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Abstract 27 

Theory makes several predictions concerning differences in genetic variation between the X 28 

chromosome and the autosomes due to male X hemizygosity. The X chromosome should i) 29 

typically show relatively less standing genetic variation than the autosomes, ii) exhibit more 30 

variation in males compared to females because of dosage compensation, and iii) potentially be 31 

enriched with sex-specific genetic variation. Here we address each of these predictions for 32 

lifespan and aging in Drosophila melanogaster. To achieve unbiased estimates of X and 33 

autosomal additive genetic variance we use 80 chromosome substitution lines; 40 for the X 34 

chromosome and 40 combining the two major autosomes, which we assay for sex-specific and 35 

cross-sex genetic (co)variation. We find significant X and autosomal additive genetic variance 36 

for both traits in both sexes (with reservation for X linked variation of aging in females), but no 37 

conclusive evidence for depletion of X linked variation (measured through females). Males 38 

display more X linked variation for lifespan than females, but it is unclear if this is due to dosage 39 

compensation since also autosomal variation is larger in males. Finally, our results suggest the X 40 

chromosome is enriched for sex-specific genetic variation in lifespan. Results were overall less 41 

conclusive for aging. Collectively these results suggest the X chromosome has reduced capacity 42 

to respond to sexually concordant selection on lifespan from standing genetic variation, while 43 

its ability to respond to sexually antagonistic selection may be augmented.  44 
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Introduction 45 

The X chromosome is present with only a single copy in males. Together with an unusual 46 

inheritance pattern, this presumably exposes the X chromosome to population genetic 47 

parameter values which differ from that of the autosomes (Vicoso and Charlesworth 2006; 48 

Ellegren 2009). As a result, both the amount and the type of molecular variation potentially 49 

differ between the X and the autosomes. The direction of this difference does however depend 50 

on a range of factors (Ellegren 2009), and it is furthermore not obvious to what extent 51 

differences observed at the molecular level translate to phenotypic variation (Dean and Mank 52 

2014). 53 

Theory typically predicts that within populations the X chromosome, relative to the autosomes, 54 

should be depleted of molecular genetic variation. This prediction simply follows from 55 

hemizygosity of the X chromosome in males, which both reduces the effective population size 56 

of the X to ¾ that of the autosomes and results in more efficient selection on X linked 57 

mutations (Avery 1984; Charlesworth et al. 1987). However, because the X chromosome spends 58 

two-thirds of its time in females, there are many other factors with the potential to alter the 59 

relative amount of genetic variation at the X chromosome (reviewed in Ellegren 2009). 60 

Empirical investigations into the relative molecular variation at the X chromosome and the 61 

autosomes of Drosophila melanogaster have shown mixed results. In general, the X 62 

chromosome hosts less molecular variation in non-African populations (Hutter et al. 2007; 63 

Mackay et al. 2012), while this effect is less pronounced, and commonly reversed, in ancestral 64 

African populations (Hutter et al. 2007). With respect to non-synonymous sites, which are 65 
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presumably subject to selection, lower molecular variation on the X chromosome is, however, 66 

consistently reported in all populations studied so far (Langley et al. 2012; Campos et al. 2013). 67 

Relatively lower molecular variation at the X chromosome has also been reported for humans 68 

(e.g. Arbiza et al. 2014), and the Z chromosome in birds (e.g. Hogner et al. 2012). 69 

It seems reasonable to expect that reduced X linked variation at functional molecular sites 70 

should also reduce X linked genetic variation for phenotypic traits. GWAS and QTL analyses of 71 

humans (Yang et al. 2011; Tukiainen et al. 2014) and a bird species (Robinson et al. 2013; 72 

Santure et al. 2013) indeed support this prediction, but investigations of D. melanogaster do 73 

not. Across two studies, involving in total 28 morphological traits, the average proportion of the 74 

total genetic variation assigned to the X chromosome was estimated to 19.6% (Cowley et al. 75 

1986; Cowley and Atchley 1988). Although there was variation between traits, the average is 76 

not less than what would be predicted from the relative size of the X chromosome (15.6% and 77 

18.8%, based on the proportion of protein coding genes and euchromatin respectively [D. 78 

melanogaster genome release 5.30]). Studies of fitness (Gibson et al. 2002) and locomotory 79 

activity (Long and Rice 2007) suggest that the contribution of the X chromosome to genetic 80 

variation could be disproportionately large in this species. 81 

A factor which may complicate the link between genetic variation at the molecular and the 82 

phenotypic trait level, specific to differences between the autosomes and the X chromosome, is 83 

dosage compensation. When complete, dosage compensation should normally result in 84 

elevated X linked standing genetic variation in males compared to females, because the male 85 

population effectively consists of only homozygous individuals for X linked loci (Reinhold and 86 

Engqvist 2013). Dosage compensation may, however, also increase X linked genetic variation in 87 
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females, if selection for higher gene expression in males increases expression in females as a 88 

correlated response (Prince et al. 2010; Xiong et al. 2010; Mank et al. 2011; Wright and Mank 89 

2012; Allen et al. 2013). 90 

Two other factors which also may complicate the link between genetic variation at the 91 

molecular and phenotypic level, in a comparison between the X chromosome and the 92 

autosomes, are sexually antagonistic allelic variants and regulatory elements with sex-specific 93 

effects. Since sexually antagonistic variants are exposed to opposing selection in males and 94 

females, net selection will in general be weaker on such variants compared to mutations 95 

selected concordantly in both sexes. They may therefore maintain more variation than 96 

concordantly selected variants, also when they are not maintained at a balanced polymorphism 97 

(Connallon and Clark 2012a). Earlier theory suggested sexually antagonistic variation should be 98 

shifted towards the X chromosome (Rice 1984), while later theory has suggested the opposite 99 

(Fry 2010; Connallon and Clark 2010). 100 

Sex-specific regulators, which evolve to resolve sexual conflict over gene expression, are also 101 

expected to host elevated levels of variation at mutation-selection equilibrium, as they are 102 

primarily exposed to selection in only one sex (Morrow and Connallon 2013). If such regulatory 103 

elements are positioned predominantly in cis to the genes they influence, these may also have 104 

a skewed chromosomal distribution. Much of the sex-specific and sexually antagonistic 105 

variation is probably hosted in non-coding regions with regulatory effects, where they have a 106 

very small influence on molecular variation in general, while they may have sizable effects on 107 

variation at the phenotypic level. A prediction following uneven chromosomal distribution of 108 
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sex-specific regulators is that the intersexual genetic correlation (rMF) should differ between 109 

chromosome types. 110 

In this study we use autosome and X chromosome substitution lines to study autosomal and X 111 

linked additive genetic (co)variation within and between the sexes, for lifespan and aging in D. 112 

melanogaster. By randomly sampling chromosomal copies from one large outbred laboratory 113 

population we attain unbiased estimates of additive genetic variation. Using this method, we 114 

address the following three questions: i) does the X chromosome show reduced levels of 115 

additive genetic variation? ii) does the X chromosome maintain more additive genetic variation 116 

in males compared to females? and iii) does the X chromosome harbor relatively more sex-117 

specific additive genetic variation than the autosomes? By assessing the genomic distribution of 118 

variation in lifespan and aging this study expands on a previous study of the same population, 119 

which reported substantial sex-specific genetic variation for both of these traits when genetic 120 

variation was estimated for the whole genome as a single unit (Lehtovaara et al. 2013).  121 
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Materials and Methods 122 

Experimental population 123 

In our experiment we used a laboratory adapted population of D. melanogaster (Dahomey), 124 

originating from a sample of wild caught flies collected in Benin (Africa) over 40 years ago. 125 

Dahomey has since been kept as a large outbred population, with overlapping generations and 126 

in constant conditions (12:12 light-dark cycle, 60% humidity, 25°C and on a standard yeast-127 

sugar diet). All flies in this experiment were kept under these standard conditions throughout. 128 

Construction of X and autosome substitution lines 129 

The genome of D. melanogaster is composed of the sex chromosomes (X and Y), two major 130 

autosomes (AII and AIII), and the small 4th dot chromosome (AIV, < 1% of the genome). To study 131 

the autosomal contribution to additive genetic variance for lifespan and aging we randomly 132 

sampled 40 copies of chromosomes AII and AIII, and clonally amplified them as haploid pairs 133 

into random genetic backgrounds. Within each autosome substitution line (A-line), all 134 

individuals share an identical copy of AII and AIII, while all other chromosome copies vary 135 

randomly among individuals (Figure 1). To study the contribution of the X chromosome to 136 

additive genetic variance for lifespan and aging we randomly sampled 40 copies of the X 137 

chromosome, and clonally amplified them into random genetic backgrounds. Within each X 138 

chromosome substitution line (X-line) all individuals share one identical X chromosome and 139 

vary randomly with respect to all other chromosomes (Figure 1). Because the genotypic value 140 

for each randomly sampled X chromosome, and each randomly sampled pair of autosomes AII 141 

and AIII, was measured in a large number of random genetic backgrounds in each sex, variation 142 
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among lines can be used to calculate the additive genetic variance separately for each sex and 143 

chromosome type. These estimates are devoid of dominance variation, but could include a 144 

minor component of variation caused by epistatic interactions, within and between cloned 145 

chromosome copies (see Friberg et al 2005; Rice et al. 2005; Lehtovaara et al. 2013; for 146 

disccussion). 147 

A-lines and X-lines were constructed by first taking 80 randomly selected Dahomey males and 148 

crossing them individually to virgin DXCG females (C[1]DX, y, f/Y; T[2;3] bwd, in, pp, rdgC, ri, 149 

st/T[2;3] bwd, in, pp, rdgC, ri, st) (see Figure S1 throughout). Sons from these crosses inherited 150 

their father’s wildtype copy of the X chromosome and a copy each of his wildtype autosomes. 151 

From their mother they inherited a Y chromosome and a phenotypically marked translocation 152 

between the major autosomes, which forces the homologous AII and AIII chromosome copies 153 

to co-segregate. To construct the A-lines we took one male offspring from each of the 40 above 154 

crosses, and mated them individually to virgin CG-D females from a population homozygous for 155 

the aforementioned autosomal translocation, but with genetically variable wildtype Dahomey X 156 

chromosomes. This procedure replaced the one X chromosome associated with the founder 157 

male with randomly sampled Dahomey X chromosomes, and cloned the focal sets of AII and AIII 158 

chromosomes. Each A-line was maintained at a size of 40 males, mated to 80 CG-D females for 159 

three generations prior to producing focal flies. 160 

To construct the X-lines we took multiple sons from each of the remaining 40 initial crosses (all 161 

sons from each cross carry the same X chromosome copy), and mated them to virgin DX-D 162 

females, a population where females carry the aforementioned compound X chromosome 163 

(C[1]DX,y,f)/Y) placed with genetically variable wildtype Dahomey autosomes, to remove the 164 
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autosomes associated with the founder male. Sons from each of these crosses were then 165 

mated to virgin DX-D females to remove the autosomal translocation. This procedure replaced 166 

autosomes associated with the founder male with randomly sampled Dahomey autosomes. 167 

Each X-line was maintained at a size of 40 males mated to 80 DX-D females for three 168 

generations before focal flies were produced. The crossing scheme to produce and maintain the 169 

X- and A-lines are described in detail in the supplementary material (Figure S1). 170 

Lifespan and aging assay 171 

Lifespan and aging were both estimated from 200 focal flies of each sex and line, split equally 172 

among 4 replicate vials, totaling 32000 focal flies. For each replicate, focal flies were produced 173 

by either crossing 45 males from each X- and A-line to i) 90 virgin Dahomey females across 3 174 

vials to produce focal females, or ii) to 90 virgin DX-D females across 3 vials to produce focal 175 

males. Once the parental flies were transferred from the oviposition vials, the number of eggs 176 

was manipulated to standardize number of viable larvae to 150 per vial.  177 

Ten days after egg laying virgin focal flies were collected under light CO2 anesthesia (<4 minutes 178 

of exposure), into vials of 56 individuals per sex and line. These were paired with 56 opposite 179 

sexed flies homozygous for a recessive dark body pigment mutation (ebony - earlier 180 

introgressed into the Dahomey background), and allowed to interact and mate for 72 hours. 181 

Ebony flies were subsequently removed and discarded, and 50 focal flies were randomly 182 

selected (after removing any dead flies) and transferred to a fresh vial under light CO2 183 

anesthesia. After 24 hours the flies were transferred to fresh food without anesthesia. Every 48 184 
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hours, from this point onwards, we transferred the focal flies to fresh vials without anesthesia, 185 

scored mortality, and discarded dead flies. 186 

Outlier vial removal 187 

Visual examination of the mean female lifespan per vial revealed a bimodal distribution, with a 188 

small group of vials hosting unusually short-lived females, suggesting that a strong extrinsic 189 

factor (e.g. disease) affected survival in these vials. Due to the nature of the distribution, vials 190 

presumably affected were easily separated out, having an average lifespan of less than 51 days 191 

(Figure S2). Since we were interested in genetic variation between lines we tested if there was a 192 

genetic component to the low lifespan vials. To do this we first removed the low scoring vials 193 

and then tested whether female lifespan of lines not having a low scoring vial was larger than 194 

lines which had a low scoring vial. No difference between these groups of lines were detected 195 

(mean difference [lines w/o low scoring vial – lines w low scoring vial] (days): X-lines = 0.14, t38 = 196 

0.22, P = 0.41; A-lines = 0.36, t38 = 0.25, P = 0.40; all lines = -0.19, t78 = -0.23, P = 0.59, all P-197 

values one-tailed). Hence there was no indication that lines with outlier vials were more short-198 

lived than other lines due to their genotype. Visual inspection of the distribution of 400 female 199 

and 400 male vials from a previous study (Lehtovaara et al. 2013), where the same population 200 

was studied under similar experimental conditions, showed no excess of low scoring vials. 201 

Taken together this suggests that the small group of low scoring vials represent true outliers. 202 

Therefore, we present results from analyses excluding these vial. Results including all vials are 203 

however reported in Table S1. 204 

Bayesian lifespan models 205 
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Lifespan data was analyzed separately for the two line types (X- and A-lines), using mixed-206 

effects models fitted by Markov chain Monte Carlo (MCMC) sampling as implemented in the 207 

MCMCglmm package (Hadfield 2010) in R 3.1.2 (R Core Team 2014). Lifespan data were 208 

modelled assuming Gaussian error distributions with lifespan in each sex treated as separate 209 

response variables. This multi-response model approach allowed us to efficiently estimate 210 

intersexual genetic correlations. Line and vial were fitted as random effects and sex-specific 211 

fixed effects were fitted to account for the four batches of replicates. Fixed effect dummy 212 

variables were centered, such that the intercept estimates the global mean rather than the 213 

average lifespans for one of the batches (Schielzeth 2010). The vial random effect captures 214 

environmental variation associated with each vial, but also genotype-by-batch interactions, 215 

since there was a single vial per line and batch. Unstructured variance-covariance matrices 216 

were formed, each containing variance-covariance estimates for both sexes, with one 2 × 2 217 

matrix for the A-lines and one 2 × 2 matrix for the X-lines. Vial and residual variance-covariance 218 

matrices had off-diagonal elements constrained to zero, because each vial and fly can only 219 

represent one sex and line-type, and therefore has the covariance structure undefined. The 220 

final model in R code was MCMCglmm(cbind(LSf,LSm) ∼ trait – 1 + trait:batch2 + trait:batch3 + 221 

trait:batch4, random = ∼ us(trait):Line + idh(trait):Vial, rcov = ∼ idh(trait):units, family = 222 

rep("gaussian", 2)), where LSf and LSm are individual lifespans of females and males, 223 

respectively, and batch2, batch3 and batch4 are the dummy-coded and centered identifiers for 224 

batches 2-4, respectively. 225 

We used parameter-expanded priors with a belief (shape) parameter ν = 2 for the variance-226 

covariance matrices of the random effects and inverse-Wishart priors with ν = 0.002 for residual 227 
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variances (recommended in the documentation of the MCMCglmm package, Hadfield 2010). A 228 

sensitivity analysis regarding different choices of the degree of the belief (shape) parameter ν 229 

for the random effects showed robustness between ν = 0.002 and ν = 3. Four independent 230 

MCMC chains, two for each line type, were run for 1,100,000 iterations, with a burn-in of 231 

100,000 iterations and a thinning interval of 1,000 iterations. Convergence was checked visually 232 

and using the Gelman-Rubin criterion, applied to two independent chains for each line-type (all 233 

upper 95% confidence limit of potential scale inflation factors ≤ 1.05). 234 

Bayesian aging models 235 

Gompertz mortality functions of the form µ(t) = αeβt (where µ(t) is the rate of mortality at age t) 236 

allow decomposition of lifespan into components α, the initial mortality, and β, the rate of 237 

aging. We estimate these two parameters at the level of the vial, using the program WinModest 238 

(Pletcher 1999). Four estimates of each parameter, one per batch, were made for each of the 239 

160 combinations of line and sex. The two parameters α and β were strongly negatively 240 

correlated (r = -0.94, 95% CI -0.93--0.95, P < 10-15 with α log transformed to account for the 241 

highly skewed distribution). We therefore decided to model only the aging parameter β in 242 

multi-response models similar to the lifespan models described above, but without the random 243 

effect of vial as there was only one estimate of the population parameter β per vial. We also 244 

implemented a bivariate, non-linear mixed model in OpenBUGS 3.2.3 (Lunn et al. 2009) with 245 

parameter β allowed to vary and covary between lines and sexes, but the model did not 246 

converge for the critical parameter of the genetic correlations. Hence, we present the results of 247 

the two-step analysis here (using WinModest estimates of β as data in the MCMCglmm model 248 

as described above). 249 
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Summaries of model fits for variances and covariances 250 

With the above models we estimated the line variance (VL), the vial variance (VV) and the 251 

residual variance (VR), separately for the two sexes, and the line covariance among sexes 252 

(CovMF). The total phenotypic variance (VP) was reconstructed as the sum VP = VL + VV + VR, 253 

again separately for the two sexes. Since lines were cloned for haploid chromosomes, additive 254 

genetic variance was calculated by multiplying the line variances by 2, with the exception of the 255 

male X-lines (because the X is hemizygous in males). The line covariance was converted to an 256 

intersexual additive genetic correlation by rMF = CovMF/(√VLF*√VLM). One of the key advantages 257 

of the MCMC sampling approach is that we can form sums, ratios and differences of 258 

(co)variances for the entire chain and thus get samples from the posterior distribution of these 259 

quantities. For estimating differences between independent runs for X and A lines, we linked 260 

the chains in random order and calculated the differences between the (randomly selected) 261 

samples from the posterior distribution to get the distribution of differences. We summarize 262 

posterior distributions by their mean, standard deviation as the Bayesian standard error (SE) 263 

and 95% interquantile range (95% CI, i.e. credible interval). However, male to female ratios of X 264 

linked genetic variation showed significant positive outliers due to low genetic variance in 265 

females (including some samples from the posterior distribution close to zero) leading to 266 

excessively high ratios. These highly skewed distributions are poorly summarized by the mean 267 

and the standard deviation and we present the median and the interquartile range of the 268 

posterior distribution instead. 269 

REML fits and likelihood ratio tests 270 
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In addition to the Bayesian analysis we fitted models by restricted maximum likelihood (REML) 271 

in ASReml 4.1 (Gilmour et al. 2009) to the same data. Model estimates of these REML-fitted 272 

models for lifespan were very similar to the Bayesian model fits and confirmed the robustness 273 

to Bayesian estimation. Multivariate models for aging, however, did not converge for the 274 

intersexual covariance of X chromosomal lines and we were therefore not able to directly 275 

compare ASReml fits with MCMCglmm fits for aging. An advantage of the REML framework is 276 

that we can constrain parameters of interest to the values predicted under the null hypothesis 277 

(null model) and test an alternative model in which the parameters of interest are 278 

unconstrained. For the full model we treated each sex × line-type combination as a separate 279 

trait and thus fitted a four-trait model jointly for both line types. The model included a fixed 280 

effect for each batch for each trait, as well as a vial and a line random effect component. For 281 

the vial random effect, we estimated the four variances, while covariances were undefined by 282 

the data and hence constrained to zero in the model. For the random effect of line, we 283 

estimated the four variances for the four sex × line-type combination as well as the covariances 284 

between sexes within line types. The four potential covariances across line types were 285 

undefined (because any particular hemiclone was either of the autosomal or the X chromosome 286 

type) and were hence constrained to zero in the model. We derived p-values for three specific 287 

null hypotheses using likelihood ratio tests (LRT): i) [H0] The ratio of the X:A chromosome 288 

standing genetic variance is directly proportional to the DNA content by constraining the 289 

variance ratio to be of the predicted values (all constraints according to the instructions in the 290 

manual, Gilmour et al. 2009, chapter 7.9), ii) [H0] The ratio of variance of additive genetic 291 

variances is equal in males and females by constraining the X line variances to be equal in males 292 
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relative to females, iii) [H0] the cross-sex genetic correlations are equal for the X chromosome 293 

and the autosomes by constraining the correlations to be equal between chromosome types. 294 

Furthermore, we fitted univariate models for each sex × line-type combination to test for the 295 

statistical significance of the line variance using LRT. These models were fitted using the lme4 296 

package (Bates et al. 2015) and converged for all lifespan and aging traits. The alternative of 297 

testing individual line variance in the multivariate models fitted in ASReml yielded almost 298 

identical results for lifespan, while LRT were not possible for in multivariate models of aging 299 

(see above).  300 
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Results 301 

Estimates of X chromosome and autosomal line variance for lifespan, and hence also the 302 

corresponding estimates of additive genetic variance (see Methods), were significantly different 303 

from zero for both sexes (LRT on REML-fitted models: Χ2
1 = 9.26, P = 0.002 for female X lines, 304 

Χ2
1 > 70.0, P < 0.001 for all other; Figure 2, Table 1, Table S2). Chromosomal variances for aging 305 

were in general estimated with more uncertainty, but were significantly larger than zero for 306 

male and female A lines (LRT on REML-fitted models: both X2
1 > 14.0, P < 0.001), male X lines 307 

(X2
1 = 6.40, P =0.011), and marginally non-significant for female X lines (X2

1 = 3.83, P = 0.050) 308 

(Figure 2, Table 1, Figure S3).  309 

Comparing X to autosomal additive genetic variance 310 

To evaluate if the contribution of the X chromosome to additive genetic variance is different 311 

than expected from its size we focus on females, because the relative contribution of the X is 312 

complicated by dosage compensation in males. Since size, composition, and gene content 313 

potentially varies between chromosomes, it is not obvious what constitutes the best unit for 314 

calculating the proportion of the active genome which is X linked, but two metrics that should 315 

provide good approximations are the proportion of euchromatin and the proportion of genes 316 

situated on the X chromosome. In D. melanogaster, the X chromosome hosts 18.8% of the 317 

euchromatin and 15.6% of the genes (D. melanogaster genome Release 5.30). Point estimates 318 

suggest a moderate to slight depletion of X linked additive genetic variance, although this was 319 

far from significant (female X linkage of lifespan VA = 13.5% ± 6.7%, 95% CI = 1.9% - 28.5%; 320 

female X linkage of aging VA = 15.7% ± 17.0%, 95% CI = 0.1% - 67.1%), a result also confirmed by 321 
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likelihood ratio testing on REML-fitted models for lifespan (Χ2
1 = 0.61, P = 0.43  for a ratio-322 

constraint based on euchromatin, Χ2
1 = 0.086, P = 0.79 for a ratio-constraint based on gene 323 

content). 324 

Comparing X linked additive genetic variance in males and females 325 

To test if X chromosome hemizygosity and associated dosage compensation cause males to 326 

have more X linked additive genetic variance than females, we first compared X linked VA in 327 

males (VAMX) and females (VAFX) (where subscript F and M denote female or male respectively, 328 

and subscript X denotes the X chromosome). The ratio of male to female X linked VA (VAMX / 329 

VAFX) was estimated to be larger, but not significantly different from 1 for lifespan (median = 330 

2.05, interquartile range: 1.40-3.09, 95% CI = 0.75 - 12.82), and was estimated to be lower, but 331 

not significantly different from 1 for aging (median 0.47, interquartile range: 0.22-1.26, 95% CI = 332 

0.07 - 74.73). Likelihood ratio tests suggest a ratio significantly greater than 1 for lifespan (Χ2
1 = 333 

7.79, P = 0.0053). These comparisons do not yet take into account that this population displays 334 

sexual dimorphism for lifespan and aging (Table 1), and, since variance is expected to scale with 335 

the mean, this has to be taken into account. The coefficient of additive variation (CVA) provides 336 

a mean-standardized scale free measure of variation and therefore provides more suitable 337 

estimates for comparison. The ratio of the male to female CVA for the X chromosome is 338 

significantly larger than 1 for lifespan (median = 1.88, interquartile range: 1.56-2.32, 95% CI = 339 

1.14 - 4.70), and again not significantly different from 1 for aging (median: 0.93, interquartile 340 

range: 0.63-1.51, 95% CI = 0.35 - 11.67). Any differences in the genetic variance in males 341 

compared to females may, however, not be restricted to the X chromosome, as a trend for a 342 

male to female ratio of VA (VAMA / VAFA) above one for lifespan was also observed for the 343 



19 
 

autosomes (median = 1.15, interquartile range: 0.94-1.52, 95% CI = 0.63 - 2.12, LRT: Χ2
1 = 0.22, 344 

P = 0.64), as well as a ratio below one for aging (median = 0.46, interquartile range: 0.28-0.78, 345 

95% CI = 0.13 - 7.16). Using CVs to correct for sex-differences in means show significant more 346 

autosomal variation in males for lifespan (median = 1.39, interquartile range: 1.26-1.54, 95% CI 347 

= 1.02 - 1.88), and no difference for aging (median: 0.94, interquartile range: 0.74-1.23, 95% CI 348 

= 0.49 - 3.83). To take the autosomes into account when evaluating if males have comparatively 349 

more X linked VA than females, we calculated (CVAMX/CVAFX)/(CVAMA/CVAFA). This ratio is not 350 

different from 1 for lifespan (median = 1.36, interquartile range: 1.10-1.72, 95% CI = 0.75 - 351 

3.60), and not for aging either (median: 0.98, interquartile range: 0.60-1.71, 95% CI = 0.19 - 352 

12.90). 353 

Comparing the rMF between the X and the autosomes 354 

To test if the X chromosome is enriched for sex-specific additive genetic variance we calculated, 355 

and compared, the intersexual additive genetic correlation (rMF) for the X chromosome and the 356 

autosomes. For lifespan, the rMF of the autosomes was moderate and significantly greater than 357 

zero (rMF-A = 0.50 ± 0.14, 95% CI = 0.19 - 0.74, Figure 3), while it was low and not significantly 358 

different from zero for the X chromosome (rMF-X = 0.06 ± 0.24, 95% CI = -0.43 - 0.53, Figure 3). 359 

The rMF for the autosomes was not statistically significantly different from the X chromosome, 360 

although the credible intervals only marginally overlap zero (lifespan rMF-X - rMF-A = -0.46 ± 0.28, 361 

95% CI = -0.97 - 0.12, 111 of 2000 posterior samples, i.e. 5.55%, were ≥ 0). Likelihood ratio 362 

testing showed a similar marginally non-significant result (LRT Χ2
1 = 3.166, P = 0.075). The 363 

intersexual genetic correlation for aging was not significantly different from zero both for the 364 

autosomes (rMF-A = -0.12 ± 0.28, 95% CI = -0.65 - 0.45, Figure 3) and the X chromosome (rMF-X = -365 
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0.42 ± 0.38, 95% CI = -0.94 - 0.57, Figure 3), and these were not different from one another (rMF-366 

X - rMF-A = - 0.30 ± 0.48, 95% CI = -1.11 - 0.82, Figure 3).  367 
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Discussion 368 

In this study we independently measured X chromosome and autosomal additive genetic 369 

variance in males and females, for the life history traits lifespan and aging. Below we compare 370 

these estimates and discuss them in the context of several hypotheses, which predict 371 

differences in the amount and type of genetic variation between the X and the autosomes and 372 

between male and female X linked variation. We also briefly discuss the implications of our 373 

results with respect to faster X evolution. 374 

Comparing X to autosomal additive genetic variance 375 

Theory suggests the X chromosome should be depleted of genetic variation (Haldane 1937; 376 

Avery 1984; Charlesworth et al. 1987). Point estimates of the traits studied here supports this 377 

prediction, but relatively wide credible intervals preclude firm conclusion. These results point in 378 

the same direction as a study on the genomic distribution of trans-regulatory variation of gene 379 

expression in D. melanogaster, which found relatively lower levels of variation hosted on the X 380 

chromosome (Stocks et al 2015). 381 

Earlier studies of quantitative traits in D. melanogaster have, however, pointed to either no 382 

depletion (Cowley et al. 1986; Cowley and Atchley 1988) or even enrichment (Gibson et al. 383 

2002; Long and Rice 2007) of X linkage. The former two of these studies applied a statistical 384 

model based on several possibly invalid assumptions, which potentially could explain a lack of 385 

observed depletion. The latter studies used chromosome substitution lines and should, just as 386 

the present one, have produced largely unbiased estimates of additive genetic variation. These 387 

studies found large amounts of sexually antagonistic variation for fitness (Gibson et al 2002) 388 



22 
 

and locomotory activity (Long and Rice 2007). Some theory (Rice 1984), but not other (Fry 389 

2010; Connallon and Clark 2010), suggests that sexually antagonistic variation should be shifted 390 

towards the X chromosome, and this could thus potentially explain the observed X linked 391 

enrichment, rather than depletion, of variation for these traits. 392 

Studies of quantitative traits in humans (Yang et al. 2011; Tukiainen et al. 2014) and birds 393 

(Robinson et al. 2013; Santure et al. 2013), suggest that the X and Z chromosomes are depleted 394 

of genetic variation. Depletion of X linked variation for quantitative characters thus seem to be 395 

the general trend, while traits under strong sexually antagonistic selection may be exempt. 396 

Further studies on the relative X (Z) linkage of quantitative traits, coupled with information on 397 

the direction of selection in each sex, and their rMF, are however required for testing this 398 

hypothesis. 399 

Comparing X linked additive genetic variance in males and females 400 

X linked genes are effectively homozygous in males when the X chromosome is fully dosage 401 

compensated. From this it follows that X linked variance should typically be higher in males 402 

than females (and two times higher when all variation is additive) (Reinhold and Engqvist 2013; 403 

Figure S4). This hypothesis has received mixed support from empirical studies comparing total 404 

male and female genetic variation across a broad range of species (Reinhold and Engqvist 2013; 405 

Wyman and Rowe 2014; Nakagawa et al. 2015). With respect to D. melanogaster, point 406 

estimates of a male-bias in X linked additive genetic variation have previously been found in 20 407 

out of 22 morphological characters (Cowley et al. 1986; Cowley and Atchley 1988), as well as 408 

for locomotory activity (Long and Rice 2007) and fitness (Gibson et al. 2002). 409 
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Our results show significantly more X linked variation in males than females for lifespan, but not 410 

for aging. For lifespan the picture is complicated by the fact that also autosomal variation is 411 

larger in males. Why males show more variation than females in general is not obvious, but 412 

could be related to deleterious mutations having a generally larger effect on fitness in males 413 

(Mallet et al 2011; Sharp and Agrawal 2012), and thus generate more variation in this sex. If this 414 

effect carries over to traits closely connected to fitness, such as lifespan, this could potentially 415 

generate more variation for lifespan in males than females (e.g. see figure 2 in Kimber and 416 

Chippindale 2013). When taking into account that also autosomal variation is larger in males, 417 

we no longer see significant excess of male X linked variation. We do however note that the 418 

observed male to female ratio of X and autosomal CV ratios (1.36) is close to what is expected 419 

(1.41 = √2) when there is two times more male variation on a “square root scale”. 420 

Comparing the rMF between the X and the autosomes 421 

When the sexes have different phenotypic optima, and both of them are placed in between 422 

these optima, genetic variation becomes sexually antagonistic. The resolution to such intralocus 423 

sexual conflict is the evolution of sexual dimorphism through regulatory modifiers with sex-424 

specific effects. Early theory suggested that the X chromosome should be enriched for sexually 425 

antagonistic variation (Rice 1984), something which later theory have questioned and 426 

suggested could be reversed (Connallon and Clark 2010; Fry 2010). If modifiers develop in cis a 427 

lower rMF should be associated with the chromosomes which, at least in the past, have hosted 428 

more sexually antagonistic variation. 429 
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We estimate the rMF for lifespan to be close to zero (0.06) for the X chromosome and moderate 430 

(0.50) for the autosomes. The difference between these estimates was marginally non-431 

significant, but the fact that intermediate estimates (rMF = 0.29 and rMF = 0.43; values for two 432 

social environments) were obtained for the whole genome in a previous study of this 433 

population (Lehtovaara et al. 2013), supports a true difference. It is also noteworthy that 434 

comparisons between genetic correlations require exceptionally high sample sizes, and 435 

differences are rarely expected to be supported statistically (Lynch and Walsh 1998; 436 

Bonduriansky and Chenoweth 2009). Our finding thus suggests that sex-specific modifiers of 437 

genes influencing lifespan are overrepresented on the X chromosome. A lower rMF at the X 438 

chromosome in Drosophila has previously been found for cuticular hydrocarbons (Chenoweth 439 

and Blows 2003; Chenoweth et al. 2008), most likely for some, but not all, of a range of 440 

morphological traits (Cowley et al. 1986; Cowley and Atchley 1988), and to a small degree for 441 

gene expression (Griffin et al. 2013). 442 

In the previous study of this population (Lehtovaara et al 2013), the rMF for aging was estimated 443 

to be close to zero (-0.11 and 0.10 in two social environments) across the entire genome. It is 444 

therefore unlikely that there is potential for the X chromosome and autosomes to show 445 

intersexual genetic correlations departing far from zero. In line with this, we estimate the rMF 446 

for both the X chromosome and the autosomes to not differ from zero for aging.  447 

On the potential for the X and the autosomes to contribute to adaptive evolutionary change 448 

Theory predicts that hemizygosity of the X chromosome should result in relatively faster 449 

adaptive change from novel beneficial mutations at the X chromosome compared to the 450 
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autosomes, whenever mutations are at least partly recessive (Charlesworth et al. 1987; 451 

Connallon et al. 2012b; Meisel and Connallon 2013; Orr and Betancourt 2001). With respect to 452 

adaptive evolution from standing genetic variation, the evolutionary rate is predicted to follow 453 

the opposite pattern (Orr and Betancourt 2001). Current evidence favors more rapid 454 

evolutionary change on the X chromosome (Meisel and Connallon 2013), but is unable to 455 

discern if this results from novel mutations or standing genetic variation.  456 

Our results, for lifespan and aging, suggest that additive genetic variation, if anything, is 457 

depleted on the X chromosome (as measured through females). This supports that faster X 458 

evolution should result from faster incorporation of X linked novel mutations rather than from 459 

standing genetic variation. The rate of adaptation is however dependent on genetic 460 

correlations (Lande 1980; Agrawal and Stinchcombe 2009). Positive genetic correlations 461 

between the sexes can enhance the response to selection when the sexes are selected 462 

concordantly, but have the opposite effect when selection is sexually antagonistic. Similarly, a 463 

low genetic correlation impedes the rate of adaptation of traits selected concordantly in the 464 

sexes, while it allows for more rapid evolution of sexual dimorphism for traits subjected to 465 

sexually antagonistic selection (Lande 1980; Bonduriansky and Rowe 2005; Bonduriansky and 466 

Chenoweth 2009; Poissant et al. 2010; Lewis et al. 2011; Gosden et al. 2012; Griffin et al. 2013; 467 

Ingleby et al. 2014). In this respect our finding of a lower rMF for the X chromosome than the 468 

autosomes for lifespan suggests that adaptive evolution from standing genetic variation would 469 

proceed relatively faster on the X chromosome when driven by sexually antagonistic selection, 470 

while proceeding relatively slower when driven by sexually concordant selection. This opens 471 

the possibility that the faster X observed in many studies results from sex-specific selection on 472 
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standing genetic variation in traits with a low rMF, a conclusion which fits with that the strongest 473 

evidence for a faster X effect has been observed for genetic factors with sex-biased expression 474 

(reviewed in Meisel and Connallon 2013).  475 
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Figure legends 621 

Figure 1. Schematic of X-lines and A-lines. Grey rectangles depict cloned chromosome(s) within 622 

a line, while black rectangles depict chromosomes which vary randomly between individuals 623 

within lines. Sex chromosomes are symbolised with X and Y and the major autosomes are 624 

symbolised with AII and AIII. The 4th dot chromosome (< 1% of the genome was not controlled 625 

in the experiment and is omitted from the figure). See Figure S2 for a schematic of the line 626 

construction process. 627 

Figure 2. Additive genetic variance in lifespan and aging across chromosome types. Additive 628 

genetic variation in (A) lifespan and (B) aging (β x 100) for the X chromosome and the 629 

autosomes. The coefficient of additive genetic variation (CVA) for lifespan (C) and aging (D). 630 

Dashed lines indicate twice the X linked female additive genetic variation on this scale. Error 631 

bars depict SE. 632 

Figure 3. Scatterplot of male and female X- and A-line means for lifespan and aging. Light grey 633 

points and solid lines represent the X chromosome, and dark grey points and dashed lines 634 

represent the autosomes. The plot is scaled such that the steepness of the regression slopes 635 

reflects the strength of the correlation.  636 
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Figure 1 637 
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Figure 2 639 
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Figure 3 641 
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Table 1. Mean and variance estimates for lifespan and aging. Values provided are estimates 643 

from the MCMCglmm model, followed by the standard error, and 95% credible intervals (CI). 644 

Mean lifespan is given in days, and mean aging is given for values of β (x 100), with estimates of 645 

line (VL), vial (VV) (could only be estimated for lifespan), residual (VR) and phenotypic (VP), 646 

variance. Additive genetic variance (VA) and the coefficient of additive genetic (CVA) were 647 

derived from line variance and mean estimates. 648 

  Autosomes X-chromosomes 
   Female Male Female Male 

Li
fe

sp
an

 

Mean 64.75 ± 0.63 50.03 ± 0.69 67.80 ± 0.34 51.36 ± 0.50 

CI 63.45 - 65.92 48.63 - 51.31 67.13 - 68.48 50.38 - 52.33 

VL 15.00 ± 3.94 17.36 ± 4.56 2.28 ± 1.18 8.95 ± 2.64 

CI 8.85 - 24.17 10.42 - 27.93 0.28 - 4.96 5.08 - 15.38 

VV 4.78 ± 0.88 4.82 ± 0.91 5.96 ± 1.13 3.19 ± 0.69 

CI 3.24 - 6.68 3.28 - 6.78 4.14 - 8.62 2.00 - 4.68 

VR 73.72 ± 1.24 89.92 ± 1.43 60.95 ± 1.04 98.84 ± 1.59 

CI 71.38 - 76.14 87.19 - 92.70 58.92 - 62.98 95.76 - 102.02 

VP 93.49 ± 4.14 112.10 ± 4.75 69.19 ± 1.68 110.98 ± 3.11 

CI 86.74 - 103.27 104.29 - 122.6 66.03 - 72.64 105.91 - 117.96 

VA 30.00 ± 7.88 34.71 ± 9.12 4.57 ± 2.36 8.95 ± 2.64 

CI 17.70 - 48.35 20.84 - 55.87 0.57 - 9.93 5.08 - 15.38 

CVA 0.08 ± 0.01 0.12 ± 0.02 0.03 ± 0.01 0.06 ± 0.01 

CI 0.06 - 0.11 0.09 - 0.15 0.01 - 0.05 0.04 - 0.08 

A
gi

n
g 

(β
) 

Mean 17.29 ± 0.59 12.41 ± 0.34 14.77 ± 0.34 10.95 ± 0.20 

CI 16.16 - 18.44 11.76 - 13.11 14.10 - 15.47 10.56 - 11.33 

VL 6.97 ± 4.05 3.07 ± 1.16 1.01 ± 0.91 0.78 ± 0.40 

CI 0.43 - 15.38 1.21 - 5.72 0.00 - 3.28 0.16 - 1.72 

VR 25.86 ± 3.93 6.66 ± 0.87 12.55 ± 1.67 3.03 ± 0.41 

CI 19.33 - 34.49 5.16 - 8.65 9.60 - 16.07 2.32 - 3.93 

VP 32.83 ± 4.50 9.73 ± 1.27 13.56 ± 1.70 3.81 ± 0.48 

CI 25.44 - 42.28 7.60 - 12.51 10.65 - 17.22 2.98 - 4.89 

VA 13.94 ± 8.10 6.14 ± 2.32 2.02 ± 1.82 0.78 ± 0.40 

CI 0.86 - 30.77 2.41 - 11.43 0.01 - 6.56 0.16 - 1.72 

CVA 0.206 ± 0.066 0.196 ± 0.038 0.085 ± 0.045 0.078 ± 0.021 

CI 0.053 - 0.326 0.125 - 0.274 0.006 - 0.172 0.036 - 0.119 

 649 


