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Chapter 1 

 

Introduction 

 

Most sexually reproducing species consist of phenotypically distinct males and 

females, which each exhibit extensive sexual differentiation for morphological, 

behavioral, physiological, and life history traits (Darwin 1859, 1871; Andersson 1994). 

Less obvious, but equally important, is the fact that males and females each make equal 

genetic contributions to the next generation, yet often exhibit different reproductive 

variance: male fitness variance is generally greater than female variance (Bateman 1948; 

Trivers 1972; Andersson 1994; but see Snyder & Gowaty 2007). These observations are 

trademarks of sexual selection and sexual reproduction, and suggest that patterns of 

selection on individual mutations might also commonly differ between the sexes.  

Given the potential ubiquity of sex-specific selection, it is surprising that the subject 

has traditionally received little attention from theoretical or experimental perspectives. 

This has abruptly changed during the last several years, perhaps due to two recent but 

already well-established findings. The first, from the classical and quantitative genetics 

literature, is that opposing selection pressures between males and females (or “sexual 

antagonism” sensu Rice 1984) are commonly observed within animal populations, and 

appear to be important features of genome wide genetic variation for fitness (Chippindale 

et al. 2001; Gibson et al. 2002; Foerster et al. 2007; Cox & Calsbeek 2009). The second 

finding, from the field of molecular evolution, is that sexual dimorphism (long thought to 

be a signature of adaptive sexual differentiation with respect to morphological traits) is a 

common characteristic of many individual genes. That is, sexual dimorphism for gene 

expression characterizes up to 50 percent of genes within insect and nematode genomes, 

as well as a major proportion of tissue-specific expression profiles from birds and 

mammals (Ellegren & Parsch 2007). Furthermore, the genomic distribution of “sex-
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biased genes” follows several interesting, nonrandom patterns of linkage with respect to 

sex chromosomes and autosomes, which some researchers have argued is consistent with 

theories of sex-specific selection (Parisi et al. 2003; Connallon & Knowles 2005; Mank 

& Ellegren 2009). The implication of these discoveries is that differential selection 

between the sexes: (A) is more common then previously assumed, (B) produces genome-

wide signatures of genetic and gene expression variability, and (C) has different 

evolutionary consequences on sex chromosomes and autosomes.  

This dissertation was undertaken with two related goals in mind. The first goal is to 

describe processes of differential selection between the sexes, and to infer proximate 

population genetic consequences of sex-specific selection, including those related to the 

maintenance of genetic variation for fitness, and the heritability of fitness between 

parents and offspring. The second goal is to better understand the long-term adaptive 

consequences of sexual reproduction by considering how both sex-specific selection and 

recombination might influence processes of population adaptation. 

Sex-specific selection occurs when the strength and/or the direction of selection 

acting on DNA substitutions differs between males and females. To illustrate, consider a 

single locus (A), two-allele model of genetic variation (A1, A2, with frequencies p and q, 

respectively): 

 

   A1A1  A1A2  A2A2 

Female fitness: 1  1 + hfsf  1 + sf 

Male fitness:  1  1 + hmsm 1 + sm 

 

where the rate of allele frequency change per generation is approximated by: 

   (1) 

(see Ewens 2004). For an autosomal gene, which spends half of its evolutionary history 

within male and half within female bodies, evolutionary dynamics depend on the net 

affect of selection averaged across the sexes. For selection coefficients that are both 

positive (sm, sf < 0), or both negative (sm, sf < 0), the rate of response to selection depends 

upon the relative contributions of males and females to population adaptation. Conditions 
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where selection is stronger in males than females (e.g., ) cause sexually 

reproducing species to adapt faster than asexuals, can generate long-term adaptive 

benefits of sexual reproduction, and will cause a relative reduction in standing genetic 

variation in sexual versus asexual populations (Kodric-Brown & Brown; Agrawal 2001; 

Siller 2001). For selection in opposing directions (“sexual antagonism”; sm  – sf), 

adaptation is constrained by a population genetic “tug-of-war” (Lande 1980; Rice & 

Chippindale 2001), generates a cost associated with sexual reproduction, and will 

increase levels of standing fitness variation maintained via balancing selection (Owen 

1952, 1953; Haldane 1962; Kidwell et al. 1977) or increased mutation-selection 

equilibria for alleles with a net negative fitness effect when averaged across the sexes 

(see Chapter 6). 

A peculiar, and empirically useful case of sex-specific selection also arises under 

conditions of haplodiploid inheritance, which include instances of sex linkage in which 

the sex-limited chromosome (the W or the Y chromosome) is degenerate. Dominance is 

eliminated in the haploid or “hemizygous” sex and genotypic fitness is described as: 

 

   A1  A2 

Haploid fitness: 1  1 + t 

 

which leads to an evolutionary response to selection at a rate: 

          (2) 

(Charlesworth et al. 1987). With haplodiploidy, the response to selection will generally 

differ between the sexes except under an extremely restrictive condition, i.e. 

. Sex-linked genes are also asymmetrically inherited, and spend two-

thirds of their evolutionary history within bodies of the “diploid sex” and the remaining 

one-third within the “haploid sex”. This inheritance asymmetry, coupled with the 

expectation that selection intensity will often differ between the sexes, suggests that sex-

linked inheritance should represent an interesting context to study sex-specific selection.  
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The dissertation is subdivided into three subsections. Within the first section – 

Molecular Signatures of Adaptation on X chromosomes and Autosomes – population 

genetic and genomic data from related Drosophila species is used to infer patterns of 

dominance for beneficial mutations. As such, the research contrasts patterns of molecular 

genetic variation and interspecific divergence between chromosomes and considers these 

patterns within a theoretical framework of sex-specific directional selection that arises 

from haplodiploid inheritance. The results are interpreted within a context of adaptive 

constraint caused by nonadditive allelic effects, and are germane to evolutionary 

phenomena such as “the faster-X” (Charlesworth et al. 1987) and “Haldane‟s sieve” 

(Haldane 1927; Orr & Betancourt 2001). 

The second subsection – Sex-Linkage, Sex-Specific Selection, and the Heritability 

of Fitness – integrates population genetic and quantitative genetics theory to consider 

how genome architecture and sex-specific selection might influence the heritability of 

fitness between parents and offspring. The new theory has implications for the field of 

sexual selection, where a great deal of effort has been directed towards identifying 

indirect genetic effects of nonrandom mating (Andersson 1994; Møller & Alatalo 1999). 

As discussed in Chapters 3-5, the theory, a meta-analysis of published research, and new 

data from an experimental population of Drosophila melanogaster, support the idea that 

sex chromosomes alter fitness relationships between males and females, and fathers and 

offspring. Estimates of indirect genetic effects in species with different sex chromosome 

systems are therefore likely to yield different results even if the underlying genetic basis 

of fitness variation is both substantial and equally abundant within different populations. 

The final subsection – Population Benefits and Costs of Sexual Reproduction – 

addresses the adaptive significance of two consequences of sexual reproduction. The first 

consequence, sex-specific selection, can hypothetically improve or constrain population 

productivity (a measure of “adaptation”). I consider the joint action of concordant 

directional selection (sm/sf > 0) and opposing selection between the sexes (sm/sf < 0), and 

analyze how the relative proportion of each type of sex-specific selection influences the 

net benefits and costs of sexual reproduction. An extensive review of male and female 

selection estimates from wild and laboratory populations are used to estimate likely 

parameters from the model. The analysis suggests that differential selection upon the 
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sexes generates a net adaptive constraint, and therefore adds to other costs of sexual 

reproduction (e.g., the twofold cost of sex; Maynard Smith 1978). 

Recombination represents a second consequence of sexual reproduction and is 

thought to improve population adaptation by eliminating or reducing genetic associations 

caused by physical linkage (Fisher 1930; Muller 1932; Crow & Kimura 1965). In 

particular, tight linkage can inflate stochastic reproductive success variance associated 

with finite population size, and thereby influence the relative importance of genetic drift 

versus natural selection (this effect of linkage is also known as “Hill-Robertson” 

interference; Hill & Robertson 1966; Felsenstein 1974). The adaptive consequences of 

linkage are therefore predicted to be most profound for mutations of small effect, and less 

important for mutations of large effect (where the intensity of selection is much greater 

than the inverse of gene-specific effective population size; Ohta 1973). Using yeast 

genomic resources, I analyzed correlations between recombination rate and divergence 

within genes subject to relatively weak versus relatively strong selection and interpret 

these with respect to theoretical benefits of recombination.  
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Part I: Molecular Signatures of Adaptation on X chromosomes and Autosomes 

 

Chapter 2 

 

Adaptive protein evolution of X-linked and autosomal genes in Drosophila: 

implications for faster-X hypotheses 

 

ABSTRACT 

Patterns of sex chromosome and autosome evolution can be used to elucidate the 

underlying genetic basis of adaptive change. Evolutionary theory predicts that X-linked 

genes will adapt more rapidly than autosomes if adaptation is limited by the availability 

of beneficial mutations, and if such mutations are recessive. In Drosophila, rates of 

molecular divergence between species appear to be equivalent between autosomes and 

the X chromosome. However, molecular divergence contrasts are difficult to interpret 

because they reflect a composite of adaptive and nonadaptive substitutions between 

species. Predictions based on faster-X theory also assume that selection is equally 

effective on the X and autosomes; this might not be true because the effective population 

sizes of X-linked and autosomal genes systematically differ. Here, population genetic and 

divergence data from Drosophila melanogaster, D. simulans and D. yakuba are used to 

estimate the proportion of adaptive amino acid substitutions occurring in the D. 

melanogaster lineage. After gene composition and effective population size differences 

between chromosomes are controlled, X-linked and autosomal genes are shown to have 

equivalent rates of adaptive divergence, with approximately 30 % of amino acid 

substitutions driven by positive selection. The results suggest that adaptation is either 

unconstrained by a lack of beneficial genetic variation, or that beneficial mutations are 
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not recessive and are thus highly visible to natural selection whether on sex chromosomes 

or on autosomes. 

 

INTRODUCTION 

The rate of adaptive evolution is expected to differ for X-linked and autosomal genes 

under several scenarios. If adaptation relies upon new mutations, X-linked genes will 

adapt faster than autosomes when beneficial mutations are (on average) recessive, and 

adapt slower than autosomes when beneficials are dominant (Charlesworth et al. 1987). 

In species with male-biased mutation rates, X-linkage decreases the beneficial mutation 

rate, thereby decreasing the opportunity for X-linked adaptive divergence (Kirkpatrick & 

Hall 2004). If adaptation proceeds by the fixation of standing genetic variation (i.e., 

formerly deleterious alleles), autosomal genes will adapt faster than X-linked genes 

because autosomes harbor a much larger pool of potential beneficial alleles (Orr & 

Betancourt 2001).  

A growing number of studies have tested these scenarios by comparing the 

evolutionary rates of X-linked and autosomal genes (reviewed in Vicoso & Charlesworth 

2006; Mank et al. 2007). To the extent that genetic divergence between species is driven 

by positive selection, „faster X‟ evolution might indicate that adaptation proceeds by 

fixation of new, recessive (h < 0.5) mutations, and consequently, that evolutionary 

divergence throughout most of the genome (consisting mostly of autosomes) is 

constrained by reduced expression of beneficial alleles. However, evolutionary 

divergence between species is caused by a combination of genetic drift and natural 

selection (Kimura 1968; Ohta 1973; Gillespie 1991), and the relative contribution of each 

process can potentially differ between the X and autosomes, thereby rendering 

divergence rate contrasts uninformative.  

The strength of natural selection relative to genetic drift increases as the effective 

population size increases (selection is a function of Nes, where Ne is the effective 

population size and s is the intensity of selection; Fisher 1930; Wright 1931; Kimura 

1962). Low Ne limits the rate of adaptive substitution (Betancourt & Presgraves 2002; 

Presgraves 2005) and enhances the fixation rate of slightly deleterious mutations due to 

genetic drift (Haddrill et al. 2007). Genomic regions with different effective population 
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sizes might exhibit different rates of adaptive substitution, but these will often be 

obscured by correlated nearly-neutral substitution differences. This is likely to affect 

divergence rate contrasts between X-linked and autosomal genes, which experience 

different effective population sizes as a result of differing census size (i.e., 4/3 N 

autosome copies per N X chromosome copies), sexual selection (Charlesworth 2001), or 

interactions between linkage and directional selection (i.e., „Hill-Robertson interference‟; 

Hill & Robertson 1966; Felsenstein 1974; Charlesworth 1994; Barton 1995; Betancourt 

et al. 2004).  

By combining population genetic and divergence data, the individual contributions of 

genetic drift and positive selection to X chromosome and autosome evolution can be 

teased apart. To address whether the rate of adaptation is higher on the X chromosome, 

and to control for potential X-autosome differences in Ne, I analyzed coding sequence 

polymorphism and divergence in the Drosophila melanogaster lineage. Silent and amino 

acid replacement polymorphisms (Ps and Pn, respectively) and substitutions (Ds and Dn) 

were calculated for 337 protein coding genes (80 X-linked), and were used to estimate 

alpha, the proportion of Dn that is caused by positive selection (McDonald & Kreitman 

1991; Smith & Eyre-Walker 2002). Recombination rate and gene expression data were 

used to mitigate biases caused by Ne reductions via low recombination (i.e., enhanced 

Hill-Robertson interference), and gene composition differences between chromosomes.  

 

METHODS 

Gene Samples 

Population genetic data for Drosophila melanogaster was obtained from Genbank 

(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?CMD=search&DB=nucleotide), the 

Drosophila Polymorphism Database (DPDB; http://dpdb.uab.es/dpdb/dpdb.asp), Peter 

Andolfatto‟s webpage (http://www-biology.ucsd.edu/labs/andolfatto/), and Jody Hey‟s 

webpage (http://lifesci.rutgers.edu/~heylab/). Orthologous sequences from D. simulans 

and D. yakuba were obtained via Genbank, when available. When multiple copies of a 

gene were available, one was chosen arbitrarily. For the remaining genes, D. 

melanogaster sequences were used to BLAST against the D. simulans and D. yakuba 

genome assembly (http://flybase.org/blast/). Of the 350 genes that had five or more D. 
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melanogaster sequences, both D. simulans and D. yakuba outgroup sequences were 

available for 337; these genes were used in all analyses. 

The D. melanogaster lineage served as the focus of this study for several reasons:  

 Extensive genomic data is available to control for gene-specific variation in gene 

expression and local recombination rates, both of which influence adaptive protein 

evolution in Drosophila (Presgraves 2005; Pröschel et al. 2006; Shapiro et al. 2007), 

and vary between species (Ranz et al. 2003; True et al. 1996);  

 A large number of gene samples are from East African populations, which are 

probably closer to mutation-selection-drift equilibrium than cosmopolitan populations 

(David & Capy 1988; Begun & Aquadro 1993);  

 Mutation rates are not sex-biased in this species (Bauer & Aquadro 1997), making 

different X and autosome mutation rates unlikely; 

 Alpha (the proportion of Dn caused by positive selection) relies upon an assumption 

of neutrality for polymorphisms and silent substitutions (Pn, Ps, Ds; Smith & Eyre-

Walker 2002). While exclusion of low-frequency polymorphisms is usually 

considered suitable justification for the neutral polymorphism assumption, it has been 

suggested that Ds is subject to stronger constraint on the X relative to the autosomes 

(Comeron et al. 1999; Singh et al. 2005), which will artificially enhance the signature 

of X-linked positive selection (by elevating Dn/Ds). Synonymous site selection 

appears to be absent in the D. melanogaster lineage (in contrast to D. simulans; e.g., 

Mcvean & Viera 1999; Akashi et al. 2006), which suggests that the neutrality 

assumption is most reasonable here (this assumption is addressed in full, below). 

 

Expression & Recombination Data 

Expression data from Stolc et al. (2004) were obtained from Kevin White‟s webpage 

(http://genome.med.yale.edu/lab/discuss.htm). For genes with data from multiple distinct 

probes and multiple replicates of the same probe(s), the average of each probe was 

calculated before averaging across probes. Three expression variables were obtained 

from the data: (1) the average expression across all life stages and between the sexes; (2) 

the expression ratio between juvenile and adult life stages, and (3) the expression ratio 

between adult males and females. Average expression levels do not differ between X-
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linked and autosomal genes analyzed in this study. However, the frequency of male-

biased and adult-biased genes is significantly lower on the X chromosome (Table 2.1). A 

previous study indicates that male-biased expression substantially elevates the signature 

of positive selection in Drosophila (Pröschel et al. 2006). Results controlling for X and 

autosome male-biased and adult-biased gene content are reported. 

Five different recombination estimates per gene were obtained from Jody Hey‟s 

webpage (http://lifesci.rutgers.edu/~heylab/; described in Hey & Kliman 2002). Most of 

the 337 genes analyzed here were included in the dataset. When unavailable, data from 

the nearest gene was used (as defined by www.flybase.org). This procedure is consistent 

with the methodologies used to generate the recombination estimates of genes included in 

Hey & Kliman (2002). X-linked estimates were multiplied by 4/3 to control for the lack 

of recombination in male Drosophila and the biased transmission of X-linked genes 

towards females; this 4/3 correction assumes an equal sex ratio among parents, which is 

necessarily true. Results reported here use the KH93 estimator, though results with 

different estimators are equivalent. “Low recombination” regions were classified as 

having a crossover frequency less than 0.002 x 10
-5

 per base pair, per generation. This 

cutoff was used because genes in higher regions of recombination showed similar 

patterns of silent nucleotide variability between the X and autosomes, and because 

previous studies indicate that this is approximately the region in which signatures of 

positive selection disappear (Presgraves 2005; Shapiro et al. 2007). Use of a higher cutoff 

produces the same general result. 

 

Statistical Analyses 

Genes were aligned with ClustalX online 

(http://www.ch.embnet.org/software/ClustalW-XXL.html) and adjusted by hand. 

McDonald-Kreitman and Tajima‟s D statistics were calculated with DnaSP, Version 4.10 

(Rozas et al. 2003). Watterson‟s estimate of silent nucleotide diversity (theta) was 

calculated by hand (as described in Hein et al. 2005), and used to estimate genic effective 

population size, or Ne. Two genes (dpp & CG6495) were polymorphic for inversions; 

standard alignments (i.e., noninversions) were used for all analyses. Two genes (SR-CIII 
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& SR-CIV) included nonfunctional gene copies, which were removed from all analyses. 

Both exclusions do not affect the results. 

Dn and Ds values (nonsynonymous and synonymous substitutions between species) 

were calculated using an arbitrarily selected sequence from D. melanogaster, and 

orthologs from D. simulans and D. yakuba. This procedure permits divergence estimates 

to be independent of polymorphism (a concern if X and autosome polymorphism 

systematically differs). The number of substitutions in the D. melanogaster lineage for 

each gene was estimated with the equation, A – (A + B – C)/ 2, where A is the number of 

substitutions separating D. melanogaster and D. yakuba, B is the number between D. 

simulans and D. yakuba, and C is the number between D. simulans and D. melanogaster. 

Differences between the X and autosomes for Dn/Ds or Pn/Ps ratios were determined 

by G-tests, calculated with DnaSP. The proportion of substitutions between species that 

were fixed via positive selection (or alpha, using the method of Bierne & Eyre-Walker 

2004) was estimated with the software package DoFe (using default settings), kindly 

provided by Adam Eyre-Walker (described in Eyre-Walker 2006). DoFe uses a 

maximum likelihood approach that maximizes the number of genes that can be analyzed 

(i.e., even those with very little polymorphism), and does not sum Dn, Ds, Pn, and Ps 

values across genes and therefore avoids a bias described in Shapiro et al. (2007) 

D. melanogaster and D. simulans are separated by two X-linked and three autosomal  

inversion differences (one on chromosome 2R; two on chromosome 3R; Lemeunier & 

Ashburner 1976) – in which 2 X-linked and 29 autosomal genes from this dataset reside. 

All analyses involving interspecific divergence data were performed with and without 

these genes. The reported results include genes within the inversions, but the patterns and 

conclusions are the same whether these are included or excluded. It should also be noted 

that D. melanogaster autosomes harbor a greater number of inversion polymorphisms 

than X chromosomes do (Aulard et al. 2002), which could differentially depress Ne on 

autosomes. While this X-autosome difference was not explicitly controlled, it should (if 

anything) bias the dataset towards detecting a pattern of fast-X adaptive evolution and 

make the results reported below conservative. Furthermore, patterns of silent nucleotide 

variability (reported below and reflecting Ne) indicate that this does not cause a 
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systematic bias between the chromosomes, after recombinational differences are 

controlled. 

 

RESULTS AND DISCUSSION 

Divergence and Polymorphism 

For total divergence between D. melanogaster and D. simulans, the Dn/Ds ratio is the 

same for the X and autosomes (Table 2.2), consistent with previous studies (Betancourt et 

al. 2002; Thornton et al. 2006). However, Ds is strongly reduced, whereas Dn is the same, 

in the D. simulans relative to the D. melanogaster lineage (Ds χ
2
 = 96.93; P < 0.00001; 

Dn χ
2
 = 0.554; P = 0.457), indicating relaxed selection on synonymous sites in the D. 

melanogaster lineage (see Mcvean & Viera 1999; Akashi et al. 2006). This pattern is 

stronger for X-linked compared to autosomal genes (χ
2
 = 14.397; P = 0.00015), which 

consequently reduces the Dn/Ds ratio on the X relative to the autosomes in the D. 

melanogaster lineage (Table 2.2). 

X-linked genes exhibit lower Pn/Ps ratios than autosomal genes (Table 2.2; see Begun 

1996; Andolfatto 2001), and this difference remains after male-biased genes, which are 

substantially more abundant on autosomes (Table 2.1; Parisi et al. 2003), are removed. 

This pattern is consistent with two hypotheses: that selection is more efficient at 

removing partially recessive deleterious mutations on the X relative to the autosomes 

(e.g., Haldane 1935), and that a larger fraction of nucleotides are evolving neutrally on 

the autosomes relative to the X. These hypotheses can be distinguished by removing low 

frequency (e.g., singleton) polymorphisms, which are much more likely to be strongly 

deleterious compared to those at high frequencies. X-autosome differences in Pn/Ps 

remain after singleton polymorphisms are removed (Table 2.2), suggesting enhanced 

purifying selection against weakly deleterious mutations on the X chromosome (i.e., less 

neutrality on the X). 

 

Silent Nucleotide Variation, Recombination, and Ne 

Because X-linked loci, on average, spend two-thirds of their evolutionary history in 

female genomes, and Drosophila males do not recombine (Morgan 1912), 

recombinational discrepancies are predicted to arise between the X and autosomes (Table 
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2.3; note that the relative rates of recombination for X and autosomal genes analyzed here 

do not differ from the genome-wide pattern). Hill-Robertson interference is enhanced and 

effective population size (Ne) decreases in regions of reduced recombination (Hill & 

Robertson 1966; Felsenstein 1974). This limits the effectiveness of natural selection on 

weakly selected genetic variation; recombinational differences between the X and 

autosomes must be controlled to detect differences between X and autosome adaptive 

divergence that are attributable to hemizygous expression. 

Patterns of synonymous nucleotide variability (theta = 4Ne , where  is the mutation 

rate per nucleotide) can be used to study genic effective population size (Ne) as a function 

of recombination rate variation (e.g., Begun & Aquadro 1992; Presgraves 2005). Silent 

variation is positively correlated with recombination for the X and autosomes (rX = 0.481; 

raut = 0.440; P < 0.0001 for both correlations), and is particularly reduced in regions of 

low recombination (Figs. 2.1-2.2). Silent variability is significantly higher for X-linked 

genes (P < 0.05; two-tailed t test), but this discrepancy disappears when low-recombining 

genes are removed (e.g., less than 2 x 10
-8

 /bp /generation; Fig. 2.1), indicating that 

effective population size does not differ between the X and autosomes for genes in 

moderate to high regions of recombination. 

 

The Proportion of Positively Selected Substitutions 

Polymorphism and divergence data were used to estimate the proportion of 

substitutions driven by positive selection (i.e., alpha; Fig. 2.3). When all genes and 

polymorphisms are included, alpha is estimated at 0.18 for X-linked and 0.00 for 

autosomal genes (X-linked alpha is not significantly greater than zero at P < 0.05). 

However, three systematic biases creep into contrasts between the X and autosomes (as 

discussed above). Autosomes are enriched in genes with male-biased expression (Table 

2.1), which will upwardly bias autosomal estimates of alpha. Autosomes also carry a 

higher proportion of genes evolving in low recombinational environments (Table 2.3; 

Fig. 2.1), and are predicted to harbor relatively higher numbers of deleterious mutations 

than the X chromosome (Haldane 1935); these two factors will tend to downwardly bias 

estimates of alpha (Bierne & Eyre-Walker 2004; Presgraves 2005).  
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To eliminate these potential sources of bias, genes inhabiting low-recombination 

genomic regions (i.e., rec. rate < 0.002 x 10
-5

 /bp/gen; Figs. 2.1-2.2), and genes with 

male-biased expression, were removed from the analysis. Singleton polymorphisms, 

which are likely to include deleterious alleles (Bierne & Eyre-Walker 2004), were also 

removed. Estimated alpha values for the trimmed dataset are quite similar between the X 

and autosomes (approximately 30 percent), with heavily overlapping confidence intervals 

(Figs. 2.3-2.4). There is no discernible “faster-X effect” for adaptive substitutions. 

Previous studies report higher codon usage bias on the X relative to the autosomes 

(Comeron et al. 1999; Singh et al. 2005). If X-linked selection on synonymous sites is 

relatively strong, it may downwardly bias Ps and decrease, and/or downwardly bias Ds 

and increase estimates of positive selection. Current selection is expected to remove 

synonymous polymorphism as well as skew the distribution of variation towards rare 

alleles (e.g., singletons). The Tajima‟s D statistic reflects the polymorphic frequency 

distribution for a gene and decreases as the proportion of rare alleles increases (i.e., 

becomes negative as rare alleles make up a larger fraction of variation; Hein et al. 2005). 

In genes sampled from African populations (which are more likely to reflect selection 

rather than demographic factors; David & Capy 1988; Begun & Aquadro 1993), D is 

negative for silent sites, but does not differ between the X and autosomes (DX = - 0.236; 

Daut = - 0.215; P >> 0.05; two-tailed ttest), as expected if silent sites are equally neutral 

on the X and autosomes. Detecting long-term selection on synonymous sites is more 

problematic since the exact mutation rates of the X and autosomes are not known. 

However, the rate of silent site divergence in the D. melanogaster lineage is not lower on 

the X (dSX = 0.072; dSaut = 0.061; see also Begun & Whitley 2000), as would be expected 

if X-linked silent sites evolve under greater constraint. Even if Ds is downwardly biased 

on the X, the major conclusion reported here – that X-linkage does not enhance 

adaptative divergence – will be conservative. 

 

CONCLUSION 

In the Drosophila melanogaster lineage, an equivalent proportion of adaptive 

nonsynonymous substitutions occur for X-linked compared to autosomal genes. It is 

possible that a pattern of faster-X evolution might be obscured by unidentified random or 
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systematic differences between X-linked and autosomal genes, though this is not 

particularly likely, as several major factors known to influence protein adaptation were 

controlled (see above). Given that the rate of total (i.e., adaptive plus neutral 

substitutions) divergence is the same on the X and autosomes (Betancourt et al. 2002; 

Thornton et al. 2006; but see Counterman et al. 2004), X-linkage does not appear to 

elevate the rate of protein adaptation in Drosophila. 

Two models of adaptation are consistent with the patterns reported here. If adaptive 

divergence proceeds by the fixation of new beneficial mutations, and X-linked population 

size is 75 percent of the autosome population size (i.e., 3/4 NA = NX), the dominance of 

beneficial alleles can be estimated as , where RX is the ratio of the autosome 

to X-linked adaptive substitution rate (Charlesworth et al. 1987; equation (2a)). The ratio 

of the maximum likelihood estimates of autosome and X-linked alpha, which can be used 

to approximate RX, is 0.817 (excluding singleton polymorphism, low recombination and 

1.5-fold and above male-biased genes), and suggests that h ≈ 0.345. However, in D. 

melanogaster, the X-linked effective population size is similar to autosomal Ne (Figs. 2.1-

2.2; Andolfatto 2001). The number of new beneficial mutations arising each generation 

will therefore be proportionally similar between the X and autosomes. Assuming equal X 

and autosome population size, . Confidence intervals surrounding 

estimates of alpha are fairly broad, which reduces the precision of the dominance 

coefficient estimate. Nevertheless, it is clear, assuming a model of adaptation using new 

mutations, that beneficial mutations would be roughly additive in expression. 

A second possibility is that multiple sources of variation – new mutations and 

standing genetic variation – jointly contribute to adaptive substitutions between species. 

Adaptation using previously deleterious genetic variation is expected to cause a pattern of 

“faster-autosome” evolution, independent of the dominance of beneficial alleles (Orr & 

Betancourt 2001). If both new mutations and previously deleterious genetic variation 

contribute to adaptive divergence, and the fitness effects of beneficial alleles are 

recessive, then X-linked and autosomal genes should evolve at similar rates. Teasing 
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apart these alternative possibilities will be an interesting challenge for future research on 

the genetic basis of adaptation. 
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Table 2.1. X chromosome and autosome gene composition 

   Gene Expression Category 

  Total Juvenile-biased Adult-biased Female-biased Male-biased 

 cutoff 
(1)

 -- 
1.5- 

fold 
2-fold 

1.5- 

fold 
2-fold 

1.5- 

fold 
2-fold 

1.5- 

fold 
2-fold 

X # genes 80 5 0 4 2 23 11 4 2 

 
relative 

freq.
(2)

 
1 0.063 0.000 0.050 0.025 0.288 0.138 0.050 0.025 

Autosomes # genes 257 21 16 61 34 74 43 58 45 

 

relative 

freq.
(2)

 
1 0.082 0.062 0.237 0.132 0.288 0.167 0.226 0.175 

 P 
(3)

 -- 0.601 0.027 0.001 0.012 0.996 0.587 0.002 0.002 

1. Cutoff refers to a minimum expression ratio for each category; e.g. female-biased genes with a 2-

fold cutoff have at least twice the expression (in terms of mRNA abundance) in females as in males. 

2. Frequency of total genes for each chromosome type, i.e. total X-linked or total autosomal genes. 

3. Based on chi-square values for 2 x 2 contingency tables. 
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Table 2.2. Divergence and polymorphism data for X-linked and autosomal genes.
(1)

 

Comparison  Location Dn Ds Dn / Ds P 
(2)

 

D. melanogaster lineage X 475 1119 0.424 0.145 

  autosomes 1412 3033 0.466  

D. mel. and D. sim. Lineages X 955 1882 0.507 0.774 

  autosomes 2865 5572 0.514  

       

Populations  Location Pn Ps Pn / Ps P 

Worldwide with singletons X 268 997 0.269 < 0.0001 

  autosomes 1277 2838 0.450  

 no singletons X 123 615 0.200 < 0.0001 

  autosomes 631 1758 0.359  

African with singletons X 191 797 0.240 < 0.0001 

  autosomes 702 1800 0.390  

 no singletons X 98 396 0.247 0.08 
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  autosomes 322 1040 0.310  

 

1
 Results from the entire set of genes are shown: worldwide autosomes, n = 257; African 

autosomes, n = 148; worldwide X-linked, n = 80; African X-linked, n = 57. Equivalent 

results were obtained when genes were partitioned into gene expression categories. 

2
 G test (d.f. = 1). 
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Table 2.3. Average recombination rates for X-linked and autosomal genes
(1,2)

. 

  Estimators of Recombination 

  KH93 ACE R_TE R R_P 

Autosomes Genomic 0.0026 0.0026 0.0023 0.0023 0.0024 

 All gene samples 0.0027 0.0027 0.0025 0.0024 0.0025 

 African samples 0.0029 0.0029 0.0027 0.0025 0.0026 

X Chromosome Genomic 0.0040 0.0056 0.0040 0.0040 0.0041 

 All gene samples 0.0039 0.0057 0.0041 0.0042 0.0042 

 African samples 0.0043 0.0063 0.0047 0.0050 0.0049 

A:X ratio Genomic 0.6505 0.4596 0.5800 0.5755 0.5768 

 All gene samples 0.6867 0.4742 0.6075 0.5674 0.5849 

 African samples 0.6617 0.4560 0.5807 0.5125 0.5338 

1
 The five estimates of recombination are described in Hey & Kliman (2002) and were 

obtained from Jody Hey‟s website (http://lifesci.rutgers.edu/%7Eheylab/). X 

chromosome rates were adjusted by multiplying by 4/3 (see methods). Results reported 

in units x 10
-5

/bp /gen. 
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2
 Genomic sample size: X-linked genes = 2242, autosomes = 10757; all genes sampled 

in this study: X-linked = 80, autosomes = 257; African derived samples: X-linked = 57, 

autosomes = 148. 
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Figure 2.1. Patterns of silent nucleotide diversity (theta per nucleotide) for X-linked and 

autosomal genes as a function of recombination rate. The X and autosomes are 

represented by black and white bars, respectively. (A) Means and 95 percent confidence 

intervals are shown for theta across three intervals of recombination. (B) Theta across a 

continuous gradient of recombination. X-linked and autosomal data are represented by 

black and white bars (or dots), respectively. Theta values include singleton 

polymorphism. All X-autosome contrasts do not differ statistically, with the exception of 

theta using all genes, which is higher on the X, and theta at low recombination, which is 

larger on autosomes (P < 0.05; two-tailed t-test). Data are from both African and 

cosmopolitan D. melanogaster population samples.
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Figure 2.2. A comparison of silent and replacement polymorphism (theta per nucleotide) 

from the entire dataset (Worldwide) and African-derived samples. Means and 95 percent 

confidence intervals are shown for theta across three intervals of recombination. All 

contrasts between populations do not differ statistically (P > 0.05; two-tailed t-test, no 

correction for multiple comparisons). 
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Figure 2.3. Alpha – the proportion of adaptive, nonsynonymous substitutions – for X-

linked and autosomal genes. Genes are partitioned based on sex-specific gene expression 

profiles. The X and autosomes are represented by black and white bars, respectively. 

Substitutions included in the analysis are those that occurred within the D. melanogaster 

lineage; all polymorphism data is included (worldwide samples). Means and 95 percent 

confidence intervals are shown. * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001; 

significance based on a likelihood ratio test of the null hypotheses, α = 0 (implemented 

with the DoFe software).
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Figure 2.4. Alpha – the proportion of adaptive, nonsynonymous substitutions – for X-

linked and autosomal genes. Genes are partitioned based on age-specific gene expression 

profiles. The X and autosomes are represented by black and white bars, respectively. 

Substitutions included in the analysis are those that occurred within the D. melanogaster 

lineage; polymorphisms are for African and non-African gene samples. Means and 95 

percent confidence intervals are shown. * P < 0.05; ** P < 0.01; *** P < 0.001; 
† 

P < 

0.0001; significance based on a likelihood ratio test of the null hypotheses, α = 0 

(implemented with the DoFe software). 
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Part II: Genome Architecture and the Heritability of Fitness 

 

Chapter 3 

 

Sex Linkage, Genic Capture, and the Heritability of Fitness 

 

ABSTRACT 

Several sexual selection models predict that females will obtain indirect genetic benefits 

by preferentially mating with males that improve the genetic quality and fitness of their 

offspring. However, despite widespread observations of additive population genetic 

variation for fitness as well as for male sexually selected traits, estimated fitness 

associations between fathers and offspring are often weak. Perhaps more puzzling, the 

strength of these associations differs drastically between species, leading many 

researchers to question the relevance of genetic benefits for processes of sexual selection. 

Here, I show that the sex chromosome system of a species can strongly influence the 

genetic architecture of male and female fitness variation, and consequently, the 

heritability of components of fitness between fathers and their offspring. Using models of 

sex-specific genetic variation, I show that indirect genetic benefits are much less likely to 

be detected in species with X chromosomes, relative to species with undifferentiated sex 

chromosomes, environmental sex determination, or Z chromosomes. Empirical 

observations from the sexual selection literature are consistent with predictions of the 

models, though additional studies will be required to circumvent phylogenetic non-

independence between sex determination systems. This study strongly suggests that 

inferences about genetic benefits of female choice must be considered within a species-

specific genomic context, and has several implications for the evolution of female 

preferences as well as the genomic consequences of sex and sexual selection. 
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INTRODUCTION 

The question of whether female mating preferences lead to indirect genetic benefits for 

offspring has major population genetic implications. By preferentially mating with a 

nonrandom subset of the male population, females can potentially reinforce natural 

selection by favoring males carrying genetic variation that enhances non-reproductive 

components of fitness. Such choice for “good genes” can improve the fitness of her 

offspring (Fisher 1915; Williams 1966; Trivers 1972; Zahavi 1975) and enhance 

adaptation in sexually reproducing populations (Kodric-Brown & Brown 1987; Whitlock 

2000; Agrawal 2001; Siller 2001; Candolin & Heuschele 2008; Whitlock & Agrawal 

2009). Empirical observations of indirect genetic benefits might also help to resolve the 

“lek paradox”, which predicts that strong female choice will erode population genetic 

variation for fitness, and eliminate genetic benefits as a potential explanation for the 

evolutionary maintenance of female preference (Borgia 1979; Andersson 1994; Rowe & 

Houle 1996; Kotiaho et al. 2008). Finally, indirect benefits are a reflection of the 

evolutionary forces maintaining population genetic variation for fitness. Therefore, the 

presence of indirect genetic benefits or costs may indicate the specific evolutionary forces 

that maintain fitness variation within natural populations. This is perhaps the major 

unresolved question in evolutionary biology (Lewontin 1974; Lewontin et al. 1981; 

Gillespie 2004). 

When preferred male traits convey information about genetic variation for fitness 

(Zahavi 1975, 1977; Berglund et al. 1996), offspring of these males can potentially 

inherit genes that increase survival, fecundity, or enhance male mating success. The 

Genic Capture Model (Rowe & Houle 1996) offers an elegant rationale for why sexually 

selected traits should convey information about genetic quality. If sexually selected traits 

are condition-dependent and individual condition is a property of genome-wide fitness, 

then these traits will indirectly “capture” fitness variability, and male trait expression will 

be positively correlated with male genome quality. Females favoring males with well-

developed ornaments or weapons can potentially improve offspring fitness by obtaining 

high-quality genes from their mates. 

The basic requirements of the Genic Capture Model – condition dependence of 

sexually selected traits, and high additive genetic variation for condition and for sexually 
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selected traits – have strong empirical support (Houle 1992; Pomiankowski & Møller 

1995; Jennions et al. 2001), yet there is surprisingly little consensus as to whether 

preferred males generally improve offspring fitness (Kokko et al. 2003; Kotiaho & 

Puurtinen 2007). Current evidence is inconsistent across study systems, with some 

species yielding strong evidence for genetic benefits for offspring (e.g., Petrie 1994; 

Forsman & Hagman 2006), and others showing sex-specific fitness benefits (e.g., Jones 

et al. 1998; Wedell & Tregenza 1999; Fedorka & Mousseau 2004), sex-specific costs 

(Pischedda & Chippindale 2006; Oneal et al. 2007; Delcourt et al. 2009; Connallon & 

Jakubowski 2009), or no fitness effects at all (e.g., Boake 1985). The fact that fitness 

heritability between fathers and offspring differs between study systems is puzzling, and 

suggests that the nature of fitness variation might fundamentally differ between 

populations or species. While this is an intriguing possibility, few studies have explicitly 

analyzed how species-specific attributes might account for empirical patterns of indirect 

fitness effects between species. 

Sex chromosome systems represent a species-specific genomic feature that can 

potentially influence fitness heritability between fathers and offspring. First, sex-linked 

genetic variation differentially contributes to male and female fitness variation (James 

1973; Cowley & Atchley 1988; Long & Rice 2007; Wayne et al. 2007). In species with 

heteromorphic sex chromosomes (where the Y or W chromosome is degenerate), X- and 

Z-linked variation is completely expressed in the heterogametic (haploid or hemizygous) 

sex, and can strongly contribute to fitness variance among individuals. Sex-linked 

variation is expected to have a lower impact on fitness variance within the homogametic 

(diploid) sex because sex-linked alleles are only partially expressed due to 

heterozygosity. Sex-linked genes also follow unique patterns of maternal and paternal 

inheritance between species (White 1973; Bull 1983). In species with X chromosomes, 

females inherit X-linked variation from both parents, while male X chromosomes are 

entirely maternally derived. This situation is completely reversed in species with Z 

chromosomes, where male Z chromosomes are biparentally inherited and the female Z is 

paternally inherited. Finally, sex chromosomes and autosomes can favor the 

accumulation of different types of fitness variation. “Good genes” variation (e.g., 

variation maintained at mutation-selection balance; Haldane 1937) is expected to be 
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relatively abundant on autosomes, whereas “sexually antagonistic” variation – where 

alleles favored by one sex are deleterious when expressed in the other – is expected to 

have a higher relative abundance on sex chromosomes (Rice 1984; Patten & Haig 2009). 

Sex determination systems, and the proportion of the genome that is sex-linked, are 

highly variable between taxonomic groups (reviewed in White 1973; Bull 1983; Solari 

1994; Devlin & Nagahama 2002). This variability might consequently generate species-

specific genetic architecture for fitness and species-specific genetic benefits and costs to 

offspring. Though these ideas are implicit in previous theoretical and empirical studies 

(e.g., Cowley & Atchley 1988; Long & Rice 2007; Wayne et al. 2007), no prior models 

consider total, genome-wide fitness heritability as a function of the sex chromosome 

system. It is therefore unclear how strongly sex chromosomes might influence indirect 

fitness consequences of nonrandom mating. 

Here, I analyze models of fitness heritability between fathers and offspring of each 

sex, in species with different sex chromosome systems (i.e., X-linkage, Z-linkage, 

undifferentiated or no sex chromosomes), and with arbitrary genomic proportions of sex-

linked inheritance (i.e., zero to 100 percent). I specifically consider indirect fitness 

benefits and costs under models of “sexually concordant” genetic variation, where alleles 

good for males are also good for females, and “sexually antagonistic” variation, where 

alleles good for males are deleterious when present in female genomes. Published 

empirical estimates of genetic benefits and costs are reconsidered within this new 

theoretical framework. The results have several implications for female choice as well as 

the population genetic consequences of sexual selection. 

 

MODEL 

Models of Fitness Variation 

Theoretical fitness associations between fathers and offspring are considered under 

two empirically well-supported models of genetic variation for fitness. Under a model of 

sexually concordant selection, genetic variation is maintained at a balance between 

deleterious mutations and purifying selection (Haldane 1937), as is likely to characterize 

selection at many (if not most) loci within animal genomes (e.g., Houle et al. 1996; Haag-

Liautard et al. 2007; Mitchell-Olds et al. 2007; Morrow et al. 2008). Following recent 



 37  

studies that demonstrate the presence of sexually antagonistic variation and unresolved 

sexually antagonistic selection (Chippindale et al. 2001; Foerster et al. 2007; Brommer et 

al. 2007; Cox & Calsbeek 2009), I also consider the impact of sex chromosomes on 

fitness heritability, when sexual antagonism maintains population genetic variation for 

fitness. 

It is assumed throughout that gene content on sex chromosomes and autosomes is the 

same with respect to mutant fitness effects. The biological reality is that this assumption 

might often be violated, as a variety of studies indicate that sexually selected and sexually 

dimorphic traits sometimes show nonrandom linkage patterns between sex chromosomes 

and autosomes (e.g., Reinhold 1998; Ellegren & Parsch 2007; Mank 2009a; but see 

Fitzpatrick 2004; Fairbairn & Roff 2006). However, nullification of the theoretical 

predictions developed below would require that genes with male functions (that influence 

male fitness) are completely absent on sex chromosomes. This situation appears highly 

unlikely, and there is considerable evidence to suggest that this is not the case in well-

studied species such as Drosophila, where X-linked mutation accumulation studies report 

relatively high male fertility and viability declines (Lindsley & Lifschytz 1972; Gong et 

al. 2005). Thus, the general assumption of equivalent gene composition between sex 

chromosomes and autosomes should generally be reasonable, yet is subject to 

modification if contradictory data emerges. 

 

Sexually Concordant Genetic Variation (“Good Genes”) 

Under a model of sexually concordant selection, each locus has two possible alleles: a 

beneficial allele, A2, and a deleterious allele, A1. The fitness scheme, per diploid locus, is 

as follows: 

 

Genotype:  A1A1  A1A2  A2A2 

Female fitness: 1 – s1  1 – s1 h  1 

Male fitness:  1 – s2  1 – s2 h  1 
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where s1 and s2 are the female and male selection coefficients, and h is the dominance 

coefficient (0 < h, s1, s2 < 1). For an X- or Z-linked locus, the scheme is slightly modified 

in the heterogametic sex, where heterozygosity is impossible: 

 

Genotype:  A1  A2 

XY male fitness: 1 – s3  1 

ZW female fitness: 1 – s4  1 

 

Under X-linked sex determination, and assuming multiplicative epistasis between 

loci, fitness of males and females, respectively, is: 

       (1a) 

      (1b) 

where the variables jA and kA refer to the number of autosomal loci that are homozygous 

and heterozygous for a deleterious mutation, respectively; jX and kX (in females) refer to 

the number of X-linked loci that are homozygous and heterozygous for a deleterious 

mutation, respectively; kmX refers to the number of X-linked mutations per male; and εm 

and εf refer to male and female environmental (non-genetic) components of fitness. 

Because individual deleterious mutations are rare, each of these five variables is 

approximately independent with variances: , , 

, , and  (see Appendix 3.1 for variance 

derivations), where LA and LX refer to the numbers of autosomal and X-linked loci, and 

 and  are the equilibrium deleterious mutation frequencies per autosomal and X-

linked locus, respectively. 

Under Z-linked sex determination, sex-specific fitness functions are: 

      (2a) 

       (2b) 

where jZ and kZ (in males) refer to the number of Z-linked loci that are homozygous and 

heterozygous for a deleterious mutation, and kfZ refers to the number of Z-linked 

mutations per female. As before, all variables are approximately independent with 

variances: , , and  (see Appendix 3.1), 



 39  

where LZ refers to the number of Z-linked loci, and  is the equilibrium deleterious 

mutation frequency per Z-linked locus. 

The approach to modeling frequencies of deleterious mutations follows previous 

theory by Haldane (1937). Ignoring cases of complete recessivity (i.e., h = 0) and strong 

selection (s > 0.05), approximate equilibrium frequencies for autosomal, X-linked, and Z-

linked deleterious alleles are, respectively: 

         (3a) 

         (3b) 

and 

          (3c) 

where m and f are male- and female-specific mutation rates per locus (because the A1 

allele is rare, approximately all mutations are from A2 to A1; back-mutation is assumed to 

be negligible).  

The diploid genomic mutation rate is , where L is the total 

number of loci, and  is the mutation rate, averaged across the sexes. This can be 

reframed to obtain expressions for the number of autosomal and sex-linked loci – 

 and , respectively – where P is the 

proportion of loci that are sex-linked (i.e., X- or Z-linked).  

The fitness effects of autosomal relative to sex-linked mutations can be described 

under conditions with and without dosage compensation, with dosage influencing the 

relative size of sex-linked relative to autosomal selection coefficients (s2 vs. s3, and s1 vs. 

s4). Following the approach of Charlesworth et al. (1987), s2 = s3 and s1 = s4 under 

conditions of dosage compensation. When there is no dosage compensation, s2 = 2s3 and 

s1 = 2s4. 

For simplicity, the environmental variance components (  and ) are defined 

without gene by environment interactions, such that environmental variance does not 

systematically vary between species with different sex chromosome systems. In other 

words, , ,  and  are constant across species. Nevertheless, the 
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introduction of gene-environment interactions into the model tends to reinforce the 

patterns described below, and do not affect the conclusions presented (see Appendix 3.3; 

discussion below). 

 

Offspring Fitness as a Function of Paternal Fitness 

Parent-offspring regression coefficient (β) equations were developed to describe the 

linear relationship between male fitness ( ) and expected fitness of their offspring, 

. Following Lynch & Walsh (1998; eq. 3.14b) regression coefficients are 

defined as: 

        (4) 

This approach was used for three reasons. First, regression coefficients, which describe 

the slope of the relationship between offspring fitness and the fitness of fathers, 

approximate fitness benefit or fitness cost effect sizes. Second, these coefficients are 

analytically tractable because they are simple functions of the fitness variance of fathers 

and the fitness covariance between fathers and offspring, and can easily be partitioned 

into sex-specific fitness heritabilities to sons and to daughters. Finally, estimates of the 

regression coefficients, variances, and/or covariances between relatives, can potentially 

be obtained for quantitative (e.g., Long & Rice 2007) and life-history traits (e.g., Møller 

& Alatalo 1999) that are closely associated with fitness. 

For mathematical convenience, and because the relationship between the natural 

logarithm of fitness and number of deleterious or beneficial mutations is linear under 

conditions of multiplicative epistasis (Shnol & Kondrashov 1993; Gillespie 2004), 

analytical solutions are presented for the regression of  on . The 

theoretical results are presented below as the regression coefficient for a species with sex 

chromosomes, standardized against the regression coefficient for a species without sex 

chromosomes (i.e.,  and ), which permits an interpretation of the 

relative increase or decrease of father-to-offspring heritability caused by the presence of 

sex chromosomes. 
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Fitness Variance and Covariance Under Sexually Concordant Selection 

In species with X-linked inheritance, covariance between fathers and their sons and 

daughters (respectively) follow the functions: 

   (5a) 

and 

   (5b) 

and fitness variance among fathers is: 

   (6) 

(see Appendix 3.2 for details). 

In species with Z-linked inheritance, covariance between fathers and their sons and 

daughters (respectively) follow the functions: 

   (7a) 

and 

  (7b) 

and fitness variance among fathers is: 

  (8) 

(see Appendix 3.2 for details). 

 

Regression Coefficients Under Sexually Antagonistic Genetic Variation 

Previous theory shows that sexual antagonistic variation can have multiple possible 

equilibria per locus (Kidwell et al. 1977) and complex distributions on sex chromosomes 

relative to autosomes (Pamilo 1979; Rice 1984; Hedrick & Parker 1997; Patten & Haig 

2009). Since the key parameters affecting sexually antagonistic allele frequencies and 

genomic distributions are currently unknown, the specific case where sexually 
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antagonistic alleles have additive fitness allelic effects is considered, i.e., where for 

diploid loci (autosomal or sex-linked in the homogametic sex): 

 

Genotype:  A1A1  A1A2  A2A2 

Female fitness: 1  1 – t1 /2 1 – t1 

Male fitness:  1 – t2  1 – t2 /2 1 

 

For haploid loci (sex-linked in the heterogametic sex): 

 

Genotype:   A1  A2 

X-linked male fitness:  1 – t3  1 

Z-linked female fitness: 1  1 – t4 

  

Under the assumption that selection coefficients are relatively small (t < 0.1), stable 

polymorphic equilibria occur when t1  t2 for autosomal loci, and t1  t3 and t2  t4 for 

sex-linked loci. These conditions lead to equilibrium sexually antagonistic allele 

frequencies of , and predict similar levels of sexually antagonistic 

polymorphism at sex-linked and autosomal loci (Patten & Haig 2009).  

Under these starting conditions, the sexual antagonism model yields several simple 

analytical results (see Appendix 3.4). For species with X-linked sex-determination, 

regression coefficients for sons and daughters, respectively, are: 

         (9a) 

and 

      (9b) 

The sex-specific regression coefficients under Z-linkage are: 

          (10a) 

and 
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       (10b) 

Dominance effects for sexually antagonistic alleles are expected to greatly increase 

the amount of sexually antagonistic variation on sex chromosomes relative to autosomes 

(Rice 1984; Patten & Haig 2009), and consequently, the overall contribution of sex-

linked variation to total fitness variance among individuals. Therefore, by assuming an 

additive sexually antagonistic model, the minimum effect of the sex chromosome system 

on fitness heritability between fathers and offspring is quantified. Incorporating 

dominance into the models merely enhances heritability differences between species with 

different sex chromosome systems. 

 

RESULTS 

Genetic Benefits Under Sexually Concordant Selection 

Sex chromosomes decouple the genetic basis of male and female fitness variance, 

despite the same alleles being favored by selection in both sexes. For the homogametic 

sex (females in species with X-linked sex determination and males in species with Z-

linked sex determination) the entire genome is diploid, and fitness is determined by the 

number of mutations in the genome, independent of linkage. Since most mutational 

variation is located on autosomes (Haldane 1937; Hedrick & Parker 1997), autosome 

quality will be the primary genetic determinant of total fitness. In contrast, the 

heterogametic sex is haploid for a portion of the genome, which causes sex chromosome 

genetic quality to have a disproportionately high influence on fitness. The magnitude of 

this effect depends upon the relative dominance of mutations as well as the proportion of 

genomic diversity on the sex chromosome.  

This decoupling of fitness between the sexes can generate substantial heritability 

differences between species with different sex chromosome systems (Fig. 3.1). The 

presence of X chromosomes weakens the genetic benefits of having a high-fitness father 

(represented here as a reduction in the regression coefficient of offspring fitness on 

paternal fitness; see Fig. 3.1). This reduction in fitness heritability applies to both sons 

and daughters, and can be quite strong. For example, under conditions of equally strong 

selection in males and females (s1 = s2 = s3), and partially recessive deleterious mutations 
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(h < 0.5), X-linkage at five percent of the genome (as is typical for mammal species; 

Solari 1994) can reduce offspring fitness benefits by over 40 percent (top panel of Fig. 

3.1). Higher genomic proportions of X-linkage further decrease the magnitude of 

offspring fitness benefits. 

The presence of Z chromosomes marginally influences genetic benefits to sons, and 

enhances fitness benefits for daughters (Fig. 3.1). This effect arises because the fitness 

heritability between fathers and daughters is higher for a Z-linked compared to an 

autosomal locus (each female Z chromosome is paternally inherited), and the fitness 

effect of Z-linked mutations is particularly strong in hemizygous females. The benefit of 

inheriting a relatively mutation-free Z will be strong for daughters if mutations generally 

have recessive fitness effects. 

The impact of the sex chromosome system on fitness heritability remains 

qualitatively the same whether there is dosage compensation or not. In either case, X 

chromosomes reduce the paternal-offspring fitness relationship and Z chromosomes 

enhance the relationship between fathers and daughters. However, a lack of dosage 

compensation dampens the magnitude of these X and Z chromosome effects (Fig. 3.2; 

top left panel). This dampening effect is relatively weak in species with Z chromosomes, 

but is strong in species with X-linkage. Incidentally, dosage compensation appears to be 

ubiquitous in species with X chromosomes, but not in species with Z chromosomes 

(Mank 2009b). This biological pattern is expected to maximize fitness heritability 

differences between species with X-linkage compared to those with Z-linkage. 

Many animal species exhibit stronger selection and higher mutation rates in males 

relative to females (Ellegren 2007; Whitlock & Agrawal 2009; Hollis et al. 2009). Under 

these conditions, the proportion of fitness variation that is sex-linked is expected to 

increase in species with Z chromosomes, and decrease in species with X chromosomes 

(see Hedrick 2007; Appendix 3.5). This should, in principle, enhance fitness heritability 

between fathers and offspring in species with X chromosomes, and increase the fitness 

association between fathers and daughters in species with Z chromosomes. However, 

sex-biased mutation and selection do not strongly influence the impact of sex 

chromosomes on fitness heritability (Fig. 3.2; top right and bottom left panels). A single 

exception arises for the case Z-linkage, where stronger selection in males can greatly 
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improve fitness heritability between fathers and daughters. For example, when selection 

is three times stronger in males than females (s2 = 3s1 = 3s4), Z-linkage across ten percent 

of the genome (as is typical for birds; Solari 1994) will enhance fitness benefits to 

daughters by up to 50 percent. The magnitude of this effect increases with the strength of 

selection in males relative to females, and the proportion of the genome that is Z-linked. 

Environmental contributions to paternal fitness variance will serve to reduce the 

association between male fitness of mean fitness of their offspring. The question is 

whether environmental variance differentially influences fitness heritability between 

different species. When environmental variance is independent of genotype, the fitness 

variance due to environment will be constant across individuals and between species, and 

tends to decrease the effects of the sex chromosome system on fitness heritability (Fig 

3.2; bottom right panel). However, this result only characterizes “fixed” environmental 

variance that is independent of genotype. Fitness variance due to gene-by-environment 

(GxE) interactions tends to reinforce and strengthen fitness heritability differences 

between species with different sex chromosome systems (see Appendix 3.3 for a full 

analysis). To the extent that GxE interactions are common (as appears to be the case for a 

wide variety of quantitative traits; Mackay 2001; Mackay et al. 2009), fixed 

environmental variance is unlikely to eliminate fitness heritability differences between 

sex chromosome systems. 

 

Sexually Antagonistic Fitness Variation 

Though sexually concordant directional selection (“good genes”) probably 

characterize evolution at a large majority of loci within animal genomes (Morrow et al. 

2008), sexually antagonistic variation is also likely to contribute strongly to overall 

fitness variation (Chippindale et al. 2001; Prasad et al. 2007; Foerster et al. 2007; Cox & 

Calsbeek 2009). Under all forms of sex determination, sexual antagonism is expected to 

generate a positive fitness association between fathers and sons and a negative 

association between fathers and daughters. Nevertheless, the magnitude of these effects 

can potentially be influenced by sex linkage, and either enhance or diminish overall 

patterns of fitness heritability between fathers and offspring. 
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Fitness heritability due to sexually antagonistic variation is affected by each species‟ 

sex chromosome system (Fig 3.3; top panel). There is a negative fitness relationship 

between fathers and daughters in all species, with both X and Z chromosomes 

exacerbating the negative effect to daughters. Since “good genes” fitness benefits to 

daughters are relatively weak in species with X chromosomes, the addition of sexually 

antagonistic variation is more likely to overwhelm positive genetic associations between 

fathers and daughters caused by non-sexually antagonistic fitness variation. In other 

words, the likelihood of empirically observing a net negative fitness association between 

fathers and daughters should be greatest for species with X chromosomes, particularly 

those with a large X. 

Fitness of sons is positively associated with paternal fitness, yet this association is 

considerably weaker in species with X chromosomes compared to those with other sex 

determination systems. Sexually antagonistic fitness benefits to sons will be exactly the 

same in species with Z chromosomes as those without sex chromosomes (Fig 3.3; bottom 

panel). X-linkage rapidly decreases the association between fathers and sons, with 

moderately sized X chromosomes (e.g., P = 0.1) reducing the regression coefficient for 

fitness by about 15 percent. Large X chromosomes (P > 0.2), which are often observed in 

insect species, can reduce the regression coefficient between fathers and sons by over 25 

percent. 

It is worth reemphasizing that the sexual antagonism model analyzed here assumes 

that alleles have additive fitness effects; consequently, sex-linked and autosomal loci are 

expected to harbor similar levels of sexually antagonistic genetic variation (Pamilo 1979; 

Hedrick & Parker 1997). A violation of this assumption is expected to redistribute most 

sexually antagonistic variation to the sex chromosomes (Rice 1984; Patten & Haig 2009), 

which should further inflate the contribution of the X to total male fitness variance, and 

will consequently reduce the empirical detectability of genetic benefits to sons, and 

enhance detectability of sexually antagonistic fitness costs to daughters. 

 

DISCUSSION 

Mutation accumulation studies indicate that deleterious mutations carry an average 

heterozygous fitness cost of about one percent (Shabalina et al. 1997), and that the 
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deleterious mutation rate is typically on the order of one, per genome, per generation 

(Haag-Liautard et al. 2007; Baer et al. 2007). Rice (1988) argued that such parameters 

should generate relatively high fitness variance at mutation-selection equilibrium, 

resulting in substantial genetic benefits to offspring of nonrandomly mating females. The 

results presented here suggest that that genetic benefits, estimated by the fitness 

correlation between fathers and offspring, is highly sensitive to the genomic architecture 

of fitness, which in turn, is strongly influenced by each species‟ sex chromosome system. 

When one considers fitness heritability to both sons and to daughters, species with X 

chromosomes are expected to show reduced fitness heritability between fathers and their 

offspring, particularly if deleterious mutations are partially recessive and sexually 

antagonistic variation contributes to fitness variance among individuals. Both of these 

conditions have strong empirically support (Charlesworth & Charlesworth 1999; 

Bonduriansky & Chenoweth 2009). 

The results of these genetic models raise four questions. Do sex chromosome 

systems, in practice, differentially affect patterns of fitness heritability between fathers 

and offspring in different species? Do most studies of indirect fitness benefits focus on 

species with X chromosomes, and if so, is this likely to explain the currently modest 

empirical support for genetic benefits? What do theoretical patterns of fitness heritability, 

as a function of sex chromosomes, imply about the evolution of female mating biases? 

Finally, what do empirical patterns of fitness heritability tell us about the maintenance of 

genetic variation for fitness? Each of these questions is addressed below. 

 

Sex Chromosomes and Viability Benefits to Offspring 

Genetic benefits of mate choice require that the genetic association between fathers 

and offspring for total fitness be positive. A test of whether such associations differ 

between species with different sex chromosome systems would require estimates of total 

fitness heritability for a large number of species, and across a range of sex chromosome 

systems. Estimation of total fitness is currently not feasible for most species, yet several 

studies have estimated associations between male mating success and offspring preadult 

viability, traits that are likely to be strongly linked to overall fitness.  
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To assess whether genetic benefit effect sizes might be influenced by sex 

chromosome systems, I conducted a search of the sexual selection literature (relevant 

data were previously compiled by Møller and Alatalo 1999; I extended their dataset by 

searching the ISI Web of Knowledge using a variety of keywords associated with sexual 

selection and genetic benefits) and identified a total of 28 species where the target of 

female choice was known (preferred male traits were identified), and the association 

between paternal phenotype and offspring viability was measured (see Appendix 3.6). 

Effect sizes (presented as Pearson correlation coefficients) were obtained directly from 

the literature, or calculated using transformations described in Rosenthal (1994). In a few 

cases, species data was available from more than one independent study (i.e., 

Acrocephalus arundinaceus), more than one male trait influencing female choice (i.e., 

Dendrobates leucomelas, Epipedobates tricolor), or multiple conditions in which 

offspring viability was tested (i.e., Tribolium castaneum). Effect sizes were averaged in 

such cases to obtain species-specific coefficients. Sex chromosome data was obtained 

from White (1973), Bull (1983), Solari (1994), Devlin & Nagahama (2002), and Mank et 

al. (2006).  

Estimates of genetic benefits vary substantially between studies, yet partitioning 

species according to their sex chromosome system reveals a striking pattern: offspring 

viability benefits are systematically lower in species with X chromosomes (Fig 3.4), 

consistent with the theoretical predictions given above. Most of the evidence against 

good genes benefits comes from species with X chromosomes – i.e., those species that 

are predicted by theory to show the weakest fitness correlations between fathers and 

offspring. When one considers data from species without X chromosomes, the evidence 

for good genes effects is quite strong. Considering the 14 species (from Appendix 3.6) 

with undifferentiated sex chromosomes or with Z-linked sex determination, every 

heritability estimate is positive (
2
 = 14; p = 0.0001), and the average effect size is 

relatively large (  = 0.403; lower 95% CI: 0.237; upper 95% CI: 0.569).  

Though sex chromosome variability appears to partially account for species-specific 

genetic benefits, this interpretation comes with a major caveat. When the data are 

considered within a phylogenetic framework, it becomes clear that there is little 

phylogenetic independence between species with similar sex chromosome systems. 
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Though individual branches of the phylogeny remain consistent with model predictions, 

the sample size of five independent lineages precludes a statistical test of significance. 

This current limitation of the data can be alleviated by focusing in the future on related 

species with different sex chromosome systems. For example, fish and reptile species 

exhibit a diversity of environmental, X- and Z-linked chromosomal sex determination 

(Devlin & Nagahama 2002; Organ & Janes 2008). Mosquitoes also represent a 

potentially interesting group, as some species have completely undifferentiated sex 

chromosomes, while others have relatively large, heteromorphic sex chromosomes 

(Presgraves and Orr 1998). 

Additional experimental support for model predictions comes from Drosophila, 

which has a relatively large X chromosome (approximately 20 percent of the genome). In 

most studies, paternal mating success is a relatively poor predictor of offspring viability 

(e.g., Partridge 1980: Schaeffer et al. 1984; Pitnick 1991). In contrast, Taylor et al. (1987) 

studied genetic variation on autosomes, and discovered an extremely strong positive 

genetic correlation between male mating success and larval viability under competition 

conditions (r
2
 ≈ 0.85; see their Fig. 2). In their study, all flies shared the same X 

chromosome, and genetic variance among males was entirely based on autosomal 

differences. When considered together, these studies suggest that the Drosophila X 

normally obscures autosomal genetic quality. Thus, genetic benefits are high in studies 

with a controlled X chromosome (i.e., Taylor et al. 1987) but weak in studies considering 

variation across the entire genome (e.g., Partridge 1980; Schaeffer et al. 1984). 

 

Heritability of Adult Fitness Components 

Data on the inheritance of adult fitness components is relatively sparse and difficult to 

interpret. In idealized experimental systems (e.g., pedigree studies using well-

characterized natural populations or direct estimation using lab-adapted populations of 

Drosophila) adult fitness can be measured (Chippindale et al. 2001; Qvarnström et al. 

2006; Brommer et al. 2007; Foerster et al. 2007; Kruuk et al. 2008). Such studies have 

only been conducted using a small number of populations and yield mixed results 

(Qvarnström et al. 2006; Brommer et al. 2007; Kirkpatrick 2009). 
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Most studies estimate the heritability of adult phenotypes that are correlated with 

fitness. This latter approach is more taxonomically inclusive and can potentially yield 

information about whether or not there is a net benefit or net cost to offspring fitness. 

Several of these studies have yielded evidence that males with high mating success sire 

reproductively successful sons (Reynolds & Gross 1992; Jones et al. 1998; Wedell & 

Tregenza 1999; Fedorka & Mousseau 2004; Head et al. 2005; Taylor et al. 2007; but see 

Pischedda & Chippindale 2006; Oneal et al. 2007; Connallon & Jakubowski 2009). 

However, since the strength of the correlation between the measured trait and “fitness” is 

unknown, these studies cannot be used to contrast fitness effect sizes between species.  

The current data cannot address whether and how strongly sex chromosomes 

influence the heritability of adult fitness components. However, it is worth pointing out 

that most published studies have utilized insect species with X chromosomes. The focus 

on species with X-linkage can potentially undermine attempts to discover evidence for 

genetic benefits, since theory predicts that X-linkage will reduce fitness benefits between 

fathers and offspring and enhance sexually antagonistic fitness costs to daughters. 

 

Indirect Benefits and the Evolution of Mating Biases 

Previous theory shows that sex determination systems can differentially influence the 

evolution of female choice for indirect benefits. These studies examine the conditions 

under which female preference alleles invade the population as a consequence of 

nonrandom associations (linkage disequilibrium) with alleles improving viability 

(Hastings 1994; Kirkpatrick & Hall 2004), male attractiveness (Reeve & Pfennig 2003; 

Kirkpatrick & Hall 2004), or alleles with sexually antagonistic fitness effects (Albert & 

Otto 2005).  

Kirkpatrick & Hall (2004) showed that the evolution of female choice is facilitated 

when female preference alleles are X-linked, a finding that appears to be at odds with the 

results presented above, that X-linkage reduces the magnitude of indirect fitness benefits 

between fathers and their offspring. This apparent difference is important and sheds light 

on a common mismatch between theory and experiments in sexual selection. The strength 

of selection on mate choice depends upon the genetic correlation between alleles 

influencing the female preference and the genetic variation for fitness. Such correlations 
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accumulate over many generations, and might be more easily detected with pedigrees 

(e.g., by calculating sex specific breeding values; Kokko et al. 2003; Foerster et al. 2007), 

or by artificial selection experiments (e.g., Wilkinson & Reillo 1994). In contrast, most 

sexual selection studies test for fitness associations between fathers and offspring across 

two generations. While such data can be extremely informative about the genetic 

architecture of fitness or sexually selected traits, it can provide misleading evidence 

regarding the mechanisms driving the evolution of female choice, and may be more 

misleading in some species relative to others. 

Discussion here of genetic benefits and costs has focused on models where male 

quality follows an absolute ranking scheme, such that, if genetic quality of male A is 

greater than male B, and male B is greater than male C, than A must also be greater than 

C. This general assumption is appropriate regarding genetic variation under directional 

selection in males, as expected for deleterious and sexually antagonistic mutations. On 

the other hand, “genetic quality” can be context-dependent when fitness is influenced by 

genetic interactions (e.g., genetic compatibility; Zeh & Zeh 1996, 1997; Neff & Pitcher 

2005), or frequency-dependent selection (e.g., Clark et al. 1999). Both types of fitness 

variation (absolute and context-dependent) can potentially influence female mating 

decisions. However, context-dependent genetic benefits are not necessarily expected to 

differentially influence species with different sex determination mechanisms (though 

overdominant fitness interactions between alleles is expected to be rare for sex-linked 

compared to autosomal loci; Pamilo 1979; Hedrick & Parker 1997). 

 

Heritability versus Population Genetic Variation for Fitness 

The opportunity for indirect genetic benefits has major population genetic 

implications for sexually reproducing species. As a consequence of sexual selection, 

fitness variance among males is typically greater than among females, which suggests 

that genetic variation underlying male traits is subject to strong selection (e.g., Bateman 

1948; Andersson 1994). However, the relationship between genetic variation for male 

fitness and genetic variation for female fitness is not well known (Whitlock & Agrawal 

2009; Bonduriansky & Chenoweth 2009; Kirkpatrick 2009). It is unclear whether genetic 
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variation typically has sex-limited, sexually concordant, or sexually antagonistic fitness 

consequences.  

The good genes hypothesis predicts that sexual selection often follows the same 

evolutionary trajectory as natural selection. Such reinforcement of natural selection by 

sexual selection has two general implications. First, it implies that adaptation within 

sexually reproducing populations will be enhanced by sexual selection (Candolin & 

Heuschele 2008; Whitlock & Agrawal 2009). It also implies that conflicting selection 

pressures between life-history stages or between the sexes (i.e., sexual antagonism or 

antagonistic pleiotropy) – processes that potentially maintain fitness variation (Prout 

1999) – are unlikely to characterize much population genetic variation for fitness. By 

default, other hypotheses, including variation maintained at mutation-selection balance, 

become more plausible. 

This general prediction is complicated by sex chromosomes, which can alter the 

indirect fitness consequences of mating with high-fitness males. Sex chromosome 

differences may permit some species to show strong evidence for indirect benefits, while 

others will display patterns of weak benefits, or perhaps net costs to daughters caused by 

sexually antagonistic variation. Such heritability differences between species may be 

deceptive. Instead of arising because species harbor different amounts or types of genetic 

variation, they may simply arise from species differences in the genomic architecture of 

fitness, as caused by sex chromosome differences. This explanation might account for 

apparently conflicting observations in Drosophila species, which have particularly large 

X chromosomes. Despite most mutations appearing to have negative effects on both 

sexes (Morrow et al. 2008), mate choice tends to generate a net fitness cost to daughters 

consistent with a model of sexual antagonism (Pischedda & Chippindale 2006; Oneal et 

al. 2007; Connallon & Jakubowski 2009). That X-linkage exacerbates sexually 

antagonistic costs and minimizes genetic benefits might explain this discrepancy. 

 

Conclusion 

Sex-specific genetic architecture for fitness can play a major role in determining 

species-specific patterns of fitness heritability. This sex-specificity is strongly influenced 

by the sex chromosome system – i.e., whether males or females are heterogametic, 
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whether sex chromosomes are homomorphic or heteromorphic, and whether X or Z 

chromosomes are small or large. Consequently, fitness heritability differences between 

animal species can arise via differences in genome structure. 

The theory presented here suggests that evidence for positive fitness associations 

between fathers and offspring is least likely to come from species with X chromosomes, 

yet such species are more likely to reveal negative fitness associations between fathers 

and daughters – a consequence of sexually antagonistic genetic variation. Current 

empirical data are consistent with predictions of the theory. This data does not prove that 

sex chromosomes are responsible for heritability differences between species, but it 

emphasizes the necessity of considering how genomic attributes of species might 

influence our inferences about genetic variation and adaptation. 
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Figure 3.1. Sex chromosome size and “good genes” benefits to offspring.  is the 

regression coefficient of daughter fitness as a function of paternal fitness;  is the 

regression coefficient for the fitness of sons; P represents the proportion of the diploid 

genome that is sex-linked. Regression coefficients for species with sex chromosomes are 

standardized by the corresponding coefficients for species without sex chromosomes 

(scaled genetic benefits = βX/βnone or βZ/βnone). Results shown above are under conditions 

of dosage compensation and equal selection and mutation between the sexes (s1 = s2 = s3 

= s4 = 0.01; f = m = 10
-6

). To emphasize genetic effects, environmental variance is set 

to zero. 
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Figure 3.2. Representative effects of dosage compensation, environmental variance, and 

unequal mutation and selection between males and females. Presentation of results 

follows that of Figure 1, with sex chromosomes representing ten percent of the genome 

(P = 0.1). Results in gray correspond to theoretical results from Figure 1, second panel (P 

= 0.1; s1 = s2 = s3 = s4 = 0.01; f = m = 10
-6

; Var(ε) = 0). Results in black correspond to 

four conditions: (A) dosage compensation is absent; (B) selection coefficients are four 

times larger in males than females; (C) mutation rates per locus are four times larger in 

males than females; (D) environmental variance is a constant across species (no gene-by-

environment interactions), arbitrarily defined here as . 
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Figure 3.3. Father-to-offspring fitness heritability under X- and Z-linked sex 

determination and sexually antagonistic variation. Heritability is standardized by fitness 

heritability in a species without sex chromosomes. Results are based on equations (9) and 

(10), assuming small selection coefficients (t < 0.05).  
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Figure 3.4. X-linkage is associated with reduced genetic benefits in nature. Good genes 

viability benefits were collected for 28 species with diverse sex chromosome systems 

(see Appendix 3.6). For each species, effect sizes are presented as Pearson correlation 

coefficients (r) between male traits conferring increased mating success and offspring 

survival. A). Z-linked and X-linked taxa are those with heteromorphic sex chromosomes 

(W or Y chromosomes are at least partially degenerate or are absent). Species with 

genetic sex determination but with homomorphic sex chromosomes are classified as 

„none‟. Sample sizes are X: n = 14, Z: n = 7, and „none‟: n = 7. Groups were compared 

with two-tailed Mann-Whitney U-tests (calculated online at 

http://faculty.vassar.edu/lowry/utest.html), with X-linked species having significantly 

reduced good genes effects relative to the other species (X vs. Z: p = 0.008; X vs. none: p 

= 0.0124). B). the mean effect size (sample size is in parentheses) in species partitioned 

into independent evolutionary lineages. 
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Appendix 3.1. Genomic variance and covariance functions for genotypes at sex-

linked and autosomal loci 

Variables jA and kA are drawn from a multinomial distribution with parameters n = LA, pj 

= , and pk = . Because  is expected to be small ( << 0.01), jA and kA 

have the following properties of variance and covariance: 

 

 

and 

 

 

Variables jX and kX are drawn from a multinomial distribution with parameters n = LX, pj 

= , and pk = , with covariance and variances: 

 

 

and 

 

 

The number of X-linked deleterious mutations, kmX, is binomially distributed with 

variance . 
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Appendix 3.2. Variance and covariance functions for fathers and expected fitness of their offspring  

 

I. X-linked sex determination 

Using the linearity property for independent variables, the expected fitness of offspring, given the fitness of their fathers is: 

 

 

 

where superscripts refer to sons (“s”) and daughters (“d”). 

 

Assuming independence between paternal and maternal genotype, and between paternal and offspring environment, the individual 

terms can be rewritten as: 
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Substitution and simplification yields: 

 

 

 

Covariance between fathers and sons: 

 

 

Covariance between fathers and daughters: 

 

 

Fitness variance among fathers: 
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II. Z-linked sex determination 

Using the same approach as above, we have: 

 

 

with individual terms: 

 

 

 

Substitution and simplification yields: 
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Covariance between fathers and sons: 

 

Covariance between fathers and daughters: 

 

 

Fitness variance among fathers: 
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Appendix 3.3. Incorporating gene by environment interactions 

With gene by environment (GxE) interactions, the environmental variance term might not 

be uniform across different genotypes. To account for such interactions, environmental 

variance is reconsidered under a distribution with constant means, E[εm] = m and E[εf] = f, 

and environmental variance as a function of the genotype: 

 

With X-linkage:  

With Z-linkage:  

No sex chromosomes:  

 

where Cm represents a positive constant that relates the environmental variance to the 

genotypic variance. Since the means are constant across genotypes, the fitness covariance 

between environment and genotype within individuals and between fathers and offspring 

will be zero. The fitness variance among fathers is therefore modified as follows… 

 

Variance among fathers (with X-linkage): 

   (S1) 

 

Variance among fathers (with Z-linkage): 

  (S2) 

 

 

Variance among fathers (no heteromorphic sex chromosomes): 

     (S3) 
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What effect will GxE interactions have on the regression coefficients between fathers and 

offspring? Consider the case where there is no fixed or GxE environmental variance. 

Using equations (6) and (8) from the text, the regression coefficients for species with an 

X, with a Z, and without heteromorphic sex chromosomes (respectively) are: 

 

 

 

 

 

 

By incorporating GxE interactions into the paternal variance – equations (S1), (S2), and 

(S3), respectively – the denominator is modified by a factor of (1 + Cm). This reduces 

each species‟ regression coefficient, but the reduction is the same across species. Thus, 

the relative magnitude of regression coefficients remains unchanged between species. 

 

Suppose there are both GxE and fixed environmental effects. Since the GxE fitness 

variance is a function of the genotype and is independent of fixed environmental effects, 

the regression coefficients can be modified to: 
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Again, environmental variability (GxE as a function of Cm, and fixed effects as a function 

of ) reduces the regression coefficients. To the extent that GxE variance is 

large relative to the fixed environmental variance, the relative magnitude of the 

regression coefficients remains constant between species with different sex chromosome 

systems. 
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Appendix 3.4. Variation maintained by sexually antagonistic selection 

I. Additive Allele Model 

The conditions that lead to a stable, sexually antagonistic polymorphism depend on the relative magnitude of female relative to male 

selection coefficients, and are therefore unaffected by dosage compensation. Under moderate to weak selection (si < 0.1), polymorphic 

equilibria are stable when , and converge to frequency . We can therefore alter the sexually antagonistic 

genotypic fitness model as follows: 

Genotype:  A1A1  A1A2  A2A2 

Female fitness: 1 + sf  1 + sf /2 1 

Male fitness:  1 – sm  1 – sm /2 1 

for diploid loci (autosomal or sex-linked in the homogametic sex), and  

Genotype:   A1  A2 

X-linked male fitness:  1 – sm  1 

Z-linked female fitness: 1 + sf  1 

where  and  

 

Extending to a multilocus model with multiplicative epistasis between loci yields the fitness expressions for sexually antagonistic loci: 

  

 

under X-linked sex determination, and: 
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under Z-linked sex determination. The sexual antagonism variables are defined as follows: 

  and  refer to the number of autosomal sexually antagonistic loci with genotype A1A1 and A2A2 (respectively) and follow 

a multinomial distribution with , , and 

, where LA is the number of autosomal sexually antagonistic loci. 

  and  refer to the number of sex-linked sexually antagonistic loci with genotype A1A1 and A2A2 (respectively) and follow 

a multinomial distribution with , , and 

, where LX is the number of X-linked sexually antagonistic loci. (The same results 

apply for homozygous and heterozygous loci on the Z chromosome:  and ). 

  and  refer to the number of sex-linked sexually antagonistic loci with genotype A1 (in heterogametic males and 

females, respectively) and follow binomial distributions with , and 

. 

 Assuming that N sexually antagonistic loci are randomly distributed throughout the genome,  and  

(as before, P is the proportion of the genome that is sex-linked) 
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II. X-linked sex determination. 

Sexually antagonistic fitness scheme: 

  

 

 

The offspring terms are defined as: 

 

Substitution and rearrangement yields: 
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Covariance: 

The covariance between fathers and sons is: 

 

 

The covariance between fathers and daughters is: 
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Variance among fathers: 

 

 

 

III. Z-linked sex determination. 

Sexually antagonistic fitness scheme: 

  

 

 

 

The offspring terms are defined as: 
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Substitution and rearrangement yields: 

 

 

 

Covariance: 

The covariance between fathers and sons is: 
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The covariance between fathers and daughters is: 

 

 

Variance among fathers: 
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Appendix 3.5. Consequences of sex-specific mutation and selection on the relative 

frequency of deleterious mutations on sex chromosomes and autosomes. 

 

Consider the case where there is dosage compensation (similar results can be obtained 

without dosage compensation, but this assumption removes two parameters, since s2 = s3 

and s1 = s4). The frequencies of autosomal, X-linked, and Z-linked mutations are: 

 

 

and 

 

where αs = s2/s1 and αu = μm/μf. 

 

The relative frequency of sex-linked compared to autosomal mutations is: 

 

and 

 

 

Under a range of dominance, sex-biased mutation (αu > 1) and sex-biased selection (αs > 

1), increase the relative frequencies of Z-linked mutations, and decrease the frequencies 

of X-linked mutations: 
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Figure A3.5.1. Frequencies of X-linked, Z-linked and autosomal deleterious mutations 

are influenced by male-biased mutation rate and selection strength. The gray lines show 

the condition where mutation rates and selection coefficients are exactly equal between 

males and females (i.e. alpha_u = alpha_s = 1). 
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Chapter 4 

 

Association Between Sex Ratio Distortion and Sexually Antagonistic Fitness 

Consequences of Female Choice 

 

ABSTRACT 

Genetic variation can be beneficial to one sex yet harmful when expressed in the other – a 

condition referred to as sexual antagonism. Because X chromosomes are transmitted from 

fathers to daughters, and sexually antagonistic fitness variation is predicted to often be X-

linked, mates of relatively low-fitness males might produce high-fitness daughters, while 

mates of high-fitness males produce low-fitness daughters. Such fitness consequences 

have been predicted to influence the evolution of female mating biases and the offspring 

sex ratio. Females might evolve to prefer mates that provide good genes for daughters or 

might adjust offspring sex ratios in favor of the sex with the highest relative fitness. We 

test these possibilities in a lab-adapted population of Drosophila melanogaster, and find 

that females preferentially mate with males carrying genes that are deleterious for 

daughters. Preferred males produce equal numbers of sons and daughters, whereas 

unpreferred males produce female-biased sex ratios. As a consequence, mean offspring 

fitness of unpreferred males is higher than offspring fitness of preferred males. This 

observation has several interesting implications for sexual selection and the maintenance 

of population genetic variation for fitness. 

 

INTRODUCTION 

The presence of sexually antagonistic variation – where alleles increasing male fitness are 

deleterious when expressed in female genomes – poses a dilemma for the evolution of 
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female choice (Chippindale et al. 2001). Females face a tradeoff of producing relatively 

fit sons and unfit daughters, or relatively fit daughters and unfit sons. If sexually 

antagonistic variation is sufficiently abundant and X-linked, as suggested by theory and 

data (Rice 1984; Gibson et al. 2002; Pischedda & Chippindale 2006), there will be no 

benefit of mating with relatively fit males, but there can be a cost associated with the 

production of low-fitness daughters.  

Two possible evolutionary responses are predicted when sexually antagonistic fitness 

variation predominates, and has a strong X-linked component. Albert & Otto (2005) 

argued that female mating biases will evolve to favor males providing good genes to 

daughters. Female choice might therefore reverse the direction of selection acting on 

males and resolve the sexual antagonism. Calsbeek & Sinervo (2004) proposed an 

alternative response, that females should modify the sex ratio of their offspring in order 

to minimize indirect costs of mating with relatively high-fitness males. 

The fruit fly Drosophila melanogaster is a suitable species for testing these 

hypotheses. Lab-adapted populations of flies, where the environmental context of 

adaptation is known, are amenable to the measurement of traits closely associated with 

fitness. Previous studies show that sexually antagonistic genetic variation influences adult 

fitness variation (Chippindale et al. 2001; Long & Rice 2007), and much of this variation 

appears to be X-linked (Gibson et al. 2002; Pischedda & Chippindale 2006). 

Furthermore, females can adjust the sex ratio of their offspring (Mange 1970; Long & 

Pischedda 2005; Fuller & Mousseau 2007), suggesting that adaptive sex ratio adjustment 

with respect to sexually antagonistic variation is at least possible. 

I conducted experiments using a lab-adapted population of fruit flies to address two 

questions: 

(1) Do female mating biases lead to sexually antagonistic fitness consequences for 

offspring? 

(2) Is the offspring sex ratio skewed in favor of the sex with the highest relative 

fitness? 
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METHODS 

Drosophila stocks 

Female choice and adult fitness components were estimated using the IV population, 

a lab-adapted population of Drosophila melanogaster that is described in Houle & Rowe 

(2003). The IV population and the competitor population, IVe – a lab-adapted population 

that is homozygous for the ebony mutation – were kindly provided by David Houle.  

 

Mate choice trials 

Female mating biases were ascertained by two approaches. A series of tournament-

style mating trials were used to identify males differing in mating success (Fig. 4.1). 

Trials used two- and three-day-old virgin males and females, sampled from the IV 

population. Each trial was conducted with a pair of males and a single virgin female. The 

first male to successfully mate was designated as the winner. Winners or losers from each 

round of trials were arbitrarily paired with each other and retested. Males that lost or won 

three successive trials were used for sex ratio and offspring fitness assays.  

Male-male competition, or intra-sexual selection, might influence the outcome of the 

tournament-style assays, and could potentially override female mating biases. To test 

whether females preferentially mate with males that perform well in the tournament 

setting, I conducted a series of female mating latency experiments. A single male and 

virgin female were placed in a vial and observed until copulation occurred. The relative 

success of each male was estimated by the time required for him to mate. Successful 

males from the tournament trials were able to achieve copulation more quickly than 

unsuccessful males (Fig. 4.2), indicating that the tournament trials capture information 

about female mating biases and are not driven by male-male competition. Females bias 

matings towards relatively successful (3 wins, 0 losses) and away from relatively 

unsuccessful (3 losses, 0 wins) males. Such males are hereafter referred to as “preferred” 

and “unpreferred”, respectively. 

 

Offspring Sex Ratio & Adult Fitness Components 

During the day after mating success trials were concluded, preferred and unpreferred 

males were assigned at random to virgin females from the IV population. Previous 
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research using D. melanogaster indicates that male fertility quickly recovers during a lag 

period of this duration (Markow et al. 1978), and thus, seminal fluid limitation should not 

adversely affect the mates of preferred males. Mates of experimental males were then 

permitted to lay eggs in vials for 12 hours. From these eggs, sets of 40 to 50 eggs were 

transferred to 8 ounce bottles, each containing standard cornmeal medium, 20 adult ebony 

females, and 20 ebony males. This is a typical adult density for IV and IVe flies, creating 

a typical larval environment for this lab-adapted population. The relatively low density of 

introduced eggs per bottle also minimizes interactions between the experimental 

offspring.  

Offspring sex ratio was examined in three independent experimental trials. The first 

two trials each followed offspring of 40 preferred and 40 unpreferred males. The third 

trial followed offspring of 70 preferred and 70 unpreferred males. Offspring from the 

third trial were used for fitness assays. Adult offspring were collected on the 14
th

 day, 

consistent with the evolutionary history of the population, which has been continuously 

reared on a 14-day generation cycle since 1975, representing over 800 generations of 

adaptation to the lab environment (Houle & Rowe 2003). 

Sex-specific selection in Drosophila melanogaster may influence the evolution of 

juvenile growth traits (Prasad et al. 2007). Juvenile growth differences can therefore 

potentially underlie sexually antagonistic fitness effects that manifest at the adult stage. 

However, juvenile sex-specific selection does not appear to give rise to sexually 

antagonistic viability selection. Indeed, there is a strong, positive intersexual genetic 

correlation for Drosophila juvenile viability (e.g., Chippindale et al. 2001). Since our 

major concern here is with sexual antagonism, the results focus on adult fitness-related 

traits – female fecundity and male mating success – that are potentially influenced by 

sexually antagonistic variation. However, the overall conclusions do not rely upon an 

emphasis on adult-stage fitness. Estimates of egg-to-adult viability for preferred and 

unpreferred males reveal no mortality differences between treatments (unpreferred 

offspring: n = 1248 eggs, 70.8 % survival; preferred offspring: n = 1082 eggs, 69.8 % 

survival; two-tailed Fisher exact test p = 0.82).  

Adult-stage female fitness was estimated by the number of eggs produced on the 14
th

 

day of the life cycle. Female offspring were placed in pairs, along with two randomly 
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assigned ebony males, into vials containing standard cornmeal medium and were 

permitted to lay eggs for 24 hours. Houle & Rowe (2003) previously showed that this is 

the critical time period during which egg laying contributes to adult female fitness.  

Male fitness was estimated by mating success experiments, conducted during the 14
th

 

day of the life cycle. Male offspring were individually transferred to mate competition 

vials, each containing a randomly selected (and unrelated) male and female. These 

females and competitor males were each heterozygous for an ebony allele, and expressed 

the wild-type pigmentation pattern. Each competition vial was observed until the female 

mated with one of the males. The female was then isolated and permitted to lay eggs in a 

fresh vial. Paternity was assigned 14 days later by the presence or absence of ebony-

expressing offspring. This measure of male fitness eliminates postcopulatory sexual 

selection, but is not expected to bias the results because precopulatory mating success is 

positively correlated with sperm competition success (Bangham et al. 2002; Hosken et al. 

2008; though the two traits have different genetic bases: Zhang et al. 2008). The measure 

also assumes that mating success on day 14 is correlated with overall male success, 

which will be a function of success on or before day 14. This assumption could 

potentially be violated if there is an extreme reversal in relative male mating success 

during the span of a couple of days, but there is no a priori reason to expect such an 

extreme reversal, nor is there any such precedent in Drosophila melanogaster. 

Chi-square tests were used to detect sex ratio deviations from unity (1:1). Fisher exact 

tests were used to examine whether preferred and unpreferred fathers had sons with 

different degrees of mating success. Two-tailed t-tests were used to test whether egg 

production rates differed between daughters of preferred and unpreferred fathers. 

 

RESULTS AND DISCUSSION 

Offspring Fitness Estimates 

Preferred fathers had sons with slightly higher mating success, though the difference 

was small and not statistically significant (percent paternity unpreferred = 0.627, n = 193; 

percent paternity preferred = 0.647, n = 207; Fisher exact test p = 0.679). Daughters of 

preferred males had decreased fecundity compared to the daughters of unpreferred males 

(Fig. 4.1; unpreferred daughters produced a mean of 70.20 eggs per vial, n = 203 vials; 
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preferred daughters produced 56.85 eggs per vial, n = 164 vials; two-tailed ttest p = 

0.0000004). The estimated fitness gain of 3 percent to sons is substantially lower than the 

estimated fitness drop of 19 percent to daughters of preferred males. 

A strong, negative fitness correlation between fathers and daughters, coupled with 

marginal father-son fitness heritability cannot be explained by autosome-linked sexually 

antagonistic variation, which predicts that costs and benefits will be symmetrical between 

sons and daughters (Kidwell et al. 1977). It is also possible that females differentially 

provision eggs fertilized by unpreferred males. However, a “paternal effect” such as this 

should reduce the fitness of both sons and daughters – this prediction is difficult to 

reconcile with the data. The offspring fitness pattern is consistent with prior theory and 

data suggesting that adult fitness traits are strongly influenced by X-linked sexually 

antagonistic variation (Rice 1984; Gibson et al. 2002; Pischedda & Chippindale 2006; 

Oneal et al. 2007).  

 

Offspring Sex Ratio 

Offspring sex ratios differed between experimental treatments, with preferred males 

producing sons and daughters at equal ratios, and unpreferred males producing daughter-

biased sex ratios (Table 4.1). The single exception in trial 2 (equal sex ratio for preferred 

and unpreferred fathers) can be attributable to its markedly reduced sample size relative 

to sampling in trails 1 and 3. Indeed, the overall sex ratio reduction in unpreferred male 

broods is relatively strong and highly significant (male : female ratio = 0.874; p = 

0.0056).  

There are three possible mechanistic explanations for the sex ratio biases observed 

here. The sex ratio might be equal among fertilized eggs, but viability selection might 

differentially remove males and females from the adult population. This mechanism 

would require that son and daughter viability be decoupled for unpreferred but not for 

preferred males. This scenario appears unlikely in D. melanogaster, where juvenile 

viability is strongly positively correlated between the sexes (Chippindale et al. 2001).  

Females might adjust progeny sex ratios in response to their mate. This is a 

possibility in D. melanogaster, where females have been shown to adjust offspring sex 

ratio in a mating context-dependent manner (Mange 1970; Long & Pischedda 2005; 
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Fuller & Mousseau 2007). When variation is sexually antagonistic, this hypothesis 

predicts that females mated to preferred males will produce male-biased offspring sex 

ratios, while unpreferred males will sire female-biased broods. Only part of this pattern is 

supported, as preferred male broods have a sex ratio near unity. Nevertheless, the 

direction of skew in offspring of unpreferred males is adaptive since it is biased towards 

the sex with highest relative fitness (daughters).  

Males with low mating success might have sex ratio distorting X chromosomes, 

which are common in Drosophila populations (Jaenike 2001). Associations between 

mating success and male meiotic drive have been reported in studies using mice and 

stalk-eyed flies (Lenington 1991; Wilkinson et al. 1998), though it is not known whether 

“driving” X chromosomes are associated with sexually antagonistic variation in these 

species. Such linkage disequilibrium might be expected. Males carrying a driving X with 

female-beneficial alleles will have higher quality offspring than males carrying driving, 

female-detrimental X chromosomes. The effect could promote the development of 

linkage disequilibrium between sex ratio and sexually antagonistic alleles. This is an area 

of population genetics theory that has yet to be formally explored (see Burt & Trivers 

2006 for verbal discussion of meiotic drive and sexual antagonism). 

 

CONCLUSION 

The results indicate that female mating biases in Drosophila might cause a net 

decrease to offspring fitness. This is not simply an artifact of the tournament mate-trial 

setting because mating latency trials independently confirm that females mate more 

readily with males designated as “preferred” (Fig. 4.2). Mating biases that reduce 

offspring fitness seem paradoxical, yet three factors could potentially explain the 

persistence of such a pattern of female choice. First, males might provide a direct benefit 

to their mates, which could potentially counteract any indirect costs (e.g., Oneal et al. 

2007). Although current evidence from Drosophila melanogaster suggests that direct 

effects of female preferences are not beneficial and instead could be costly (Friberg & 

Arnqvist 2003), this scenario would be an interesting topic for future research. A second 

possibility is that Drosophila female mating biases are passive rather than active. For 

example, male mating success is at least partially a function of locomotor activity, with 
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high-activity males encountering and consequently mating with more females than low-

activity males. A passive female mating bias of this variety is not directly costly to 

females because there is no energetic cost of searching for a mate (Kokko et al. 2006; 

Kotiaho & Puurtinen 2007), and is likely to have sexually antagonistic fitness 

consequences for offspring (Long & Rice 2007). Furthermore, females are only expected 

to evolve to resist males carrying female-detrimental genes if the cost of active mate 

choice is less than the indirect costs of having less fit offspring. Lastly, multiple mating 

might mitigate the indirect fitness costs that are observed here, in single mating contexts. 

Fitness estimates are for offspring from females that were singly-mated to a preferred or 

unpreferred male. In natural contexts, Drosophila females mate multiply, which could 

help to eliminate sexually antagonistic consequences for offspring if females 

preferentially use X-bearing sperm from “unpreferred” males and Y-bearing sperm from 

“preferred” males. 

The sex ratio bias observed for unpreferred fathers has adaptive consequences for 

both parents. Unpreferred males and their mates have high-fitness daughters and benefit 

by producing daughters in excess of sons. By producing offspring with a higher mean 

fitness, unpreferred fathers might make a greater long-term genetic contribution to the 

population than might be expected based on their relative mating success. In other words, 

male mating success variance might be considerably higher than the actual fitness 

variance among males.  

Sexually antagonistic selection was largely ignored experimentally until the last 

several years, but steadily mounting evidence now indicates that it is an important 

mechanism maintaining population genetic variation for fitness (e.g., Chippindale et al. 

2001; Foerster et al 2007; Cox & Calsbeek 2008). The potential ubiquity of sexually 

antagonistic variation, coupled with a variety of sex ratio distortion mechanisms (e.g., 

Clutton-Brock & Iason 1986; Jaenike 2001), suggests that the results reported here might 

commonly occur in nature. To our knowledge, only one other such report, in an Anolis 

lizard species (Calsbeek & Bonneaud 2008), has been published. Future work in 

additional animal species might benefit by integrating female choice assays with analyses 

of sex ratio modification and sex-specific offspring fitness. 
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Table 4.1. Male mating success and offspring sex ratios 

 Males Females Sex Ratio P
1
 

Trial 1     

unpreferred 296 366 0.809 0.0065 

preferred 255 260 0.981 0.83 

Trial 2     

unpreferred 78 72 1.08 0.62 

preferred 87 86 1.01 0.94 

Trial 3     

unpreferred 417 467 0.893 0.093 

preferred 377 378 0.997 0.97 

All Trials     

unpreferred 791 905 0.874 0.0056 

preferred 719 724 0.993 0.90 

1
 Significance based on chi-squared tests with 1 d.f.  
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Figure 4.1. The male mating success trial design includes three rounds of competition 

during which successful males (right) or unsuccessful males (left) are retained for 

breeding experiments. 
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Figure 4.2. Relationship between different female preference assays. Black bars represent 

males that won or lost all three tournament trials. Open bars represent males that won or 

lost the first two trials. Means (time to mating in minutes) and sample sizes are shown. P 

values were calculated from two-tailed Mann-Whitney U tests. 
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Figure 4.3. Paternal mating success influences daughter fecundity. The egg production 

distribution is based on egg counts per vial, each containing two experimental females 

and two randomly selected males (see methods for details). 
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Chapter 5 

 

Evidence for cryptic genetic benefits of female choice in Drosophila melanogaster 

 

 

INTRODUCTION 

A major goal in evolutionary biology is to understand why females exhibit strong mating 

preferences when their mates do not provide direct benefits, such as resources or parental 

care (Trivers 1972; Borgia 1979; Andersson 1994). Females might receive an indirect 

benefit by choosing mates with „good genes‟ that enhance offspring survival, although 

the importance of the good genes mechanism of female choice critically depends upon 

the availability of genetic variation for fitness, the ability of females to discriminate 

among males of variable genetic quality, and the transmission of heritable fitness 

variation between males and their offspring (Rowe & Houle 1996).  

Theory shows that genome architecture can strongly influence the magnitude and 

empirical detectability of genetic benefits (see Chapter 3). Evidence for genetic benefits 

is expected to be particularly weak in species with male heterogametic sex determination, 

where males are hemizygous for X-linked genes. This situation arises because X 

chromosomes generate several asymmetries between fitness variation among fathers and 

the expected fitness of their offspring. When recessive deleterious mutations contribute to 

fitness variation, male fitness is disproportionately influenced by X chromosome genetic 

quality, whereas female fitness is mainly influenced by autosomal quality. Consequently, 

fitness heritability between fathers and daughters is low because the fitness of each is 

primarily influenced by genetic variation at different genomic locations. Fitness 

heritability to sons will necessarily be low because the father-son heritability of X-linked 

genetic variation is zero. Sexually antagonistic variation, which appears to be 
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preferentially X-linked (Rice 1984; Gibson et al. 2002), compounds the issue because 

alleles associated with paternal mating success are not passed to sons, and reduce 

offspring fitness when transmitted to daughters. Sexual antagonism is therefore expected 

to dampen and reduce an already weak fitness correlation between fathers and offspring. 

The obscuring effect of the X chromosome is particularly acute in the Drosophila 

model system, which is amenable to the measurement of fitness (via lab-adapted 

populations; Houle & Rowe 2003; Rice et al. 2005), but also has a large X chromosome, 

typically ranging between approximately 20 percent (as in D. melanogaster) to 40 

percent of the genome (as in D. pseudoobscura). Several previous studies report weak or 

no viability benefits of nonrandom mating in Drosophila (e.g., Partridge 1980: Schaeffer 

et al. 1984; Pitnick 1991). However, a single study using experimental males with 

standardized, homogeneous X chromosomes reports a very strong relationship between 

paternal mating success and offspring viability (Taylor et al. 1987). The comparative 

results of these studies support the idea that X-linked variation obscures underlying 

heritable fitness variation on autosomes, yet these experiments were conducted using 

different experimental protocols, with different populations, and within different 

laboratories. Thus, the results warrant further investigation. 

Good genes might more easily be detected experimentally via manipulation of X 

chromosome transmission. If male fitness is strongly influenced by the X chromosome, 

good genes benefits will become magnified when sons rather than daughters inherit the 

paternal X. Paternal inheritance of high-quality X chromosomes is more beneficial to 

sons than to daughters because X-linked mutations are completely expressed in sons, but 

only partially expressed in daughters. If sexually antagonistic variation is present, 

daughters also benefit by not receiving a paternal X chromosome; by removing X-linked 

sexually antagonistic variation, otherwise obscured genetic benefits might be revealed. 

To test this idea, I conducted a series of mate choice trials and measured viability of 

offspring of “preferred” and “unpreferred” males in a lab-adapted population of 

Drosophila melanogaster. Each male was crossed to a wild-type female to produce 

offspring inheriting his autosomes and daughters inheriting his X chromosome. These 

males were also crossed to mutant females (XXY, compound-X genotype), which permit 

normal autosome inheritance, with the transmission of the paternal X to sons rather than 
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daughters.  

 

METHODS 

Drosophila stocks 

Female choice and indirect benefits were estimated in the IV population, a lab-

adapted population of Drosophila melanogaster that is described in Houle & Rowe 

(2003). The IV population and the competitor population, IVe - a lab-adapted population 

that is homozygous for the ebony mutation – were kindly provided by David Houle. A 

compound-X stock, C(1)DX, was obtained from the Bloomington Stock Center. The 

genetic background of the IV population was introgressed into the C(1)DX stock for over 

20 generations.   

 

Female choice trials 

Following the same method as fully described in Chapter 5, series of tournament-

style male mating success trials were conducted to distinguish relatively  “unpreferred” 

and “preferred” males.  

 

Offspring survival 

Individual preferred and unpreferred males were mated to both IV and C(1)DX 

females. In both crosses, offspring inherit paternal autosomes. Paternal X chromosomes 

pass to daughters in crosses to IV females. The X is passed from father to son in the 

C(1)DX cross. Females were permitted to lay eggs in vials for 12 hours. Sets of 

approximately 50 eggs were transferred to 8 ounce bottles with standard cornmeal 

medium, and 20 ebony females and 20 ebony males (from the IVe population). This is a 

typical adult density for IV flies, and should create a typical larval competition 

environment for this lab-adapted population. Because the population has been evolving 

under a 14-day generation cycle for over 800 generations, egg to adult viability can be 

estimated as the proportion of individuals emerging as an adult by the end of the 14-day 

cycle. Three replicates of the experiment were carried out during December 2007, 

January 2008, and May 2008. For the first two experimental trials, offspring survival was 

estimated for 40 preferred and unpreferred males. 70 preferred and unpreferred males 
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were used for the third trial.  

 

Statistical analysis 

The probability of survival (p) for each male type and each cross was estimated by 

maximum likelihood. Following Rice (2006), the likelihood function is:  

 

where n is the number of eggs produced by the mates of preferred or unpreferred males, 

and x is the number of adults emerging by day 14. The maximum likelihood estimator for 

the proportion of surviving offspring is:  

 

The MLE estimator is approximately normal with mean  and variance: 

 

Estimates and standard errors of p were adjusted so that the male category with the 

highest offspring survival was scaled to one. In other words:  

 

where the maximum likelihood estimator for male category i (i = unpreferred or 

preferred).  

The adjusted standard error is: 

 

Results for the three experimental trials are reported in Table 1. Standardized pooled 

data are shown in Fig. 1. 

 

RESULTS AND CONCLUSION 

Results of the experiment confirm theoretical predictions that X-linked genetic 

variation strongly influences male fitness variation, and consequently, species with X 

chromosomes should exhibit a low fitness heritability between fathers and offspring, 

despite high levels of genetic variation affecting fitness (see Chapter 4). In the standard 

cross, offspring viability was nearly identical between preferred and unpreferred males 
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(pref. = 73.7 % survival; unpref. = 73.4 & survival; two-tailed Fisher exact test p = 

0.944). The manipulated cross revealed an otherwise masked benefit of mate choice, with 

the offspring of preferred fathers having improved survival relative to those of 

unpreferred fathers (pref. = 22.8 % survival; unpref. = 26.0 % survival; two-tailed Fisher 

exact test p = 0.0197). The viability difference within the manipulated treatment was 

approximately 12 percent (Fig. 1). 

These patterns highlight the fact that each species‟ genome architecture can 

potentially have a profound affect on fitness heritability between relatives. Heritability 

between fathers and offspring has received strong emphasis within the sexual selection 

literature, because it has strong implications for the evolution and adaptive significance 

of nonrandom mating (Møller & Alatalo 1999). Negative evidence for genetic benefits 

might seem, on the surface, to imply that male mating success variance is almost entirely 

based on environmental variance, or gene-by-environment interactions, which both 

predict trivial fitness heritability to offspring (e.g., Greenfield & Rodriguez 2004). On the 

contrary, the presence of sex chromosomes can profoundly alter patterns of heritability 

between species, independent of the relative abundance of additive genetic variation for 

fitness. Consequently researchers must incorporate information about an animal species‟ 

genome in order to properly interpret the relationship between heritability, the nature of 

genetic variation affecting fitness, and its consequences for mate choice evolution. 
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Table 5.1. Female choice and offspring egg-to-adult viability data for the three 

experimental trials
1
 

 Manipulated cross (X to sons) Normal cross (X to daughters) 

Trial 

Unpreferred 

fathers Preferred fathers 

Unpreferred 

fathers Preferred fathers 

1 0.2268 (0.0190) 0.2787 (0.0213) 0.8054 (0.0138) 0.8085 (0.0156) 

2 0.2102 (0.0154) 0.2597 (0.0136) 0.6224 (0.0312) 0.7238 (0.0289) 

3 0.2350 (0.0094) 0.2561 (0.0095) 0.7083 (0.0129) 0.6978 (0.0140) 

1
 Proportion of offspring emerging as adults (standard errors are in parentheses). 
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Figure 5.1. Genetic benefits of female choice under two crossing schemes. Open circles 

refer to offspring of “preferred” fathers. Closed circles are offspring of “unpreferred” 

fathers. Data are standardized against the survival of offspring of preferred fathers (see 

Methods section for details).  
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Part III: Population Benefits and Costs of Sexual Reproduction 

 

Chapter 6 

 

Sexually Antagonistic Selection and the Twofold Cost of Sex 

 

ABSTRACT 

Sexual reproduction is extremely widespread, yet it is expected to carry with it a twofold 

cost relative to asexuality. Theory suggests that sex-specific selection may enhance 

purifying selection against deleterious mutations and help to eliminate the twofold cost of 

sex. However, recent experiments indicate that sex-specific selection can also be costly 

owing to sexual antagonism: alleles harmful to one sex can accumulate within a 

population because they are favored in the other sex. Whether sex-specific selection 

provides a net fitness benefit or cost depends, in part, on the relative frequency and 

strength of sexually concordant versus sexually antagonistic selection throughout a 

species‟ genome. Here, we model the net fitness consequences of sex-specific selection to 

describe its costs and benefits while explicitly considering both sexually concordant and 

sexually antagonistic selection. The model shows that, even when sexual antagonism is 

rare, the fitness costs that it imposes will generally overwhelm the fitness benefits of 

sexually concordant selection. Furthermore, the cost of sexual antagonism is, at best, only 

partially resolved by the evolution of sex-limited gene expression. To evaluate the key 

parameters of the model, we analyze an extensive dataset of sex-specific selection 

gradients from wild populations, along with data from the literature on experimental 

evolution. These empirical data suggest that sex-specific selection likely imposes a net 

cost, though additional research will be required to confirm this conclusion.  
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INTRODUCTION 

The ubiquity of sexual reproduction has been described as “the outstanding puzzle in 

evolutionary biology” (G. C. Williams, as cited by Ridley 1996). All else being equal, an 

asexual population should grow at twice the rate of a sexual population because the male 

half of a sexual population does not contribute to its fecundity. In other words, sex bears 

an inherent “twofold cost” relative to asexuality (Maynard Smith 1978). Nevertheless, 

sexual reproduction is widespread, and must therefore confer benefits that outweigh this 

twofold cost (Bell 1982; Rice 2002). 

One feature that distinguishes sexual populations from their asexual counterparts is 

the potential for natural and sexual selection to differ in strength and/or direction between 

the sexes. Such sex-specific selection has recently been proposed as a potential resolution 

to the paradox of sex (Sharp & Agrawal 2008; Whitlock & Agrawal 2009). Mathematical 

theory shows that selection can compensate for the twofold cost of sex if it acts in the 

same direction on males and females, but is relatively stronger in males (Manning 1984; 

Koeslag & Koeslag 1994; Whitlock 2000; Agrawal 2001; Siller 2001; Lorch et al. 2003; 

Hadany & Beker 2007). This occurs because selection on males does not affect the 

reproductive rate of a population, which depends only on the survival and fecundity of 

females. However, strong selection on males can provide a benefit by purging deleterious 

mutations from the population. Thus, a sexual population can experience strong purifying 

selection without suffering extreme reductions in its reproductive rate via increased 

mortality or variable fecundity of females. The benefits of this mechanism can 

theoretically arise from sex differences in selection arising from differential survival, 

fecundity, and/or mating success.  

For sex-specific selection to provide a benefit, selection must favor the same alleles in 

each sex and differ only in its relative strength. Whether selection has this sexually 

concordant effect is difficult to assess at the genotypic level, but it is increasingly 

recognized that many phenotypic traits are subject to opposing selection pressures in each 

sex (Rice & Chippindale 2001; Cox & Calsbeek 2009). This sexual antagonism can lead 

to the accumulation of mutations that are beneficial to males, but detrimental to females, 

thereby reducing the fitness of sexual populations (Prasad et al. 2007; Bonduriansky & 
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Chenoweth 2009). Under such a scenario, sex-specific selection can generate an 

additional cost of sexual reproduction. 

Given these two highly divergent outcomes, it remains unclear whether sex-specific 

selection typically reduces or adds to the twofold cost of sex. This uncertainty stems from 

two major limitations of existing theory and data. First, theoretical models have yet to 

consider the effects of sexual antagonism when assessing the benefits of sexual selection. 

Second, the paucity of sex-specific selection estimates has precluded rigorous empirical 

tests of these models (for discussion, see Whitlock & Agrawal 2009; Hollis et al., 2009). 

Here, we extend the theoretical and empirical scope of previous studies by incorporating 

both deleterious mutations and sexually antagonistic selection pressures into a new model 

that contrasts fitness between sexual and asexual populations. We then discuss empirical 

data from experimental evolution and field-based studies of sex-specific selection with 

respect to the key parameters of this model. By combining a new mathematical model 

with several independent lines of empirical data, we show that sex-specific selection is 

likely to impose additional costs on sexual species, contrary to the conclusions of 

previous theoretical studies. 

 

MODEL 

Sex-specific selection introduces two consequences for adaptation throughout the 

genome. A proportion of mutations (hereafter ), formerly deleterious to all individuals, 

becomes beneficial to one sex and remains deleterious to the other. Such mutations are 

subject to sexually antagonistic selection. All other mutations (1 – ) remain deleterious 

and are subject to sexually concordant selection, although the strength of purifying 

selection may differ between the sexes. Thus, we use the term „sexually antagonistic‟ to 

refer to sex-specific selection in which the direction of selection differs between the 

sexes, and „sexually concordant‟ to refer to sex-specific selection in which the direction 

of selection is the same in both sexes, despite differences in its relative strength. Below, 

we separately address the population genetic consequences of sexually concordant and 

sexually antagonistic selection, and then consider how both processes jointly contribute 

to genome-wide fitness. 
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Sexually Concordant Selection. 

For the case of sexually concordant selection at a locus with two alleles, A1 and A2, 

sex-specific fitness follows the scheme: 

 

Genotype:  A1A1  A1A2  A2A2 

Female fitness (wf): 1 – sf  1 – sf h  1 

Male fitness (wm): 1 – sm  1 – sm h 1 

 

where the selection coefficients sm and sf, and the dominance coefficient h, are all 

positive. Here, the A1 allele is disfavored in both sexes, but will persist at low frequency 

due to mutations from A2 to A1. Under sexually concordant selection, the deleterious 

allele A1 evolves to a single equilibrium, at mutation-selection balance: 

         (1) 

(Whitlock & Agrawal 2009), where αC = sm/sf and μ refers to the mutation rate from A2 to 

A1 (backmutation is assumed to be negligible because A1 is rare). Assuming 

multiplicative epistasis between mutations, and following the approach of Kimura & 

Maruyama (1966) to extend across all sexually concordant loci in the genome (see also 

Maynard Smith 1978; Agrawal 2001), the number of deleterious mutations per individual 

is expected to follow a Poisson distribution with parameter: 

         (2) 

where U represents the genomic mutation rate per zygote, per generation. 

 

Sexually Antagonistic Selection 

For the case of sexual antagonism at a locus with two alleles, sex-specific fitness 

follows the scheme: 

 

Genotype:  A1A1  A1A2  A2A2 

Female fitness (wf): 1 – sf  1 – hf sf 1 

Male fitness (wm): 1  1 – hm tm 1 – tm 
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where sexually antagonistic selection coefficients sf and tm, and dominance coefficients hf 

and hm, are all positive. Here, the A1 allele increases male fitness, thereby generating 

conflicting selection pressures between the sexes. 

Sexual antagonism generates three possible evolutionary equilibria, which depend 

upon the strength of selection in males relative to females (Kidwell et al. 1977; Appendix 

6.1). When selection is stronger in females than in males, the male-beneficial allele, A1, 

evolves to a low-frequency equilibrium at mutation-selection balance. This condition 

specifically occurs when: 

         (3) 

When selection is stronger in males than in females, the female beneficial allele, A2, 

occurs at low frequency at mutation-selection balance. This condition occurs when: 

         (4) 

When selection in males and females is similar in strength, sexual antagonism can 

maintain a stable polymorphism, under the condition: 

       (5) 

When A1 is equally dominant in males and females (i.e., hf = 1 – hm), and selection 

coefficients are relatively small (tm, sf < 0.1), the conditions favoring a balanced 

polymorphism are quite restrictive (Kidwell et al. 1977; Prout 1999; Appendix 3.1), and 

there are essentially two equilibria: one in which selection on females dominates and A1 

remains at low frequency (condition 3; hereafter “weak” sexual antagonism), and one 

where selection on males dominates and A1 approaches fixation (condition 4; hereafter 

“strong” sexual antagonism). 

 

Net Fitness of Females Under Weak Sexual Antagonism 

When sexual antagonism is weak, selection in females for modifiers that mitigate the 

harmful effects of A1 will also be weak (i.e., on the order of the mutation rate; Wright 
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1929), and sexually antagonistic fitness effects should persist over evolutionary time. The 

equilibrium frequency of such female-deleterious mutations is approximated by: 

         (6) 

where αA is the relative strength of sexual antagonism, defined as αA = tm/sf  (see 

Appendix 6.2). Extending across all sexually antagonistic loci (a fraction  of total loci), 

the number of male-beneficial/female-detrimental mutations per female follows a Poisson 

distribution with parameter:  

         (7) 

which represents the average number of male-beneficial (female-detrimental) mutations 

per individual. 

By combining sexually antagonistic and sexually concordant loci, mean female 

fitness can be calculated as a function of the number of harmful mutations per female 

(i.e., female-detrimental plus universally deleterious alleles): 

  (8) 

When combined with equations (2) and (7), this simplifies to: 

       (9) 

 

Net Female Fitness Under Strong Sexual Antagonism 

Under strong sexual antagonism (αA > 1), deterministic invasion of a male-beneficial 

allele can lead to two potential outcomes. First, selection for modifiers can lead to the 

evolution of sex-limited expression (Lande 1980; Rice 1984; Otto & Bourguet 1999). 

This means of resolving sexual antagonism generates loci with sex-specific effects on 

fitness (Bonduriansky & Chenoweth 2009), and which carry deleterious mutations at 

frequency: 

          (10) 
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For such loci, mutations may occur during every generation, while selection is limited to 

50 percent of generations (i.e., each mutation has a 0.5 probability of occurring in a male 

or a female genome during each generation). These loci will therefore harbor at least 

twice as much deleterious variation as loci that are under sexually concordant selection 

(where αC ≥ 1). Under a scenario where sexual antagonism is completely resolved by sex-

limited expression, mean fitness of females at equilibrium will be: 

        (11) 

where  represents the genome-wide proportion of female-expressed loci with sex-

limited fitness effects. 

If the cost of silencing expression of a sexually antagonistic gene is greater than the 

cost of expressing the male-beneficial variant, the evolution of sex-limited expression 

will be constrained. In such cases, sex-limitation might be disadvantageous and the 

sexual antagonism will not be resolved. To examine the consequences of strong and 

unresolved sexually antagonistic selection with respect to the fitness of females, we must 

define a new term that refers to the number of loci that are under sexually antagonistic 

selection (hereafter LA). Since the genomic mutation rate is U = 2Lµ, where L is the 

number of loci in the genome (2 reflects the fact that a mutation can be paternally or 

maternally inherited for a diploid locus), the number of sexually antagonistic loci will be: 

. 

For strong sexual antagonism (αA > 1) and relatively small selection coefficients (i.e., 

sf, tm < 0.1, as previously assumed), female-detrimental alleles are nearly fixed within the 

population (Kidwell et al. 1977). At mutation-selection equilibrium, the frequency of a 

female-beneficial allele (A2) is: 

           (12) 

(see Appendix 6.2). Since A2 is rare, the number of loci that are homozygous for the 

female-beneficial allele will be negligible. The number of heterozygous, sexually 

antagonistic loci is Poisson-distributed with parameter: 
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        (13) 

Mean fitness of females with respect to the sexually antagonistic loci will be: 

      (14) 

Mean fitness of females, considering both sexually antagonistic and sexually concordant 

loci, is: 

      (15) 

 

Simulations 

The analytical solutions presented here rely on two important assumptions about 

sexually antagonistic variation. Selection coefficients are assumed to be relatively small 

and dominance is assumed to be identical between the sexes (i.e., A1 is equally dominant 

in males and females, which requires that hf = 1 – hm). Under these assumptions, 

conditions favoring a stable polymorphism are so restrictive that they can largely be 

ignored. However, as selection increases in strength, or dominance becomes sex-specific, 

sexual antagonism is expected to increasingly favor the maintenance of genetic variation 

and conclusions based on analytical models become less reliable. We therefore performed 

a series of simulations to account for strong genic-selection and sex-specific dominance, 

and show that equations (9) and (15) represent lower and upper limits for the costs of 

sexual antagonism, respectively (see Appendix 6.3 for details). As the strength of 

selection increases (tm, sf  1) or under dominance reversal conditions (e.g., hf = hm), the 

parameter space where sexual selection provides a net benefit, which we present in Fig. 1 

(based on equation (9)), becomes reduced relative to the analytical approximation. Our 

main conclusion below, that even a small proportion of sexually antagonistic selection 
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generates a cost to females that overwhelms benefits of sexually concordant selection, is 

therefore conservative. 

 

RESULTS 

When sex-specific selection is absent, the average fitness of an asexual individual is: 

          (16) 

(e.g., Kimura & Maruyama 1966; Kondrashov & Crow 1988). Sex-specific selection can 

substantially alter mean fitness of females in a sexually reproducing population. 

Consistent with previous work (Agrawal 2001; Siller 2001), we find that sex-specific 

selection is beneficial, and will mitigate the twofold cost of sex, in the absence of sexual 

antagonism (  = 0) and when deleterious mutations are more harmful to males than to 

females (αC > 1; Fig. 6.1).  

When there is sexual antagonism (  > 0), sex-specific selection can also generate a 

net fitness benefit for females, but only when αC increases much more rapidly than αA. 

Under weak sexual antagonism (αA < 1), sex-specific selection improves the fitness of 

females under the condition: 

       (17) 

Otherwise, sex-specific selection adds to the cost of sex. An analysis of condition (17) 

shows that sex-specific selection generates a net fitness cost for females when even a 

small fraction of the genome is exposed to sexually antagonistic selection (Fig. 6.1). 

When antagonism is strong (i.e., αA > 1), the costs of sexual antagonism generally 

overwhelm any benefits generated by sexually concordant selection. Sex-specific 

selection produces a net benefit under the condition: 

          (18) 

where the mutation rate per locus ( ) and female selection coefficient (sf) no longer drop 

out of the analysis (as they do under weak sexual antagonism). Estimates of  from the 

literature indicate that it is on the order of 10
-8

 (e.g., Haag-Liautard et al. 2007). While 

estimates of s are less clear, it is likely within a range between s = 10
-5

 (based on analysis 

of segregating polymorphism; Loewe et al. 2006, Andolfatto 2007) and s = 10
-2

 (based on 
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mutation-accumulation; Shabalina et al. 1997). Given a rough estimate of sf /  between 

1000 and 1,000,000, the term sf /2  will often severely inflate the right side of condition 

(18), even when sexual antagonism is rare (  << 1) and sexually concordant selection is 

strong (αC goes to infinity). In other words, strong sexually antagonistic selection 

produces a cost that is so severe that it is unlikely to be offset by benefits of enhanced 

purifying selection in males. 

Under both weak and strong sexual antagonism, the transition points that define the 

boundary where sex-specific selection is beneficial versus costly are independent of the 

genomic mutation rate, U. However, the magnitude of the net costs or benefits of sex-

specific selection is closely tied to U. Within the parameter space producing a net cost of 

sex-specific selection, high values of U, which previous models suggest should increase 

the benefits of sex (Kondrashov 1982; Charlesworth 1990; Agrawal 2001; Siller 2001; 

Keightley & Otto 2006), can have the opposite effect and actually increase the net cost of 

sex.  

Lastly, we can ask how the evolution of sex-limited expression, as a long-term 

consequence of sexual antagonism, will influence the adaptation of females. Under the 

assumption that sexually antagonistic selection is completely resolved by the evolution of 

sex-limitation, sex-specific selection produces a net benefit when: 

          (19) 

(recall that  refers to the genome-wide proportion of female-expressed loci that are sex-

limited). This result suggests that fitness costs of sexual antagonism cannot be completely 

resolved by the evolution of sex-limitation. Rather, sex-limitation can generate a net cost 

of sex-specific selection, despite strong sexually concordant selection at loci expressed in 

both sexes (Fig. 6.2). 

 

DISCUSSION 

Our model derives the costs and benefits of sex-specific selection with respect to 

three key parameters: the relative strength of sexually concordant selection in males and 

females (αC  = sm/sf ), the relative strength of sexually antagonistic selection in males and 

females (αA = tm/sf), and the proportion of the genome exposed to sexual antagonism ( ). 
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To empirically test whether sexual selection provides a long-term benefit or an additional 

cost of sex, we would ideally analyze sex-specific fitness estimates for a large number of 

mutations throughout the genome. At present, such data do not exist (Whitlock & 

Agrawal 2009). However, several other lines of existing evidence have strong 

implications for this issue. Below, we analyze three independent empirical approaches, 

discuss their current implications and limitations with respect to quantifying net benefits 

and costs of sex-specific selection, and propose additional experiments that might shed 

further light on the subject. 

 

Sex-Specific Selection Coefficients from Visible Mutations in Drosophila 

Experiments using the fruit fly Drosophila melanogaster indicate that visible 

mutations typically produce different fitness consequences in males relative to females 

(Whitlock & Bourguet 2000; Pischedda & Chippindale 2005; Sharp & Agrawal 2008). 

These mutations have effects ranging from sexual concordance to sexual antagonism 

(Table 6.1). When selection is sexually concordant, it tends to be stronger in males 

relative to females (with mean αC between 2.3 and 2.4, approximately). However, 

sexually antagonistic selection is also relatively common (ζ is approximately 0.3). This 

combination of sex-specific fitness effects is expected to generate a net fitness cost of 

sex-specific selection, even when sexual antagonism is weak (i.e., αA << 1). 

However, it is unlikely that these data can be interpreted in such a straightforward 

manner. Not only is this sample size of 14 mutations small and limited to a single species, 

but these mutations are also potentially not representative of most spontaneous mutations 

within Drosophila. Each mutation produces a marked phenotypic and fitness effect, with 

selection coefficient estimates that are considerably larger than those estimated from 

mutation-accumulation experiments (e.g., Shabalina et al. 1997). Since most of the 

mutations affect eyes, wings, or body pigmentation, they are also likely to directly 

influence mating interactions between the sexes. This should exacerbate the deleterious 

fitness effects of these mutations in males, thus upwardly biasing estimates of the 

intensity of concordant selection in males relative to females (Hollis et al. 2009). 

Furthermore, mutations with large fitness effects are expected to be deleterious to both 

sexes (i.e., as an extension of Fisher‟s Geometric Model; Fisher 1930). Thus, visible 
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mutations might have a higher incidence of sexually concordant selection, relative to a 

random collection of mutations with smaller phenotypic and fitness effects.  

Though visible-mutation data imply that sex-specific selection might generate a net 

fitness cost for females, the caveats listed above currently preclude any definitive 

conclusions. Future studies in Drosophila could greatly improve upon the strength of our 

inferences by selecting larger samples of random mutations for analysis. This could be 

accomplished via gene knockout-deficiency genotypes (readily available through 

Drosophila stock centers; Presgraves 2003), or by using RNA interference libraries to 

silence random sets of genes (Dietzl et al. 2007). Detecting sex-specific fitness effects of 

individual mutations might also be approached indirectly via experimental evolution 

within population cages, as shown in two recent studies (Stewart et al. 2005; Hollis et al. 

2009). 

 

Mutation Accumulation and Sex-Specific Fitness 

A recent study using Drosophila melanogaster took a novel and promising approach 

towards quantifying the sex-specific effects of individual mutations (Morrow et al. 2008). 

Adopting a sex-limited “Middle Class Neighborhood” design, the authors permitted 

spontaneous mutations to accumulate in both sexes, but limited selection to either males 

or females. In each experimental lineage, they observed a net fitness decline in both 

sexes, with a faster rate of decline in the sex not subject to selection (hereafter referred to 

as the “unselected sex”). This pattern was symmetric: the rate of fitness decline in 

females was twice as high when they were the unselected sex relative to when they were 

the selected sex. Likewise, fitness of males declined at a twofold higher rate when they 

were the unselected sex relative to when they were the selected sex.  

These results have three major implications for inferring sex-specific fitness effects. 

First, they suggest that a majority of mutations are deleterious to both sexes (i.e., they are 

sexually concordant). Second, a faster rate of fitness decline for the unselected sex 

indicates that a nontrivial proportion of the genome has sex-limited and/or sexually 

antagonistic effects on fitness. Third, the pattern of symmetry (i.e., that fitness declines 

about twice as fast for the unselected sex, whether male or female) suggests that strength 

of purifying selection does not generally differ between the sexes (i.e., αC ≈ 1).  
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This final point can be illustrated with a simple model. Consider a scenario of 

sexually concordant selection with sex-specific selection coefficients: sf αC = sm. When 

selection is experimentally limited to males, the rate of fitness decline in sex i (where i = f 

in the case of females; i = m in males) is expected to be: 

        (20) 

(see Appendix 6.4 for details). Similarly, when selection is limited to females, the fitness 

decline in each sex occurs at the rate: 

        (21) 

The rate of fitness decline when selection is limited to males relative to the case where 

selection is limited to females is therefore equal to: 

          (22) 

If αC > 1, females will benefit by being the unselected sex, whereas males will suffer a 

cost of being the unselected sex. In females, this should at least partially offset fitness 

costs arising from the accumulation of female-deleterious variation at sexually 

antagonistic and sex-limited loci. In males, the cost of being the unselected sex will be 

enhanced by sexually antagonistic and sex-limited loci. The results of Morrow et al. 

(2008) clearly show that both males and females suffer approximately identical, twofold 

costs of being the unselected sex. This pattern suggests that the fitness consequences of 

sexually concordant mutations are approximately equal between males and females. 

Fitness benefits to females of strong purifying selection in males do not appear to offset 

costs of sex-specific selection. 

The mutation accumulation approach provides a nice complement to studies of 

individual mutations of large effect in Drosophila. An added benefit of the approach is 

that it can be applied to non-model species. To date, only two additional studies have 

examined whether sex-specific selection reduces the fitness costs of mutation 

accumulation. These studies (both using the bulb mite, Rhizoglyphus robini) yield 

conflicting evidence: one reports a benefit to embryo viability (Radwan 2004), whereas 
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the other reports no effect on female fecundity (Radwan et al. 2004). Future studies, 

using spontaneous and induced mutation accumulation in a wider variety of animal 

populations, could further illuminate patterns of sex-specific selection across the genome. 

 

Sex-Specific Selection Gradients Estimated Within Natural Populations 

The Drosophila data discussed above indicate that benefits of sex-specific selection 

are unlikely to offset its costs. However, this inference is drawn solely from laboratory-

adapted populations of a single insect species. Though the genetic resources available for 

Drosophila are generally lacking in non-model organisms, studies of selection in the field 

have produced a large dataset of sex-specific selection estimates from a wide variety of 

natural animal populations. Below, we use this extensive sex-specific selection gradient 

dataset and present an analysis of sex-specific selection in the wild. The resulting 

analyses are tentatively used as a proxy for inferring patterns of sex-specific selection 

throughout non-model animal genomes. 

We used a large dataset of 423 sex-specific measures of selection acting on 90 traits 

from 34 animal species (the full dataset is presented by Cox & Calsbeek 2009) to 

estimate model parameters (αC, αA, ζ) from several different subsets of these data. First, 

we treated each reported selection gradient or differential as an independent observation 

(Appendix A of Cox & Calsbeek 2009). This approach maximized the inclusion of 

available data (423 estimates), but many of these estimates comprise spatial or temporal 

replicates of the same traits measured in the same species, and therefore cannot be 

considered independent observations. Thus, we repeated our estimates of model 

parameters using a smaller dataset in which a single mean value of selection was derived 

for any replicated measures (Appendix B of Cox & Calsbeek 2009). This yielded a 

smaller dataset (203 estimates), but one free from multiple counting due to replicated 

measures. This dataset also includes estimates of net selection obtained by treating 

gradients and differentials from individual fitness components (i.e., viability, fecundity, 

mating success) as additive (see Cox & Calsbeek 2009 for details). 

Our selection gradient analysis yields two interesting results. First, the strength of 

selection in males is approximately equal to the strength of selection in females for both 

sexually concordant and antagonistically selected traits (Table 6.2). This pattern is 
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consistent across different classes of traits, and under different types of selection (e.g., 

viability, fecundity, mating success, and total “net” fitness). Furthermore, the relative 

strength of concordant and antagonistic selection remains approximately the same for 

traits exposed to statistically significant directional selection in both sexes (i.e., those 

with selection gradient estimates that are significantly different than zero; Table 6.2).  

Secondly, sexually antagonistic selection is common relative to sexually concordant 

selection, with the proportion of traits subject to sexual antagonism ranging between 25 

and 55 percent (Table 6.2). Because interest in sexually antagonistic processes has 

expanded rapidly during the past decade (Rice & Chippindale 2001; Bonduriansky & 

Chenoweth 2009), it is possible that recent publications are biased towards cases of 

sexual antagonism. However, when the analysis is restricted to studies published before 

the year 2000, we found that reports of sexual antagonism were slightly more frequent (ζ 

= 0.47 for pre-2000 traits; ζ = 0.53 for pre-2000 traits under statistically significant 

directional selection) 

Patterns of sex-specific selection in the wild are generally consistent with the idea 

that benefits of strong sexually concordant selection are relatively weak. The prevalence 

of unresolved sexual antagonism is therefore expected to generate a net cost of sex-

specific selection. This conclusion comes with the caveat that selection gradients are 

based on quantitative traits, which have complicated polygenic and environmental 

developmental bases, and therefore limit our ability to make direct connections between 

genotype and phenotype. Although selection gradient data should be considered as 

complimentary and not necessarily equivalent to genotype-based fitness estimates, they 

appear to exhibit similar patterns of sex-specific selection as genetic data from 

Drosophila (see above). Both lines of evidence suggest that there might be a net cost of 

sex-specific selection.  

 

Conclusion 

Our mathematical results show that a relatively small proportion of unresolved sexual 

antagonism will often overwhelm any fitness benefits arising from strong sexually 

concordant selection. Furthermore, the resolution of sexual antagonism via sex-limited 

gene expression is also likely to generate long-term fitness costs for sexually reproducing 
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populations. This suggests that sex-specific selection should generally reduce the fitness 

of females and add to the inherent twofold cost of sex, but whether this is actually true of 

most populations is currently unclear. However, a growing body of research suggests that 

sexually antagonistic selection is ongoing and detectable within animal genomes (see 

above; Chippindale et al. 2001; Rice & Chippindale 2001; Prasad et al. 2007; Foerster et 

al. 2007; Brommer et al. 2007; Cox & Calsbeek 2009; Bonduriansky & Chenoweth 

2009). Unresolved sexual antagonism is clearly costly and should represent an adaptive 

constraint for sexually reproducing species. Evidence demonstrating benefits of stronger 

sexually concordant selection in males than females is substantially weaker. Such 

benefits have been found in some cases (e.g., Promislow 1998; Dolgin et al. 2006; 

Whitlock & Agrawal 2009; Hollis et al. 2009), but most evidence suggests that such 

benefits are relatively weak (see above; Holland 2002; Rundle et al. 2006; Fricke & 

Arnqvist 2007; Candolin & Heuschele 2008; Maklakov et al. 2009). In line with 

predictions from our model and the current lack of support for strong adaptive benefits of 

sexually concordant selection, we conclude that sex-specific selection is unlikely to yield 

a net benefit to most sexual species. Instead, the fitness costs of sexual antagonism may 

often increase the inherent twofold cost of sex.  

This does not imply that sexual reproduction is incapable of providing benefits that 

balance multiple severe costs. Indeed, several possible evolutionary mechanisms, 

including the Red Queen (Hamilton 1980; Agrawal 2006) or interactions between 

recombination and purifying selection (Kimura & Maruyama 1966; Felsenstein 1974; 

Kondrashov 1982; Keightley & Otto 2006), can provide long-term benefits to sexual 

populations. Nevertheless, benefits derived from these possible mechanisms must be 

substantial to outweigh high costs associated with sexual reproduction. 

Finally, the balance of benefits and costs of sex-specific selection can potentially 

differ among sexually reproducing species. Opportunities for sexually antagonistic 

selection might vary between species where the sexes have similar strategies for 

maximizing fitness, relative to species with fitness landscapes that are highly discordant 

between males and females. Most studies emphasize sex-specific selection related to 

mating success, with males selected to maximize their number of mates, and females 

selected to increase mate quality (Trivers 1972), or decrease mating frequency (Holland 
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& Rice 1998). Sex differences in selection can also arise from ecological differences in 

species where males and females systematically inhabit different environments (e.g., 

Trivers & Willard 1973; Bull & Charnov 1977), encounter different sources of mortality 

(Magnhagen 1991), or exploit different foraging strategies (Shine 1989). While previous 

authors have speculated that such ecological differentiation might promote population 

growth by reducing intra-specific competition (e.g., Selander 1966), ecological 

differences between males and females might instead exacerbate sexually antagonistic 

selection or promote genomic expansion of sex-limited loci. From the perspective of 

population genetics, these consequences of sex-specific selection can constrain 

adaptation, and potentially reduce population productivity. 
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Table 6.1. Point estimates of sex-specific selection on visible mutations in Drosophila. 

Single estimates of selection are shown when fitness is measured in a single 

environment. Ranges are reported when selection was estimated in multiple 

environments. 

Concordantly Selected mutations 

Mutation sf sm aC Source 

b 0.08 0.34 4.43 [1] 

Dr 0.13 0.75 - 0.80 5.79 - 6.15 [3] 

e/sr 0.46 0.76 1.65 [1] 

Frd 0.22 0.20 - 0.22 0.92 - 1.00 [3] 

Gla 0.53 0.78 - 0.84 1.46 - 1.58 [3] 

L 0.26 0.62 - 0.68 2.39 - 2.63 [3] 

Ly 0.53 0.80 - 0.88 1.51 - 1.67 [3] 

nub
1
 0.38 0.74 1.95 [2] 

Pin 0.22 0.04 - 0.06 0.18 - 0.26 [3] 

Sb 0.19 0.48 - 0.52 2.50 - 2.73 [3] 
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Antagonistically Selected mutations 

Mutation sf tm aA Source 

ca 0.018 0.38 21.37 [1] 

h 0.52 0.12 0.23 [1] 

px/sp 0.46 0.61 1.33 [1] 

U 0.20 0.12 - 0.19 0.59 - 0.97 [3] 

[1] Selection coefficients based on data from Whitlock & Bourguet (2000; their Table 

1); productivity (fecundity & offspring survival) is the measure of female fitness; 

competitive mating success is the measure of male fitness. 

[2] Selection coefficients based on total sex-specific fitness estimates reported by 

Pischedda & Chippindale (2005).  

[3] Selection coefficients based on data from Sharp & Agrawal (2008; their Table 3); 

total fitness assumes juvenile viability and adult reproductive success interact 

multiplicatively. 
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Table 6.2. Parameter estimates (means and 95% confidence intervals) based on sex-specific 

selection gradient data from natural animal populations. 

 n aC 
(1)

 aA 
(1)

 z 
(2)

 

Traits Analyzed
 (3)

 

All 423 1.20 (1.05, 1.37) 0.98 (0.83, 1.15) 0.41 (0.36, 0.46) 

Statistically Sig. 33 1.28 (1.04, 1.58) 0.87 (0.66, 1.14) 0.39 (0.25, 0.56) 

 

Fitness Component 
(4)

 

Net Selection 47 1.03 (0.69, 1.55) 1.02 (0.62, 1.69) 0.47 (0.33, 0.61) 

Fecundity 39 0.97 (0.66, 1.42) 0.86 (0.45, 1.57) 0.26 (0.15, 0.41) 

Mating Success 28 1.34 (0.86, 2.13) 1.06 (0.57, 1.99) 0.54 (0.36, 0.71) 
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Viability 71 0.81 (0.57, 1.14) 1.21 (0.72, 2.07) 0.34 (0.24, 0.45) 

 (1)
 Averages and 95% confidence intervals were calculated for the variable x = Sm/(Sm + Sf), 

where Sm and Sf are the male and female selection gradients, respectively. Means and 95% 

confidence intervals for x were used to calculate equivalent statistics for Sm/Sf by substituting 

SfαC for Sm, which leads to the relationship: αC = Sm/Sf = x/(1 – x). The same approach was 

applied to cases of sexually antagonistic selection, with absolute values of selection gradients. 

(2)
  is estimated as the proportion of traits where male and female selection gradients had 

opposite signs (i.e., Sm/Sf < 0). Confidence intervals for  were obtained by hand, using the chi-

square distribution. 

(3)
 Data are from “dataset A”, as described in Cox & Calsbeek (2009); the “significant” 

category refers to traits with statistically significant selection gradients in both sexes. 

(4)
 Data are from “dataset B”, as described in Cox & Calsbeek (2009). 
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Figure 6.1. Benefits of sex-specific selection are severely constrained by sexual 

antagonism. The parameters αA and αC refer (respectively) to the strength of sexually 

antagonistic and sexually concordant selection in males relative to females (details 

provided within the text). Space below each curve corresponds to conditions under which 

sex-specific selection provides a net benefit of sex. When all genes evolve under sexually 

concordant selection (  = 0), mean female fitness increases when selection is stronger in 

males, as indicated by the dotted line at αC = 1. Shading indicates the proportion of the 

genome that experiences sexual antagonism ( ). Results were obtained with equation (17) 

from the text.  
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Figure 6.2. Sex-limitation reduces opportunities for benefits of sex-specific selection. 

Conditions where sex-specific selection provides a net fitness benefit to females will 

become reduced as the sex-limited proportion of the genome ( ) increases. Results were 

obtained with equation (19), under the assumption that sexual antagonism is completely 

resolved by sex-limitation. The addition of unresolved sexual antagonism further reduces 

the parameter space where sex-specific selection is beneficial. 
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APPENDIX 6.1. Equilibrium conditions for sexually antagonistic alleles 

Under sexually antagonistic selection, genetic variation is maintained at three 

possible equilibria: (A) when selection in females is stronger than selection in males, the 

male-beneficial allele, A1, occurs at low frequency at mutation-selection balance; (B) 

when selection in males is stronger than selection in females, the female beneficial allele, 

A2, occurs at low frequency at mutation-selection balance; (C) when selection is similarly 

strong in males and females, male- and female-beneficial alleles are maintained at 

intermediate frequencies by balancing selection.  

Following Kidwell et al. (1977), the zygotic frequencies of the three genotypes are: 

[A1A1] = pmpf, [A1A2] = pm(1 – pf) + pf(1 – pm), and [A2A2] =(1 – pm)(1 – pf), respectively. 

Note that pm and pf refer to the frequency of the A1 allele among breeding males and 

females. After selection, the frequency of the A1 allele in males is: 

     (1a) 

where 

  (1b) 

The frequency of the A1 allele in females, after selection, is: 

    (2a) 

where 

  (2b) 

By ignoring mutation from A1  A2, we can examine stability of the equilibrium 

 (i.e., the condition where the male beneficial allele is absent from the 

population). The Jacobian matrix is: 

 

which has a dominant eigenvalue: 

         (3) 
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Female selection dominates and the male beneficial allele will not invade the population 

when: 

         (4a) 

Following the same approach for the equilibrium , male selection dominates 

and the male-beneficial approaches fixation when: 

         (4b) 

A balanced polymorphism occurs (and A1 remains at intermediate frequency) when: 

       (4c) 

Under relatively weak selection, and when the sexually antagonistic alleles show the 

same dominance in males and females (under our parameterization, when hf = 1 – hm), 

there is virtually no opportunity for a balanced polymorphism. As described in the main 

document, the male-beneficial allele remains at low frequency, at mutation-selection 

balance, when A < 1. The male-beneficial allele is nearly fixed (the female-beneficial is 

maintained at mutation-selection balance) when A > 1.  
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APPENDIX 6.2. Sexually antagonistic mutation-selection equilibria under weak 

selection (sf, tm < 0.1) and equal dominance for A1 between the sexes (hf = 1 – hm) 

Under weak sexual antagonism ( A < 1), the evolution of a rare male-

beneficial/female-detrimental allele (A1) is described by the recursion: 

     (1) 

where x refers to the generation and μ refers to the mutation rate from A2 to A1 

(backmutation is negligible because A1 is rare). The frequency, at equilibrium, is: 

      (2) 

Under strong sexual antagonism ( A > 1), the evolution of a rare female-

beneficial/male-detrimental allele (A2) is described by the recursion: 

     (3) 

where μ refers to the mutation rate from A1 to A2. The equilibrium frequency is: 

     (4) 
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APPENDIX 6.3. Simulation results. 

To examine the impact of strong selection and sex-specific dominance, we calculated 

exact equilibrium allele frequencies under sexually antagonistic selection, symmetrical 

mutation rates (i.e., mutation rate from A1  A2 = A2  A1), and a wide range of male 

and female selection and dominance coefficients.  

We simulated evolution of a female-deleterious allele that evolves according to the 

recursion: 

     (10) 

where x refers to the generation, 

     (11a) 

and 

     (11b) 

Equilibrium conditions were calculated by carrying out recursions until px = px+1. 

Strong Selection. We first examine equilibrium conditions under additive expression 

(hm = hf = 0.5) and compare these results to our weak selection approximation (Eq. 6 of 

the main manuscript). Representative results are presented in Figure A6.3.1. 

Approximations of equilibrium conditions are extremely good when selection 

coefficients are small (e.g., sf < 0.05), or when A < 0.8. When these conditions are 

violated, male-beneficial alleles increase within the population to higher frequencies than 

predicted by the mutation-selection approximation. Consequently, the parameter 

conditions that provide a net benefit of sexual selection (those represented in Fig. 1 from 

the main manuscript) will be constricted as the strength of selection increases. Thus, the 

conclusions presented in the manuscript are conservative. 
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Figure A6.3.1. Comparison of exact simulated equilibrium conditions with analytical 

approximations of the frequency ( ) of a male-beneficial/female-deleterious allele under 

additive sexually antagonistic selection. Approximations are represented as solid lines 

and are calculated with Eq. (6) from the main manuscript. Simulated results are 

represented as circles. Results shown use a mutation rate of  = 10
-6

, but do not depend 

upon the specific mutation rate. 

 

Sex-Specific Dominance. The outcome of sexually antagonistic selection can be 

complex when sexually antagonistic alleles have nonadditive fitness effects. To examine 

the effect of sex-specific dominance we considered a dominance reversal scenario, where 

male-beneficial alleles are dominant in males and recessive in females. Dominance 

reversals occur in our model when hm = hf (i.e., the A1 allele is dominant in males, and A2 

is dominant in females). Such conditions favor invasion of the male-beneficial allele 

(Kidwell et al. 1977). Our simulations show that dominance reversals exacerbate the cost 

of sexual antagonism by facilitating invasion of the male-beneficial alleles (Figure 

A6.3.2), even when sexual antagonism is weak: A < 1. Invasion of male-
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beneficial/female-detrimental alleles exacerbates sexually antagonistic costs to female 

fitness, making our main conclusions conservative. 

 

 

Figure A6.3.2. Representative equilibrium conditions for sexually antagonistic selection 

with dominance reversals between the sexes. The upper panel shows the relative increase 

in frequency arising from positive selection in males of a female-deleterious allele. The 
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asexual frequency is maintained by mutation-selection balance. The lower panel shows 

mean female fitness in a sexual population subject to sexual antagonism, relative to mean 

fitness in a population of asexuals. Dominance reversals, where A1 is dominant in males 

but recessive in females, occur (and are symmetrical) when hm = hf. The displayed 

simulations were carried out with a homozygous female selection coefficient of sf = 0.1 

and a mutation rate of u = 10
-6

. Mean fitness is for a single locus. 
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Appendix 6.4. Sex-specific fitness consequences of sex-limited mutation 

accumulation. 

When purifying selection is permitted to occur in males but not females, the rate of 

increase of a sexually concordant deleterious allele is: 

        (1a) 

Substituting , this reduces to: 

    (1b) 

 

When purifying selection is permitted to occur in females but not males, the rate of 

increase of a sexually concordant deleterious allele is: 

        (2a) 

Substituting , this reduces to: 

    (2b) 

 

Fitness declines at a sex-specific rate of: 

         (3) 

where i = f in the case of females, i = m in the case of males, t refers to the generation, 

and: 

    (4) 

The approximation (right side of eq. 4) assumes that deleterious mutations occur at low 

frequency within the population, as seems reasonable. 

 

By letting  and , and substituting eq. (4) into eq. (3), the sex-specific 

rate of fitness decline reduces to: 
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         (5) 

 

The rate of female fitness decline when selection is limited to males, compared to when 

selection is limited to females, is: 

         (6) 

 

The rate of male fitness decline when selection is limited to females, compared to when 

selection is limited to males, is: 

          (7) 
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Chapter 7 

 

Recombination Rate and Protein Evolution in Yeast 

 

ABSTRACT 

Theory and artificial selection experiments show that recombination can promote 

adaptation by enhancing the efficacy of natural selection, but the extent to which 

recombination affects levels of adaptation across the genome is still an open question. 

Because patterns of molecular evolution reflect long-term processes of mutation and 

selection in nature, interactions between recombination rate and genetic differentiation 

between species can be used to test the benefits of recombination. However, this 

approach faces a major difficulty: different evolutionary processes (i.e., negative versus 

positive selection) produce opposing relationships between recombination rate and 

genetic divergence, and obscure patterns predicted by individual benefits of 

recombination. We use a combination of polymorphism and genomic data from the yeast 

Saccharomyces cerevisiae to infer the relative importance of nearly-neutral (i.e., slightly 

deleterious) evolution in different gene categories. For genes with high opportunities for 

slightly deleterious substitution, recombination substantially reduces the rate of molecular 

evolution, whereas divergence in genes with little opportunity for slightly deleterious 

substitution is not strongly affected by recombination. These patterns indicate that 

adaptation throughout the genome can be strongly influenced by each gene‟s 

recombinational environment, and suggest substantial long-term fitness benefits of 

enhanced purifying selection associated with sexual recombination. 
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INTRODUCTION 

Genetic drift is expected to overpower natural selection when selection is weak and 

effective population size (Ne) is small (Fisher 1930; Wright 1931; Kimura 1962). 

Recombination increases the effective population size in which genes evolve by reducing 

interference between linked loci under selection (Hill & Robertson 1966; Felsenstein 

1974). As a result, recombination is expected to facilitate the spread of beneficial 

mutations and the elimination of deleterious mutations (Rice 2002; Otto & Lenormand 

2002). Because recombination rates vary between different regions of a genome (e.g., 

yeast: Gerton et al. 2000; Drosophila: Hey & Kliman 2002; Mammals: Jensen-Seaman et 

al. 2004; plants: Mezard 2006), adaptation at the molecular level might be strongly 

affected by each gene‟s recombinational environment – genes evolving in low 

recombination regions are expected to be poorly adapted relative to those in high 

recombination regions (Barton 1995; Presgraves 2005).  

Comparative genome analyses are potentially useful for assessing whether 

recombination promotes adaptation because long-term evolutionary processes are 

reflected in patterns of genetic divergence between species (Pal et al. 2001; Presgraves 

2005; Betancourt & Presgraves 2002; Bachtrog 2004; Marais et al. 2004; Zhang & Parsch 

2005; Paland & Lynch 2006). However, genomic approaches face a major challenge – 

multiple processes can contribute to evolutionary divergence between species and each 

predicts a different relationship between protein evolution and recombination rate (Table 

7.1). The rate of neutral substitution is unaffected by recombination and will tend to 

reduce correlations between recombination rate and total nucleotide divergence between 

species (Birky & Walsh 1988), mildly deleterious (i.e., nearly neutral) substitutions will 

generate a negative correlation between recombination and divergence (Charlesworth 

1994), and adaptive substitutions generate a positive correlation between recombination 

and divergence (Peck 1994). 

The relationship between recombination and divergence will be shaped by the 

predominant process of molecular evolution (i.e., neutral; slightly deleterious; adaptive). 

To test whether recombination facilitates adaptation throughout the genome (by 

enhancing purifying and positive selection), genes evolving under purifying selection and 

those evolving via positive selection should be analyzed separately, as each predicts a 
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different relationship between divergence and recombination rate. Unfortunately, 

inferring the processes causing molecular divergence has traditionally been problematic 

without detailed within- and between-species genetic data (Eyre-Walker 2006), which 

limits the extent of the genome that can be analyzed.  

Here I take an alternative approach. By capitalizing on an extensive volume of yeast 

(Saccharomyces spp.) genomic and polymorphism data, individual genes can be 

partitioned by their „opportunity‟ for slightly deleterious evolution, and benefits of 

recombination can be tested. Furthermore, direct estimates of local recombination rates 

are available for most genes in the S. cerevisiae genome, whole-genome sequencing 

projects provide data for estimating protein evolutionary rates, and previous studies have 

revealed that the average strength of selection predictably varies between genes with 

different functional attributes (reviewed in Pal et al. 2006; see below). Evolutionary 

theory predicts that mildly deleterious substitutions will accumulate readily in genes 

subject to weak selection, but not in those subject to strong selection (see Fig. 7.1). To the 

extent that substitutions differentiating species are often deleterious (e.g., genes with 

weakly-selected mutations; Fig. 7.1 – small |Nesd|), increased recombination is expected 

to decrease the rate of protein evolution by inhibiting the spread of deleterious mutations. 

However, in genes with little opportunity for slightly deleterious divergence (e.g., genes 

subject to strong purifying selection; Fig. 7.1 – large |Nesd|), recombination will increase 

the rate of divergence by enhancing the spread of beneficial mutations (to the extent that 

such mutations frequently arise). 

 

METHODS 

Data 

Publically available polymorphism data was obtained via Genbank 

(http://www.ncbi.nlm.nih.gov/sites/entrez?db=Popset) and the Polymorphix Database 

(http://pbil.univ-lyon1.fr/polymorphix/). Genes with at least four samples from S. 

cerevisiae and at least one polymorphic site were included in the analysis, resulting in a 

dataset of 35 genes (lower 25% expression, n = 11; lower 50% expression, n = 12; upper 

50% expression, n = 23; upper 25% expression, n = 17; essential genes, n = 7; 

nonessential genes, n = 28), comprising 34443 nonsynonymous, and 9975 synonymous 
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nucleotide sites. The mean number of samples per gene was n = 22. Orthologous 

sequences from S. paradoxus were obtained via BLAST search at The Saccharomyces 

Genome Database (http://www.yeastgenome.org/). 

Per gene recombination rates for S. cerevisiae are those reported by Gerton et al. 

(2000; data available at http://derisilab14.ucsf.edu/hotspots/). These estimates refer to 

recombination rates per sexual generation. The total, per generation recombination rate 

during the evolutionary history of each gene is the product of the rate under sexual 

reproduction (Rsex) and the frequency of outcrossing (Oc); RTOT = Rsex Oc (modified from 

[43]). Because the exact value of Oc will be the same for all genes in the genome, Rsex per 

gene i, relative to Rsex for other genes, will be the same as RTOT per gene i, relative to RTOT 

for other genes , and Rsex should accurately 

capture relative rates of total recombination for each gene. Furthermore, because 0 < Oc < 

1 (Ruderfer et al. 2006), the critical transition between RTOT ≈ 0 to RTOT > 0, predicted to 

most strongly impact the efficacy of selection (McVean & Charlesworth 2000), will be 

represented with yeast genes. 

Protein divergence data for S. cerevisiae and S. paradoxus orthologous genes were 

kindly provided by D. Allan Drummond (see Drummond et al. 2005 for details). Gene 

expression values for S. cerevisiae were calculated from seven time period estimates 

during the diauxic shift by DeRisi et al. (1997; data available at 

http://cmgm.stanford.edu/pbrown/explore/array.txt). Average and maximum expression 

levels for the seven time periods were calculated using the method of Kliman et al. 

(2003). Results for average gene expression (Eavg) across the time periods are presented 

here; results do not differ when maximum expression values (Emax) are used. Essential 

genes were identified through the GeneMerge database (Castillo-Davis & Hartl 2003; 

http://www.oeb.harvard.edu/hartl/lab/publications/GeneMerge/GeneMerge.html). Gene 

length, dispensability, protein-protein interactions and genome map positions were 

obtained from the Saccharomyces Genome Database. Genes with no known interaction 

partner were excluded from analyses involving PPI as a variable. Space between genes 

(SBG) was calculated by the method of Hey & Kliman (2002). Recombination, 

expression, length, SBG and divergence estimates were available for 4786 genes in total, 
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including essential genes with two or more PPI (n = 329), essential genes with 1 PPI (n = 

195), nonessential genes with two or more PPI (n = 762), and nonessential genes with 1 

PPI (n = 835). 

 

Analysis 

Population samples for each gene were aligned with ClustalW online 

(http://www.ch.embnet.org/software/ClustalW-XXL.html), available online, and 

manually adjusted. Pn, Ps, Dn, and Ds values were calculated with DnaSP, Version 4.10 

(Rozas et al. 2003). Watterson‟s estimate of silent nucleotide diversity (theta) was 

calculated by hand (as described in Hein et al. 2005). The complete polymorphism 

dataset is provided in Appendix 7.1. 

Genes were classified into low and high expression level categories, based on quantile 

partitions. These correspond with ranges of lower 25%: 2.25 to 3.15 (n = 1197); lower 

50%: 2.25 to 3.31 (n = 2393); upper 50%: 3.31 to 3.53 (n = 2393); and upper 25%: 3.53 

to 4.54 (n = 1197) log mRNA abundance.  

All divergence estimates were log10 transformed to facilitate linear comparisons, 

which are presented (values of dN = 0 were converted to dN = 0.0001 prior to log 

transformation); the results are robust and also obtained with nonparametric comparisons 

(TC & LLK unpub.). Partial correlation analysis was used to compare recombination rate 

with dN (the rate of nonsynonymous substitutions); the same results were obtained for the 

comparison between recombination rate and dN/dS. The partial r statistic reported here 

reflects the association between recombination rate and protein divergence after 

associations between gene expression, gene length, and SBG were removed. These 

factors are known to influence patterns of protein evolution (Pal et al. 2006; TC 

unpublished data), are all correlated with one another (i.e., recombination is positively 

correlated with expression and gene density, but negatively correlated with length), and 

can therefore give rise to spurious correlations between the variables of interest. All 

statistical analyses were carried out with JMP (SAS Institute). Statistical comparisons 

between r for different gene categories were carried out with software available online 

(http://department.obg.cuhk.edu.hk/researchsupport/Correlation.asp). Bonferroni 
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corrections for multiple comparisons (α/5; because of the 5 categories explored in Fig. 

8.4) were used to adjust P values of statistical significance. 

 

RESULTS AND DISCUSSION 

Inferring the fitness effects of deleterious mutations 

Highly expressed genes appear to evolve under stronger purifying selection than low-

expressed genes (although the mechanistic basis of this pattern is still debated; 

Drummond et al. 2005; Pal et al. 2006; McInerney 2006). Consequently, gene expression 

level is a good predictor of the average fitness effect of deleterious mutations. 

Experimental gene knockouts have also identified suites of genes that are essential for 

survival, while many others are nonessential. To the extent that whole gene knockout 

phenotypes reflect the fitness effects of individual mutations, mutations in essential genes 

are predicted to have larger fitness effects than mutations in nonessential genes (Pal et al. 

2006; Hirsch et al. 2001; Wall et al. 2005; Zhang & He 2005). Lastly, proteins have 

variable numbers of interaction partners (protein-protein interactions per gene – PPI – 

range up to nearly 300 PPI in yeast; TC unpub.), which indicate the level of constraint 

due to pleiotropy (Pal et al. 2006). Because individual mutations are likely to disrupt 

more cellular processes in genes with many PPI compared to those with few PPI, 

purifying selection is expected to be stronger in genes with many PPI (He & Zhang 

2006). 

Previous inferences of the strength of purifying selection acting on different gene 

categories are based on an observed elevated rate of nonsynonymous substitution in low-

expressed nonessential genes with few PPI (Pal et al. 2006), which assumes that elevated 

rates of substitution are caused by genetic drift. An alternative possibility is that rapidly 

evolving genes undergo frequent bouts of positive selection. To test this assumption, I 

analyzed available polymorphism data from S. cerevisiae genes (see Methods; Appendix 

7.1). Under a neutral/nearly-neutral model, patterns of within species polymorphism are 

expected to mirror patterns of interspecific substitution (i.e., genes with high substitutions 

rates also exhibit high levels of polymorphism; Kimura 1983). Positive selection 

decouples patterns of polymorphism and divergence and is expected to increase the 

number of substitutions relative to polymorphisms (McDonald & Kreitman 1991). 
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Low-expressed genes harbor more nonsynonymous polymorphisms (represented by 

the Pn/Ps ratio; Pn and Ps refer to nonsynonymous to synonymous polymorphisms, 

respectively) and substitutions (Dn/Ds), than highly expressed genes, consistent with the 

neutral/nearly-neutral model (Fig. 7.2). Low-expressed genes also harbor higher levels of 

moderate- to high-frequency polymorphism (i.e., “non-singleton” polymorphism). High 

frequency polymorphisms are not expected to be strongly deleterious (see Bierne & Eyre-

Walker 2004), but rather, will consist of neutral and slightly deleterious mutations – 

mutations that can potentially become fixed via genetic drift. Dn/Ds ratios are 

significantly lower than Pn/Ps ratios for all gene expression categories (G test; singletons 

included: P < 0.0001; singletons excluded: P < 0.005, except for upper 25 % expressed 

genes: P > 0.1), indicating that the predominant pattern of selection on yeast genes is 

purifying. Similar results are reached by partitioning the data into gene essentiality 

categories (Fig. 7.3; a meaningful statistical analysis based on PPI was not possible due 

to small sample size). The results strongly support previous inferences of selection 

intensity based on divergence data, and suggest that nonessential genes with low 

expression are relatively likely to evolve under a nearly-neutral process. 

 

Recombination and protein divergence 

Analysis of 4786 genes in the yeast species Saccharomyces cerevisiae and S. 

paradoxus shows that nonsynonymous divergence is weakly negatively correlated with 

recombination rate (partial r = -0.052, P < 0.01 after Bonferroni correction; as previously 

reported by Pal et al. 2001). This negative relationship is markedly stronger for low-

expressed genes, particularly nonessential genes with few PPI (Fig. 7.4). In contrast, the 

divergence of highly expressed genes tends to correlate positively with recombination 

rate, though all such associations are weak. For both classes of nonessential genes as well 

as for the entire dataset, the relationship between recombination and divergence in low-

expressed genes is more negative than that of highly expressed genes (Upper vs. lower 

25% expression quartiles: all genes, nlow = 1197, nhigh = 1197, P = 0.041; nonessential PPI 

= 1, nlow = 246, nhigh = 218, P < 0.0001; nonessential PPI > 1, nlow = 222, nhigh = 142, P = 

0.041. Upper vs. lower 50% expression quantiles: all genes, nlow = 2393, nhigh = 2393, P = 
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0.148; nonessential PPI = 1, nlow = 424, nhigh = 411, P = 0.046; nonessential PPI > 1, nlow 

= 435, nhigh = 327, P = 0.005). 

These results clearly show that recombination can influence the rate of protein 

evolution at a genome wide scale and that the impact of recombination rate variation is 

strongest for low-expressed, nonessential genes with few PPI. Associations between 

recombination and divergence rate cannot be explained by covariation between 

recombination rate and several variables that independently affect protein evolution (the 

effects were controlled for; see Methods). Estimates of the relative recombination rate 

between genes are coarse and limited by the quality of the S. cerevisiae recombination 

map, and there are potential evolutionary changes in recombination between S. cerevisiae 

and S. paradoxus. However, both of these factors will decrease the strength of 

associations between divergence and recombination, and will cause our test to be 

conservative. 

Mutation bias is also unlikely to account for the effect of recombination on protein 

evolution. I present associations between recombination and divergence at 

nonsynonymous sites (dN) rather than between recombination and dN/dS ratios because 

synonymous sites are under selection in yeast (e.g., Kliman et al. 2003). Indeed, codon 

usage bias (Fop) is positively correlated with recombination (as previously reported by 

Kliman et al. 2003), most strongly for highly expressed genes, which presumably have 

stronger selection for optimal codons (highest 50% expression partial rrec-Fop = 0.214 vs. 

lowest 50% rrec-Fop = 0.100; highest 25% expression partial rrec-Fop = 0.249 vs. lowest 

25% rrec-Fop = 0.089; P < 0.0001 for both comparisons). As a consequence, dS is 

negatively correlated with recombination (highest 50% expression partial rrec-Fop = -0.131 

vs. lowest 50% rrec-Fop = -0.077, P = 0.031; highest 25% expression partial rrec-Fop = -

0.122 vs. lowest 25% rrec-Fop = -0.075, P = 0.123). Furthermore, direct estimates indicate 

higher mutation rates in regions of high recombination (Datta & Jinksrobertson 1995; 

Holbeck & Strathern 1997), which should make our tests conservative. Despite these 

caveats with respect to using dS to estimate underlying mutational dynamics across the 

genome, dN/dS produces nearly-identical patterns of covariation with recombination 

(unpublished results).  
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The results are consistent with evolutionary theory suggesting that recombination 

enhances the efficacy of selection (e.g., Rice 2002; Barton 1995). Mutations with weak 

fitness effects respond to selection when the effective population size (Ne) is large, but 

evolve via genetic drift when Ne is small. By increasing Ne, recombination enhances the 

power of selection and minimizes genetic drift. Furthermore, the adaptive consequences 

of recombination may be extreme in yeast since most genes in the yeast genome can be 

defined by weak purifying selection (~75% of genes are nonessential; ~50% have one 

PPI; TC unpublished). Such genes also tend to reside in genomic regions with relatively 

low recombination frequencies (Fig. 7.5). The correlations revealed by the data are 

particularly striking when one considers the method by which the genes are partitioned. 

Functional genomic data permits classification of genes according to their relative 

opportunities for slightly deleterious evolution. However, multiple types of substitutions 

(i.e., slightly deleterious, neutral, and beneficial) are likely to contribute to each gene‟s 

total genetic divergence between species. This plurality should dampen patterns predicted 

by any single processes, and will cause the conclusions presented here to be conservative. 

Why does highly-expressed gene divergence show no correlation with recombination 

rate? There are two major possibilities. If genes under stronger selection tend to 

experience fewer beneficial mutations, their overall divergence rate might be relatively 

unaffected by local recombination. This might occur because strongly-selected genes are 

closer to perfection than weakly-selected genes and therefore have less opportunity for 

improvement, or because tradeoffs via pleiotropy (as indicated by high PPI; He & Zhang 

2006) limit the opportunity for beneficial mutations (Fisher 1930; Orr 1998; Otto 2004). 

Secondly, selection for beneficial mutations might be very strong. The adaptive impact of 

varying recombination rate (and thus Ne) is expected to decrease with the strength of 

selection (i.e., s; Kimura 1962; Hedrick 1983). If beneficial mutations tend to be strongly 

advantageous, they will tend to become fixed in low or in high recombinational 

environments. 

 

CONCLUSION 

This study shows that recombination reduces evolutionary divergence in genes under 

relatively weak purifying selection (e.g., low-expressed, nonessential, few PPI), and at 
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best, marginally increases divergence in genes under strong purifying selection (e.g., 

highly expressed, essential, many PPI). This pattern suggests that enhanced purifying 

selection is a primary long-term benefit of recombination in nature. The efficient removal 

of deleterious mutations might increase the competitive ability of sexual species and 

contribute to the observed ubiquity of sexual reproduction in eukaryotes (Rice 2002; Bell 

1982).  

While this interpretation is appealing and supported by both theory and data from 

other taxa (e.g., Barton 1995; Presgraves 2005), it should be noted that inferences about 

the processes driving nucleotide divergence between species are tentative and reflect a 

major limitation of molecular divergence data. Future studies using entire-genome 

polymorphism and divergence data can add resolution by estimating the proportion of 

adaptive substitutions per gene (see Eyre-Walker 2006). Such estimates, combined with 

inferences about the slightly deleterious substitution rate (derived from expression, 

essentiality and PPI data), will permit a much improved analysis of the benefits of 

recombination. 
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Table 7.1. Different processes of molecular evolution produce different correlations 

between recombination rate and nucleotide divergence between species
1
. 

Model of evolution 
Fitness effect of 

substitutions
2
 

Correlation between 

recombination rate and 

divergence 

Neutral s = 0 None 

Slightly deleterious - 1/(2Ne) < s < 0 Negative 

Adaptive s > 0 Positive 

1
 See text for details 

2
 The selection coefficient, s (-1 < s < ∞), reflects the strength and direction of 

selection acting upon new mutations during the process of fixation 
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Figure 7.1. Substitution rate as a function of the effective strength of selection. The bold 

solid curve represents the slightly deleterious divergence rate between species. 

Remaining curves represent adaptive divergence under three scenarios: open triangles 

when the beneficial mutation rate (ub) is 1% of the deleterious mutation rate (ud); open 

circles when ub is 5% of ud; „X-marks‟ when ub is 10% of ud. The strength of selection 

against deleterious mutations (|Nesd|) is shown on the x-axis, where sd is the average 

strength of purifying selection. A. The average strength of positive selection (sb) is equal 

to the average strength of purifying selection (sd); B. sb is twice as strong as sd; C. sd is 

twice as strong as sb. When selection is weak, mildly-deleterious substitutions outnumber 

adaptive substitutions; divergence in weakly-selected genes is therefore predicted to be 

negatively correlated with local recombination rate. As the strength of selection 

increases, adaptive substitutions predominate; divergence in strongly-selected genes is 

therefore predicted to be positively correlated with recombination rate. The adaptive 

divergence rate is ub(1 - e
-4Nsp

)/(1 - e
-4Ns

), where s is the average benefit conferred by each 

mutation, and p is the initial frequency of each mutation (results for p = 0.0001 are 

shown). The slightly deleterious rate is ud(1 - e
-4Nsp

)/(1 - e
-4Ns

), where ud is the deleterious 

mutation rate, and s is the average cost of each mutation (equations modified from 

Kimura 1962; Ne = N). The assumption that the beneficial mutation rate is much smaller 

than the deleterious mutation rate is supported by theory and mutation accumulation 

experiments (Fisher 1930; Wloch et al. 2001; Keightley & Lynch 2003; Joseph & Hall 

2004; but see Shaw et al. 2002, 2003). 
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Figure 7.2. Ratios of replacement to silent polymorphism (Pn/Ps) in S. cerevisiae, and 

substitutions (Dn/Ds) between S. cerevisiae and S. paradoxus. Results were obtained by 

pooling polymorphism and divergence data for multiple genes within each expression 

category (see Fig. S1 for similar results using a different approach). Pn/Ps ratios are lower 

in highly expressed genes: upper vs. lower 50% with singletons, P = 0.172; upper vs. 

lower 25% with singletons, P = 0.026; upper vs. lower 50% without singletons, P = 

0.203; upper vs. lower 25% without singletons, P = 0.023. Dn/Ds ratios are lower for 

highly expressed genes for all comparisons (P < 0.0001). 
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Fig. 7.3. Ratios of replacement to silent polymorphism (Pn/Ps) in S. cerevisiae, and 

substitutions (Dn/Ds) between S. cerevisiae and S. paradoxus; genes are partitioned 

according to knockout viability phenotype. Results were obtained by pooling 

polymorphism and divergence data for multiple genes within each of the two categories. 

Pn/Ps ratios are lower in essential genes: with singletons, P = 0.067; without singletons, P 

= 0.806. Dn/Ds ratios are lower for essential genes (P < 0.00001). 

Figure 3 
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Figure 7.4. Recombination and protein evolutionary rate. The relationship (r = partial 

correlation coefficient; see materials and methods) between recombination rate and dN 

for five gene expression intervals: the lower gene expression quartile (2.25 to 3.15 log 

mRNA abundance), the lower 50% expressed genes (2.25 to 3.31 log mRNA abundance), 

the entire range of expression, the upper 50% expression (3.31 to 4.54 log mRNA 

abundance), and the upper gene expression quartile (3.53 to 4.54 log mRNA abundance). 

* P < 0.05; ** P < 0.01; *** P < 0.001 (after Bonferroni correction for five 

comparisons). 
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Fig. 7.5. The distribution of recombination rates for S. cerevisiae genes. Recombination 

rate per gene was estimated with a microarray experiment as described in Gerton et al. 

[8]. Recombination rates are plotted as the logarithm of the mean hybridization ratio of 

recombinant probes (P2) relative to a total genomic probe (P1); higher values of log10 

(P2/P1) reflect higher frequencies of recombination. 
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APPENDIX 7.1. Yeast polymorphism and Divergence Data 

 

  With singletons No singletons    

Gene N Ps Pn Ps Pn Ds Dn 
Expression 

Quantile
(1)

 
Essential? 

ACT1 10 1 0 1 0 14 0 4 yes 

CCA1 73 11 1 4 1 53 10 2 yes 

CDC19 29 3 0 3 0 22 6 4 yes 

CWP1 15 7 5 6 1 57 29 4 no 

FIG1 20 8 8 6 2 86 11 1 no 

FZF1 29 6 4 6 4 87 85 1 no 

GCN4 19 5 6 2 1 55 17 4 no 

HHT2 9 4 0 4 0 15 0 4 no 

HIS3 15 7 4 2 2 no BLAST hit 3 no 

MBP1 9 7 4 1 2 69 12 4 yes 

MKT1 4 1 2 1 2 185 52 4 no 
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MLH1 14 6 14 5 8 192 74 1 no 

MLS1 77 12 4 6 2 65 7 4 no 

NEW1 6 3 1 3 0 23 8 4 no 

PDC1 6 0 4 0 1 34 11 4 no 

PDR10 75 6 7 4 5 66 28 4 no 

PEA2 17 18 14 7 5 111 35 1 no 

PHD1 29 6 7 5 6 71 35 3 no 

PMS1 5 3 1 0 0 214 117 1 no 

RME1 13 3 4 0 2 65 68 4 no 

RNQ1 12 2 1 1 1 40 24 3 no 

SEC53 16 2 2 2 0 52 3 4 yes 

SPT3 17 13 5 5 3 80 3 1 no 

SSU1 29 5 9 5 7 96 25 3 no 

STE2 19 18 7 8 5 100 18 4 no 

SUP35 9 7 11 2 4 71 23 4 yes 
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TAO3 13 46 18 16 6 499 83 1 yes 

TRP1 19 3 3 2 2 53 19 3 no 

URA1 15 15 1 8 1 57 7 4 no 

URE2 26 7 2 2 2 62 4 3 no 

VMA1 9 47 14 44 12 65 3 4 no 

YAR023C 17 5 11 4 8 25 36 1 no 

YCR007C 16 5 3 2 1 49 48 1 no 

YHL044W 19 7 16 4 5 52 75 1 no 

ZDS2 59 8 5 7 4 44 28 1 no 

1. Quantile 1: lowest 25% expression; Quantile 2: 25-50%; Quantile 3: 50-75%; Quantile 4: highest 

25% expression. 
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