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A B S T R A C T

Adult body size is determined by the quality and quantity of nutrients available to animals. In insects, nutrition
affects adult size primarily during the nymphal or larval stages. However, measures of adult size like body
weight are likely to also change with adult nutrition. In this study, we sought to explore the roles of nutrition
throughout the life cycle on adult body weight and the size of two appendages, the wing and the femur, in the
fruit fly Drosophila melanogaster. We manipulated nutrition in two ways: by varying the protein to carbohydrate
content of the diet, called macronutrient restriction, and by changing the caloric density of the diet, termed
caloric restriction. We employed a fully factorial design to manipulate both the larval and adult diets for both
diet types. We found that manipulating the larval diet had greater impacts on all measures of adult size. Further,
macronutrient restriction was more detrimental to adult size than caloric restriction. For adult body weight, a
rich adult diet mitigated the negative effects of poor larval nutrition for both types of diets. In contrast, small
wing and femur size caused by poor larval diet could not be increased with the adult diet. Taken together, these
results suggest that appendage size is fixed by the larval diet, while those related to body composition remain
sensitive to adult diet. Further, our studies provide a foundation for understanding how the nutritional en-
vironment of juveniles affects how adults respond to diet.

1. Introduction

Diet is known to affect the body size of most animals, which in turn
has lifelong effects on an animal’s reproductive capacity and fitness
(Simpson and Raubenheimer, 2012). While body size is largely thought
to be a product of growth in response to diet during the juvenile stages
(Callier and Nijhout, 2013; Nijhout, 2003; Nijhout et al., 2014), at least
some adult measures of size might change with the adult diet. Because
of their rigid exoskeleton, the size of insect appendages is largely fixed
by the time they reach metamorphosis. However, internal structures are
not as rigidly constrained. For instance, the accumulation of carbohy-
drates and lipids in the fat body and hemolymph are dynamic and are
affected by the adult diet (Skorupa et al., 2008; Verdú et al., 2010), and
these changes in body composition are likely to affect adult weight.
Similarly, ovary size is affected by the composition of the adult diet
(Bong et al., 2014; Verdú et al., 2010). This raises the question, to what
extent are measures of adult size fixed by the larval diet, and how much
can these be modified by the composition of the adult diet?

The growth of adult structures, such as the reproductive organs and
the wings, is determined by the amount of nutrition available in nym-
phal or larval stages (Araújo et al., 2012; Awmack and Leather, 2002;

Boggs and Freeman, 2005; Chaudhury, 1989; Colasurdo et al., 2009;
Helm et al., 2017; Nijhout, 2003; Shafiei et al., 2001). This is because
these adult structures grow within the larval body, and are subject to
the same circulating hormones that drive growth in the larval tissues
and increase larval mass (Nijhout et al., 2014). Further, the adult
structures of insects like beetles, butterflies, and moths often further
depend on the nutritional conditions of the larval stages, as these dic-
tate the amount of stored nutrients that will be available to sustain
growth throughout metamorphosis (Emlen and Nijhout, 1999; Nijhout,
2003; Nijhout and Grunert, 2010). In this way, the quantity of food
available to the larva dictates the final size of structures like the insect
appendages.

While quantity of food is certainly important, the quality of the food
also matters. Studies over the past two decades have illustrated that the
nutrient composition of diets impacts a wide range of adult traits, in-
cluding size related traits (Blackmore and Lord, 2000; da Silva Soares
et al., 2017; Gobbi et al., 2013; Grangeteau et al., 2018; Kutz et al.,
2019; Magnarelli et al., 1982; Matavelli et al., 2015; Rodrigues et al.,
2015; Sentinella et al., 2013; Shingleton et al., 2017; Souza et al., 2019;
Tomberlin et al., 2002). For herbivorous and omnivorous insects, the
nutrients that contribute the most to energy gain include protein and
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carbohydrate, with lipid playing a minor role (Behmer, 2009; Lee et al.,
2008). Predatory insects consume very little carbohydrate, and their
primary sources of energy include protein and lipids (Jensen et al.,
2012; Mayntz et al., 2005). A wide range of insects, from cockroaches,
caterpillars, locusts, beetles, and flies, are known to adjust their feeding
to acquire precise combinations of these macronutrients to optimize life
history trait outcomes (Fanson and Taylor, 2012; Jensen et al., 2012;
Jones and Raubenheimer, 2001; Lee et al., 2008; Lee et al., 2012;
Mayntz et al., 2005; Simpson et al., 1991).

The balance of these macronutrients in the diet during the nymphal
or larval stages can have an important impact on size-related traits. For
most insects, size traits tend to correlate with the amount of protein
available in the larval diet (da Silva Soares et al., 2017; Kutz et al.,
2019; Matavelli et al., 2015; Rodrigues et al., 2015; Sentinella et al.,
2013; Shingleton et al., 2017). This has lead authors to conclude that
total nutrient availability, in other words total calories, is not the only
thing that matters for body size.

Macronutrient balance in the adult diet also shapes a number of
important life history traits. For instance, lifespan is increased on diets
that have lower protein to carbohydrate (P:C) ratios, while egg pro-
duction is maximized on higher P:C ratios (Carvalho et al., 2005;
Fanson et al., 2012a; Fanson and Taylor, 2012; Lee et al., 2008). Ad-
ditionally, nutrition can induce changes in body composition. When
adults are fed on high sugar, low yeast diets, they increase the trigly-
ceride and decrease the protein content in their bodies (Skorupa et al.,
2008). While these changes in body composition are likely to affect size
measures like adult weight, the relative contribution of larval and adult
diet to metrics of adult size has not been explicitly examined.

In our study, we tested the effects of diet across life stages on ap-
pendage size and body mass in adult Drosophila melanogaster fruit flies.
In this insect, the caloric content and the concentration of protein and
carbohydrate of the larval diet affects many adult size traits, such as
body weight and appendage size (Bakker, 1959; David, 1970; Kutz
et al., 2019; Rodrigues et al., 2015; Shingleton et al., 2017). To test the
relative contribution of larval and adult diet to measures of adult size,
we performed two experiments. In the first, we altered the macro-
nutrient composition of the larval and the adult diets by altering the P:C
ratios of the diet while maintaining constant caloric densities. In the
second experiment, we altered the caloric density of the larval and
adult diets, while maintaining the P:C ratios constant. These findings
allow us to parse out the relative effects of larval and adult diet on our
adult body size measures, and to assess which type of diet manipulation
affects these measures the most. These studies provide insights into how
dietary composition across life stages impacts adult size traits in insects.

2. Methods

2.1. Fly stock

For this study, we used the wild-type Oregon R strain of Drosophila
melanogaster. Flies were maintained under constant temperature
(25 °C), humidity (60%) and a 12:12 light–dark cycle, and fed ad li-
bitum with sucrose-yeast diet containing 10 g of agar, 100 g of yeast
extract, and 50 g of sucrose in 1000 ml of water. To prevent bacterial
and fungal growth, we added 3% Nipagin and 0.3% (v/v) propionic
acid to the cooled mixtures.

2.2. Experimental diets

All experimental diets were based on manipulating the ingredients
in the sucrose-yeast diet, which contains a protein to carbohydrate
(P:C) ratio of 1:2 and a caloric concentration of 495.36 calories/L. We
conducted two experiments where larvae and adults were offered diets
of different quality: a macronutrient balance experiment and a caloric
dilution experiment. For all the diets, yeast extract was used as protein.
Both sugar and yeast extract contain carbohydrate. All pre-weighed dry

ingredients were dissolved in sterile distilled water and stirred for
5–10 min. To set the diet, we added 2 g of agar to the suspension before
autoclaving it for 50 min. Nipagin and propionic acid solutions were
added to the food to a final concentration (v/v) of 3% and 0.3%, re-
spectively.

For the macronutrient balance experiment, we generated variation
in the macronutrient composition of the food by making one of two
diets: the standard sucrose-yeast diet with a protein to carbohydrate
(P:C) ratio of 1:2, and a protein-poor diet with a P:C ratio of 1:10. To
alter the P:C ratio, we changed the balance of yeast and sucrose such
that the 1:10 diet contained 25 g of yeast and 108.5 g of sucrose per
litre of food (Table 1). The caloric density was held constant across both
diets (495.36 calories/L).

For the caloric dilution experiment, we created a low-calorie diet by
diluting the sucrose-yeast diet with 1% agar to 25% the concentration
of the standard diet, maintaining the P:C ratio constant at 1:2 (Table 1).
Our standard sucrose-yeast diet was used as our high calorie diet for
comparisons. The concentrations of other macro and micronutrients
present in yeast, such as lipids, minerals and vitamins, were not con-
trolled in our semi-synthetic diets.

2.3. Rearing conditions

Approximately 100 flies (70 females and 30 males) were transferred
into egg laying chambers (100 ml plastic cups) where they were left to
lay eggs on apple juice plates (30% agar, 30% sucrose, and 40% apple
juice in 60 mm Petri dishes) seeded with live yeast paste for 4 h. From
these dishes, we collected 40 eggs, washed them in PBS to remove any
food or yeast paste, and transferred them to fly vials containing 7 ml of
one of two test diets for either the macronutrient balance or caloric
dilution experiments (Fig. 1). The animals were allowed to develop
through the three larval stages and undergo metamorphosis in the vials,
before eclosing as adults at 25 °C in a climate-controlled room under
60–70% humidity and a 12:12 light-dark cycle.

After eclosing, 30 adult animals (15 males and 15 mated females)
were transferred to a fresh vial containing either the same diet as that
on which they were reared or the alternate diet (Fig. 1). This meant that
for each experiment there were four food treatment types: two treat-
ments where the larvae were provided the same diet as adults and two
treatments where the larval diet differed from the adult diet (Fig. 1).

2.4. Measurements of adult body parts

We next explored whether macronutrient restriction or caloric re-
striction would differentially affect the adult body weight and the size

Table 1
Composition of experimental diets.

Protein
per
100 g

Carbs
per
100 g

Amount
(g) in 1L

Protein
in 1L

Carbs in 1L P + C Calories

Control food (1:2 and 100%)
Agar 0 0 10 0 0
Sugar 0 100 50 0 50
Yeast 45 33 100 45 33
Total 45 83 128 495

Macronutrient Restriction (1:10)
Agar 0 0 10 0 0
Sugar 0 100 108.5 0 108.5
Yeast 45 33 25 11.25 8.25
Total 11.25 116.75 128 495

Caloric Restriction (25%)
Agar 0 0 10 0 0
Sugar 0 100 12.5 0 12.5
Yeast 45 33 25 11.25 8.25
Total 11.25 20.75 32 124
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of the adult appendages. We collected, weighed (on a Metler XPU2
ultramicrobalance), and preserved adult animals in 80% ethanol from
each of the vials 3, 10, and 17 days after they eclosed from the pu-
parium. At each time point, we dissected 30 flies per treatment, 15
males and 15 females. We dissected the appendages off the bodies in SH
solution (70% ethanol, 30% glycerol), using a Leica MZ75 scope to
remove the right wing and right front leg. The appendages were
mounted in 100% glycerol solution onto microscope slides. Digital
images of the wings and femurs were captured using a Leica M165 FC
stereoscope and a Leica DFC450 C digital camera.

All images were processed using ImageJ software. Wing area was
estimated using landmarks from the veins (Fig. 1) and femur length was
measured using anterior and posterior landmarks (Fig. 1).

2.5. Statistical analysis

All statistical analyses were conducted using RStudio (ver-
sion 1.1.442) (RStudioTeam, 2016). To analyse the effects of either
macronutrient or caloric restriction on our measurements of adult size,
we fit the data with generalized linear models using age, sex, and either
P:C ratio of the larval and adult diets or caloric content of the larval and
adult diets as fixed effects, including all possible interactions, assuming
a Gaussian distribution and using experimental block as a random ef-
fect. To linearize the data, we applied a log10 transformation to all size
measurements. All data and scripts are available on Figshare (DOI:
https://doi.org//10.26180/5df6ed2dc5ed5).

3. Results

The aim of this study is to explore the relative roles of larval and
adult diet on different measures of adult body size. We hypothesized
that because adult body composition can change with adult diet
(Galikova and Klepsatel, 2018), adult body weight would be sensitive to

the composition of both the larval and adult diet. In contrast, we hy-
pothesized that the size of sclerotized appendages would not be able to
change in the adult, and thus would only be affected by the composition
of the larval diet.

To test each hypothesis, we subjected animals to one of two dietary
treatments. In the first, we subjected the larvae and adults to one of two
macronutrient compositions, which included diets with P:C ratios of
either 1:10 or 1:2. The second experiment exposed larvae and adults to
diets varying in their caloric density, either 25% or 100% of the calories
of standard sucrose/yeast medium. We then measured the effects of the
larval and adult diets on male and female body weight, wing area, and
femur length at three different adult ages: 3, 10 and 17 days old (Fig. 1).

3.1. The effects of diet on adult body weight

3.1.1. Macronutrient manipulation
When we modified the macronutrient composition of the diet, we

found that adult body weight varied with age, sex, larval diet, and adult
diet. The largest amount of variance in adult weight was explained by
sex, with females weighing more than males for all treatments (Fig. 2A,
Table 2 – compare χ2 values). In addition, we found significant inter-
actions between age and sex, larval diet and sex, and adult diet and sex
(Table 2). Because both larval and adult diet appeared to affect adult
weight differently in males and females, we analysed the data for each
sex separately.

For both males and females, adult body weight was more affected by
the P:C ratio of the larval diet than by the adult diet (Fig. 2A, Table 3 –
compare χ2 values). In both cases, larvae that were fed on the control
diet, which contained a P:C ratio of 1:2, had significantly higher adult
body weights than those reared on the low P:C ratio (1:10) diet (Fig. 2A,
Table 3).

While larval diet explained more of the variation in adult body
weight, adult diet did affect adult body weight in both males and

Fig. 1. Schematic summary of the macronutrient balance experiment and the caloric dilution experiment investigating the effects of larval and adult diets on
measurements of adult body size. The effect of diet on adult traits was evaluated by varying either the macronutrient composition or caloric density of diets available
during the larval and adult stages. In the macronutrient balance experiment, we offered animals either a control diet containing a P:C ratio of 1:2 and a caloric
content of 495 calories/L (100%) or a low P:C diet also containing 495 calories/L but a P:C ratio of 1:10. For the caloric dilution experiment, we reared animals on
either the control diet or on a low-calorie diet (25%), both of which had a P:C ratio of 1:2. In both cases larvae were offered one of two experimental diets. After
eclosing, the adult flies (males and females) were either maintained on the same food or switched to the alternate diet. We maintained 30 adult flies per each vial (15
males and 15 females) and all individuals were maintained on their diets until sampling. Samples were weighed and dissected to determine body mass and organ size
on days 3, 10, and 17 after eclosion.
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females. Males and females offered the 1:2 diet as adults were sig-
nificantly heavier than those on the 1:10 diet (Fig. 2A, Table 3).

Interestingly, the interactions between age and larval diet and age
and adult diet were significant for both males and females. This was
because, in both sexes, larvae that were reared on the 1:10 diet showed
an increase in weight with age, whereas those reared on the 1:2 diet did
not (Fig. 2A, Table 3). Furthermore, for both sexes adult weight in-
creased more with age for adults on the 1:2 diet than for adults on the
1:10 diet (Fig. 2A, Table 3). The increase in adult body weight with age
seemed to be less pronounced in males when compared to females,
which would explain the significant interactions between sex and age
(Table 2). The three-way interaction between age, larval diet, and adult
diet was not significant in either sex, meaning that the larval diet did
not influence how adult diet affected adult body weight with age.

3.1.2. Caloric manipulation
Next, we subjected both larvae and adults to diets that varied in

their caloric density. Similar to our results for macronutrient manip-
ulations, we found that sex explained the greatest amount of variation
in adult body weight (Fig. 2B, Table 2 – compare χ2 values). Further,
the significant interaction between adult diet and sex indicates that
males and females differ in how their body weight responds to the adult
diet. As such, we analysed the results for males and females separately.

In contrast to when we varied the macronutrient composition of the
diet, we found that the caloric density of the adult diet explained more
variation in female weight than that of larval diet (Fig. 2B, Table 3 –
compare χ2 values). For males, however, larval diet explained more
variation in body weight than adult diet (Fig. 2B, Table 3 – compare χ2

values). In both cases, body weight was significantly higher for males
and females reared on the higher caloric (100%) food as larvae, and

Fig. 2. Effect of the macronutrient manipulation
and caloric concentration of the diets available
during the larval and adult stages on adult body
weight. A) Shows how adult body weight re-
sponds to the macronutrient composition of the
larval and adult diets. B) Shows how adult body
weight responds to the caloric composition of
the larval and adult diets. The stage at which
treatments were imposed are indicated in the
yellow-toned boxes: the larval nutrition in light
yellow and the adult nutrition in darker yellow.
The blue dots and lines represent the data for the
adult males and the pink dots and lines represent
the data for the adult females.

Table 2
The effect of dietary manipulations on adult body weight.

Df Macronutrient Dilution Caloric Dilution

χ2 value χ2 value

Age 1 32.84 *** 54.34 ***
Larval Diet 1 588.03 *** 43.36 ***
Adult Diet 1 79.74 *** 65.36 ***
Sex 1 1847.44 *** 1503.32 ***
Age: Larval Diet 1 12.21 *** 28.74 ***
Age: Adult Diet 1 36.43 *** 1.61
Larval Diet: Adult Diet 1 3.39 1.41
Age: Sex 1 13.17 *** 2.024
Larval Diet: Sex 1 26.03 *** 0.63
Adult Diet: Sex 1 25.78 *** 40.23 ***
Age: Larval Diet: Adult Diet 1 0.28 0.0026
Age: Larval Diet: Sex 1 2.99 1.37
Age: Adult Diet: Sex 1 1.45 0.48
Larval Diet: Adult Diet: Sex 1 0.55 0.12
Age: Larval Diet: Adult Diet: Sex 1 0.27 0.93

Significance codes: * p < 0.05, ** p < 0.01, *** p < 0.001.

Table 3
The effect of dietary manipulation on adult body weight in females and males.

Df Macronutrient Dilution Caloric Dilution
χ2 value χ2 value

Females
Age 1 28.87 *** 22.94 ***
Larval Diet 1 251.85 *** 9.99 **
Adult Diet 1 56.47 *** 61.02 ***
Age: Larval Diet 1 7.98 ** 12.28 ***
Age: Adult Diet 1 15.42 ** 1.13
Larval Diet: Adult Diet 1 1.9037 0.67
Age: Larval Diet: Adult Diet 1 0.0004 0.26

Males
Age 1 4.38 * 55.75 ***
Larval Diet 1 468.19 *** 84.43 ***
Adult Diet 1 22.87 *** 5.29 *
Age: Larval Diet 1 4.71 * 29.00 ***
Age: Adult Diet 1 29.17 *** 0.57
Larval Diet: Adult Diet 1 1.7129 1.12
Age: Larval Diet: Adult Diet 1 1.3055 1.57

Significance codes: * p < 0.05, ** p < 0.01, *** p < 0.001.
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also higher for adults fed on the higher calorie diet (Fig. 2B, Table 3).
Body weight increased significantly with age for both males and

females, and larval diet significantly affected the extent of this response
in both sexes, resulting in a significant interaction between age and the
calorie content of the larval diet (Fig. 2B, Table 3). The caloric density
of the adult diet did not impact the increase in body weight with age.

In sum, our results from both the macronutrient manipulation and
the caloric dilution experiments support our hypothesis that both larval
and adult diet contribute to variation in adult body weight.

3.2. The effects of dietary manipulations on appendage size: wing area and
femur length

3.2.1. Macronutrient manipulation
When we manipulated the macronutrient content of the larval and

adult diet, we found that the size of both appendages depended on the
macronutrient quality of the diet available in the larval stages and on
sex (Table 4). When larvae were reared on the higher protein diet (1:2),
they had larger wings and femurs (Fig. 3A & 4**A, Table 4). For femur
length, the age of the adult and the P:C ratio of the adult diet also af-
fected size. This suggests that the femur changes size with age.

Sex contributed significantly to variation in appendage size for both
wings and femurs, with females having larger appendages than males
overall (Fig. 3A & 4A, Table 4 – compare χ2 values). For wings, we
identified significant interactions between age and larval diet and larval
diet and sex (Table 4). Femur size depended on interactions between
the P:C ratio of the adult diet and sex, a three-way interaction between
age, the P:C ratio of the larval diet, and sex, and a complex four-way
interaction between age, the P:C ratio of the larval diet, the P:C ratio of
the adult diet, and sex (Table 4). This would mean that the way that
how femurs change in size with age depends on both the larval and
adult diet. To gain more insight into the nature of these effects, we
analysed the data for each sex separately.

For females, the size of the wing was only significantly affected by
the P:C ratio of the larval diet. Females fed as larvae on the protein-rich
food, containing a P:C ratio of 1:2, had larger wings than those main-
tained as larvae on the lower P:C ratio (1:10) (Fig. 3A, Table 5). Si-
milarly, females reared on the more protein-rich diet had larger femurs
than those reared on the lower P:C ratio food (1:10) (Fig. 4A, Table 5).

Interestingly, the P:C ratio of the adult diet also affected mean femur
length in females, with females offered the higher protein diets showing
larger femur sizes overall (Fig. 4A, Table 5). Thus, while wing size did
not change significantly with adult diet, femur size did.

Female femur size further depended on age and the P:C ratio of the
adult diet. As adults aged, their femurs became smaller (Fig. 4A). The
degree to which they decreased in size depended on both the diets on
which they were reared as larvae, and the adult diet (Fig. 4A, Table 5).

The P:C ratio of the larval diet also significantly affected male ap-
pendage size (Fig. 3A, Table 5). Both the wings and femurs of males
reared on the higher protein diet were larger than those from males
reared on the low P:C diet. Similar to females, male femur length de-
creased with age (Fig. 3A & 4A, Table 5). For males, we did not find
significant interactions between age and diet for femur size. Male wing
size did depend on interactions between age and the larval diet and age
and the adult diet. The effects sizes were, however, very small.

3.2.2. Caloric manipulation
When we varied the caloric density of the diet most of the variance

in wing size was explained by sex and the caloric content of the larval
diet (Table 4 – compare χ2 values). Animals raised as larvae in the
control diet (100%) eclosed with larger wings than those raised in the
low-calorie diet (25%) (Fig. 3B and Table 4). The effects of caloric re-
striction on wing size was smaller than those of macronutrient restric-
tion (Fig. 3A & B). Also, there were significant interactions between age
and the caloric content of the larval diet, and caloric content of the
larval and adult diets on adult wing size (Table 4).

Curiously, the caloric content of the larval diet did not significantly
affect femur size. Instead, the caloric concentration of the adult diet and
adult age contributed the most to variation in femur size (Fig. 4B,
Table 4 – compare χ2 values). In addition, there were significant in-
teractions between adult age and sex, the caloric content of the larval
diet, age, and sex, and the caloric content of the adult diet, age, and sex.
To unpack these complex interactions in both the wing and femur, we
subdivided the data based on sex.

We identified significant interactions between the caloric content of
the adult diet and age in both sexes on wing and femur size in females,
and on wing size in males (Table 5). In females, femur size decreased
with age, and in both sexes the adult diet significantly affected femur
size where adults offered the higher calorie diets had slightly larger
femurs (Fig. 4B, Table 5). The degree to which femur size decreased
with age in females depended on the caloric content of the adult diet
(Table 5), with adult females on the low-calorie diets showing more
pronounced reductions in femur size (Fig. 4B).

Overall, the data from macronutrient and caloric manipulations
demonstrate that the size of the wings is primarily affected by the larval
diet, with little contribution of the adult diet and age to variation in
wing size. In contrast, adult femur size changes more with age, and can
depend on both the larval and adult diet. Surprisingly, this suggests that
the size of adult appendages might not be as invariant as previously
thought.

4. Discussion

Many studies start from the principle that only larval diet matters
for most measures of adult size. However, we know that body compo-
sition can change with adult diet (Skorupa et al., 2008; Verdú et al.,
2010), suggesting that, depending on the measure of size, adult diet
might also play important roles. We sought to understand the relative
contribution of the larval versus adult diet to adult body weight and to
the size of the adult appendages. Our hypothesis was that body weight
would be affected by both larval and adult diet, while appendage size
would be solely determined by larval diet.

Previous studies have also found that nutritional conditions during
juvenile stages have the potential to affect life history traits in adult
stages (Barrett et al., 2009; Dmitriew and Rowe, 2007; Metcalfe and

Table 4
The effects of manipulating the larval and adult diets on wing area and femur
length.

Df Macronutrient Dilution Caloric Dilution

Wing Area Femur
Length

Wing Area Femur
Length

χ2 value χ2 value χ2value χ2 value

Age 1 0.0000 14.02 *** 3.77 3.45
Larval Diet 1 338.95 *** 91.59 *** 54.02 *** 2.22
Adult Diet 1 1.9078 21.28 *** 1.029 18.43 ***
Sex 1 1923.33 *** 36.66 *** 3276.50 *** 75.68 ***
Age: Larval Diet 1 4.51 * 0.62 4.92 * 0.15
Age: Adult Diet 1 1.59 0.94 1.73 0.29
Larval Diet: Adult

Diet
1 0.047 0.25 7.70 ** 1.09

Age: Sex 1 0.11 0.32 0.16 3.92 *
Larval Diet: Sex 1 6.96 ** 0.024 0.68 1.05
Adult Diet: Sex 1 1.00 10.57 ** 0.89 0.16
Age: Larval Diet:

Adult Diet
1 0.066 0.66 0.11 2.14

Age: Larval Diet: Sex 1 0.029 4.48 * 0.91 4.72 *
Age: Adult Diet: Sex 1 2.050 0.24 1.18 9.46 **
Larval Diet: Adult

Diet: Sex
1 2.80 0.37 1.23 1.19

Age: Larval Diet:
Adult Diet: Sex

1 0.0043 7.33 ** 1.19 0.01

Significance codes: * p < 0.05, ** p < 0.01, *** p < 0.001.
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Monaghan, 2001; Monaghan, 2008; Taborsky, 2006). This is particu-
larly true of body size traits. For the most part, we found that the larval
diet contributes more to differences in adult weight, wing area, and
femur size in both males and females. These observations are consistent
with previous studies in insects, which show that poor nutritional
conditions in the larval stages affect the body composition and allo-
metry of body components (Dmitriew and Rowe, 2007; Gotthard et al.,
1994; Hahn, 2005; Nylin and Gotthard, 1998; Scharf et al., 2009; Scott
et al., 2007; Stoks et al., 2006).

Our two types of dietary manipulation differed in the extent to
which they changed adult size measures. By-in-large, manipulating the
macronutrient content of the larval diet had larger effects on measures
of adult size than manipulating the caloric content. Other studies have
found that macronutrient content plays a greater role in shaping life
history traits than caloric density. Both lifespan and fecundity in flies
and other insects are more impacted by the P:C ratio of the diet than the
caloric density (Carvalho et al., 2005; Fanson et al., 2012a; Fanson and
Taylor, 2012; Lee et al., 2008). The reason macronutrient balance is
thought to matter for life history traits is that each trait requires specific
amounts of either protein, carbohydrates, or both. For instance, the
protein content of the larval diet appears to be the primary determinant
of body size measures in several species of Drosophila (da Silva Soares
et al., 2017; Kutz et al., 2019; Matavelli et al., 2015; Rodrigues et al.,
2015; Shingleton et al., 2017). It appears as though the source of cal-
ories, rather than the calories per se, shapes body size traits, with
protein playing a central role in determining adult size.

However, the difference between dietary manipulations cannot be
explained by protein concentration alone. The caloric content of the
larval diet had more subtle effects on adult body size measures, even
though the protein content of the low-calorie diet matched the protein
content of the low P:C ratio diet. This suggests that the reduced size
measures from the low P:C ratio diets arise due to the negative effects of
sugar on growth. Other studies have proposed that sugar negatively
impacts growth in the larval stages to reduce appendage size
(Shingleton et al., 2017). This is likely because high levels of sugar in
the diet impair a number of physiological functions, leading to reduced
growth and delayed development (Havula et al., 2013).

While we found that low-calorie diets offered to larvae had more
moderate effects on measures of body size, this is not to say that calories
do not matter. In this study, we diluted calories to 25% the con-
centration of the standard diet for both the larvae and adults. Other
studies have employed a broader range of nutritional compositions,
using between 15 and 36 diets ranging in caloric content and macro-
nutrient composition, to determine the effects on pharate adult weight
and appendage size (Sentinella et al., 2013). These types of studies,
which create a broad nutrient space, have tremendous power to

Fig. 3. Effect of the macronutrient manipulation
and caloric concentration of the diets available
during the larval and adult stages on the size of
the wings. A) Shows the effects of the macro-
nutrient composition of the larval and adult diet
on wing area. B) Shows the effects of the caloric
composition of the larval and adult diet on wing
area. The stage at which treatments were im-
posed are indicated in the yellow-toned boxes:
the larval nutrition in light yellow and the adult
nutrition in darker yellow. The blue dots and
lines represent the data for the adult males and
the pink dots and lines represent the data for the
adult females.

Table 5
The effects of manipulating the larval and adult diets on wing area and femur
length in females and males.

Df Macronutrient Dilution Caloric Dilution

Wing Area Femur
Length

Wing Area Femur
Length

χ2 value χ2 value χ2 value χ2 value

Females
Age 1 0.060 6.71 ** 3.54 5.96 *
Larval Diet 1 267.48 *** 59.88 *** 46.55 *** 4.32 *
Adult Diet 1 3.61 34.41 *** 0.068 12.34 ***
Age: Larval Diet 1 1.15 0.01 0.76 2.54
Age: Adult Diet 1 0.16 0.87 4.27 * 5.51 *
Larval Diet: Adult

Diet
1 0.59 0.01 8.03 ** 2.19

Age: Larval Diet:
Adult Diet

1 0.16 9.06 ** 0.00 1.08

Males
Age 1 0.17 7.33 ** 2.79 0.03
Larval Diet 1 189.44 *** 50.13 *** 24.63 *** 0.71
Adult Diet 1 0.53 1.11 0.99 11.57 ***
Age: Larval Diet 1 4.59 * 1.97 5.77 * 1.55
Age: Adult Diet 1 4.77 * 0.06 0.00 3.49
Larval Diet: Adult

Diet
1 2.048 0.52 2.31 0.03

Age: Larval Diet:
Adult Diet

1 0.020 3.27 0.90 0.63

Significance codes: * p < 0.05, ** p < 0.01, *** p < 0.001.
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uncover how traits are affected by dietary composition (Simpson and
Raubenheimer, 2012). While this more extensive description of how
size measures would be invaluable, implementing a fully factorial de-
sign that varies both the larval and the adult diet in this context would
be challenging.

Furthermore, because we did not quantify the food intake in the
tested diets, we cannot exclude the possibility that some of the differ-
ences between diet types could result from differences in food intake.
Previous studies have shown that fly larvae increase their food intake
when the caloric or protein content of the food is diluted (Carvalho and
Mirth, 2017). Similarly, adult D. melanogaster are known to change their
patterns of food intake depending on the protein, carbohydrate, and
caloric concentration, and the availability of water (Fanson et al.,
2012b; Carvalho et al., 2005). Potentially, the caloric dilution diets
exert less of an effect on adult body size traits because animals are
better able to compensate their food intake in under conditions of ca-
loric dilution than under macronutrient dilution.

In addition to the effects of larval diet on adult size traits, we found
that animals subjected to poor larval nutrition were able to increase
their body weight if maintained on good quality diets during the adult
stages. In females, some of these changes in body weight induced by
good quality adult nutrition are likely to be due to increased ovarian
mass, as well-fed females are known to produce higher numbers of eggs
on the 1:2 diet than on diets with lower P:C ratios (Fanson and Taylor,
2012; Lee et al., 2008; Maklakov et al., 2008). This increased egg
production rate on the higher P:C diets comes with a cost of reduced
lifespan (Fanson and Taylor, 2012; Lee et al., 2008; Maklakov et al.,
2008). Males also increased in mass with age on the 1:2 diet, pre-
sumably due to changes in body composition such as altered body lipid,
protein, and carbohydrate stores. For males, protein starvation leads to
reduction in stem cell proliferation in the testes and intestine (McLeod
et al., 2010). This is also likely to change the size of male reproductive
and digestive organs contributing to altered adult male body weight,
albeit to a lesser extent. These data support our hypothesis that size
traits like adult weight are not constrained by the adult cuticle can
respond more readily to the adult diet.

We also found that appendage size could change with time. Most
notably, femur size decreased with age and changed with the compo-
sition of the adult diet in complex ways. The wing showed very little
change with age or with adult diet, suggesting that these effects might
be appendage specific. Further, unlike for body weight, rich adult diets
were unable to increase femur size. This leads us to think that these
small but significant changes in appendage size relate more to fly aging
than to the effects of adult diet on appendage size. Interactions between
diet and age may be a result of differences in the rate at which flies age
under these differing conditions.

Throughout this manuscript, we have ascribed the differences in
adult size measures to be due to changes in the protein, carbohydrate,
and caloric content of the diet. Because protein and carbohydrate are
the major source of energy for flies and other omnivorous or herbi-
vorous insects, this is a reasonable approximation (Behmer, 2009; Lee
et al., 2008). However, we recognise that because we generated our
diets by varying the concentration and proportion of yeast extract and
sucrose, other macro- and micronutrients also change in concentration
across diets. An attractive method to circumvent this problem is to use
chemically-defined diets, such as those designed by Piper and collea-
gues (Piper et al., 2014). However, these diets cause significant devel-
opmental delays in larvae, and as such are not optimal for under-
standing the relative contribution of larval and adult diet to adult size
traits.

In conclusion, our study sought to uncover the relative contribution
of the larval versus adult diet to measures of adult body size. We have
found that while larval nutritional conditions play the dominant role in
determining both adult body weight and appendage size in D. melano-
gaster, the adult diet can adjust body weight as the flies age. Unlike
what has previously been found in humans and other animals (Barker
and Thornburg, 2013; Barker et al., 1989; George et al., 2012; Leon
et al., 1998; Painter et al., 2005), we found little evidence to support
the idea that the nutritional history of the juvenile modifies the effects
of the adult diet. Our study provides the basis for understanding how
differences in diet across life stages induce metabolic changes to impact
measures of adult body size, and for identifying stage-specific targets of

Fig. 4. Effect of the macronutrient manipulation
and caloric concentration of the diets available
during the larval and adult stages on femur
length. A) Shows the effects of the macro-
nutrient composition of the larval and adult diet
on femur length. B) Shows the effects of the
caloric composition of the larval and adult diet
on femur length. The stage at which treatments
were imposed are indicated in the yellow-toned
boxes: the larval nutrition in light yellow and
the adult nutrition in darker yellow. The blue
dots and lines represent the data for the adult
males and the pink dots and lines represent the
data for the adult females.
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diet’s action.
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