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Abstract 

Males and females differ with respect to lifespan and rate of aging in most animal species. Such 

sexual dimorphism can be associated with a complex genetic architecture, where only part of 

the genetic variation is shared between the sexes. To the extent this is true for lifespan and aging 

is not known, since studies of lifespan have given contradictory results and because aging has 

not been studied from this perspective. Here we investigate the additive genetic architecture of 

lifespan and aging in Drosophila melanogaster. We find substantial amounts of additive genetic 

variation for both traits, and that more than three quarters of this variation is available for sex-

specific evolutionary change. This result shows that the sexes have a profoundly different 

additive genetic basis for these traits, which has several implications. First it translated into an, 

on average, three times higher heritability of lifespan within compared to between the sexes. 

Second, it implies that the sexes are relatively free to evolve with respect to these traits. And 

third, as lifespan and aging are traits that integrate over all genetic factors that contribute to 

mortal disease, it also implies that the genetics of heritable disease differs vastly between the 

sexes. 
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Introduction 

Lifespan and aging are important traits both in evolutionary biology and in medicine, as they 

play a central role in life-history evolution and sum over all genetic variants that contribute to 

mortal disease (Partridge and Gems 2006). Understanding the quantitative genetics of these 

traits is therefore essential for both these fields. An interesting aspect of lifespan and aging is 

that they commonly differ between the sexes in animals (Clutton-Brock and Isvaran 2007; Liker 

and Szekely 2005; Trivers 1972), as well as in human populations (Hazzard 1986; Maklakov 

2008; Teriokhin et al. 2004). Such sex differences may be associated with a complex sex-

specific genetic architecture (Poissant et al. 2010). So far only a limited number of studies have 

looked closer at the genetic architecture of these traits taking both sexes into account (Fox et 

al. 2004b; Muhlhauser and Blanckenhorn 2004; Zajitschek et al. 2007). Further studies on the 

inheritance patterns of these traits are hence needed to provide us with a better picture of i) how 

independently the genetic architecture of traits and trade-offs that determine lifespan and aging 

can evolve in the sexes and ii) the degree to which mortal diseases in general are heritable 

between relatives of the same and opposite sex. 

 

The potentially complex genetics of sexually dimorphic traits results from how differences 

between the sexes evolve. For males and females to acquire different phenotypes through 

selection the additive intersexual genetic correlation, rMF, has to be less than one (Bonduriansky 

2007; Bonduriansky and Chenoweth 2009; Fairbairn et al. 2007; Fairbairn and Roff 2006; 

Lande 1980; Lande 1987; Reeve and Fairbairn 2001), but see Lynch and Walsh (1998) for a 

special case. This can be achieved through several different genetic mechanisms (Bonduriansky 

and Chenoweth 2009), but in all cases involve allelic variants with sex-specific effects.. Traits 

that show sexual dimorphism hence had an rMF less than one when the dimorphism evolved, 

but the degree of sexual dimorphism a trait displays today does not necessarily say anything 
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about the current rMF, as selection can fix allelic polymorphisms with sex-specific effects 

(Meagher 1992; Reeve and Fairbairn 2001). Empirical studies testing for an association 

between the rMF and the degree of sexual dimorphism have also given mixed results, where 

some have shown a negative correlation (Bonduriansky and Rowe 2005; Delph et al. 2010; 

Delph et al. 2004; McDaniel 2005), whereas other studies have found no association (Ashman 

and Majetic 2006; Cowley and Atchley 1988; Cowley et al. 1986; association reported in 

Fairbairn and Roff 2006; Leinonen et al. 2011). A comprehensive meta-analysis of many plant 

and animal species did however show an overall weak negative association (reviewed in 

Poissant et al. 2010). The degree to which a trait is sexually dimorphic thus at best seems only 

weakly related to how much sex-specific variation it hosts.  

 

In Drosophila melanogaster, the quantitative genetics of lifespan has primarily been studied 

through quantitative trait loci (QTL) analyses. While such analyses are designed to identify 

major QTLs and not the overall genetic architecture of a trait, they are still informative 

concerning dominant genetic patterns. Some of these studies have concluded that most QTLs 

affecting lifespan have sex-specific effects (Curtsinger et al. 1998; Forbes et al. 2004; Leips 

and Mackay 2002; Nuzhdin et al. 1997; Vieira et al. 2000; Wilson et al. 2006), whereas other 

studies, in some cases using the exact same lines, have found other or the same QTLs to have 

largely similar effects in the two sexes (Curtsinger 2002; Nuzhdin et al. 2005; Reiwitch and 

Nuzhdin 2002; Wang et al. 2004). It is difficult to reconcile these opposing results, but one 

possibility is that environmental conditions play an important role for the effect genetic variants 

exert in each sex (Friberg 2005; Reiwitch and Nuzhdin 2002; Wang et al. 2004). Several of the 

studies that report QTLs with sex-specific effects have maintained flies under rather artificial 

conditions [virgins kept in isolation (Nuzhdin et al. 1997), very low density of virgin individuals 

(Leips and Mackay 2002; Vieira et al. 2000), mixed sexes at very low density (Wilson et al. 
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2006)], while studies where flies have been kept under conditions more closely matching the 

environment the flies are adapted to (mixed sex groups at moderate densities) have found QTLs 

to have similar effect in both sexes (Curtsinger 2002; Nuzhdin et al. 2005; Reiwitch and 

Nuzhdin 2002; Wang et al. 2004). Another possibility is that many of the identified sex-specific 

QTLs are artifacts of low power in mapping experiments (Curtsinger 2002; Reiwitch and 

Nuzhdin 2002), an hypothesis that has at least some empirical support (Forbes et al. 2004). A 

further complication with several of above studies is that they have been conducted on inbred 

lines, which makes it difficult to generalize the findings to natural populations, but see (Forbes 

et al. 2004), and to estimate the amount of standing additive genetic variation.  

 

A low additive intersexual genetic correlation for lifespan and aging would have several 

implications. First it would allow male and female life-histories to evolve largely 

independently. Second, it would have an interesting effect on heritability, as additive genetic 

variation that is not shared between the sexes would cause higher within sex heritabilities 

(father-to-son and mother-to-daughter) than cross-sex heritabilities (father-to-daughter and 

mother-to-son). Consequently, opposite-sex relatives would hold less information about an 

individual’s expected lifespan than same-sex relatives. Finally, it would also mean that the type, 

onset and prevalence of heritable genetic disease, to a degree inversely proportional to the rMF, 

would be specific to each of the sexes (Ober et al. 2008).  

 

In this study, we investigate the additive genetics of sexual dimorphism in lifespan and aging 

in D. melanogaster. We were particularly interested in the heritability of these traits within and 

across the sexes, to understand the potential for sexually independent evolution and how genetic 

variants that contribute to mortal disease in general are inherited. To accomplish this we 

employed hemiclonal analysis (Abbott and Morrow 2011; Rice et al. 2005), with which additive 
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and phenotypic variation for each sex, and additive genetic covariances between the sexes, can 

be estimated within a single generation. These estimates were subsequently used to calculate 

heritabilities within and across the sexes. To minimize the above mentioned problems 

associated with inbreeding and novel environments, we studied heterozygous individuals in an 

environment closely resembling the one the flies had been long term adapted to. In addition we 

also kept flies in single sex groups to test if sexual context influences the degree of sex-

specificity of genetic variation, in an attempt to provide a resolution to the contradictory results 

from previous QTL studies. 

 

In sum we find that the majority of all additive genetic variation is sex-specific for both lifespan 

and aging, independent of social environment. The prevalence of additive sex-specific variation 

resulted in a relatively low additive rMF, which caused the heritability of lifespan to be, on 

average, three times lower between family members of opposite sex compared to those of the 

same sex. These results imply that the genetic architecture of traits and trade-offs that determine 

lifespan and the rate of aging are relatively free to evolve independently in the two sexes, and 

that the heritability of mortal diseases is in general much higher within compared to across the 

sexes. 

 

Materials and Methods 

Fly population 

We studied genetic variation in lifespan and aging in Dahomey, a large outbred laboratory 

population of D. melanogaster. This population has been cultured on overlapping generations 

at 25ºC on a 12h:12h light-dark cycle, for over 40 years. The fact that this population is outbred, 

adapted to the laboratory environment, and cultured on overlapping generations makes it ideally 

suited for studies on genetic variation in lifespan and aging, as the traits can be measured in an 
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environment that closely resembles the one the flies have adapted to and because the traits are 

under selection (as opposed to what they are in many other laboratory populations, where adult 

flies normally are discarded when only a few days old) (Linnen et al. 2001). 

 

Estimating additive genetic variation through hemiclonal analysis 

We used hemiclonal analysis to study additive genetic variation in lifespan and aging (Abbott 

and Morrow 2011; Rice et al. 2005). A hemiclone is a set of individuals that all share an 

identical haploid genome (randomly drawn from the base population), that consists of a copy 

of each of the three major chromosomes in the D. melanogaster genome (X, AII, AIII, but omits 

the 4th dot chromosome that comprises < 0.5% of the genome), while the complementary 

haploid genome varies randomly between individuals. Since the haploid genome that is shared 

among all individuals of a hemiclone is tested against many different randomly drawn haploid 

genomes, the average phenotype of a hemiclone is the breeding value of the haploid genome in 

focus. Variation among hemiclones can therefore be used to calculate the additive genetic 

variation. This estimate is devoid of any component of dominance, but may include some 

epistatic variation (Friberg et al. 2005). From a hemiclone perspective epistatic interactions can 

be divided into i) those that occur between alleles on the focal haploid genome of the hemiclone, 

ii) those that occur between alleles on randomly drawn haploid genomes the focal haploid 

genome is paired up with, and iii) those that occur between the focal and the randomly drawn 

haploid genomes. Only the first of these three sources of epistatic interactions is included in the 

breeding value of a hemiclone. Variation among hemiclones is thus is an upper bound of the 

additive genetic variation, but it should at most include a small component of epistatic variation. 

Theory and empirical data also suggest that epistatic variation is much smaller compared to the 

additive genetic variation, in particular for complex traits such as those studies here (Hill et al. 

2008).   
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Construction of hemiclones 

To create 50 hemicones, we randomly selected 50 males from our base population. These males 

were individually mated to specially designed clone-generator females (C[1]DX, y, f/Y; T[2:3] 

bwD, in, pP, rdgC, ri, st/ T[2:3] bwD, in, pP, rdgC, ri, st). One son was randomly chosen from 

each of these crosses. The sons were then individually mated to many clone-generator females, 

to clonally amplify the haploid wild-type genome that each son had inherited from his father. 

By repeatedly mating males to clone-generator females, each of the different cloned haploid 

genomes can be maintained indefinitely, as the technique forces the chromosome copies 

forming the wild-type haploid genome to segregate as one unit. See Rice et al. (2005) for a 

more detailed description on how hemiclones are constructed and maintained. 

 

Experimental procedures 

After amplifying the hemiclones for 2 generations, we mated 50 males from each hemiclone to 

100 virgin Dahomey females (in groups of 10 males and 20 females in each of 5 vials), to 

produce experimental hemiclone females with the cytogenetic construct replaced with random 

wild type haploid genomes. To produce hemiclone males with randomly drawn genetic 

backgrounds we mated 100 males per hemiclone to 150 females (in groups of 10 males and 30 

females in each 5 vials) carrying a Y and an attached-X chromosome (C[1])RM, y, f). The 

attached-X had been backcrossed into the Dahomey background for 7 consecutive generations 

just prior the start of the experiments, using 14 vials with 16 Dahomey males and 16 attached-

X females. As the Y-chromosome was fully replaced during the backcrossing only 0.78% of 

the autosomal background was not replaced by the Dahomey background. Sons from the above 

crosses inherited a randomly drawn Y-chromosome and autosomes from their mothers and the 

hemiclone from their fathers. As male and female experimental hemiclones are produced by 
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mating male hemiclones (with the cytogenetic construct) to many genetically variable females, 

no maternal effects contribute to variation between hemiclones within the sexes. However, in 

the rare event that maternal effects × offspring genotype interactions exists (male and female 

hemiclones have genetically distinct mothers) such could potentially contribute to variation 

between the sexes. The mothers of the experimental males and females were derived from flies 

that had been reared under controlled density for the previous two generations. We standardized 

the larval density in all vials to about 150, by adjusting the number of eggs per vial. Vials with 

female hemiclone eggs were adjusted to 150 eggs, while vials with eggs with male hemoclones 

were adjusted to 300, as half of the offspring to Y attached-X mothers die due to sex 

chromosome aneuploidy at an early stage.  

 

Male and female hemiclones were assayed for lifespan in two social environments. 100 males 

and 100 virgin females from each hemiclone were collected over two days. The 100 flies per 

sex were distributed over two 50 ml shell vials with 50 flies in each. In addition to the focal 

flies, we added either 50 flies of the same sex (SSE = same-sex environment) or of the opposite 

sex (MSE = mixed-sex environment) to each vial. These extra flies were homozygous for the 

recessive marker ebony (e) which caused them to have a distinctly darker body color compared 

to the focal wild-type flies. The ebony mutation had previously been backcrossed into the 

Dahomey genetic background for 4 generations. Adding ebony flies had three purposes: i) to 

make it possible to measure lifespan and aging in two different social environments (MSE flies 

had access to partners and could reproduce, while SSE flies could not) ii) to dilute the effect of 

the focal genotype on the environment the focal genotype was measured in and iii) to be able 

to keep the density of flies per vial constant, as all ebony flies, and all dead focal flies, were 

replaced by ebony flies every third week (keeping the total number of flies per vial at 100). We 

repeated the above procedure four times each two days apart, which resulted in a total of 800 
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vials. Flies were flipped every second day to a fresh vial and dead flies were recorded at this 

point. Vials were flipped until all focal flies had died. In total we scored the lifespan of ~40 000 

flies. We note that we produced only a single generation of experimental flies, which allowed 

us to estimate genetic variances and covariances and to infer within- and cross-sex heritabilities 

(see below). 

 

Statistical Analysis 

Data was analyzed using mixed effects models fitted by MCMC sampling as implemented in 

the MCMCglmm package in R 2.12.2 (Hadfield 2010). Individual lifespan was modeled in a 

random effects model assuming a Gaussian error distribution (see Figure 1 for a distribution of 

lifespan), where lifespan in each environment and sex was treated as separate response variables 

and for each of them we estimated a separate trait mean (i.e. separate intercepts). The multi-

response model allowed us to estimate the genetic correlations between environments and sexes 

directly from the similarity of hemiclone lines in different environments/sexes. Hemiclone and 

vial identity were fitted as random effects. We allowed an unstructured variance-covariance 

matrix for the hemiclone effects, which results in 4 estimates for the variances (one for each 

environment and sex) and 6 covariances between them. The vial and the residual variance-

covariance matrix had the off-diagonal elements constrained to zero, since covariances were 

unidentified in our sampling design: each vial represented only one environment × sex 

combination (hence no vial-specific covariances between traits) and each fly experience only 

one environment (hence no residual covariances). The model in R syntax was: 

MCMCglmm(cbind(Fsse, Fmse, Msse, Mmse) ~ trait - 1,  random = ~ us(trait):Hemiclone + 

idh(trait):Vial, rcov = ~ idh(trait):units, family = rep("gaussian", 4)), where Fsse, Fmse, Msse 

and Mmse are individual lifespans of females in SSE, females in MSE, males in SSE and males 

in MSE, respectively.  
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We used uninformative priors for the random effect and the residual variance-covariance 

matrices with the diagonal elements equal to the phenotypic variance (specific for each 

environment × sex combination) divided by the number of variance components (in this case 

3: hemiclone, vial and residual) and a degree-of-believe parameter of 2. The default priors were 

used for the fixed effects (intercepts). MCMC chains were run for 110000 iterations with a 

burn-in of 10000 and a thinning interval of 100. Convergence was checked visually and using 

the Gelman-Rubin criterion applied to two independent chains.  

 

The software WinModest 1.0.2 (Pletcher 1999) was used to fit Gompertz mortality functions 

μ(t) = αeβt, where μ(t) is the mortality rate at age t, α is the initial mortality rate and β is the rate 

of aging, to each vial of 50 flies. In order to estimate the variances and covariances for the aging 

parameter β, we fitted a similar model as for lifespan, but omitted the ‘vial’ random effect, since 

there was only one estimate of β per vial. Priors were chosen equivalent to the lifespan models, 

chains were run with the same settings and convergence was checked visually and by using the 

Gelman-Rubin criterion. 

 

From the MCMC chains we extracted the posterior distributions of the additive genetic 

variances (VA), narrow-sense heritabilities (h2), additive-genetic covariances (covA), additive 

correlations (rA), sexual dimorphism and some relevant differences between estimates (e.g. 

between genetic variances in different environments). The hemiclone variances and covariances 

were multiplied by 2 when calculating the additive genetic variance and covariances, since 

hemiclones share only 50% of the genome (Friberg et al. 2005). All these quantities can be 

estimated from a single generation of experimental flies, where the critical information comes 

from the similarity of hemiclones (both males and females). 
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Above estimates were used to calculate the cross-sex heritability by multiplying the within sex 

heritability in one sex (that can be thought of as the parental sex) with the genetic correlation 

rMF, i.e. ℎ𝑀𝑀𝑀𝑀2 = ℎ𝑀𝑀2 ∙ 𝑟𝑟𝑀𝑀𝑀𝑀 and ℎ𝐹𝐹𝐹𝐹
2 = ℎ𝐹𝐹

2 ∙ 𝑟𝑟𝐹𝐹𝐹𝐹. We also used the above estimates to calculate the 

proportion of genetic variance in one sex that is free to respond to directional selection when 

the trait is under stabilizing selection in the other sex (proportion of conditional genetic 

variance, see(Hansen et al. 2003),  

 𝑃𝑃𝐴𝐴𝑀𝑀|𝐹𝐹 = �𝑉𝑉𝐴𝐴𝑀𝑀 −
𝑐𝑐𝑐𝑐𝑐𝑐𝐴𝐴𝑀𝑀𝐹𝐹

2

𝑉𝑉𝐴𝐴𝐹𝐹
� ∙ 𝑉𝑉𝐴𝐴𝑀𝑀

−1 = 1 − 𝑟𝑟𝑀𝑀𝑀𝑀2 = 𝑃𝑃𝐴𝐴𝐹𝐹|𝑀𝑀. 

The quantities ℎ𝑀𝑀𝑀𝑀2 , ℎ𝑀𝑀𝑀𝑀2 , 𝑃𝑃𝐴𝐴𝑀𝑀|𝐹𝐹 and 𝑃𝑃𝐴𝐴𝐹𝐹|𝑀𝑀 can all be calculated from our hemiclone analysis, 

but also from any other breeding design that allows the estimation of the required variances and 

covariances. Cross-sex heritabilities estimate how informative the phenotypes from one sex are 

about breeding values of opposite-sex relatives, just as conventional (within-sex) heritabilities 

estimate how informative the phenotypes of one sex is about the breeding values of same-sex 

relatives. In this sense they can be interpreted as mother-to-son and father-to-daughter 

heritabilities even if they are estimated from a single generation as in our study. Theoretically, 

cross-sex heritabilities can range between -1 and 1 (depending on the sign of the genetic 

correlation), but as cross-sex genetic correlations should almost always be positive, the relevant 

range is between 0 and 1 (as for a conventional heritability). In case of negative genetic 

correlation one could argue that the degree to which opposite-sex relatives are informative does 

not depend on whether the effects have the same or opposing effects in the two sexes, so that it 

is the absolute value of the genetic correlation that matters. Our Bayesian approach allowed us 

to propagate uncertainty in the estimates of variance and covariances in order to quantify 

uncertainty in ℎ𝑀𝑀𝑀𝑀2 , ℎ𝑀𝑀𝑀𝑀2 , 𝑃𝑃𝐴𝐴𝑀𝑀|𝐹𝐹 and 𝑃𝑃𝐴𝐴𝐹𝐹|𝑀𝑀. 
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Posterior distributions are summarized by the mean, the standard deviation (equivalent to the 

standard error) and twice the proportion of samples that was greater/smaller than zero 

(equivalent to a two-tailed P value). An exact test of variances against zero and (genetic) 

correlations against 1 is difficult when using MCMC, because variances are constraint to be ≥ 

0 and correlations are constraint to be ≤ 1. We therefore visually inspected the posterior 

distributions and found them to be approximately normal without marked skew and sufficiently 

far from the boundaries so that we are confident that they are not affected by boundary 

problems. 

 

Results 

 

Sexual dimorphism 

Females lived significantly longer than males in both social environments, but the degree of 

sexual dimorphism (defined as [sex with higher trait mean]/[sex with lower trait mean] - 1, 

Lovich and Gibbons 1992) was more pronounced in the SSE compared to the MSE (0.36 vs 

0.11, P < 0.001) (Figure 1A,B; Table 1). The Gompertz base line mortality rate parameter α 

followed a similar pattern and was higher in males than in females (median α: females in SSE 

1.40×10-6, females in MSE 2.54×10-6, males in SSE 1.10×10-4, males in MSE 6.00×10-5; 

P<0.001 in both environments - test performed on log-transformed α). The rate of aging 

parameter β did, however, show the opposite pattern, with females aging faster than males in 

both environments (Figure 1C,D; Table 1) and, if anything, a lower degree of sexual 

dimorphism in the SSE (0.09 vs 0.11, P = 0.22).  

 

Additive genetic variation 



 
 

14 
 

We found significant levels of additive genetic variation in lifespan as well as in the aging 

parameter β for both sexes in both environments (Figure 1A,B; Table 1). The additive genetic 

variation for lifespan was larger for females in the SSE compared to females in the MSE (P = 

0.004), but there were no other differences between the sexes within each environment or 

between environments within each sex (all P > 0.05) (Table 1). Additive genetic variation for 

β also showed a difference for females in the two environments, but in the opposite direction 

compared to lifespan (P = 0.046). No other differences in amount of additive genetic variation 

between the sexes or environments were found for β (all P > 0.05) (Table 1). We also calculated 

the degree of sexual dimorphism for each hemiclone in each replicate (50 hemiclones x 4 

replicates), which allowed us to test for additive genetic variation for sexual dimorphism. 

Additive genetic variation for sexual dimorphism was highly significant for lifespan (Figure 

1E,F, ANOVA: SSE F49,150 = 3.44, P < 0.001, MSE F49,150 = 2.36, P < 0.001) and aging in the 

SSE (Figure 1G ANOVA F49,150 = 1.86, P = 0.002), while less so in the MSE (Figure 1H 

ANOVA MSE F49,150 = 1.41, P = 0.060). 

 

Additive genetic correlations and decomposition of additive genetic variation 

The additive genetic correlations for lifespan between environments for each sex (rfemales = 0.44, 

rmales = 0.68) and those between the sexes in each environment (rMSE = 0.44, rSSM = 0.29) were 

relatively low, given that a departure from a correlation of one reflects that genotypes express 

genetic mortal disease to different degrees in the sexes and environments. All but the correlation 

between the sexes in the SSE were significantly different from 0 (Figure 2A,B, Table 2). Of the 

corresponding correlations for β (rfemales = -0.20, rmales = 0.66, rMSE = 0.13, rSSM = -0.13), only 

the one between males in the two social environments differed significantly from 0 (Table 2). 

The low additive genetic correlations between sexes and environments, for lifespan as well as 

β, was explained by strong hemiclone × social environment or hemiclone × sex interactions 
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(Figure 2C), as opposed to by estimates sampled with poor precision. These interactions were 

all significant and more than 75% of the total genetic variation in both environments for both 

lifespan and β would be free to respond to direction selection in one sex even if it was under 

stabilizing selection in the other sex (Figure 3A). 

 

Heritability of lifespan 

We used the estimated VA and VP from each sex within each social environment to calculate 

within sex heritabilities (i.e. father-to-son and mother-to-daughter). The within sex heritabilities 

were all significantly different from 0 and ranged from 0.25 to 0.40 in the two social 

environments, but they were not significantly different from one another (all P > 0.05: Figure 

3B). The cross-sex heritabilities ranged from 0.10 to 0.12 and were significantly different from 

0 in the MSE (both P = 0.01), but not in the SSE (both P = 0.083) (Figure 3B). Coheritabilies 

as estimated following Falconer and Mackay (1996) gave very similar values (coheritability ± 

SE in MSE: 0.119 ± 0.074, SSE: 0.111 ± 0.051). Cross-sex heritabilities were significantly 

lower than the within-sex heritabilites in 6 out of 8 of the interesting comparisons (M=mother, 

F=Father, D=daughter S=son; MD-MS and FS-FD in both social environments and MD-FD in 

SSE and FS-MS in MSE all P < 0.001; FS-MS in SSE P = 0.068 and MD-FD in MSE P = 0.12). 

As all experimental flies had inherited their hemiclone genomes from their father all measures 

of heritability were deprived of confounding maternal effects (i.e. maternal effects could not 

have inflated mother-offspring heritabilities).  

 

Discussion 

Research on the genetics of lifespan has given contradictory results concerning the sex-

specificity of genes coding for variation in lifespan, where studies assaying flies under 

conditions close to their natural conditions have found less evidence for sex-specificity 
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(Curtsinger 2002; Curtsinger et al. 1998; Forbes et al. 2004; Leips and Mackay 2002; Nuzhdin 

et al. 2005; Nuzhdin et al. 1997; Reiwitch and Nuzhdin 2002; Wang et al. 2004; Vieira et al. 

2000; Wilson et al. 2006). Our study supports that sex-specific effects are stronger when flies 

are prevented from reproducing, as the degree of sexual dimorphism and the relative amount of 

sex-specific genetic variation was higher in this environment. However, contrary to previous 

QTL analyses focusing on major genes, our more holistic study of standing genetic variation 

clearly demonstrates that sex-specific variation for lifespan and aging not only exists, but that 

it is the most common form of additive genetic variation across the genome, independent of 

social environment.  

 

The high proportion of sex-specific additive genetic variation had a large influence on the 

heritability of lifespan. Heritability is commonly estimated either from offspring and mid-

parental values or separately for males and females (Falconer and Mackay 1996; Lynch and 

Walsh 1998), while heritabilities between the sexes (father-daughter and mother-son) are rarely 

considered (but see Bonduriansky and Rowe 2005; Simmons and Ward 1991). For traits hosting 

considerable amounts of sex-specific variation, heritability between opposite sex family 

members are predicted to be substantially lower than those between members of the same sex, 

as the sexes do not share all their additive genetic variation. Our breeding design allowed us to 

measure the heritability of lifespan between all four parent-offspring combinations (father-son, 

father-daughter, mother-son and mother-daughter), without any maternal effects inflating the 

heritability between mothers and offspring. As predicted, heritabilities between same-sex and 

opposite-sex family members differed extensively, with within sex heritabilities being as much 

as 2-4 times higher than cross-sex heritabilities.  
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Although no previous study, as far as we are aware, has considered sex-specific heritabilities 

for lifespan a few studies on other insect species have measured the additive intersexual genetic 

correlation for this trait. The results from these studies vary, but in general support a low 

additive rMF for lifespan [seed beetles: population Burkina Faso ~0.4, population South India 

~0.8 (Fox et al. 2004a); dung flies: 0.16 (Muhlhauser and Blanckenhorn 2004); crickets: 0.29 

(Zajitschek et al. 2007)]. Substantially lower cross-sex than within-sex heritabilities for lifespan 

may therefore be a commonly occurring phenomenon. 

 

Traditional heritability estimates might be biased if there is substantial sex-specific genetic 

variation. When the heritability is estimated by taking both sexes into account (for example by 

regressing offspring on the mid-parental value), the amount of additive genetic variation might 

be underestimated, since phenotypes of opposite-sex parents contribute to the predictor, while 

they are less informative about the relevant breeding value as compared to same-sex parents. 

From the perspective of the sex-specific breeding value they add noise to the predictor, which 

causes the regression slope to be shallower than it would be if both parent’s phenotypes were 

equally informative about the sex-specific breeding value. Only when the heritability is 

calculated for each sex-separately, sex-specific additive genetic variation is taken fully into 

account. Estimates of heritability specifically for each sex will therefore, in general, provide 

higher and unbiased estimates of the sex-specific heritability, and should hence be better 

predictors of short-term evolutionary change for traits where sex-specific additive genetic 

variation is common. The downside of this approach is that there are often less data on close 

relatives of the same sex available, so that sex-specific heritabilities are estimates with lower 

precision. Our hemiclone analysis circumvents this problem. 
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We used a non-standard estimate, the cross-sex heritability, for describing sex-dependent 

additive genetic variation. As defined here the cross-sex heritability is 

ℎ2𝑀𝑀𝑀𝑀 = ℎ𝑀𝑀2 ∙ 𝑟𝑟𝑀𝑀𝑀𝑀 =
𝑉𝑉𝐴𝐴𝑀𝑀
𝑉𝑉𝑃𝑃𝑀𝑀

 ∙  
𝐶𝐶𝐶𝐶𝑉𝑉𝐴𝐴𝑀𝑀𝐹𝐹

�𝑉𝑉𝐴𝐴𝑀𝑀�𝑉𝑉𝐴𝐴𝐹𝐹
=  
𝐶𝐶𝐶𝐶𝑉𝑉𝐴𝐴𝑀𝑀𝐹𝐹

𝑉𝑉𝑃𝑃𝑀𝑀
 ∙  
�𝑉𝑉𝐴𝐴𝑀𝑀
�𝑉𝑉𝐴𝐴𝐹𝐹

 

and ranges between -1 and +1 (or 0 and +1 if absolute values of covariances are used). This 

metric can be asymmetrical (i.e. ℎ2𝑀𝑀𝑀𝑀 ≠ ℎ2𝑀𝑀𝑀𝑀) if the additive genetic variances differ between 

the sexes. The cross-sex heritability can be thought of in two ways. First, it represents that 

proportion of the phenotypic variance in the parental sex (e.g. ℎ𝑀𝑀2 = 𝑉𝑉𝐴𝐴𝑀𝑀 / 𝑉𝑉𝑃𝑃𝑀𝑀) scaled by the 

proportion of the genetic variance that is shared between the sexes (𝑟𝑟𝑀𝑀𝑀𝑀 =  𝐶𝐶𝐶𝐶𝑉𝑉𝐴𝐴𝑀𝑀𝐹𝐹  / (𝑉𝑉𝐴𝐴𝑀𝑀
1/2 ∙

𝑉𝑉𝐴𝐴𝑀𝑀
1/2). The product gives the proportion of the phenotypic variance in the parental sex that 

is informative about the breeding values in the offspring sex. Second, it can be thought of as 

the regression slope of offspring breeding values on phenotypes of opposite sex relatives 

𝐶𝐶𝐶𝐶𝑉𝑉𝐴𝐴𝑀𝑀𝐹𝐹 / 𝑉𝑉𝑃𝑃𝑀𝑀   scaled by the potentially unequal additive genetic variances in the two sexes 

𝑉𝑉𝐴𝐴𝑀𝑀
1/2/ 𝑉𝑉𝐴𝐴𝑀𝑀

1/2. The scaling is necessary if we aim to not only predict breeding values of 

offspring based on parental phenotypes (which would be the slope  𝐶𝐶𝐶𝐶𝑉𝑉𝐴𝐴𝑀𝑀𝐹𝐹 / 𝑉𝑉𝑃𝑃𝑀𝑀), but also 

standardize the prediction to the range ± 1 and thereby make it comparable to the within-sex 

heritability. 

  

The metric offers an offspring perspective on the information content in parental phenotypes 

about the genetic predisposition of individual offspring. The cross-sex heritability therefore 

represents the ratio of the shared genetic variance to the phenotypic variance in the parental sex. 

This is useful as a benchmark that can be compared to the within-sex heritability, but does not 

replace population-wide quantitative genetic parameters such as the genetic correlation or the 

coheritability ((ℎ𝑀𝑀2 ∙ ℎ𝑀𝑀2 )1/2 ∙ 𝑟𝑟𝑀𝑀𝑀𝑀, (Falconer and Mackay 1996). While the coheritability is 
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useful for predicting the correlated response to selection (Falconer and Mackay 1996), the 

cross-sex heritability is useful as a decomposition of the phenotypic variance. 

 

The rate of aging parameter, β, was also sexually dimorphic and had significant amounts of 

additive genetic variation, of which most was sex-specific. Differences in the rate of aging 

between males and females have previously been found e.g. Fox et al (2004a) and there are also 

several studies that have shown that this trait is genetically variable (e.g.  Fox et al. 2006; 

Hughes and Charlesworth 1994; Maklakov et al. 2009; Maklakov et al. 2006; Wilson et al. 

2007). It has, however, to our knowledge never been reported that the genetic architecture for 

this trait is vastly different between the sexes. It is not possible to estimate the heritability of 

actuarial aging in a meaningful way, since it is a rate parameter that cannot be estimated from 

single individuals, which permits estimates of phenotypic variation at the individual level 

(Promislow et al. 1996). Our results do, however, indicate that also aging shows higher 

resemblance between parents and offspring of the same compared to the opposite sex. 

 

Why is then sex-specific additive genetic variation for lifespan and aging so abundant? The 

most plausible explanation is that the genetic architectures of these traits have become different 

in the sexes through sex-specific selection, in response to the different routes by which males 

and females optimize fitness (Bonduriansky et al. 2008). Another, partly dependent possibility, 

is that selection efficiently removes additive genetic variation that has similar deleterious effects 

on lifespan and aging in the two sexes, while it less efficiently removes genetic variation that 

is only selected upon in one sex, or in opposite directions in the two sexes. Mutations with sex-

specific effects are likely to have smaller negative selection coefficients when averaged across 

the sexes, and it thus takes longer for such mutations to be removed or fixed, making them 

relatively more common at any given time. 
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Sex-specific additive genetic variation is synonymous with additive genetic variation for sexual 

dimorphism. Our results thus show that the degree of sexual dimorphism for lifespan and aging 

readily can evolve in this population. It has previously been shown in seed beetles that lifespan 

can evolve rapidly and, at least partly, independently in males and females (Berg and Maklakov 

2012; Fox et al. 2011; Maklakov et al. 2009; Maklakov et al. 2007). We note that lifespan and 

aging, as all life history traits, per se are under directional selection in both sexes, but that males 

and females can be selected to allocate resources differently into traits connected to lifespan 

and aging, which may result in sexual differences in these traits.  

 

Male and female experimental hemiclones were generated using different mothers (either 

normal Dahomey females, or females carrying the same Dahomey autosomal background but 

with a Y and an attached-X chromosome instead of two normal X chromosomes). If these 

mothers provisioned their eggs differently, maternal-by-offspring genotype interactions could 

potentially have reduced the genetic covariance between the sexes for lifespan and aging. To 

what extent maternal-by-offspring genotype interactions exist is not easy to evaluate, as the 

literature on this topic is very sparse. The few studies that do report on maternal-by-offspring 

genotype interactions are further not very relevant to life-history traits in Drosophila (but see 

Byers et al. 1997; Cowley et al. 1989; Evans and Kermicle 2001). The fact that maternal effects 

in general exert their effects during early development, and not in later adult life (Heath et al. 

1999), does however suggest that maternal-by-offspring genotype interactions, if they exists at 

all, should be small for the traits studied here.  

 

In the same-sex environment there is an additional potential confounding factor that could have 

inflated the estimated sex- and environmental-specific additive genetic variance. In this 
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unnatural environment females lived substantially longer than males and allelic variants with 

very late acting effects could hence primarily have been expressed in females. We acknowledge 

this possibility but suggest that the low genetic correlation between females in the two 

environments instead predominately is a result of that mating profoundly changes the female 

gene expression profile (e.g. Innocenti and Morrow 2009; McGraw et al. 2004). Lifespan is 

thus likely to become influenced by partly different sets of genes in mated and virgin females. 

There is also evidence for substantial genetic variation in female ability to resist (in terms of 

reduced fitness) male courtship and mating (Linder and Rice 2005). While this variation should 

be expressed in the mixed-sex environment, it should not have affected variation in lifespan in 

the same-sex environment. The potential confound of late acting genetic variation in females 

does in any instant not concern the main result of this study, that sex-specific genetic variation 

for lifespan and aging is substantial in the environment the flies are adapted to, as the degree of 

sexual dimorphism was small in the mating environment.  

  

Our finding, that lifespan and rate of aging host large amounts of sex-specific genetic variation, 

has implications for our view of genetic variants causing heritable mortal disease. Given that 

the sexes have so different genetic architecture for these traits, most genetic variants affecting 

lifespan and aging must have different effects on disease in males and females. While this is 

true in D. melanogaster it does not seem farfetched to assume that this is also the case for 

humans, as humans show a similar degree of sexual dimorphism (Teriokhin et al. 2004) and 

heritability for lifespan (Cournil et al. 2000; Gogele et al. 2011; Herskind et al. 1996; Kerber et 

al. 2001; Ljungquist et al. 1998; McArdle et al. 2006; Mitchell et al. 2001; Pettay et al. 2005). 

There is also a growing awareness that many humans diseases may have a sex-specific 

component (Ober et al. 2008) and together this calls for more detailed investigations into the 

sex-specificity of genetic variants underlying mortal disease in humans. 
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Table 1: Summary statistics for lifespan and the rate of aging parameter β.  

Lifespan (days) 
 

 
Category mean VP VA CVP CVA VVial 
♀ SSE  58.93 ± 0.78 *** 

 
111.87 ± 7.17 *** 45.48 ± 12.79 *** 

 
0.179 ± 0.006 *** 

 
0.113 ± 0.016 *** 29.45 ± 3.57 *** 

♀ MSE  44.69 ± 0.50 *** 67.46 ± 2.93 *** 
 

17.08 ± 14.76 ***  
 
0.184 ± 0.004 *** 

 
0.092 ± 0.013 *** 16.16 ± 1.90 *** 

♂ SSE 43.51 ± 0.56 *** 
 

102.65 ± 3.47 *** 27.56 ± 16.33 ***  
 
0.233 ± 0.005 *** 

 
0.120 ± 0.014 *** 

 
14.13 ± 0.63 *** 

♂ MSE 40.14 ± 0.50 *** 
 

66.97 ± 2.61 *** 
 

21.51 ± 14.94 ***  
 
0.204 ± 0.005 *** 

 
0.115 ± 0.013 *** 13.45 ± 0.49 *** 

♀ SSE - ♀ MSE 14.24 ± 0.83 *** 
 

44.41 ± 7.61 *** 
 

28.41 ± 13.35 *** 
 
-0.004 ± 0.007 *** 0.022 ± 0.020 ***  

♂ SSE - ♂ MSE 3.35 ± 0.53 *** 
 

35.68 ± 3.39 *** 
 

6.05 ± 16.04 *** 0.029 ± 0.005 *** 
 

0.005 ± 0.014 ***  

♀ SSE -  ♂ SSE  15.43 ± 0.88 *** 
 

9.22 ± 7.59 *** 17.93 ± 13.51 *** -0.053 ± 0.007 *** 
 

-0.007 ± 0.020 ***  

♀ MSE - ♂ MSE 4.53 ± 0.62 *** 
 

0.49 ± 3.71 *** -4.43 ± 16.43 *** -0.020 ± 0.006 *** 
 

-0.023 ± 0.017 ***  

(♀ SSE - ♂ SSE) -  
( ♀ MSE - ♂ MSE) 

10.87 ± 0.92 *** 
 

8.73 ± 8.11 ***   21.36 ± 15.41 *** -0.030 ± 0.010 *** 
 

0.020 ± 0.020 ***  

 
 
Aging (β) 
 

      

Category mean VP VA CVP CVA  
♀ SSE 0.189 ± 0.004 ***  

  
0.265 ± 0.028 *** 

  
0.093 ± 0.033 *** 

  
- -  

♀ MSE  0.250 ± 0.007 *** 
  

0.556 ± 0.060 *** 
  

0.244 ± 0.083 *** 
  

- -  

♂ SSE 0.155 ± 0.003 *** 
  

0.092 ± 0.011 *** 
  

0.059 ± 0.018 *** 
  

- -  

♂ MSE 0.194 ± 0.005 *** 
 

0.288 ± 0.031 *** 
  

0.119 ± 0.040 *** 
  

- -  

♀ SSE - ♀ MSE -0.061 ± 0.008 *** 
  

-0.291 ± 0.065 *** 
  
-0.151 ± 0.089 *** 

 
- -  

♂ SSE - ♂ MSE -0.039 ± 0.005 *** 
  

-0.196 ± 0.032 *** 
  
-0.060 ± 0.042 ***  -  

♀ SSE -  ♂ SSE  0.033 ± 0.005 *** 
  

0.173 ± 0.030 *** 
  

0.034 ± 0.038 *** - -  

♀ MSE - ♂ MSE 0.056 ± 0.008 *** 
  

0.269 ± 0.067 *** 
  

0.124 ± 0.090 *** - -  

(♀ SSE - ♂ SSE) -  
( ♀ MSE - ♂ MSE) 

-0.022 ± 0.010 *** 
 

-0.100 ± 0.070 *** -0.090 ± 0.100 *** - -  

 
Note: The first four rows of each section show estimates separately for the sexes and 

environments, while the following five rows show differences between the estimates. All values 

are point estimates ± SE. Statistical significance is flagged (° P<0.1, * P<0.05, ** P<0.01, *** 

P<0.001). VP and VA for β are based on among trial variation and are multiplied by 100 for 

display. CVP and CVA are nonsensical for parameters such as the rate of aging that are neither 

ratio nor log-interval scale (Hansen et al. 2011)  
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Table 2: Additive genetic covariances, correlations between sexes and environments for 

lifespan and the rate of aging parameter β.  

 Lifespan (days) Aging (β) 
Category CovA rA CovA rA 
♀ SSE, ♀ MSE 12.229 ± 5.758 ***  0.437 ± 0.160 *** 

  
-0.024 ± 0.036 * -0.157 ± 0.226 * 

♂ SSE, ♂ MSE 16.558 ± 4.768 *** 0.675 ± 0.090 *** 0.036 ± 0.020 * 
  

0.426 ± 0.186 * 

♀ SSE, ♂ SSE 10.409 ± 6.450 °** 
  

0.293 ± 0.159 °** 
  

-0.008 ± 0.017 * -0.108 ± 0.223 * 

♀ MSE, ♂ MSE 8.321 ± 3.643 *** 
  

0.429 ± 0.144 *** 
  

0.016 ± 0.041 * 0.099 ± 0.225 * 

r(♀ SSE, ♀ MSE) - r(♂ SSE, ♂ MSE)                  - -0.238 ± 0.181 *** - -0.583 ± 0.296 ° 
 

r(♀ SSE, ♂ SSE) - r(♀ MSE, ♂ MSE)                 - -0.136 +- 0.195 *** 
*** 

- -0.207 ± 0.327 * 
* 

 

Note: The first four rows of each section show estimates separately for the sexes and 

environments, while the following two rows show differences between the estimates. All values 

are point estimates ± SE. Statistical significance for tests against zero is flagged (° P<0.1, * 

P<0.05, ** P<0.01, *** P<0.001). The genetic correlations are also different from 1 (see 

methods). Genetic covariances for β are multiplied by 100 for display.  
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Figure legends 

 

Figure 1 

Histograms of male (blue) and female (red) hemiclone means for lifespan in the same sex 

environment (A) and the mixed sex environment (B). Survival curves for each hemiclone 

(males blue, females red) in the same sex environment (C) and the mixed sex environment (D). 

Histograms of differences in mean lifespan between male and female hemiclones (i.e. variation 

in sexual dimorphism) in the same sex environment (E) and the mixed sex environment (F). 

Histograms of differences in aging (β) between the sexes in the same sex environment (G) and 

the mixed sex environment (H). 

 

Figure 2 

A. Association in lifespan between male and female hemiclones in each social environment. B 

Association in lifespan between social environments for each sex. Plots A and B are scaled such 

that the steepness of the regression slopes reflects the strength of the correlation. C. Hemiclones 

ranked (1-50) after their lifespan when expressed in males or in females in each social 

environment. 

 

Figure 3 

A. Percent of conditional genetic variation for lifespan and aging (β) in males and females in 

the same sex environment (SSE) and in the mixed-sex environment (MSE). B. Heritability of 

lifespan between mother and daughter (MD), mother and son (MS), father and son (FS) and 

father and daughter (FD), in the two social environments. 
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Figure 1. 
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Figure 2a. 
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Figure 2b. 
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Figure 2c. 
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Figure 3. 
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