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ABSTRACT

Rather than maximizing intake of available macronutrients, insects
increase intake of some nutrients and restrict intake of others. This
selective consumption influences, and potentially optimizes,
developmental time, reproduction and lifespan of the organism.
Studies so far have focused on discriminating between protein and
carbohydrate uptake and the consequences on fitness components
at different life stages. However, it is largely unknown whether and
how the developmental diets, which may entail habitat-specific
nutrient restrictions, affect selective consumption in adults. We
show that adult female D. melanogaster opt for the same protein
to carbohydrate (P:C) ratio regardless of their developmental diet
(P:C ratio of 1:1, 1:4 or 1:8). In contrast, males choose a diet that
makes up for deficiencies; when protein is low during development,
males increase protein consumption despite this being detrimental to
starvation resistance. The sexual dimorphism in foraging choice
could be due to the different energetic requirements of males and
females. To investigate the effect of developmental diet on lifespan
once an adult nutritional environment has been established, we also
conducted a no-choice experiment. Here, adult lifespan increased
as P:C ratio decreased, irrespective of developmental diet, thus
demonstrating a ‘cancelling out’ effect of the nutritional environment
experienced during early life stages. Our study provides novel
insights into how developmental diet is linked to adult diet by
presenting evidence for sexual dimorphism in foraging choice as well
as life-stage dependency of diet on lifespan.
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INTRODUCTION
The ability of insects to control the uptake of macronutrients is a well-
documented phenomenon (reviewed by Simpson and Raubenheimer,
2012). Rather than maximizing intake of multiple nutrients when
available, insects discriminate between intake of different nutrients
(Simpson and Raubenheimer, 2012). This selective uptake has
consequences for the organism’s ability to maximize performance in
fitness components such as developmental time, lifespan and lifetime
egg production (Simpson and Raubenheimer, 2012).

Most of the knowledge we have on the consequences of a
deficiency or surplus of a particular macronutrient in insects is
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derived from experiments investigating life-history and
physiological consequences of exposure to fixed diets (where the
organism has no choice) of different protein to carbohydrate (P:C)
ratios. By providing the organism with a fixed macronutrient diet,
no-choice experiments can identify the macronutrients that optimize
a given trait. Such studies show that surpluses and/or deficiencies of
protein and carbohydrate can optimize several traits, but also that
they can be detrimental to others (Simpson et al., 2004; Lee et al.,
2008, 2013; Christian et al., 2010; Fanson and Taylor, 2012; Bruce
et al.,, 2013; Clark et al., 2013, 2015; Sentinella et al., 2013;
Rodrigues et al., 2015; Runagall-McNaull et al., 2015). Sex, life
stage and mating status all influence nutrient choice and thus the
impact of nutrient intake might be highly context dependent
(Simpson et al., 2004; Lee et al., 2002, 2008, 2013; Fanson et al.,
2009; Andersen et al., 2010; Rodrigues et al., 2015). Experiments
that have given the organism a choice have therefore allowed for a
greater appreciation of how organisms balance macronutrients to
achieve a desired diet (Lee et al., 2002, 2008, 2013; Simpson et al.,
2004; Fanson and Taylor, 2012; Clark et al., 2015; Rodrigues et al.,
2015).

One example of how macronutrient consumption is optimized is
the influence of P:C ratio on lifetime fitness in the fruit fly,
Drosophila melanogaster, and the Queensland fruit fly, Bactrocera
tryoni (Lee et al., 2008; Fanson and Taylor, 2012). Females
maximize their egg production at high P:C ratios but maximize their
lifespan at low P:C ratios (Lee et al., 2008; Fanson and Taylor,
2012). When given a choice, both species opt for an intermediate
ratio maximizing lifetime egg production. When D. melanogaster
were given no choice, high amounts of protein intake shortened
lifespan in both males and females (Lee et al., 2013). A surplus in
protein ingestion can also have detrimental effects on lifespan in
crickets (Maklakov et al., 2008), ants (Dussutour et al., 2012) and
honeybees (Christian et al., 2010).

In many organisms, adult life-history traits are also influenced by
developmental and early-life dietary experiences (Sentinella et al.,
2013; Rodrigues et al., 2015; Runagall-McNaull et al., 2015).
Protein restriction during adulthood typically prolongs lifespan, but
when restricted access to protein occurs during the larval stage of the
neriid fly Telostylinus angusticollis, it results in a reduction of
lifespan (Runagall-McNaull et al., 2015). This suggests that if an
organism is reared in an environment with access to constant
nutrient resources across its entire lifespan, it will continuously
adjust the relative uptake of macronutrients to maximize adult
lifespan.

Because of this strong influence of developmental nutritional
environment on fitness components, it has been suggested that
organisms can respond to nutritional deficiencies or surpluses at
carlier life stages by adjusting their nutrition preferences in the adult
stage (Mevi-Schiitz and Erhardt, 2003; Lee et al., 2012). Lee et al.
(2012) showed that later-instar caterpillars exposed to diets with low
protein during early life preferred more protein compared with those
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that had been exposed to higher protein diets. Studies on female
map butterflies (Araschina levana) have also demonstrated
compensatory feeding, with adults showing a preference for
amino acids when developed on low-quality food (Mevi-Schiitz
and Erhardt, 2003). A later study found that these amino acids had a
positive effect on fecundity and therefore this compensatory
mechanism enables the butterflies to override the impact of poor
larval food (Mevi-Schiitz and Erhardt, 2005). Adjusting nutritional
expenditure and desired diet later in life can allow organisms to
survive through a range of nutritional fluctuations, but the lack of a
nutrient at one life stage can be beneficial or detrimental at the next.
It is therefore important for an organism to make the right foraging
choices to enhance survival and maximize fitness.

The aim of the first part of this study was to assess how adult male
and female D. melanogaster adjust their diet choices in response to
macronutrient surpluses and deficiencies during larval stages. With
previous experiments showing that feeding on different P:C ratios
during development can cause trade-offs in fitness components
(Rodrigues et al., 2015), we also wanted to investigate the effect of
our developmental P:C ratios (1:1, 1:4 and 1:8) before an adult
nutritional environment was established. To do this, egg-to-adult
viability and starvation resistance were tested straight after
emergence, before adult feeding. After developing D. melanogaster
on P:C ratios of 1:1, 1:4 or 1:8, we measured the amount of protein
and carbohydrate consumed by adults that could choose between two
nutrients. Previous studies have shown that depriving larvae of either
protein or carbohydrate causes the larvae to selectively feed on a diet
to make up for the deficient macronutrient (Schwarz et al., 2014), but
there is little understanding of how adult foraging choices are affected
by deficiencies experienced during development. Because of the
importance of balancing macronutrient intake across all life stages,
we expected some level of compensatory feeding as a lack of one
macronutrient throughout all life stages could have detrimental
effects.

The second part of this study was performed to achieve a better
understanding of how developmental diet affects adult lifespan once
an adult nutritional environment has been established. In this
experiment, flies were developed on the three P:C ratios and were
transferred as adults to one of three diet ratios to analyse lifespan in a
full factorial design. Previous experiments have shown that larvae
reared in a protein-deficient environment have a short adult lifespan,
while experiencing protein deficiencies in the adult life stage leads
to a longer lifespan (Fanson and Taylor, 2012; Runagall-McNaull
et al., 2015). Based on the reports of differences in the response to
nutritional environment at different life stages, we hypothesized that
adult diet, rather than developmental diet, would have the biggest
effect on adult lifespan because of the apparent different nutritional
needs of larvae and adults.

MATERIALS AND METHODS

Origin of flies

The D. melanogaster Meigen 1830 population used for this study
originated from Odder, Denmark, and was established in the
laboratory in 2010 (Schou et al., 2014). This population was
maintained at 19°C on a 12 h:12 h light:dark photoperiod. Before
the experiment, flies were kept for two generations at 25°C. In order
to obtain eggs for transfer to the developmental diets, 1 day old flies
(in groups of 10 adult males and 10 adult females, to control for
density) were distributed into vials containing a spoon filled with
agar and some yeast. Eggs were collected from the agar and placed
in vials containing the developmental diets, avoiding transfer of any
yeast to the new vial.

Experimental diets
For the experimental diets, we used instant dry yeast (instant yeast,
LeSaffre, Marcq-en-Baroeul, France) and sucrose. The
macronutrient values were calculated based on the yeast being
made up of 98.5% Saccharomyces cerevisiae and 1.5% sorbitan
monostearate, with nutrient values of 50% protein, 6% digestible
carbohydrate, 27% indigestible fibre, 6% fats and 11% sodium,
vitamin C, calcium and iron. As sorbitan monostearate does not
affect the P:C ratio, protein and carbohydrate values were calculated
based on the 98.5% S. cerevisiae content.

In the first experiment, adult flies were able to choose between two
5 ul microcapillary tubes, one containing a liquid diet of 180 g 17!
sucrose solution and the other containing a 180 g 17! yeast solution
(Jaetal., 2007). Developmental diet in both experiments and the no-
choice adult diet in the second experiment were 2% agar based. The
three P:C ratios used for the developmental diet and the no-choice
adult diet were 1:1, 1:4 and 1:8, using yeast to sucrose ratios of 1:0.5,
1:2 and 1:4 at a concentration of 180 g I~!. In addition to agar, yeast
and sucrose, 12 ml 17! of nipagen and 1.2 ml I~! of acetic acid were
used as anti-mould agents.

Developmental rearing and emergence of adults

Eggs were transferred to three distinct developmental diets containing
P:C ratios of 1:1, 1:4 and 1:8. For each developmental diet, 40 vials
containing 7 ml of medium and 20 eggs were produced. Because of
differences in development times for flies reared on different P:C
ratios (Rodrigues et al, 2015), eggs were placed on each
developmental diet at 12 h intervals to ensure all adults emerged
around the same time point. At 20:00 h, eggs were placed on the 1:8
diet; on the following day at 08:00 h, eggs were placed on the 1:4 diet;
and at 20:00 h, eggs were placed on the 1:1 diet. Flies that had
emerged overnight were discarded. Throughout the day, virgin flies
were then collected every 4 h. Flies emerging at the peak emergence
time were used for the feeding and starvation assays.

Choice assay and measurement of food intake

Within 6 h of emergence, flies were placed individually into a vial
containing 3.5 ml of agar and the two microcapillary tubes
(containing the sucrose or yeast solution). Intake was measured
using the height difference between the tube and remaining liquid.
The vials were placed in a sealed tank containing water to maintain a
high humidity and limit evaporation of the liquid diet from the
capillary tubes; however, to account for evaporation, vials set up in
exactly the same way but containing no fly were also placed in the
tank. Flies were kept under these conditions for 4 days, with fresh
capillary tubes being provided at the end of the second day. Flies
ingest a volume of 1.3-2.3 pl per day, so by providing the fly with
fresh tubes at the end of the second day, we ensured that flies did not
run out of food (Ja et al., 2007).

Egg-to-adult viability

Egg-to-adult viability was measured by randomly transferring 20
eggs from the density-controlled parental vials into vials containing
7 ml developmental medium. The total number of adults that
emerged was counted across the replicate vials for each of the three
developmental diets. The viability was measured as the percentage
of adults that emerged from around 440 eggs for each diet.

Starvation resistance

The first of two starvation resistance assays was performed on
newly emerged flies to assess the effect of developmental diet on
starvation resistance. Within 4 h of emergence, approximately 22
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flies of the same age of each sex from each developmental diet
were placed individually in a vial containing 3.5 ml of a water and
agar solution. Every 8 h, the number of dead flies was counted
until all flies had died. The second starvation resistance assay was
performed using exactly the same method, but on flies which had
experienced 4 days of feeding, to assess the effect of the flies’
chosen diet on starvation resistance.

Lifespan

To assess the effect of developmental and adult diet on lifespan, a
full factorial design using the three diets (P:C ratios of 1:1, 1:4
and 1:8) was used. After developing on one of the three
developmental diets with P:C ratios of 1:1, 1:4 or 1:8, adult
flies were placed on a diet with P:C ratios of 1:1, 1:4 or 1:8 within
8 h of emergence. Food was prepared using the same method as
for the developmental diet and 3.5 ml of food was placed in each
vial. For each of the nine treatments, males and females were
separated into groups of approximately 10; this was replicated
10 times (for the exact number of flies per vial, see Table S1). The
number of dead flies in a vial was counted every other day and the
remaining living flies were placed in a fresh vial to reduce the risk
of bacterial growth.

Statistical analysis

All statistical analyses were carried out in RStudio (R Studio Team
2016, https:/www.rstudio.com/), with developmental diet (P:C
ratios of 1:1, 1:4 and 1:8) being treated as a continuous variable (1,
0.25 and 0.125, respectively). Assumptions for parametric analysis
were fulfilled in all models.

To investigate the effect of developmental diet on egg-to-adult
viability, we used a logistic regression in a generalized linear model.
The model contained developmental medium as the only predictor
variable. We detected no over-dispersion in the model. We
compared the full model with a reduced model from which
developmental diet was omitted, using a likelihood ratio test to
obtain a P-value for the effect of developmental diet.

The effect of developmental diet on protein and carbohydrate
intake during adulthood and on starvation resistance before and after
4 days of feeding was assessed by constructing separate linear
models. The models contained the given response variable ( protein
or carbohydrate intake), as well as the predictor variables
developmental medium and sex (males and females) and the
interaction between the two. The full models were compared with
reduced models without the interaction using an F-test. In the case
of a significant interaction, we split the dataset into male and female
subsets and evaluated the effect of developmental medium for each
sex separately using F-tests.

The effect of protein intake on starvation resistance
was investigated with a linear model. The model contained
the predictor variables sex and protein intake as well as
the interaction between the two. A similar approach was
used to investigate the effect of carbohydrate on starvation
resistance. To obtain P-values of the model components, we
performed sequential model reduction and compared models
using F-tests.

To investigate the effect of developmental medium and adult
medium on lifespan, we used a linear model with the median
lifespan of each vial as the response variable. The model contained
the predictor variables developmental medium, adult medium, sex
and all possible interactions. To obtain P-values of the model
components, we performed sequential model reduction and
compared models using F-tests.
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Fig. 1. Egg-to-adult viability. Mean (+s.e.m.) percentage of adult Drosophila
melanogaster that emerged from 20 eggs developed on a diet with protein to
carbohydrate (P:C) ratios of 1:1, 1:4 or 1:8 (number of vials containing 20 eggs:
n=17, n=18, n=18, respectively).

RESULTS

Egg-to-adult viability and starvation resistance before adult
feeding

Developmental diets at decreasing P:C ratios of 1:1, 1:4 and 1:8
caused an increase in egg-to-adult viability (x*=122.5, P<0.001)
(Fig. 1). Flies emerging from the three developmental diets were
sexed and transferred to the first of the starvation resistance assays.
For starvation resistance, there was no interaction between
developmental diet and sex (F);30=1.658, P=0.201), and
therefore we combined the data from males and females, and
found an increase in starvation resistance as developmental P:C ratio
decreased (£ 13;=77.008, P<0.001) (Fig. 2).

Foraging choices

When flies were given the choice of yeast (a protein source) and
sugar (a carbohydrate source) solutions, a significant interaction
effect on their foraging choice was found between developmental
diet and sex for protein intake and P:C ratio intake (Fig. 3, Table 1).
As P:C ratio decreased during development, adult males increased
their P:C intake by increasing their protein intake (Fig. 3A.C,
Table 1). In adult females, in contrast, the three different
developmental diets affected neither their protein intake nor their
P:C intake (Fig. 3A,C, Table 1). Developmental diet did not
significantly change carbohydrate intake (£ 12,=2.782, P=0.098)
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Fig. 2. Starvation resistance before adult feeding. Mean (ts.e.m.)
starvation resistance of newly emerged female and male D. melanogaster
developed on a diet with P:C ratios of 1:1, 1:4 or 1:8 (females: n=21, n=22,
n=21; males: n=23, n=23, n=23, respectively).
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Table 1. Results for the nutrient intake and starvation after adult feeding
assay from linear model ANOVA as a response to developmental diet
and sex

Developmental diet

Estimatets.e. Fqs. P-value

Developmental dietxsex

Protein eaten 6.935+11.845 16.3604,121 <0.001***

Carbohydrate eaten - 2.0601 124 0.154

P:C ratio —-0.123+0.114 4.564 121 0.035*

Starvation after adult feeding —0.238+2.956 5.1191 124 0.025*
Female

Protein eaten - 0.2284 62 0.634

Carbohydrate eaten - - -

P:C ratio - 0.7174 62 0.400

Starvation after adult feeding - 0.006+ 62 0.940
Male

Protein eaten —62.273+8.577  52.717169 <0.001***

Carbohydrate eaten - - -

P:C ratio —0.0473+0.07  45.255,49 <0.001***

Starvation after adult feeding 9.389+2.841 10.9254 g0 0.002**
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Fig. 3. Foraging choice and starvation resistance after adult feeding.
Mean (xs.e.m.) adult nutrient intake and starvation resistance of

D. melanogaster developed on a diet with P:C ratios of 1:1, 1:4 or 1:8
(females: n=19, n=25, n=19; males: n=16, n=21, n=24, respectively).

(A) Protein intake. (B) Carbohydrate intake. (C) P:C ratio of adult nutrient
intake. (D) Starvation resistance after 4 days of feeding. When there
was a significant effect of sex and developmental diet, the fitted lines
represent the predicted response based on the linear model (dotted line,
female; solid line, male) with the shaded area representing the 95%
confidence interval.

Four different response variables were assessed for an interaction between
developmental diet and sex [protein eaten, carbohydrate eaten, protein:
carbohydrate (P:C) ratio and starvation after adult feeding]. In the case of a
significant interaction, separate models for males and females were
constructed to test for an effect of developmental diet. Data from the analysis of
starvation before adult feeding are presented in the Results.

Asterisks indicate the level of significance.

(Fig. 3B, Table 1). Overall, the male intake of carbohydrate was
higher than that of females (F 1,,=8.866, P<0.05). Females overall
chose a higher P:C ratio intake compared with males across the three
developmental diets (£ j5,=13.024, P<0.001).

Starvation resistance after adult feeding

The second starvation resistance assay was performed after 4 days of
feeding and a significant interaction between developmental diet
and sex was found (Table 1). Female starvation resistance after
4 days of feeding followed the same pattern as nutrient intake, with
no change across developmental P:C ratio (Fig. 3D, Table 1). In
males, however, mean starvation resistance decreased as the
developmental P:C ratio decreased (Fig. 3D, Table 1). Overall,
males survived starvation significantly longer than females
(F1.121=23.131, P<0.001).

Further, we investigated how the protein and carbohydrate intake
correlated with starvation resistance in males and females. No
significant interaction was found between sex and protein intake
(F1121=0.088, P=0.768) and sex and carbohydrate intake
(F1,121=2.951, P=0.088). For both males and females, starvation
resistance decreased when the intake of protein increased
(F1121=0.316, P<0.001). Carbohydrate intake did not have a
significant effect on starvation resistance in either sex
(F1’121:1.015, P=0316)

Lifespan

In the no-choice foraging experiment, we did not observe significant
interactions between developmental diet, adult diet and sex and the
pairwise interactions (Table 2). No effect of developmental P:C ratio
on lifespan was found (Table 2, Fig. 4). A difference in lifespan was
seen between the adult diets; as adult P:C ratio decreased, lifespan
increased (Table 2, Fig. 4). Overall, female lifespan was
significantly longer than that of males (Table 2).
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Table 2. Results from the sequential model reduction for adult lifespan

Effect Estimatets.e. Fqs. P-value
Intercept 43.646+1.150 - -
Sex (males) -6.931+£0.977  106.2904 474  <0.001***
Adult diet —11.956£1.126  184.131 474 <0.001***
Developmental diet - 24190 173 0.122
Adult dietxsex - 0.6151 174 0.434
Developmental dietxsex - 0.3474 170 0.557
Developmental dietxadult - 2.7621 172 0.984
diet
Developmental dietxadult - 1.464 169 0.228
dietxsex

Asterisks indicate the level of significance.

DISCUSSION

Effects of developmental P:C ratios

The influence of different proportions of protein and carbohydrate
ingested during development has previously been tested in insects to
investigate trade-offs between developmental time, egg-to-adult
viability and morphological traits (Sentinella et al., 2013; Nash and
Chapman, 2014; Rodrigues et al., 2015). The first part of our study
investigated the effect of developmental P:C ratios on egg-to-adult
viability and starvation resistance before adult feeding. We found no
trade-off between the two traits. Both viability and starvation
resistance increased as developmental P:C ratio decreased. Our
results support those of Chippindale et al. (1993), who showed that
rearing larvae on a high concentration of yeast decreased starvation
resistance compared with that of larvae reared on low amounts of
yeast. However, Rodrigues et al. (2015) found that egg-to-pupae
survival was optimized at P:C ratios of around 1:1-1:5. The
discrepancy between the results could be due to differences in the
response to nutrient intake when different protein sources are used
(Lee et al., 2008, 2013) as well as genetic differences between the
populations studied.

Adult foraging choice and starvation resistance

In order to investigate how adult flies balance their protein and
carbohydrate intake in response to developmental diets with different
P:C ratios, we provided adults with a choice between a yeast solution

and a sugar solution. We found that in females, adult P:C preference
was not affected by developmental diet. Males, in contrast, responded
to protein deficiencies in the developmental diet by increasing their
adult P:C ratio intake. By correlating nutrient intake with starvation
resistance, we also showed that the intake of protein, but not of
carbohydrate, was negatively correlated with starvation. Our results
are consistent with those of Simmons and Bradley (1997) and Lee
and Jang (2014), who both found a significant decrease in starvation
resistance with higher protein intake. Lee and Jang (2014) showed
that flies were better able to resist starvation by storing more lipids
when consuming diets richer in carbohydrate. Based on these
observations, they concluded that increased P:C ratio limits lipid
storage. Our study thus supports that balancing protein and
carbohydrate intake is important for starvation resistance and that
neither caloric value nor carbohydrate intake alone is important for
sustaining periods without access to food.

Previous studies have also found benefits of protein-rich diets for
males at both the developmental and the adult stage (McGraw et al.,
2007; Fricke et al., 2008). By investigating time to copulation with a
female, McGraw et al. (2007) showed that males developed on diets
richer in protein sired more offspring than males developed on lower
amounts of protein. Increasing protein content in the diet during
adulthood also increased the number of offspring sired (Fricke et al.,
2008). Therefore, despite reduced starvation resistance of flies
developed on a protein-rich diet, reproductive success seems to be
enhanced and increased protein intake might be a strategy to ensure
mating success.

Our data showed that females did not change their foraging choices
across the three developmental diets. Despite virgin females and males
having previously been shown to select similar diets (Lee et al., 2013),
the physiological differences between the sexes would probably result
in different adaptive strategies and nutrient allocations across the life
stages. Whereas male D. melanogaster simply make up for
deficiencies, females may need to stick to a ‘standard’ diet during
adulthood in order to balance the trade-off between egg production and
lifespan (Lee et al., 2008). When given a choice, female flies chose a
diet that balanced the lifespan-lengthening effects of carbohydrate and
the positive effects of protein on egg production to maximize lifetime
egg production (Lee et al., 2008). Making up for deficiencies from the
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melanogaster developed on a diet with P:C ratios of 1:1, 1:4 or 1:8
and then fed a diet with P:C ratios of 1:1, 1:4 or 1:8 during
adulthood.
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developmental diet, as males did, could jeopardize this important
balancing of macronutrients and have detrimental effects on the
balance between lifespan and egg production.

The ability to adjust diet choices throughout life allows a higher
chance of surviving through periods with fluctuating nutritional
availability occurring on temporal and spatial scales in nature. The
sex specificity observed is probably due to the differences between
males and females in terms of the energy needed for reproduction
and may have a background in sexual selection. For males, there are
energetic needs for courtship movements as well as macronutrient
needs for the production of accessory gland proteins (Droney, 1998;
Fricke et al., 2008; Maklakov et al., 2008). This would, therefore,
lead to males opting for the most effective diet to obtain maximum
energy to perform courtship movements and for post-copulatory
mating success. Failure to do this would result in less success in
female choice and male competition, i.e. sexual selection.

Consistent with previous findings (Aguila et al., 2007), our two
starvation assays showed that newly emerged flies survived overall,
on average, 20 h longer without food than older flies (in this case,
4 days old after feeding). In nature, organisms can face periods of
food shortages where the ability to survive starvation stress is an
important fitness component. Once emerged from the pupae, flies
will be faced with a non-feeding period as they anatomically
develop further and find a food source. Larval fat cells that remain in
the fly during early adulthood act as ‘transporters’ of nutrients
ingested during larval stages and therefore provide an important
source of energy (Aguila et al., 2007). Aguila et al. (2007) also
showed the number of larval fat cells that are depleted during adult
development positively correlates with starvation survival, i.e. as
adults get older, their ability to survive starvation decreases. This is
in accordance with the decreased starvation resistance of 4 day old
adults observed in this study.

Effect of P:C ratio on lifespan

By conducting a no-choice experiment, we were able to assess the
importance of developmental diet, adult diet and the combination of
both on lifespan. Our data showed that as adult diet P:C ratio
decreased, lifespan increased, supporting previous studies showing
high protein content in diets had a negative effect on lifespan (Lee
etal., 2008, 2013; Fanson et al., 2009; Bruce et al., 2013). Although
not measured in this study, varying the developmental P:C ratio
affects developmental time and growth rate (Rodrigues et al., 2015).
Varying larval density and food quality has been seen to have the
same effect (Zwaan et al., 1991). In both the present study and the
study by Zwaan et al. (1991), larval environment influencing
pre-adult growing traits did not influence adult lifespan. Both these
results suggest that fitness consequences due to developmental
environment can be ‘cancelled out’ during adulthood.

Conclusion

This study is the first (to our knowledge) to provide an insight into
how developmental diet in D. melanogaster is linked to adult
foraging choices and therefore adult diet. We found that males and
females differ in foraging choices, highlighting the importance of
sex-specific nutritional needs, and our results provide insights into
the importance of diet choice on sexual selection mechanisms. By
conducting a no-choice experiment, we also showed that the
developmental nutritional environment had no lasting effects on
lifespan once an adult nutritional environment had been established.

Acknowledgements
We are grateful to Doth Andersen and Annemarie Hajmark for help in the laboratory.

Competing interests
The authors declare no competing or financial interests.

Author contributions

Conceptualization: L.R.D., M.F.S., V.L.; Methodology: L.R.D., M.F.S., V.L,;
Validation: L.R.D.; Formal analysis: L.R.D., M.F.S.; Investigation: L.R.D.;
Resources: T.N.K., V.L.; Writing - original draft: L.R.D.; Writing - review & editing:
L.R.D.,M.F.S., T.N.K,, V.L,; Supervision: T.N.K., V.L., M.F.S.; Project administration:
V.L.; Funding acquisition: T.N.K., V.L.

Funding

This research was supported by funding from the Graduate School of Science and
Technology (GSST) at Aarhus Universitet and by grants from the Natur og Univers,
Det Frie Forskningsrad to V.L. (large frame grant 18295 DFF) and T.N.K. (Sapere
aude stipend to T.N.K.; DFF-4002-00036).

Data availability
Phenotypic data are available from figshare: https://figshare.com/projects/Linking_
developmental_diet_to_adult_foraging_choice_in_Drosophila_melanogaster/31898

Supplementary information
Supplementary information available online at
http:/jeb.biologists.org/lookup/doi/10.1242/jeb.175554.supplemental

References

Aguila, J. R., Suszko, J., Gibbs, A. G. and Hoshizaki, D. K. (2007). The role of
larval fat cells in adult Drosophila melanogaster. J. Exp. Biol. 210, 956-963.

Andersen, L. H., Kristensen, T. N., Loeschcke, V., Toft, S. and Mayntz, D. (2010).
Protein and carbohydrate composition of larval food affects tolerance to thermal
stress and desiccation in adult Drosophila melanogaster. J. Insect Physiol. 56,
336-340.

Bruce, K. D., Hoxha, S., Carvalho, G. B., Yamada, R., Wang, H.-D., Karayan, P.,
He, S., Brummel, T., Kapahi, P. and Ja, W. W. (2013). High carbohydrate-low
protein consumption maximizes Drosophila lifespan. Exp. Gerontol. 48, 1129-1135.

Chippindale, A. K., Leroi, A. M., Kim, S. B. and Rose, M. R. (1993). Phenotypic
plasticity and selection in Drosophila life-history evolution. I. Nutrition and the cost
of reproduction. J. Evol. Biol. 6, 171-193.

Christian, W. W. P., Chiraag, B., Hannelie, H. and Susan, W. N. (2010). The
importance of protein type and protein to carbohydrate ratio for survival and ovarian
activation of caged honeybees (Apis mellifera scutellata). Apidologie 41, 62-72.

Clark, R. M., McConnell, A., Zera, A. J. and Behmer, S. T. (2013). Nutrient
regulation strategies differ between cricket morphs that trade-off dispersal and
reproduction. Funct. Ecol. 27, 1126-1133.

Clark, R. M., Zera, A. J. and Behmer, S. T. (2015). Nutritional physiology of life-
history trade-offs: how food protein—carbohydrate content influences life-history
traits in the wing-polymorphic cricket Gryllus firmus. J. Exp. Biol. 218, 298-308.

Droney, D. C. (1998). The influence of the nutritional content of the adult male diet
on testis mass, body condition and courtship vigour in a Hawaiian Drosophila.
Funct. Ecol. 12, 920-928.

Dussutour, A., Simpson, S. J. and Sabatier, P. (2012). Ant workers die young and
colonies collapse when fed a high-protein diet. Proc. R. Soc. B. 279, 2402-2408.

Fanson, B. G. and Taylor, P. W. (2012). Protein:carbohydrate ratios explain life
span patterns found in Queensland fruit fly on diets varying in yeast:sugar ratios.
Age 34, 1361-1368.

Fanson, B. G., Weldon, C. W., Pérez-Staples, D., Simpson, S. J. and Taylor,
P. W. (2009). Nutrients, not caloric restriction, extend lifespan in Queensland fruit
flies (Bactrocera tryoni). Aging Cell. 8, 514-523.

Fricke, C., Bretman, A. and Chapman, T. (2008). Adult male nutrition and
reproductive success in Drosophila melanogaster. Evoluion 62, 3170-3177.

Ja, W.W,, Carvalho, G. B., Mak, E. M., de laRosa, N. N., Fang, A. Y., Liong, J. C.,
Brummel, T. and Benzer, S. (2007). Prandiology of Drosophila and the CAFE
assay. Proc. Natl. Acad. Sci. USA 104, 8253-8256.

Lee, K. P. and Jang, T. (2014). Exploring the nutritional basis of starvation
resistance in Drosophila melanogaster. Funct. Ecol. 28, 1144-1155.

Lee, K. P., Behmer, S. T., Simpson, S. J. and Raubenheimer, D. (2002). A
geometric analysis of nutrient regulation in the generalist caterpillar Spodoptera
littoralis (Boisduval). J. Insect Physiol. 48, 655-665.

Lee, K. P., Simpson, S. J., Clissold, F. J., Brooks, R., Ballard, J. W. O., Taylor,
P. W., Soran, N. and Raubenheimer, D. (2008). Lifespan and reproduction in
Drosophila: New insights from nutritional geometry. Proc. Natl. Acad. Sci. USA
105, 2498-2503.

Lee, P. K., Kwon, S.-T. and Roh, C. (2012). Caterpillars use developmental
plasticity and diet choice to overcome the early life experience of nutritional
imbalance. Anim. Behav. 84, 785-793.

Lee, K. P., Kim, J.-S. and Min, K.-J. (2013). Sexual dimorphism in nutrient intake
and life span is mediated by mating in Drosophila melanogaster. Anim. Behav. 86,
987-992.

)
(@)}
9
je
(2]
©
-+
c
Q
£
—
()
o
x
NN
Y
(©)
‘©
c
—
>
(®)
-_


https://figshare.com/projects/Linking_developmental_diet_to_adult_foraging_choice_in_Drosophila_melanogaster/31898
https://figshare.com/projects/Linking_developmental_diet_to_adult_foraging_choice_in_Drosophila_melanogaster/31898
http://jeb.biologists.org/lookup/doi/10.1242/jeb.175554.supplemental
http://jeb.biologists.org/lookup/doi/10.1242/jeb.175554.supplemental
http://dx.doi.org/10.1242/jeb.001586
http://dx.doi.org/10.1242/jeb.001586
http://dx.doi.org/10.1016/j.jinsphys.2009.11.006
http://dx.doi.org/10.1016/j.jinsphys.2009.11.006
http://dx.doi.org/10.1016/j.jinsphys.2009.11.006
http://dx.doi.org/10.1016/j.jinsphys.2009.11.006
http://dx.doi.org/10.1016/j.exger.2013.02.003
http://dx.doi.org/10.1016/j.exger.2013.02.003
http://dx.doi.org/10.1016/j.exger.2013.02.003
http://dx.doi.org/10.1046/j.1420-9101.1993.6020171.x
http://dx.doi.org/10.1046/j.1420-9101.1993.6020171.x
http://dx.doi.org/10.1046/j.1420-9101.1993.6020171.x
http://dx.doi.org/10.1051/apido/2009055
http://dx.doi.org/10.1051/apido/2009055
http://dx.doi.org/10.1051/apido/2009055
http://dx.doi.org/10.1111/1365-2435.12103
http://dx.doi.org/10.1111/1365-2435.12103
http://dx.doi.org/10.1111/1365-2435.12103
http://dx.doi.org/10.1242/jeb.112888
http://dx.doi.org/10.1242/jeb.112888
http://dx.doi.org/10.1242/jeb.112888
http://dx.doi.org/10.1046/j.1365-2435.1998.00266.x
http://dx.doi.org/10.1046/j.1365-2435.1998.00266.x
http://dx.doi.org/10.1046/j.1365-2435.1998.00266.x
http://dx.doi.org/10.1098/rspb.2012.0051
http://dx.doi.org/10.1098/rspb.2012.0051
http://dx.doi.org/10.1007/s11357-011-9308-3
http://dx.doi.org/10.1007/s11357-011-9308-3
http://dx.doi.org/10.1007/s11357-011-9308-3
http://dx.doi.org/10.1111/j.1474-9726.2009.00497.x
http://dx.doi.org/10.1111/j.1474-9726.2009.00497.x
http://dx.doi.org/10.1111/j.1474-9726.2009.00497.x
http://dx.doi.org/10.1111/j.1558-5646.2008.00515.x
http://dx.doi.org/10.1111/j.1558-5646.2008.00515.x
http://dx.doi.org/10.1073/pnas.0702726104
http://dx.doi.org/10.1073/pnas.0702726104
http://dx.doi.org/10.1073/pnas.0702726104
http://dx.doi.org/10.1111/1365-2435.12247
http://dx.doi.org/10.1111/1365-2435.12247
http://dx.doi.org/10.1016/S0022-1910(02)00088-4
http://dx.doi.org/10.1016/S0022-1910(02)00088-4
http://dx.doi.org/10.1016/S0022-1910(02)00088-4
http://dx.doi.org/10.1073/pnas.0710787105
http://dx.doi.org/10.1073/pnas.0710787105
http://dx.doi.org/10.1073/pnas.0710787105
http://dx.doi.org/10.1073/pnas.0710787105
http://dx.doi.org/10.1016/j.anbehav.2012.06.033
http://dx.doi.org/10.1016/j.anbehav.2012.06.033
http://dx.doi.org/10.1016/j.anbehav.2012.06.033
http://dx.doi.org/10.1016/j.anbehav.2013.08.018
http://dx.doi.org/10.1016/j.anbehav.2013.08.018
http://dx.doi.org/10.1016/j.anbehav.2013.08.018

RESEARCH ARTICLE

Journal of Experimental Biology (2018) 221, jeb175554. doi:10.1242/jeb.175554

Maklakov, A. A., Simpson, S. J., Zajitschek, F., Hall, M. D., Dessmann, J.,
Clissold, F., Raubenheimer, D., Bonduriansky, R. and Brooks, R. C. (2008).
Sex-specific fitness effects of nutrient intake on reproduction and lifespan. Curr.
Biol. 18, 1062-1066.

Mcgraw, L. A,, Fiumera, A. C., Ramakrishnan, M., Madhavarapu, S., Clark, A. G.
and Wolfner, M. F. (2007). Larval rearing environment affects several post-
copulatory traits in Drosophila melanogaster. Biol. Lett. 3, 607-610.

Mevi-Schiitz, J. and Erhardt, A. (2003). Larval nutrition affects male nectar amino
acid in the map butterfly (Araschnia Levana). Ecology 10, 2788-2794.

Mevi-Schiitz, J. and Erhardt, A. (2005). Amino acids in nectar enhance butterfly
fedcundity: a long-awaited link. Am. Nat. 165, 411-419.

Nash, W. J. and Chapman, T. (2014). Effect of dietary components on larval life
history characteristics in the medfly (Ceratitis capitata: Diptera, Tephritidae). PLoS
ONE 9, €86029.

Rodrigues, M. A., Martins, N. E., Balancé, L. F., Broom, L. N., Dias, A. J. S.,
Fernandes, A. S. D., Rodrigues, F., Sucena, E. and Mirth, C. K. (2015).
Drosophila melanogaster larvae make nutritional choices that minimize
developmental time. J. Insect Physiol. 81, 69-80.

Runagall-McNaull, A., Bonduriansky, R. and Crean, A. J. (2015). Dietary protein
and lifespan across the metamorphic boundary: protein-restricted larvae develop
into short-lived adults. Sci. Rep. 5, 11783.

Schou, M. F., Kristensen, T. N., Kellermann, V., Schlétterer, C. and Loeschcke,
V. (2014). A Drosophila laboratory evolution experiment points to low evolutionary
potential under increased temperatures likely to be experienced in the future.
J. Evol. Biol. 27, 1859-1868.

Schwarz, D., Durisko, Z. and Dukas, R. (2014). Food selection in larval fruit flies:
dynamics and effects on larval development. Naturwissenschaften 101, 61-68.
Sentinella, A. T., Crean, A. J. and Bonduriansky, R. (2013). Dietary protein
mediates a trade-off between larval survival and the development of male

secondary sexual traits. Funct. Ecol. 27, 1134-1144.

Simmons, F. H. and Bradley, T. J. (1997). An analysis of resource allocation in
response to dietary yeast in Drosophila melanogaster. J. Insect Physiol. 43,
779-788.

Simpson, S. J. and Raubenheimer, D. (2012). The Nature of Nutrition: A Unifying
Framework from Animal Adaptation to Human Obesity. Princeton: Princeton
University Press.

Simpson, S. J., Sibly, R. M,, Lee, K. P., Behmer, S. T. and Raubenheimer, D.
(2004). Optimal foraging when regulating intake of multiple nutrients. Anim.
Behav. 68, 1299-1311.

Zwaan, B. J., Bijlsma, R. and Hoekstra, R. F. (1991). On the developmental theory
of ageing. |. starvation resistance and longevity in Drosophila melanogaster in
relation to pre-adult breeding conditions. Heredity 66, 29-39.

>
(@)}
9
2
(2]
©
o+
c
(]
£
-
()
o
x
NN
Y—
(©)
©
c
e
>
(®)
_


http://dx.doi.org/10.1016/j.cub.2008.06.059
http://dx.doi.org/10.1016/j.cub.2008.06.059
http://dx.doi.org/10.1016/j.cub.2008.06.059
http://dx.doi.org/10.1016/j.cub.2008.06.059
http://dx.doi.org/10.1098/rsbl.2007.0334
http://dx.doi.org/10.1098/rsbl.2007.0334
http://dx.doi.org/10.1098/rsbl.2007.0334
http://dx.doi.org/10.1890/02-3108
http://dx.doi.org/10.1890/02-3108
http://dx.doi.org/10.1371/journal.pone.0086029
http://dx.doi.org/10.1371/journal.pone.0086029
http://dx.doi.org/10.1371/journal.pone.0086029
http://dx.doi.org/10.1016/j.jinsphys.2015.07.002
http://dx.doi.org/10.1016/j.jinsphys.2015.07.002
http://dx.doi.org/10.1016/j.jinsphys.2015.07.002
http://dx.doi.org/10.1016/j.jinsphys.2015.07.002
http://dx.doi.org/10.1038/srep11783
http://dx.doi.org/10.1038/srep11783
http://dx.doi.org/10.1038/srep11783
http://dx.doi.org/10.1111/jeb.12436
http://dx.doi.org/10.1111/jeb.12436
http://dx.doi.org/10.1111/jeb.12436
http://dx.doi.org/10.1111/jeb.12436
http://dx.doi.org/10.1007/s00114-013-1129-z
http://dx.doi.org/10.1007/s00114-013-1129-z
http://dx.doi.org/10.1111/1365-2435.12104
http://dx.doi.org/10.1111/1365-2435.12104
http://dx.doi.org/10.1111/1365-2435.12104
http://dx.doi.org/10.1016/S0022-1910(97)00037-1
http://dx.doi.org/10.1016/S0022-1910(97)00037-1
http://dx.doi.org/10.1016/S0022-1910(97)00037-1
http://dx.doi.org/10.1016/j.anbehav.2004.03.003
http://dx.doi.org/10.1016/j.anbehav.2004.03.003
http://dx.doi.org/10.1016/j.anbehav.2004.03.003
http://dx.doi.org/10.1038/hdy.1991.4
http://dx.doi.org/10.1038/hdy.1991.4
http://dx.doi.org/10.1038/hdy.1991.4

Journal of Experimental Biology 221: doi:10.1242/jeb.175554: Supplementary information

Supplementary material

Table S1. Number of flies per vial for lifespan experiment. Flies were initially grouped in 10,
however some were lost when being transferred to new vials.
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