lowering the proportion of protein relative to other macronutrients, can extend 17 
lifespan in diverse organisms. A number of mechanistic theories have been developed to explain this 18 
phenomenon, mostly assuming that the molecules connecting diet to lifespan are evolutionarily conserved. A 19 
recent study using Drosophila melanogaster females has pinpointed a single essential micronutrient that can 20 
explain how lifespan is changed by dietary restriction. Here, we propose a likely mechanism for this 21 
observation, which involves a trade-off between lifespan and reproduction, but in a manner that is conditional 22 
on the dietary supply of an essential micronutrient – a sterol. Importantly, these observations argue against 23 
previous evolutionary theories that rely on constitutive resource reallocation or damage directly inflicted by 24 
reproduction. Instead, they are compatible with a model in which the inverse relationship between lifespan 25 
and food level is caused by the consumer suffering from varying degrees of malnutrition when maintained on 26 
lab food. The data also indicate that animals on different lab foods may suffer from different nutritional 27 
imbalances and that the mechanisms by which dietary restriction benefits the lifespan of different species 28 
may vary. This means that translating the mechanistic findings from lab animals to humans will not be simple 29 
and should be interpreted in light of the range of challenges that have shaped each organism’s lifespan in 30 
the wild and the composition of the natural diets they would feed on. 31 
 32 
 33 
 34 
 35 
Introduction: 36 

 37 

Ageing can be defined as the progressive loss of organismal function that ultimately leads to death [1]. 38 
Organisms in the wild are thought to be less prone to the fitness costs of ageing than do organisms in the lab 39 
because the lives of wild organisms tend to be cut short by external hazards, such as infection or predation 40 
[2]. Because of this, each organism’s schedule of reproduction must be tuned to its environment to maximise 41 
reproductive success before they are likely to die [3–5]. But reproduction requires a heavy investment of time 42 
and nutritional resources – both of which could be spent in other ways, such as fighting off infection or 43 
repairing cellular damage to maintain somatic integrity [6,7]. Understanding the mechanistic basis of how 44 
these investments are balanced is thought to be centrally important for understanding the processes that 45 
cause ageing [8], and thus provide insights into how we might intervene to improve health and extend 46 
lifespan. 47 
  48 
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The availability of food, and its nutritional components, is critical in determining how organisms make 49 
investments in reproduction and lifelong health [9]. By manipulating nutrition, experimental biologists have 50 
observed that dietary restriction (DR) without malnutrition can extend lifespan in a broad range of taxa, but 51 
that doing so often results in lowered reproduction [10–12]. In attempts to dissect this phenomenon further, 52 
an enormous effort has gone into manipulating the severity, timing and quality of restriction that must occur 53 
for the animals to be longer lived [13]. Amongst the various beneficial interventions, manipulating the dietary 54 
macronutrient content to lower the ratio of protein : non-protein derived energy (from carbohydrate + fat), 55 
without restricting intake, can promote longevity [14].  56 
  57 
In parallel with these discoveries, research has identified that major nutrient sensing pathways, such as 58 
Target of Rapamycin (TOR) and insulin and insulin-like growth factor (IGF)-like signalling (IIS), are crucial 59 
determinants of lifespan [15,16]. When nutrients are abundant, these signalling pathways promote growth, 60 
reproduction, and nutrient storage. However, when nutrient levels drop, the signals promote protective 61 
processes, while also inducing the turnover of stored macromolecules to supply the building blocks and 62 
biochemical reducing power that is required to protect cellular function [17]. It is thought that by turning down 63 
growth signalling and by recycling old cellular material, the organism expresses a leaner and better 64 
functioning proteome that is key to enhanced lifespan [18]. In particular, the TOR kinase is an evolutionarily 65 
conserved amino acid sensor and signalling molecule that has attracted a great deal of attention in ageing 66 
research, since its suppression by genetic or pharmacological means can extend lifespan in a range of 67 
organisms [17]. When considered together with the pro-longevity effects of protein restriction, these data 68 
suggest that lowered dietary protein acts via reduced TOR signalling to extend life. 69 
  70 
In recent work on the fruitfly Drosophila melanogaster, Zanco et al. have expanded understanding of these 71 
events, by establishing that an essential dietary micronutrient, a sterol, is the key determinant of lifespan in 72 
response to DR when the dietary protein : carbohydrate ratio is experimentally reduced [19]. These data offer 73 
a new explanation for how lowered dietary protein and lowered TOR signalling prolong life in a way that does 74 
not appear to require phenotypic trade-offs or enhanced damage repair. Instead lifespan is preserved on 75 
lower protein diets because the flies do not suffer from a nutrient imbalance as a result of sterol deficiency, 76 
and so they avoid somatic damage. These data suggest a need to rethink the mechanistic basis of DR in 77 
Drosophila, and to critically evaluate how broadly the data from Drosophila studies can inform our 78 
understanding of evolutionarily conserved mechanisms of lifespan determination and ageing. 79 

 80 

How does DR extend lifespan? 81 

  82 
Probably the most prominent theory to explain the mechanisms by which DR extends life is built upon the 83 
Disposable Soma theory of ageing [20–23]. This theory proposes that organisms monitor the availability of 84 
limiting nutritional resources (often referred to as “energy”) and then strategically allocate them to 85 
biochemical processes that alter phenotypes to maximise fitness. According to this “resource reallocation” 86 
hypothesis, when food is scarce, energy is invested away from reproduction and into maintaining the soma. 87 
This strategy is assumed to enhance fitness by increasing the probability of surviving to a point where food 88 
becomes available and conditions for offspring survival improve, at which point reproduction can resume. By 89 
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contrast, when resources are abundant, energy is prioritised for reproduction and redirected away from 90 
somatic maintenance, so that high reproductive effort coincides with a time when reproduction is most likely 91 
to be successful. Importantly, it is assumed that the degree of investment into somatic maintenance 92 
regulates ageing, causing animals under DR to live longer - a benefit that is traded for reduced reproduction 93 
[23,24]. While this explanation for DR’s effects on longevity and reproduction is intuitively appealing, it is 94 
challenged by new data. In particular, two key elements of the theory are now in question: the potential for 95 
nutrient reallocation from reproduction to somatic maintenance to enhance fitness, and the nature of the life-96 
shortening damage that brings early death when feeding on high nutrient diets. 97 

 98 
Adler and Bonduriansky considered the resource reallocation hypothesis in the context of natural populations 99 
experiencing high extrinsic (background) mortality and physiological stress [25]. They pointed out that for 100 
many organisms, including small-bodied animals such as insects, postponing reproduction is unlikely to 101 
enhance fitness because the risk of mortality from extrinsic causes, such as predation, is very high. 102 
Moreover, because DR tends to reduce animals’ ability to cope with some of the key challenges posed by 103 
natural environments - such as the need to thermoregulate, mount an immune response to infection, and 104 
heal wounds - animals subject to DR are likely to have especially poor survival prospects in the wild. This 105 
suggests that, to maximise fitness, most animals should make the most of the limited nutrients they have 106 
available by investing as heavily as possible into immediate reproduction. As part of this strategy, any 107 
nutrients that are limiting may need to be supplemented from somatic stores. In the process of retrieving 108 
these stores, organisms reduce their own biomass, which reduces the burden of somatic maintenance, while 109 
at the same time also recycling old and dysfunctional cellular components - a process that is thought to have 110 
beneficial anti-ageing effects and generally prolongs life in the benign, protected conditions of the laboratory 111 
[25]. This type of inadvertent benefit of nutrient recycling is different from the strategic resource reallocation 112 
of the Disposable Soma theory, which is assumed to enhance fitness by making the animal more robust 113 
[20,22,23]. Instead, depleting stored biomass to maximise reproduction might enable DR animals to achieve 114 
some reproductive success despite nutrient limitation, but it will also make them frail and sensitive to a range 115 
of environmental stressors [20,23,25]. Thus any lifespan benefit of DR observed for animals such as 116 
Drosophila melanogaster might simply be an artefact of the protected lab environment, where almost all 117 
extrinsic hazards are removed.  118 
  119 
The second important challenge to the resource reallocation explanation for DR is evidence that raises new 120 
questions about the nature of the physiological process that modifies lifespan [19,26,27]. This is important 121 
because this type of data informs our understanding of the mechanisms by which DR extends life. In 122 
Holliday’s original formulation, turnover of dysfunctional proteins and/or protection of macromolecules from 123 
reactive oxygen species were cited as probably being important for somatic maintenance under DR [23]. 124 
This type of damage, especially to the proteome, is still considered to be an important determinant of 125 
lifespan, which is why upregulation of autophagy in response to reduced TOR signalling is thought to be 126 
protective [18,25,28,29]. It is also possible that high food and reproduction compromise the soma in a way 127 
that makes resource reallocation for repair irrelevant.  For instance, lifespan could be shortened by physical 128 
damage from reproduction [27] or the inappropriate continuation of developmental programs into older age 129 
[26]. In either scenario, lifespan would still be inversely related to nutrient supply, and the nutritional 130 
conditions that promote growth and reproduction would always shorten lifespan.  131 
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 132 
But data from Drosophila argues against this point since reproduction and lifespan can be maximised 133 
simultaneously if the dietary amino acid composition is manipulated to match the amino acid profile of the 134 
consumer’s exome [30,31]. This new data challenges the ideas of the Disposable Soma theory and suggests 135 
two alternative possibilities for the lifespan-extending effect of DR. One possibility is that high levels of 136 
nutrients lead to greater nutrient signalling, which in itself can shorten lifespan independently of its function in 137 
reproduction [25,32]. Another possibility is that the diets we use for experiments are nutritionally imbalanced 138 
in such a way that the observed inverse relationship between lifespan and food level is a reflection of the 139 
consumer suffering from varying degrees of malnutrition [25]. This is of particular concern for labs working 140 
with Drosophila since the lack of diet standardisation means it is possible that each lab is subjecting their 141 
flies to a different type of nutrient imbalance that affects lifespan in a different way [33–36]. If true, then 142 
mechanistic studies on DR in flies may not yield useful information about how diet affects lifelong health in 143 
other organisms. 144 

 145 

Sterol limitation mediates a conditional lifespan / reproduction trade-off in Drosophila 146 
  147 
During the last 15 years, many studies across several organisms have found that lifespan and reproduction 148 
are optimised by diets with a different balance of macronutrients [9,37,38]. In particular higher protein : 149 
carbohydrate ratios are associated with greater reproduction and shorter lifespan, while lower protein : 150 
carbohydrate diets are associated with lower reproduction and longer lifespan. In recent work on Drosophila, 151 
Zanco et al. have extended these findings by showing that adding sterols to the diet of flies on high protein : 152 
carbohydrate diets can extend their lifespan without compromising reproduction [19]. Thus, both traits share 153 
the same nutritional optimum. This shows that neither high reproduction, nor high dietary protein, nor high 154 
levels of nutrient-related signalling are directly causal in shortening fly lifespan. Instead, when dietary sterols 155 
are low, fly lifespan is traded off against reproduction, but when dietary sterols are sufficient, the two traits 156 
are determined independently of one another. In other words, flies on lab food suffer from a lifespan limiting 157 
nutrient imbalance (sterol shortage) that worsens as increasing food concentrations promote higher levels of 158 
reproduction. This observation supports the idea that Drosophila studies of “DR” may reveal more about how 159 
different intensities of nutrient imbalance vary fly lifespan, rather than advancing our understanding about 160 
how an evolutionarily conserved mechanism of DR can extend lifespan [25]. 161 

 162 

How might sterol limitation modify lifespan in Drosophila? 163 

 164 
It appears that although many nutrients are required to form an egg in Drosophila, flies only sense some of 165 
those nutrients when committing to egg production [39,40]. Specifically, when dietary protein levels are high 166 
and there are adequate levels of dietary carbohydrates and metal ions, egg production will be initiated, even 167 
when other essential components, such as sterols, are undersupplied [40]. In order to make up for this sterol 168 
deficit, the flies source them from somatic tissue and deliver them to the ovary to ensure the production of 169 
high quality eggs [19,41,42]. In doing so, the flies deplete their own sterols, which shortens their lifespan - a 170 
strategy that might enhance fitness in natural populations by enabling flies to take advantage of valuable 171 
reproductive opportunities. However, when dietary protein is low, only small quantities of sterols are required 172 
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for reproduction and so the mother lives longer by avoiding the costs of sterol depletion. Not only is this 173 
model supported by the fact that adding sterols to the food of egg laying females on high protein : 174 
carbohydrate diets causes them to be long lived, but also by the fact that sterol deficit diets do not lead to 175 
reduced lifespan in genetically sterile females  [19,40].   176 
   177 
One of the ways in which sterol depletion may shorten fly lifespan is by compromising the integrity of the 178 
Drosophila gut, which has already been recognised as a key determinant of lifespan in numerous papers 179 
[43–49]. Specifically, gut barrier function declines ~48h prior to death and this can be associated with 180 
susceptibility to DR [46,48]. In Drosophila, the fat body, which functions in a similar manner to mammalian 181 
adipose tissue, serves as a major nutrient reservoir [50]. Upon dietary sterol deprivation, a fat-body specific 182 
sterol esterase, Hsl (Hormone sensitive lipase), is activated and the retrieved sterols are transported to the 183 
ovaries for egg production [41]. In the absence of Hsl, a gut specific sterol esterase, called Magro, is up-184 
regulated [41]. These data may indicate that there is a program of sterol mobilisation that is initiated to meet 185 
the needs for reproduction. This starts with the fat body, then draws on reserves in other tissues. If activation 186 
of the gut-specific sterol esterase indicates that sterols are drawn from the gut, then eventual depletion of 187 
these stores could lead to reduction of free sterols and cellular membrane integrity, which leads to loss of 188 
barrier function that compromises lifespan. If this is the case, then mutating the gut sterol esterase Magro 189 
should preserve gut function and cause the flies to be longer lived on sterol depleted food. In addition, we 190 
predict that once fat body sterol reserves are depleted, Magro mutant flies might lay sterol depleted eggs that 191 
are likely to be non-viable. 192 
  193 
A closely related, but slightly different mechanism, is supported by data from several recent papers 194 
demonstrating a role for ecdysteroid signalling from the ovary to the gut to stimulate female gut growth in 195 
response to mating [44,51,52]. Ecdysone-induced gut growth is thought to enhance nutrient absorption to 196 
facilitate higher levels of reproduction. If gut growth is also stimulated by higher protein : carbohydrate diets 197 
[53,54],  then flies on low sterol diets may be at risk of trying to build gut tissue without sufficient resources, 198 
which could compromise barrier function in a way that leads to earlier death. If this is the case, inhibiting gut 199 
growth, by gut-specific mutation of the ecdysone receptor (EcR), should protect gut function and extend life 200 
on low sterol foods. Indeed, gut specific knockdown of EcR has already been shown to suppress age-201 
dependent gut dysplasia [44] and lowering growth-related TOR signalling in the gut can extend lifespan 202 
[55,56]. Because smaller guts would reduce nutrient absorption, we would also predict that these 203 
interventions would reduce the ability to increase egg production on high nutrient diets.  204 

 205 
We also predict that death in either of these scenarios would be preceded by loss of gut integrity, unless the 206 
diet was supplemented with sterols, in which case the gut and lifespan should be preserved. Finally, sterols 207 
have been implicated as important for cold acclimation in Drosophila [57] indicating that sterol limited flies 208 
under DR may take less time to succumb to a chill coma or have worse survival prospects following cold 209 
conditions. If true, these experiments would pinpoint the cause of diet-mediated fly death on higher protein : 210 
carbohydrate diets. 211 

 212 

Does dietary sterol limitation form the mechanistic basis of DR? 213 
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  214 
Here, we propose that flies match their egg production to the level of dietary protein : carbohydrate 215 
irrespective of the availability of dietary sterols, which are essential for the mother’s survival. Thus, the 216 
nutrients that inform the decision to commit to reproduction are different from the nutrient that is traded 217 
between lifespan and reproduction when dietary intake is limited. This is an important difference from past 218 
theories of DR in which the limiting nutrient is both the molecule being sensed and the resource that is being 219 
traded between lifespan and reproduction. When the two are coupled, investment decisions are informed by 220 
the actual availability of the critical resource, but when the two are separated, flies are much more likely to 221 
make the decision to invest in reproduction despite a potential life-threatening shortage of other resources 222 
that they also need. The extent to which this potential problem actually poses a threat to evolutionary fitness 223 
depends on how sterols actually vary in the flies’ natural diet and if they do, to what extent the flies have 224 
evolved behavioural and/or physiological strategies with which to buffer against dietary sterol deficiencies.  225 
  226 

Do sterol levels in fly food vary? 227 

 228 
DR is studied in the lab while maintaining flies on artificial diets that are assumed to approximate their natural 229 
diets, which include sugar from fruit and other nutrients from the microbes, particularly yeasts, that ferment 230 
the fruit [58]. In practice, there are almost as many different recipes as there are labs, and while almost all 231 
diets include yeast as a core component, even yeast can vary in its nutritional profile as a function of the 232 
strain used and the method by which it was produced [34]. Interestingly, one of the biggest composition 233 
variations that occurs in yeast is the relative proportion of sterols it contains. Yeasts can synthesise their own 234 
sterols via a biosynthetic pathway that requires oxygen and so when oxygen availability fluctuates, the 235 
content of sterols relative to protein varies. This can range more than 10-fold, being high under aerobic 236 
culture conditions (used in the production of baker’s yeast) and low under anaerobic conditions (used during 237 
alcoholic fermentation) [59–61]. Even lower levels of sterols are expected in fly diets made from water 238 
soluble yeast extracts because their production method excludes non-polar molecules. Our past data 239 
comparing the effects of various yeast foods show that differences in production methods can account for 240 
large differences in the fecundity and lifespan of flies maintained on them, and that these differing effects can 241 
be dramatically reduced by the addition of sterols  [19,33]. Additional tests of the degree of sterol limitation 242 
across more lab diets is required, but these data suggest that flies on popular lab foods do tend to be sterol 243 
limited. 244 

 245 
In the fly’s natural setting, yeasts growing in sessile colonies on fruit will be a mix of both aerobic, sterol 246 
producing cells on the exterior of the colony, and anaerobic sterol non-producing cells, on the interior [62]. 247 
Indeed, the fermentation products that are indicative of anaerobic microbial growth (ie alcohols and acids) 248 
are prominent features of rotting fruit to which Drosophila melanogaster is strongly attracted, indicating they 249 
are highly relevant to the flies’ ecology [63]. We predict, therefore, that not only do lab diets vary in their 250 
sterol contents, but that flies have evolved in environments where dietary sterols vary. However, the degree 251 
to which wild flies are sterol limited for reproduction is yet to be determined. 252 
  253 
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In order to buffer against nutritional variations, animals can vary their feeding behaviour and/or alter their 254 
physiology [9,64]. Although flies exhibit strong changes in feeding preference to compensate for prior 255 
macronutrient deficiencies, direct tests show that flies do not seek out sterol-containing food after having 256 
been deprived of sterols for 3 days [65]. While there is little evidence that insects can taste sterols, they can 257 
use associative learning to find or avoid food containing particular types of sterols [66]. Thus, selective sterol 258 
feeding in Drosophila may not have been detected yet because of experimental design issues, such as the 259 
duration of deprivation and the types of foods employed. It is also possible that flies have no need for 260 
behavioural compensation because the lifespan shortening effects of sterol depletion are not sufficient to 261 
impose a real fitness cost in the wild. Interestingly, Drosophila larvae can survive low sterol foods by altering 262 
their speed of development, final body size attained, and the relative distribution of sterols in their bodies 263 
[67], while wild-caught adult flies exhibit differences in both the quantities and qualities of sterols across 264 
various body tissues [57]. Thus, flies have evolved to be flexible with their sterol usage, in particular to 265 
manage their distribution around the body. It is thus conceivable that in order to protect fecundity, flies can 266 
retrieve sterols from their own soma to produce high quality eggs in such a way that the adults can still 267 
survive to the point that extrinsic hazard would have normally killed them. Our data shows that this is 268 
possible for about 10 days from adult emergence, which is comparable to estimates of life expectancy in wild 269 
Drosophila melanogaster and other flies [68–70], suggesting that flies might be able to buffer against dietary 270 
sterol shortages in order to take advantage of dietary macronutrient levels that accommodate high egg 271 
production [42].   272 

 273 

What can we learn about DR from studies on Drosophila? 274 
  275 

Dietary variations - implications for comparing Drosophila DR studies between labs  276 

 277 

We have outlined evidence that the proportion of sterols : macronutrients can determine length of life for 278 
Drosophila under DR, and that diets can vary significantly in their nutritional makeup between labs. This 279 
introduces the possibility that not all studies on lifespan responses to DR have the same mechanistic basis. 280 
Indeed, evidence for this already exists since water supplementation can account for the lifespan effects of 281 
DR in some situations [71,72], but not others [72,73]. An additional complication for interlaboratory 282 
comparisons of DR can come from differences in the range of dietary nutrient concentrations used. Our 283 
studies were originally designed using a range of food concentrations, or protein : carbohydrate ratios, in 284 
which lifespan and reproduction were inversely correlated, because on these diets flies show evidence that 285 
they have evolved strategies to maximise fitness at both high and low nutritional extremes [33,74]. However, 286 
food concentrations do exist beyond this range and these generally give rise to detrimental effects on both 287 
lifespan and fecundity (e.g. see extreme diets in [72,75–77]). Given their negative impact on the consumer, 288 
these extremely high nutrient doses appear to be toxic to the flies, which means that any benefits to lifespan 289 
seen from diluting them is mediated by avoiding toxicity. Thus the mechanisms behind lifespan change in 290 
response to extreme DR conditions are likely to be different to those at play for the moderate DR that we 291 
employ. These data point to an important consideration that when studying the mechanisms of DR, the 292 
details of the food quantity and quality matter. To gain perspective on these issues it can be useful to employ 293 
a nutritional framework, such as nutritional geometry [9,78], to capture the extent of these differences. 294 
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 295 

Dietary variations - implications for comparing DR studies between species  296 

  297 
One of the key reasons for using model organisms in ageing research is based on the assumption that the 298 
mechanisms of ageing, and lifespan responses to diet, are evolutionarily conserved. When considering the 299 
findings of Zanco et al. (2021) in light of the fact that insects are sterol heterotrophs and mammals are sterol 300 
autotrophs, it seems unlikely that nutrient level sterol limitation is going to compromise consumer lifespan in 301 
mammals as it does in flies. However, these data point to an important, and potentially general, principle: 302 
when organisms commit to reproduction based on a limited subset of nutrients they are at risk of suffering 303 
from critical nutrient shortages that can threaten lifespan, particularly with respect to the micronutrients.  304 

 305 
Indeed, there is evidence that a variety of organisms experience simultaneous macronutrient and 306 
micronutrient limitations that restrict growth, including specific examples of limits for protein and sterols or 307 
other essential lipids [79–82]. Rodents may also show signs of nutritional co-limitation during reproduction 308 
wherein mothers remobilise calcium from their bones and teeth to supplement infant nutrition during lactation 309 
- an effect that is exacerbated if calcium is diluted in the animals’ diet [83,84]. Interestingly, when performing 310 
mouse DR studies it is routine to fortify the micronutrient supply of the cohorts with restricted food intake 311 
because of concerns about malnutrition from having less food [12]. But, if the macronutrients can drive 312 
overinvestment of micronutrients into reproduction in mice as they do in flies, this strategy may in fact be the 313 
opposite of what the animals need; fortifying the micronutrient supply of animals on high food diets may 314 
protect them from a cost of reproduction, preserve lifespan, and so eliminate at least some of the effects of 315 
diet variation on lifespan.  316 

 317 

We also anticipate that, similar to flies, the range of diet qualities and methods for imposing DR in rodents 318 
could mean that different mechanisms operate in different situations. Indeed, the mechanistic basis of altered 319 
lifespan in response to food restriction or intermittent fasting (also called caloric restriction) may well differ 320 
from the mechanisms behind lifespan responses to altered dietary nutrient balance [38,85,86]. If this is true 321 
for lab studies on model organisms, then there is little doubt that these issues will be highly relevant in 322 
humans. For instance, restricting food intake of individuals in countries where nutrient consumption is likely 323 
to exceed requirements for reproduction may avoid some lifespan shortening pathologies associated with 324 
overeating (e.g. reduction in type II diabetes) but not modify the intrinsic rate of ageing. Thus, our data 325 
indicate that while DR can continue to provide useful insights into the ways that diet imbalances might modify 326 
lifespan, it is likely that DR studies across labs and species do not share a single unified mechanism that 327 
informs us about the processes that cause ageing. 328 

 329 

It is also clear that a better understanding of the nutritional ecology of natural populations could help to 330 
unravel the physiological mechanisms mediating the effects of dietary nutrients on lifespan, and to 331 
understand the evolution of these effects. Fitness and its major components — survival and reproduction — 332 
are exquisitely sensitive to environmental context, including sources of stress such as temperature 333 
fluctuations or pathogens and extrinsic mortality risks that determine life expectancy. The fitness effects of a 334 
strategy such as reallocating resources from reproduction to survival, or drawing on somatic stores of sterols 335 
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for egg production, will depend in large part on whether wild flies are usually limited to a single reproductive 336 
bout, or have a realistic chance of surviving long enough to take advantage of future reproductive 337 
opportunities.  338 

 339 
To answer this question for Drosophila melanogaster, we need to estimate the mortality rates experienced by 340 
flies in the wild, and to understand how mortality risk is modulated by different physiological and behavioural 341 
responses. Obtaining data on lifespan and reproduction in natural populations of D. melanogaster presents 342 
many practical challenges, but techniques such as mark-recapture have been used successfully with other 343 
small insects and could be adapted for research on D. melanogaster [87,88]. Such research could answer 344 
basic questions such as whether dietary restriction extends life in natural populations, or whether lifespan 345 
extension on DR is only observed under benign laboratory conditions. Insight could also be gained through 346 
laboratory experiments that manipulate the quality and quantity of dietary nutrients under varying levels of 347 
stress (e.g. high temperature or pathogen exposure). A better understanding of the macro- and micro-348 
nutrient content of foods available to model organisms such as D. melanogaster in the wild, as well as how 349 
nutrient content and abundance vary spatially and temporally in natural environments, will also inform 350 
interpretation of dietary restriction experiments in the laboratory. Extending research on diet and longevity to 351 
organisms living in natural and semi-natural environments could provide valuable context for interpreting 352 
results of laboratory experiments.   353 
 354 
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