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Abstract  

The sexes perform different reproductive roles and have evolved sometimes strikingly 

different phenotypes. One focal point of adaptive divergence occurs in the context of 

diet and metabolism, and males and females of a range of species have been shown to 

require different nutrients to maximise their fitness. Biochemical analyses in 15 

Drosophila melanogaster have confirmed that dimorphism in dietary requirements is 

associated with molecular sex-differences in metabolite titres. In addition, they also 

showed significant within-sex genetic variation in the metabolome. To date however, 

it is unknown whether this metabolic variation translates into differences in 

reproductive fitness. The answer to this question is crucial to establish whether 20 

genetic variation is selectively neutral or indicative of constraints on sex-specific 

physiological adaptation and optimisation. Here we assay genetic variation in 

consumption and metabolic fitness effects by screening male and female fitness of 

thirty D. melanogaster genotypes across four protein-to-carbohydrate ratios. In 

addition to confirming sexual dimorphism in consumption and fitness, we find 25 

significant genetic variation in male and female dietary requirements. Importantly, 

these differences are not explained by feeding responses and most likely reflect 

metabolic variation that, in turn, suggest the presence of genetic constraints on 

metabolic dimorphism.  

 30 
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1. Introduction 35 

 

Males and females perform different reproductive roles and are thus selected for 

different optimal phenotypes. In response to this divergent selection, the sexes of most 

species have diverged substantially and show sexual dimorphism in many 

morphological, molecular and behavioural attributes. One of the key contexts of 40 

adaptive divergence between the sexes is diet and metabolism. The composition of the 

diet has profound effects on lifespan and reproductive output [1] with males and 

females of many species tailoring their diet to maximise fitness in a sex-specific 

manner [2]. Detailed studies in the fruitfly Drosophila melanogaster [3, 4], the field 

cricket Teleogryllus commodus [1, 5], and other insect species [6] have shown that, in 45 

order to maximise fitness, females typically require a higher concentration of protein 

in their diet than males. This nutritional difference between the sexes is consistent 

with their differing general reproductive roles, where females invest large amounts of 

resources in the provisioning of eggs but males mainly require energy for the 

acquisition of mates [3]. 50 

 

In addition to relating their different reproductive roles to nutrition, the sex-specific 

dietary optima also reflect sex differences in the molecular metabolic machinery. The 

link between diet and fitness is contingent on many metabolic reactions, as well as on 

a series of regulatory feedback loops that link the current and anticipated 55 

physiological state of individuals to aspects of feeding behaviour and the management 

of energy stores. Some of these molecular processes have been shown to differ 

between the sexes. For example, Hoffman et al. [7] characterised the D. melanogaster 

metabolome as a function of fly sex, age and genotype. There was a large effect of sex 

on metabolite abundance, with 15-20% of the ~1500 assayed metabolites found to 60 

differ significantly between males and females. In fact, the real percentage was likely 

higher as only metabolites that were present in at least 95% of male and female 

samples were included in the analysis [7]. Sex differences in metabolites have also 

been described in humans [8] with divergence of almost 80% of the 131 serum 

metabolites analysed. Moreover, the large majority of these sex differences remained 65 

significant after correcting for confounding variables such as age, body mass index, 

waist-to-hip ratio and lifestyle parameters.  
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In their study on D. melanogaster, Hoffman et al. (8) also detected variation in 

metabolite concentrations between genotypes, with concentrations of around 10% of 

metabolites varying significantly between the 15 inbred lines assayed and a similar 70 

percentage showing significant age-by-genotype interactions. Genetic variation in 

metabolites, and diet-induced responses in metabolites have also been found across 

larvae of different wildtype D. melanogaster lines [9]. What is currently unknown is 

whether these genetic effects on the metabolome translate into variation in fitness, and 

how such fitness effects change with dietary composition. It is conceivable that the 75 

differences in titres of at least some metabolites are selectively neutral. This could be 

the case if the compounds represented intermediate products in metabolic cascades, or 

if the differences in metabolic fluxes that these measures revealed were usually 

compensated by behavioural responses that differentially modulated the intake of 

different nutrients. However, it is also possible that genotypes genuinely vary in the 80 

rate and efficiency with which they convert nutrients into reproductive output. The 

presence of such heritable variation in fitness would indicate that purifying selection 

on metabolic traits is weak or that genetic polymorphisms in metabolic genes are 

subject to balancing selection. Either mechanism would prevent metabolism from 

reaching its adaptive peak and lead to a build-up of a genetic load, where a fraction of 85 

the population expresses suboptimal, and hence deleterious, physiologies.   

 

In order to better understand metabolic adaptation and its limits, we need to assess the 

extent of genetic variation in sex-specific, diet-dependent fitness. In this paper, we 

build on previous studies of the overall effects of diet on sex-specific fitness [3, 4]. 90 

We measured male and female diet-dependent fitness of thirty D. melanogaster 

genotypes randomly sampled from the outbred laboratory population LHM [10]. In 

order to assay independent and interactive effects of dietary components on fitness, 

we used a nutritional geometric framework approach (7) based on a ‘holidic’ diet 

whose components are completely defined. We estimated genotype-specific male and 95 

female experimental response surfaces over gradients of dietary protein and 

carbohydrate ratios [11] and assessed genetic variation in the parameters that define 

this surface. We also measured sex- and genotype-specific feeding (the quantity of 

food consumed) as a function of diet composition, in order to evaluate whether fitness 

variation arises due to behavioural or physiological responses to diet. 100 
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Our results replicate the different sex-specific optima in dietary composition that have 

been described previously [1, 3]. However, we also report significant genetic variation 

in average male and female dietary requirements, and find contrasting patterns 

between the male and female requirements of individual genotypes, ranging from 105 

overlapping to significantly displaced optima of the sexes.  

 

2. Material and Methods 

 

Fly Stock and Maintenance 110 

We used the experimental base population LHM of D. melanogaster for our 

experiments. This population has been maintained as a large outbred population for 

over 400 non-overlapping generations, and has been used in previous studies of inter-

genomic conflict [12, 13]. The LHM population is maintained on a strict 14-day 

regime and with constant densities at both the larval (~175 larvae per vial) and the 115 

adult stage (56 vials of 16 male and 16 females each). In line with the regular LHM 

regime, all base stock flies used in our experiments, were reared at 25°C, under a 

12h:12h light:dark photoperiod regime, on cornmeal-molasses-yeast-agar food 

medium. 

 120 

We used hemiclonal analysis and sampled thirty haploid genomes, consisting of 

chromosomes X, II and III (the fourth dot chromosome is ignored), from the 

population. Hemiclonal haplotypes can be maintained intact and expressed in males 

and females [12]. The hemiclonal flies analysed share the complete genomic 

haplotype, complemented by chromosomes randomly sourced from the base 125 

population. To create the hemiclone lines, thirty haplotypes were sampled at random 

from the LHM stock and maintained as heterozygous stock hemiclonal lines using 

double-X clone-generator females [C(1)DX, y, f; T(2;3) rdgC st in ri pP bwD] [12]. 

This cross creates males that have the desired “target genome” (TG males). 

Hemiclonal haplotypes were expressed as males by mating TG males with virgin 130 

double-X LHM females [C(1)DX, y, f] and expressed as females by mating TG males 

with virgin LHM females. Hemiclonal flies thus share one complete genomic 

haplotype within each line, with the other haplotype randomly sourced from the base 

LHM population. Our experiments thus measure the additive breeding values of the 

hemiclonal genomes (including those due to epistatic interactions between alleles on 135 
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the hemiclonal chromosomes), averaged across variable genetic complements, and do 

not include any non-additive dominance variation [13]. 

 

 

Synthetic Diet 140 

We used a modified liquid version of the synthetic diet described in Piper et al. [14], 

that is prepared entirely from synthetic components to enable precise control over 

nutritional value (see Table S1-S3). Previous studies have used diets based on natural 

components, typically sugar as the carbon source and live or killed yeast as the 

protein source [15]. Such diets offer only approximate control over their composition, 145 

because the yeast-based protein component also contains carbohydrates and is 

required to provide other essential elements (vitamins, minerals, cholesterol, etc.). As 

a consequence, phenotypic responses to such diets cannot be straightforwardly 

interpreted in a carbohydrate-to-protein framework as they are confounded by 

responses to other dietary components. Our use of a holidic diet completely eliminates 150 

these problems without causing any apparent stress in the flies [14]. 

 

Four artificial liquid diets were made that varied in the ratio of protein (P, 

incorporated as individual amino acids) and carbohydrate (C, supplied as sucrose), 

while all other nutritional components were provided in fixed concentrations. Nutrient 155 

ratios used were [P:C] – 1:1, 1:2, 1:4, and 1:16, with the final concentration of each 

diet being 32.5g/L. This means that the concentration of each dietary component 

within each diet varies depending on the P:C ratio. These ratios were chosen based on 

previous work by Jensen et al. [3], who identified these nutritional ratios (or 

nutritional rails) as the most important in differentiating male and female lifetime 160 

reproduction optima. They also span the P:C ratio of the molasses medium on which 

the LHM population is maintained. Based on the media recipe used in our laboratory 

and the approximate protein and carbohydrate content of the ingredients, we estimate 

our standard food to have a P:C ratio of about 1:8. We note however, that ratios may 

not be directly comparable as nutrients in synthetic diets appear to be more readily 165 

accessible than those in media based on more complex ingredients [14]. 

 

Diet Assay and Adult Fitness 

Virgin flies were collected within five hours post-eclosion using light CO2 
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anaesthesia. Three flies from each sex/genotype were placed into a vial with a 1% 170 

agar and water mixture in order to avoid dehydration with the added benefit that it 

contains no nutritional value. Flies were kept in these vials overnight before being 

supplied with a 10µl (females) or 5µl (males) microcapillary tube (ringcaps©, 

Hirschmann) containing one of the four allocated diets. Capillary tubes were replaced 

daily, and food consumption for each fly trio was recorded for a total period of four 175 

days. We chose to use capillary tubes of different sizes to maximise the accuracy of 

our diet consumption measurements and minimise evaporation errors. Larger capillary 

tubes increase evaporation rates; however, with a smaller capillary tube we ran the 

risk that flies would consume all of the food leading to a subsequent slight starvation 

response. For this reason, we found that a slightly larger capillary tube was ideal for 180 

females because they ate a lot more than males in a 24-hour period. Nevertheless, we 

found that flies never consumed all of the food from the capillary tubes. Flies were 

exposed to diet treatments in a controlled temperature room (25°C), 12L:12D light 

cycle and high relative humidity >80%. The rate of evaporation for all diet treatments 

was measured by using five vials per diet that contained no flies, placed randomly in 185 

the constant temperature chamber. The average evaporation per day was used to 

correct diet consumption for evaporation. Following four days of feeding under these 

dietary regimes, flies were assayed for fitness. Male and female fitness experiments 

were jointly run in 4 identical blocks, with each block comprising all experimental 

genotypes. Between ten and twelve fly trios were measured for each genotype, 190 

yielding a total sample size of 30-36 flies per genotype and diet. 

 

Male Fitness Assay 

Male adult fitness was measured as the number of adult offspring produced in 

competitive mating trials. Previous work in our laboratory (unpublished) has shown 195 

this to be a robust measure of reproductive performance and, with lifetime adult 

production being largely determined by mating success in our population [16] should 

closely reflect other fitness indices such as courtship performance. 

 

We used an experimental approach similar to [17], whereby focal experimental males 200 

competed with standard competitor males to mate with females. Following the 

feeding period described above, a focal trio of virgin males was placed into a new vial 

(provided with molasses-yeast-agar medium that did not contain live yeast, the main 
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source of food for both males and females [18]), along with three virgin competitor 

males and six virgin females. The competitor males and the females were of LHM 205 

genetic background but homozygous for the recessive bw− eye-colour allele. 

Competitor flies were reared under the same conditions as our experimental flies, and 

were the same age as the hemiclone males. The flies were allowed to interact and lay 

eggs for a period of 24 hours, after which they were discarded from the vials. Eggs 

were left to develop for 12 days and the subsequent adult offspring in each vial were 210 

counted and scored and assigned to either the focal experimental males (if the 

progeny had red eyes - wildtype) or the competitor males (if the progeny had brown 

eyes). 

 

Female Fitness Assay 215 

Female adult fitness was measured as the number of eggs produced over a fixed 

period of time. This performance proxy is expected to correlate closely with other 

fitness measures, such as the total number of offspring [19, 20]. 

 

Following the feeding period, trios of virgin females were presented with three males 220 

from the LHM stock population, and left to mate/oviposit for 18 hours in vials 

containing a solid agar medium and ad libitum food corresponding to their diet 

treatment provided via capillary tubes. Following removal of the flies at the end of the 

oviposition period, the total number of eggs laid were determined by taking pictures 

of the agar surface and counting eggs using the software QuantiFly [21].  225 

 

Statistical Analysis 

Fitness models 

Before statistical analysis, we transformed the fitness data to obtain normally 

distributed datasets. The female fitness values were transformed by x2/3, whereas male 230 

fitness values were arcsine transformed. Furthermore, as male and female fitness were 

measured in different units, we standardised them using Z-transformations [3, 22]. 

This transformation prior to analysis ensures that differences in scale do not alter the 

magnitude of the relationship with nutrients. 

 235 

We used a sequential model building approach [4] with the transformed data across 

both sexes to assess male and female fitness responses to dietary composition and the 
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degree to which sex-specific responses vary between genotypes. We first analysed 

sex-specific effects of diet consumption across genotypes, to verify whether we could 

replicate the results of previous studies [1, 3, 4]. We compared a reduced model 240 

(Model F1) that describes the experimental response surface with fixed effects for the 

linear, quadratic and cross-product effects of the consumed diet components with a 

more complete model (Model F2) that also allows for sex-specific deviations of these 

effects. In addition, both models account for experimental block effects, modelled as a 

random effect. The models were specified as:  245 
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where the underbraces identify terms included in each model. In Equation 1, Rijgk is 250 

the standardised fitness measure of trio i of sex j and genotype g in experimental 

block k,  !",$%&'   is the amount of dietary component d (carbohydrate or protein) 

consumed by the trio ijgk in the feeding period preceding the fitness assay, !"#   the 

slope describing how fitness across both sexes changes with consumption of dietary 

component d, !"#   is the slope describing how fitness across both sexes changes with 255 

the squared consumption of dietary component d, !""   is the slope describing how 

fitness across both sexes changes with the cross-product between dietary components 

(carbohydrate-by-protein interaction). The sex-specific terms capture deviations 

[betad1j], [betad2j] and [betaddj] from the general slopes specific to sex  !"   of trio ijk. 

!"#$%   is the value of a categorical variable designating the experimental block of trio 260 

ijgk, !"   the value of the coefficient describing the random effect of experimental 

block (with a~N(0,	"#  )), and !"#$%   is the unexplained residual error. Given that our 

data had been Z-transformed within each sex, we do include neither an intercept nor a 

term to describe sex differences in mean fitness, as mean fitness is equal to zero 

overall and in each sex. 265 
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In order to assess genetic variation for diet effects on fitness, we added random effect 

terms to the model in Equation 1 that describe how the flies of different genotypes 

(hemiclones) vary in their average sex-specific fitness (across all dietary regimes) and 

linear, quadratic and cross-product effects of carbohydrate and protein intake (Model 270 

F3). Again, we built up models in a stepwise manner to a final model  
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where, as before, the underbraces group terms of specific models. These models 

include terms describing variation in average sex-specific fitness (where ag is the 

effect of the g-th genotype on male and female fitness and Gijgk designates the 

genotype identity of trio igjk), terms describing genetic variation in the linear 

parameters of the diet-dependent experimental response surface (where bxg are slopes 280 

specific to genotype g, with bxg~N(0,	"#$  )), and finally, genotype-specific quadratic 

terms. 

 

Models were fitted with maximum likelihood and compared in a pairwise manner (F2 

vs. F1, F3 vs. F2, etc.) using parametric bootstrap analysis. We also ran an Analysis 285 

of Variance (ANOVA) with type III Sums of Squares using the full model (Eq. 2), in 

order to assess the significance of individual fixed effect model terms. 

 

In addition to models run on the complete dataset, we also fitted separate models to 

male and female fitness data. We used these to obtain information on the approximate 290 
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amounts of fitness variation that can be attributed to the dietary reaction norm of 

nutritional composition (fixed effects in the mixed-effects models) and to the 

genotypic variation in dietary responses (random effects in the mixed effects models). 

To make our approach most straightforward, we fitted fixed effects models including 

block (as a confounding variable), the scaled quantities of carbohydrate and protein 295 

and their interaction (to capture their shared reaction norm), as well as genotype and 

its interaction with the dietary terms (to capture genotypic effects). We decomposed 

fitness variance using the (additive) Sums of Squares of these models. 

 

Diet consumption models 300 

To examine whether the sexes and/or genotypes varied in the quantity they consumed 

of each diet, we used a similar model building approach to that used for the fitness 

data. The basic model (Model C1) expressed diet consumption (Cifjgk - microlitres) of 

a trio i of sex j and genotype g on diet treatment f in block k as a function of diet (D - 

fixed effects) and block (B - random effect). Model C2 further included a fixed effect 305 

for sex (S), with Model C3 adding a sex-by-diet interaction as an additional fixed 

effect to describe how (across genotypes) males and females differ in their average 

consumption. Further models added random-effect terms describing differences 

between hemiclones in overall consumption (C4), the effect of diet (C5), the effect of 

sex (C6) and the interaction of diet and sex (C7): 310 

 
!"#$%& = a#("#$%& + *&+"$%&	

-./01	23
+ a$4"#$%&

-./01	25
+ a#$("#$%&4"#$%&

-./01	26
+ a%7"#$%&

-./01	28
+

a#%7"#$%&("#$%&
-./01	29

+ a$%7"#$%&4"#$%&
-./01	2:

+ a#$%("#$%&4"#$%&7"#$%&
-./01	2;

+ <"#$%&  

  

Eq. 3  

 315 
As before, models were fitted with maximum likelihood and compared in a pairwise 

manner with parametric bootstrap, followed by ANOVA of the full model.  

 

Relationship between diet consumption and fitness 

We used a permutation approach to determine to what degree fitness variation across 320 

genotypes and diets was due to behavioural responses of the genotypes to food 

(variation in quantity consumed on the different food compositions) or to 
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physiological differences (variation in fitness responses to the same amount of food 

ingested). Specifically, we permuted—separately for each block, sex and dietary 

composition—the consumption values across genotypes and then calculated predicted 325 

fitness values based on the complete model fitted previously to the fitness data 

(Model F5). Permutation is valuable in understanding how diet consumption varies 

with fitness because it will break any associations between behavioural and 

physiological responses to the different diets. If the variation in fitness is determined 

by the amount consumed or by a matching of behavioural responses with physiology, 330 

then the permutation of consumption data should lead to a lower average predicted 

fitness and reduced variation in fitness between genotypes. We tested this by 

generating predicted fitness values for 1000 datasets with permuted consumption data 

and comparing the distributions of means and variances in fitness across permutations 

to observed values of these parameters in the original data. P-values were calculated 335 

as the proportion of parameter values calculated from the permuted data that equalled 

or exceeded the values observed in the original dataset. Permutation tests were 

performed on the entire dataset (males and females), as well as for each sex 

separately. 

 340 

All statistical analyses were performed in R version 3.3.2 [23]. Mixed models were 

fitted with the lmer function (lme4 package version 1.1-12, [24]) using maximum 

likelihood and compared with parametric bootstrap analysis [25] using the 

PBmodcomp function implemented in the package pbkrtest [26]. Parametric bootstrap 

allows for reliable hypothesis testing [26] and has advantages over the available 345 

alternatives. Unlike F-test, parametric bootstrap does not rely on estimating 

denominator degrees of freedom. It also avoids the limitations of likelihood ratio tests, 

which are not always appropriate to test the significance of fixed effects [27] and use 

the X2 distribution, an approximation that can be poor when sample sizes are not large 

[26]. In order to present final models in a more accessible format and to test the 350 

significance of individual terms jointly (rather than sequentially) we also performed 

ANOVA with type-III Sums of Squares, using the Anova function from the car 

package [28] on models re-fitted with restricted maximum likelihood. We visualised 

nutritional landscapes based on untransformed data using non-parametric thin-plate 

splines implemented in the Fields [29] package. 355 

 



 12 

3. Results 

 

Our study recovered results previously obtained and shows that, averaged across 

genotypes, males and females differ significantly in their dietary requirements 360 

(comparison between Models F1 and F2, P<0.001; detailed inspection of full model: 

sex × protein × carbohydrate: F =21.37, resid. df = 26.77, p < 0.001, Table 1). Female 

fitness is maximised by a higher protein intake than male fitness (Figure 1, Table 1) 

and the parameters describing the shape of the experimental response surface differed 

significantly between the sexes (Supplementary 4).  365 

 

Additionally, our data also revealed significant genetic variation in the sex-specific 

responses to diet (Figure 2). Model comparisons showed that this included variation 

in average genotype- and sex-specific fitness across all diet treatments (comparison 

between Models F2 and Model F3, P=0.001), genetic variance in the linear terms 370 

describing the shape of the experimental response surface across diets (comparison 

between Models F4 and Model F3, P=0.007) and genetic variation in the quadratic 

terms of the experimental response surface (comparison between Models F5 and 

Model F4, P=0.005). 

 375 

Our approximate decomposition of variances based on fixed-effects models suggests 

that the contribution of shared (rather than genotype-specific) fitness responses to 

dietary treatments is considerably higher in females (18.1%) than males (4.1%). 

Females also show much greater genetic variation in average fitness across diets 

(15.5%) than males (7.2%). In contrast, the amount of fitness variation that can be 380 

attributed to genetic variance in dietary responses (interactions between genotype and 

dietary component) is greater in males (14.1%) than in females (10.7%). These results 

indicate that overall, the experimental response surface across diets is shallower in 

males than in females, but that the shape of the surface for males of individual 

genotypes deviates more from their sex-specific average than that for females. 385 

 

Graphical exploration of the experimental response surfaces shows that while most 

genotypes follow largely similar patterns, some genotypes clearly maximise their 

fitness at very different protein-to-carbohydrate ratios. For example, genotypes M32 

(Figure 3), M60 and M94 (Supplementary S2) show males and females having very 390 
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similar fitness optimum at higher protein levels. On the other hand, some male 

genotypes required more carbohydrate than the male average to maximise their 

competitive fitness, resulting in males and females having highly divergent protein-to-

carbohydrate optimal ratios (e.g. M31, Figure 3).  

 395 

For total diet consumption, we find (via model comparison) significant differences 

between the sexes, with females consuming on average more liquid food than males 

(comparison between Models C1 and C2, P<0.001, Figure S3-A, Table S3-1). Our 

results also show differences in consumption between the different diets, with diets 

containing more protein to carbohydrate being consumed in larger quantities than 400 

diets with a higher proportion of carbohydrate (Figure S3-A). Finally, we found high 

levels of genetic variance for diet consumption within each sex (comparison between 

Models C6 and C7, P=0.0489, Figure S3-B). 

 

Permutation tests showed that even though genotypes differ in diet-dependent 405 

consumption, fitness responses to the dietary treatments was due to physiological, not 

behavioural, differences between genotypes. Thus, permuting consumption values 

neither significantly decreased mean predicted fitness nor significantly increased 

fitness variation, in the entire dataset or when analysing males and females separately 

(all P > 0.05). 410 

 

4. Discussion  

 

Nutrient acquisition and metabolism are important determinants of fitness 

components and phenotypic trait expression [2, 4, 5]. Our findings shed light on the 415 

degree of sex-specific adaptation and optimisation of these processes. By using 

cytogenetic cloning techniques, we have been able to examine how dietary 

composition affects male and female fitness of different genotypes of D. 

melanogaster. Our results allow us to assess the overall sexual dimorphism of diet 

responses and the degree to which genotypes vary in nutritional effects on male and 420 

female fitness. 

 

Our results validate previous results showing sex-specific effects of protein and 

carbohydrate consumption on average sex-specific fitness [3-5]. Specifically, male 
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fitness was maximised by a higher proportion of carbohydrates in the diet, while 425 

female fitness was highest on a more protein-rich diet. This difference fits with the 

varying reproductive roles of the sexes. Carbohydrates provide high levels of energy 

in a short period of time [30] and therefore aid males in obtaining a higher proportion 

of matings by aggressively pursuing and courting females [22, 31]. Drosophila 

females do not suffer from such intense competition as males [32]. Instead, 430 

reproductive success is mainly determined by the number of viable eggs produced 

[33], which increases with higher levels of protein (yolk) [34, 35].  

 

Similar to previous work, we found that flies altered their feeding behaviour in 

response to the type of diet provided. Steady state feeding in flies is affected by the 435 

interacting forces of the flies’ nutritional history, their mating status and sex, as well 

as the relative appetitive and satiety values of major dietary macronutrients [36]. In 

our experiments, male and female feeding tended to be higher as the P:C ratio 

increased, an effect that was also observed in Jensen et al. [3]—one of the few 

comparable studies to ours because it employed a synthetic (yeast-free) diet at similar 440 

P:C ratios and concentrations. When comparing our results with data collected by 

Jensen et al. [3], it appears that for the concentrations of protein and carbohydrates we 

used, altered food intake across ratios was principally driven by dietary 

carbohydrates. This is because increasing carbohydrate content in the food led to 

decreasing feeding, irrespective of the P:C ratio (see Figure S3-D for between-study 445 

comparison). This could be either because increasing carbohydrates acted as an 

antifeedant on P:C ratios biased towards higher carbohydrate contents, or because 

decreasing carbohydrates acted as a phagostimulant on more protein-rich P:C ratios. 

Distinguishing between these possibilities requires additional behavioural 

experiments and/or a greater mechanistic understanding of the circuits that drive 450 

feeding behaviour.  

 

While identifying known sexual dimorphism in average responses to diet, our 

experiments also revealed the presence of substantial genetic variation for male and 

female responses to different diets. Similar to the dimorphism we observe, genetic 455 

variation occurs at two levels, in the behavioural responses to diets and the fitness 

achieved on the selected nutritional ratio. Genetic variation in diet-dependent feeding 

behaviour has been previously described in D. melanogaster. Garlapow et al. [37] 
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detected sexual dimorphism for consumption of a single diet for lines from the 

Drosophila Genetics Reference Panel (DGRP). They further found significant genetic 460 

variation in the mean and variance for consumption, and mapped these traits to 

genome-wide SNP variation. Our results go beyond this pattern, showing not only 

variation in consumption of a single diet, but also in how consumption changes when 

diet composition is altered. The presence of genetic variation in dietary responses 

suggests that the genotypes that we assayed differ in elements of the machinery used 465 

for nutrient sensing, regulation of behavioural responses to nutrient levels or both. 

The genotype-specific responses also suggest that feeding variation is not being 

driven by simple proximate causes, such as differences in body size. One might 

expect flies from genotypes with larger body size to show elevated consumption (and 

we cannot rule out such an effect in the absence of measures of body size). However, 470 

these responses should also be maintained across diets and they would not give rise to 

genotype-specific plastic diet responses. 

 

Our analyses also rule out a simple causal relationship between feeding and fitness. In 

theory, genetic variation in feeding responses could entirely explain the heritable 475 

variation in diet-specific fitness that we detect. For example, a genotype that reduces 

feeding on certain dietary compositions could suffer nutrient limitation and thus show 

reduced male and/or female fitness. However, this does not seem to be the case in our 

lines. Permutation analyses showed that fitness effects were not mediated by 

behavioural responses to food, and individuals of a given genotype and sex did not 480 

show lower or higher fitness on a particular diet because they altered the amount 

ingested. Instead, fitness variation appears to be due to physiological effects, where 

genotypes differed in the rate at which they were able to convert dietary input into 

reproductive output. 

 485 

Irrespectively of their proximate cause, the extent of diet-mediated fitness variation is 

surprising. One would expect suboptimal dietary fitness responses to be rapidly 

eliminated by purifying selection. This raises the question of which evolutionary 

mechanism could maintain such levels of standing genetic variation. One possibility is 

that selection is simply not strong enough to efficiently purge deleterious genetic 490 

variants that are generated each generation by mutation, leaving a significant amount 

of genetic variation at mutation-selection-drift equilibrium. This would be particularly 
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plausible if we had assayed responses to dietary conditions that lie outside the narrow 

range usually encountered by the laboratory-adapted LHM population. In this case, 

most of the responses would never be expressed and accordingly be effectively 495 

neutral, allowing significant amounts of potentially deleterious genetic variation in 

behavioural and physiological plasticity to accumulate. While we cannot rule out this 

scenario, several arguments count against it. First, the diets used in our experiments 

vary the P:C ratio around the composition of the molasses diet on which LHM flies are 

reared (see Methods), meaning that at least some of the responses that we observe are 500 

under purifying selection. Second, the differences in consumption and fitness that we 

observe between genotypes across diets imply that the performance of flies achieved 

on different P:C ratios shows some degree of genetic correlation. Purifying selection 

on molasses medium should therefore also indirectly shape performance on media 

concentrations that the flies do not routinely encounter. Finally, the level of 505 

deleterious genetic variation that could be expected in LHM at mutation-selection-drift 

equilibrium is likely to be low. The population is maintained at a constant numerical 

size of 1792 flies (896 males and 896 females), where selection is reasonably strong 

compared to drift and models parameterised for Drosophila predict low levels of 

deleterious genetic variance [38]. 510 

 

Based on the above arguments, we would not expect a large amount of additive 

genetic variation for diet-dependent fitness, but a larger load could build up in the 

case where the efficacy of purifying selection is reduced by epistatic interactions. This 

is a credible scenario here. Studies in Escherichia coli and Saccharomyces cerevisiae 515 

have found positive epistasis (where the deleterious effect of double mutations is 

smaller than the summed deleterious effects of the contributing single mutations) in 

metabolic genes [39-41]. Positive epistasis is particularly prevalent between essential 

genes, leading He et al. [39] to suggest that this type of interaction should be more 

important in higher eukaryotes, where a larger proportion of genes are essential. 520 

 

Alternatively—or in addition—to epistasis, genetic variation in dietary responses 

could be actively maintained by balancing selection. One potential mechanism for 

generating balancing selection is temporal or spatial variation in environmental 

conditions, leading to frequent shifts in adaptive optima [42]. Adaptive trade-offs 525 

consistent with such a scenario were demonstrated by Sisodia and Singh [43], who 
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investigated the effects of diet on traits related to thermal adaptation in wild-caught 

Drosophila ananassae. The authors found that some macronutrients were beneficial 

to resistance to heat stress, while others improved cold tolerance [43]. Although a 

plausible mechanism in principle, environmental fluctuations are unlikely to play a 530 

role in our study populations. The LHM flies used in the experiments have been 

maintained under rigorously standardised environmental conditions for more than 

twenty years. While there have been slight temporal variations in the exact 

composition of the culture media, these are unlikely to have selected for the large 

differences in trait response surfaces that we observed.  535 

 

A further possibility is that genetic variation could be generated and maintained by 

sexually antagonistic selection on metabolism and physiology, where shared 

molecular traits are under selection to fulfil opposing demands in males and females. 

Sexual antagonism is widespread in populations of Drosophila [44] including the 540 

LHM population studied here [12]. In D. melanogaster, sexually antagonistic genetic 

variation has further been shown to exist for diet choice. Experiments using lines from 

the Drosophila Genetics Reference Panel revealed that preferences for particular 

carbohydrate-to-protein ratios were positively genetically correlated between the 

sexes [4], while the optimal choice differed between the sexes. In these circumstances, 545 

genotypes that express a choice that is optimal in one sex (e.g., a preference for 

carbohydrate-rich food in males) tend to express a similar but deleterious choice in 

the other sex (a preference for carbohydrates in females). Similar effects could occur 

at the metabolic level, where genotypes may vary in the degree to which their 

metabolism is honed towards the adaptive needs of one or the other sex. 550 

 

In addition to documenting the presence of genetic variation in diet responses, our 

study also suggests that males and females differ in the degree to which diet, genotype 

and the diet-by-genotype interaction contribute to fitness variation. The largest 

difference between the sexes in the amount of fitness variance arises as a result of the 555 

purely environmental effect of changing diets, which is more than four times larger in 

females than males. This is expected because female fitness is largely limited by the 

rate with which resources can be converted into eggs [45] and therefore should be 

highly sensitive to dietary quality. We also detect smaller differences in the 

contribution of genotype and diet-by-genotype effects to fitness variation. Genotypic 560 
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variation across diets contributes slightly more to fitness variation in females than in 

males, while genotype-specific responses to dietary composition generate more fitness 

variation in males. At face value, these differences point towards differences between 

the sexes in the forces that generate and maintain genetic variation in diet responses. 

However, we would caution against over-interpreting these patterns. Not only do the 565 

differences lack statistical support, but quantitative comparisons between male and 

female fitness variation would require that performance measures in the two sexes are 

perfectly equivalent and so are directly comparable. While we have taken care to 

design our assays to generate meaningful and robust measures of male and female 

fitness (see Methods), perfect homology between the sex-specific proxies is difficult 570 

to achieve. Here, a key difference is that we measure female performance at the 

zygote (egg) stage, while male reproductive success is measured in terms of surviving 

offspring and therefore also contains a measure of larval survival. While previous data 

from LHM suggest that the contribution of this confounding factor to male fitness is 

small [16], recent work by Polak et al. [46] has demonstrated diet-dependent paternal 575 

effects on embryo mortality. While their study only assesses purely dietary effects 

(and these are of small magnitude in our study), it cannot be ruled out that genotypic 

variation exists either in the overall extent of paternal effects or in how they respond 

to different diets. Further exploration of such paternal effects would be of general 

interest and would also be necessary to extend the interpretation of the sex-differences 580 

in genetic fitness variation that we report here. 

  

In conclusion, our finding of genetic variance for fitness responses to diet 

composition suggests that metabolism and physiology are not at their sex-specific 

adaptive optima. While we have only demonstrated this in the LHM population, many 585 

aspects of our data align with results from other sources, such as the variation in 

feeding responses [37] or metabolite levels [7] that have been identified in the DGRP. 

This implies that a physiological load, due to the segregation of deleterious metabolic 

variants, may be common among flies, and potentially in other organisms. Further 

research is needed to pinpoint the evolutionary mechanisms that allow such variation 590 

to accumulate and potentially be actively maintained. Such work will constitute an 

interesting bridge between evolutionary studies of sex-specific adaptation and 

functional genetic analyses of nutrient signalling and metabolism.  
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Figures and Tables 

 
 745 

Figure 1: Nutritional landscapes illustrating the effects of protein and carbohydrate 

intake on the expression of male and female fitness traits. Black dots are individual 

data points of consumption for the given sex.  
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Figure 2: (A) Male and (B) Female fitness for a suite of 30 genotypes across four 755 

different adult diets. Fitness values do not take into account variation in the absolute 

quantities consumed of protein and carbohydrate (diet), but see Supplementary 2 for 

genotype-specific fitness landscapes. 
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Figure 3: Examples of genotype-specific male and female nutritional fitness 

landscapes. Hemiclone M8 represents a landscape similar to that found for the 

population-wide average for males and females (see Figure 1). In contrast, hemiclones 

M31 and M32 show divergent male optima with similar female optima.  765 
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Table 1: Linear and nonlinear effects of dietary intake and sex on fitness, using the 

full parametric model (derived from Model F5). The model includes fixed and 

random effects structure.  770 

 

Fixed 
    

 F Df Resid. Df P-value 

(Intercept) 1.4122 1 29.036 0.2443196 
protein 19.0705 1 28.948 <0.001 
carbohydrate 0.7824 1 24.641 0.3849678 
protein2 17.2285 1 27.269 <0.001 
carbohydrate2 1.9955 1 20.087 0.1730744 
sex×protein 8.424 1 27.618 0.0071958 
sex×carbohydrate 2.6217 1 27.799 0.1167015 
sex×protein2 27.265 1 27.223 < 0.001 
sex×carbohydrate2 3.3153 1 23.376 0.0814653 
protein×carbohydrate 12.6851 1 28.27 0.0013296 
sex×protein×carbohydrate 21.3728 1 26.77 < 0.001 

    
Random    
Group   Variance St. Dev 

hemiclone (Intercept)  0.44744 0.6689 

 
sexM  2.06319 1.4364 

 
protein  0.37925 0.6158 

 
carbohydrate 0.39278 0.6267 

 
protein2  0.01766 0.1329 

 
carbohydrate2 0.0492 0.2218 

 
sexM× protein 0.66605 0.8161 

 
sexM× carbohydrate 7.82338 2.797 

 
sexM× protein2 0.11812 0.3437 

 
sexM× carbohydrate2 1.1709 1.0821 

 
protein×carbohydrate 0.56313 0.7504 

 
sexM×protein×carbohydrate 1.59068 1.2612 

block (Intercept)  0.01946 0.1395 
residual 

  
0.71427 0.8451 
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