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Abstract 
 

Because males and females of a species express many homologous traits, sex-specific 

selection on these traits can shift the opposite sex away from its phenotypic optimum. This mode 

of sexually antagonistic selection, known as intralocus sexual conflict (IaSC), arises when the 

evolution of sexual dimorphism is constrained by the two sexes sharing a common gene pool. As 

IaSC has been historically overlooked, many outstanding questions remain. For example, what is 

its contribution in maintaining genetic variation for fitness in populations? What characters 

underlie this variation in fitness? How does the selection history of the population influence the 

standing genetic variation? I used the model organism Drosophila melanogaster to attempt to 

resolve some of these questions. The first part of my Master’s project involved assessing the 

detectability of sexually antagonistic alleles in populations at different stages of adaptation to the 

laboratory. For the second part of my Master’s project, I looked for evidence of conflict during 

the development of body size, a well-known sexually dimorphic trait. While the first part of my 

thesis proved inconclusive, the second part revealed a surprising source of sexual conflict in pre-

adult stages of D. melanogaster. 
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Chapter 1 

General introduction: Genetic architecture and sexual conflict in the life history of 

Drosophila 

1.1  Sexual dimorphism and conflict   

The diversity of species on earth is truly astonishing. Substantial variation likewise 

occurs within species, and within a species between the sexes. Darwin (1871) pointed out that 

the divergence between the sexes may be so great as to render them difficult to recognize as the 

same species, a surprising occurrence considering that these disparate phenotypes arise from an 

almost identical genetic blueprint (Fairbairn and Roff 2006). The sexes are frequently widely 

divergent in their morphology, physiology and behaviour, yet the genomic basis for these 

different phenotypes remains a relative mystery (Pizzari and Snook 2003; Fairbairn and Roff 

2006). Ultimately, the disparate reproductive strategies of the sexes have evolved due to 

dimorphism of gamete size (anisogamy), and select for sexual dimorphism (SD) (Bonduriansky 

2007). Typically, males boast many, small gametes, and these compete for access to females’ 

few, large, resource-rich gametes (Bonduriansky 2007). This interaction underlies primary sex 

differentiation of the reproductive system (Bonduriansky 2007). 

Darwin was the first to propose that differences in optimal phenotypes between the sexes 

underlie the evolution of sexual dimorphism (Rhen 2000). The expectation is such that the sexes 

will move toward separate optima for several traits (Prasad et al. 2007). As the fitness interests of 

the sexes diverge, one sex may make fitness gains at the expense of the fitness of the opposite 

sex (Moore and Pizzari 2005). This phenomenon has come to be known as (inter)sexual conflict, 

characterized by sexually antagonistic (SA) selection giving rise to SA traits (Moore and Pizzari 

2005). Tregenza et al. (2006) provided a comprehensive review of the history of research on 
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sexual conflict: G.C. Williams reportedly coined the term “sexual conflict” in his book 

Adaptation and Natural Selection, defining it as an “evolutionary battle of the sexes” (Williams 

1966, p.184). Williams, however, credits Fisher for an original discussion of sexual conflict. In 

the 1970s, Trivers breathed new life into the field with his chapter on ‘parental investment and 

sexual selection’ (Trivers 1972). A short while after, part of Dawkins’ The Selfish Gene 

(Dawkins 1976) focused on differences between the sexes with regards to the evolution of male 

ornaments and conflict over parental care. Finally, Parker (1979) tackled the issue of conflict 

over whether or not a mating takes place, on a theoretical basis, in a chapter titled ‘sexual 

selection and sexual conflict’. He defined sexual conflict as “a conflict between the evolutionary 

interests of individuals of the two sexes” (Parker 1979; 2006). Evolutionary change may ensue, 

engendered by selection resulting from conflict between the dueling sexes.  

Sexual conflict is fascinating as it pertains directly to a core question in evolutionary 

genetics. That is, what constrains evolution, both in terms of the future evolution of traits and the 

constraints that created the present-day patterns observed (Stearns 1989)? In the context of SD, it 

is especially interesting to consider how two sexual morphs can have evolved given the initial 

constraint of a shared genome (refs in Fairbairn and Roff 2006). Moreover, what mechanisms 

exist that maintain genetic variation in fitness-related traits within populations (Dean et al. 

2012)?  

Sexual conflict occurs whenever the cost of reproduction is high and male and female 

reproductive goals diverge (Trivers 1972; Dawkins 1976; Parker 1979; Holland and Rice 1999). 

It can assume two main forms in terms of gene action and evolutionary dynamics, distinguished 

as interlocus sexual conflict (IeSC) and intralocus sexual conflict (IaSC), depending upon 
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whether the conflict is between different traits and the genes underlying them or is over the same 

trait. 

1.1.1 Interlocus sexual conflict 

Interlocus sexual conflict (IeSC) occurs through direct sexual interactions, such as 

struggles between mates in a coercive mating system, having the potential to generate “co-

evolutionary chases” (Parker 1979) or “arms races” (Rice 1984) between the sexes; this is 

proposed to lead to rapid evolution and speciation in allopatry (Parker and Partridge 1998; 

Martin and Hosken 2003; Pischedda and Chippindale 2006). Here, certain adaptations may 

evolve, favourably biasing the outcome of reproductive interactions towards one sex at the 

expense of the other’s fitness (Mazzi et al. 2009). It follows that the disadvantaged sex would, in 

response, evolve countermeasures to reduce the cost incurred from sexual interactions (Mazzi et 

al. 2009). An escalating evolutionary arms race may ensue, characterized by “rapid coevolution 

of sex-limited, counteracting, antagonistic traits” (Moore and Pizzari 2005), similar to the Red 

Queen process observable in parasite-host relationships (Mazzi et al. 2009). In the 1970s, Van 

Valen (1973) made the comparison between the escalating evolutionary interactions between 

species and a passage from Lewis Caroll’s Through the Looking-Glass. Explaining the nature of 

Looking-Glass land, the Red Queen tells Alice, "....it takes all the running you can do, to keep in 

the same place. If you want to get somewhere else, you must run at least twice as fast as that!" 

(Carroll 1871). The same concept (all progress is relative) may apply to interactions between the 

sexes.    

IeSC may occur over mating frequency, female remating behaviour, parental investment 

in offspring, female reproductive rate and clutch size, as examples (Chapman et al. 2003). Parker 

(1979) first described IeSC in situ, using yellow dung flies Scathophaga stercoraria. Females of 
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this species are susceptible to injury or death over the course of mating on a dung pat as the 

target of battling male suitors. Another instance of the arms race between the sexes generated by 

IeSC is that of the bumble bee Bombus terrestris. Females of this species only mate once over 

their lifetime, even though multiple matings would enhance their fitness (Baer and Schmid-

Hempel 1999; Schmid-Hempel and Schmid-Hempel 2000; Baer and Schmid-Hempel 2001; 

Chapman et al. 2003). Sauter et al. (2000) found that transfer of mating plugs and other seminal 

substances by males hinder remating, increasing male fitness at the detriment of female fitness. 

Additional cases of IeSC in the animal kingdom include toxic ejaculates in Drosophila 

(Chapman et al. 1995; Arnqvist and Rowe 2005; Delph et al. 2011), traumatic insemination of 

spiders (Rezac et al. 2009; Delph et al. 2011) and spiny male genitalia in the bean weevil 

(Crudgington and Siva-Jothy 2000). The above examples showcase the male coercion aspects of 

IeSC, but it is often the case that females of a given species develop corresponding defenses to 

address antagonistic adaptations in males. Male bed bugs copulate with females via traumatic 

insemination, though females of many bed bug species have formed an area called the 

spermalege, with modifications to reduce the direct costs of trauma when males pierce the 

abdominal wall during insemination (Morrow and Arnqvist 2003). 

1.1.2 Intralocus sexual conflict 

Intralocus conflict (IaSC), by contrast, describes a tug-of-war between males and females 

as a consequence of the sexes expressing the same genetic variation with opposing effects on 

fitness (Pischedda and Chippindale 2006). Discussing the puzzle of sexual dimorphism, Fisher 

explained that selection acts on genes in a sex-specific manner though both sexes express the 

same genes, and these genes are transmitted from mother to son and father to daughter 

(Bonduriansky 2007). At a given locus, alleles subject to these sex-specific selective pressures 
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can have conflicting fitness effects when expressed in males and females (Rice and Chippindale 

2001; Bedhomme and Chippindale 2007; Bonduriansky and Chenoweth 2009), creating 

conditions under which one sex may limit or impede the adaptive evolution of the other (Lande 

1980; Rice 1984; Punzalan et al. 2014). IaSC can thus be considered a consequence of sex-

specific selection in sexually reproducing species, resolvable only through genetic mechanisms 

that allow independent evolution of the sexes towards dimorphism.  

Slow evolution of sexual dimorphism is expected when the genetic blueprint of the sexes 

is shared (Lande 1980, 1987; Reeve and Fairbairn 2001; Griffin et al. 2013). Such a result stems 

from the intersexual genetic correlation for trait expression that exists between males and 

females, generating conflict when selection favours different traits or level of trait expression in 

the two sexes. The intersexual genetic correlation, rmf, describes how closely correlated the 

additive effects of alleles are when expressed in each sex and may therefore help predict the 

future evolution of sexual dimorphism between males and females (Bonduriansky and 

Chenoweth 2009). For rmf to reflect antagonism, the intersexual genetic correlation will be 

positive, but the effect of a change in trait value on each sex’s fitness opposite. In zebra finches 

(Taeniopygia guttata), for instance, males with a redder bill colour are more fit because of 

female preference for red bills, though females with red bill colour are less fit because it reduces 

their survival (as compared to their orange-billed counterparts) (Price and Burley 1994; Cox and 

Calsbeek 2009). Studies that have explored the transcriptome of several model organisms have 

revealed that a considerable portion of their genes have evolved sex-biased gene expression 

(Ellegren and Parsch 2007; Mank et al. 2008; Parsch and Ellegren 2013). Because sex-biased 

gene expression is one way to alleviate IaSC, its widespread occurrence suggests that many loci 

have different optimal expression levels (Connallon and Knowles 2005; Mank et al. 2008). Non-
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optimal gene expression levels in the sexes may be corrected for through a variety of 

mechanisms, including alternative splicing (McIntyre et al. 2006), gene duplication or cis-/trans-

regulatory changes (Ellegren and Parsch 2007), dosage compensation, expression of sex-limited 

chromosomes and via sex-specific hormonal cascades or modifiers (Rice 1984; Parsch and 

Ellegren 2013). Genomic imprinting (Day and Bonduriansky 2004; Patten and Haig 2008) and 

sex ratio adjustments (Calsbeek and Sinervo 2004) are additional examples of how sex-specific 

gene expression, as an instigator for sexual dimorphism, could resolve IaSC (Pennell and 

Morrow 2013). A meta-analysis by Cox and Calsbeek (2009) has, however, indicated that 

conflict may be difficult to completely resolve. In fact, even sex-limited gene expression may not 

abolish conflict (Connallon et al. 2010). As a result, genetic correlations between the sexes can 

impose a “gender load” on the fitness of one or both sexes, and this can sometimes be identified 

as a negative genetic correlation for fitness (Abbott et al. 2010). 

Though the theory behind IaSC was developed a few decades ago (Lande 1980; Rice 

1984), it has been largely neglected because it was thought that it would be a short-lived, 

transient form of variation in the evolution of sexual dimorphism (Bonduriansky and Chenoweth 

2009). Also, phenotypic clues pointing to its existence are usually not obvious, other than 

characters like weapons or ornaments that are present in both sexes but only used by one. 

Deducing IaSC often further requires knowing the sex-specific selection gradients. In the 

collared flycatcher Ficedula albicollis, for example, SA selection opts for small size in male 

nestlings and large size in female nestlings due to differential juvenile viability (Merilä et al. 

1997; Cox and Calsbeek 2009). Yet, males and females of this species are of comparable size at 

maturity (Merilä et al. 1997; Cox and Calsbeek 2009).  
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Renewed interest in IaSC and its recognition as a potentially widespread phenomenon 

occurred at the beginning of the 21st century. Whether selection is or is not sexually concordant 

between the sexes is often difficult to assess, but several studies have indicated that it may 

commonly be discordant (e.g., Rice and Chippindale 2001; reviewed in Cox and Calsbeek 2009). 

Perhaps the most convincing examples of SA come from Chippindale et al. (2001) and Gibson et 

al. (2002), with experiments on fruit flies looking at adult fertility. In Drosophila melanogaster, 

the adult reproductive stage boasts a strong negative intersexual genetic correlation for fitness, 

with intralocus sexually antagonistic variation giving rise to an inverted pattern of inheritance 

from parent to offspring (Chippindale et al. 2001; Pischedda and Chippindale 2006). The 

abundance of SA variation located on the X chromosome exaggerates this effect, since males 

only pass on their X chromosome to daughters (Rice 1984; Gibson et al. 2002). This has the 

potential to interfere with sexual selection for good genes. It is likely, then, that IaSC is a 

significant mechanism for the maintenance of genetic variation for fitness in populations (Cox 

and Calsbeek 2009). 

Instances of IaSC have since been found in a variety of species (Calsbeek and Sinervo 

2004; reviewed in Van Doorn 2009). A common occurrence is that of traits with sex-specific 

influence on offspring fitness resulting in a negative rmf for fitness, as seen in the following 

examples. Fedorka and Mousseau (2004), researching the ground cricket (Allonemobius socius), 

found a negative correlation between a father’s mating success and the reproductive success 

(fecundity) of his daughters while a positive correlation was found for his sons’ mating success. 

Brommer et al. (2007), in turn, studied collared flycatchers (Ficedula albicollis) using data 

collected over 20 years, finding a negative intersexual genetic correlation for lifetime 

reproductive success. Concurrently, Foerster et al. (2007) uncovered the existence of IaSC whilst 
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observing red deer (Cervus elaphus) in a long-term study. In the population examined, males 

with high mating success produced daughters with relatively low fitness (i.e., poor breeding 

value), presumably due to the presence of SA variation for fitness. These studies show proof of 

the existence of negative genetic correlations due to IaSC in natural populations, though much of 

the research in this area has been conducted in a laboratory setting. 

1.2 Genetic architecture for fitness 

1.2.1 Genetic variation 

In evolutionary genetics, uncertainty remains over the nature and relative importance of 

mechanisms responsible for maintenance of genetic variation for fitness in the face of selection. 

Research into segregating genetic variation present in a population and how it is maintained was 

likely first prompted by Fisher’s fundamental theorem of natural selection (Fisher 1930). Fisher 

proceeded to mathematize Darwin, linking genotype, phenotype and fitness, with the aim of 

clarifying principles of character evolution (Hansen 2006). Briefly, Fisher stated that mutations 

arise that can affect trait expression, and it is those mutations helping organisms to approach 

optimal fitness that are passed on to future generations. Trait (and organism) evolution towards 

an optimum occurs through successive beneficial mutations becoming fixed in the genome. 

Standing genetic variation therefore consists of the “existing genetic variation that is the result of 

past mutations that have become neither lost nor fixed in a population” (Parsch and Ellegren 

2013). Additive genetic variation is important because this is the component of variation upon 

which selection acts, giving rise to generations expressing more optimal trait fitness than 

previous generations. It is not often considered, however, that the sexes may have different 

additive genetic variation for fitness (Brommer et al. 2007). If strictly interpreted, the theorem 
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implies that, at equilibrium, a population should harbour no additive genetic variation for fitness 

because selection winnows genetic variation (Andersson 1994; Kimber 2014).  

Mechanisms proposed that maintain genetic variation have included high mutation rates, 

stochastic selection pressures, tradeoffs, mate compatibility and condition dependence (reviewed 

in Pizzari and Birkhead 2002; Pennell and Morrow 2013). Rice (1984) was the first to suggest 

that SA variation may make a non-negligible contribution towards the available variation. The 

role of IaSC in maintaining genetic variation for fitness should be strongly considered, especially 

in view of how much genetic variation is present (for traits) in the genome when it ought to be 

eroded by selection (Pennell and Morrow 2013). Over time, strong selection pressures should 

work to erode genetic variation, as populations move to their optimal fitness values for traits. 

Environmental heterogeneity (over space and time) may maintain variation in natural 

populations but in domesticated populations, this force should be weaker or absent. Yet, 

considerable variation appears to exist in populations of domesticated organisms, as evidenced 

by their responsiveness to selective pressures (Rose and Charlesworth 1981; Prasad and Joshi 

2003; Rose et al. 2004). Examples include D. melanogaster (Rose 1984; Rice 1996; Gibbs 1999; 

Stewart et al. 2005), crops such as barley (Muñoz-Amatriaín et al. 2014) and domesticated 

animals (Mignon-Grasteau et al. 2005). Where then does genetic variation come from? Why 

would domesticated organisms be so genetically variable? IaSC may be an important mechanism 

maintaining genetic variation, though more research is needed to establish the validity of this 

hypothesis. 

1.2.2 Genetic architecture 

Though Fisher provided a solid foundation for examining character evolution, it is 

important to note that his focus on additive genetic variation and dismissal of complex gene 
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interactions, which he considered statistical noise, rendered a rather simple depiction. The 

genetic architecture of an organism is anything but simple. Genetic architecture, as defined by 

Hansen (2006), is “the pattern of genetic effects that build and control a given phenotype 

character and its variational properties”. In other words, genetic architecture constitutes the 

potentially complex web of correlations and interactions between genes constituting the map 

between genotype and phenotype. A discussion of genetic architecture can include “the numbers 

and genome locations of genes that affect a trait, the magnitude of their effects, and the relative 

contributions of additive, dominant, and epistatic gene effects” (Holland 2007). Hansen (2006) 

explained that a grasp of genetic architecture could answer several biological problems, 

including the evolutionary advantages of sex and recombination and the processes and genetics 

of adaptation and population differences, among others. Such a simplification as Fisher’s has the 

shortcoming of overlooking the complexities of genetic architecture that may, in fact, be 

evolutionarily relevant. Intralocus sexual conflict is one such example.  

1.2.3 Life history 

The genetic architecture of an organism is largely composed of tradeoffs between 

components of fitness, also referred to as antagonistic pleiotropy, because enhancement of one 

fitness component results in loss in other fitness component(s). These tradeoffs maintain genetic 

correlations among traits, limiting independent evolution, and likely account for at least a portion 

of the standing genetic variation for fitness-related traits within populations (Bradshaw and 

Holzapfel 2000). Were constraints not imposed upon the network of many fitness-related traits, 

natural selection would run rampant, the resulting trait optimization allowing immortality of 

organisms, along with reproductive capability at birth and the power to produce an infinite 

number of offspring (Prasad and Joshi 2003). As such, interactions between tradeoffs are an 
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important part of evolutionary theory, in their potential to direct evolutionary responses and 

trajectories (Flatt and Heyland 2011). Fitness traits in populations are commonly grouped under 

the umbrella of life history, the series of changes undergone by an organism over its lifetime as it 

progresses from birth to death (Charlesworth 1994; Prasad and Joshi 2003). Life history traits 

shared between the sexes are susceptible to IaSC owing to their close connection to fitness and 

sex-specific optima (Wedell et al. 2006; Lewis et al. 2011). Prasad and Joshi (2003) pointed out 

that a better understanding of life history evolution could be achieved by examining the selection 

pressures shaping sexual dimorphism for traits implicated in life history. Because adaptive 

evolution is influenced by factors such as the environment, genetics and history, a model system 

in which these effects can be teased apart is ideal. This is a main advantage of using Drosophila 

as a model organism. 

1.3 Drosophila melanogaster  

The common fruit fly has often been used to explore the evolution of life history and the 

underlying genetic architecture. Drosophila is a sexually dimorphic species (Figure 1.1), for 

which we have an arsenal of genetic and genomic tools (MacKay 2014). The potential for 

experimental genetic control over D. melanogaster (because it is a well-understood model 

organism) combined with command over its lab maintenance, makes it an invaluable tool for life 

history research (Rice 1996; Prasad and Joshi 2003). The transfer to the lab environment from 

the wild imposes a new environment on D. melanogaster, leading to both directional selection 

for lab adaptation and to genotype-by-environment interactions (Sgrò and Partridge 2000; e.g., 

Service and Rose 1985). Quite rapidly, flies adapt to their new environment and a new life 

history is established. An awareness of these changes and the problems they may bring has led 

many fly researchers to use lab-adapted D. melanogaster for evolutionary work (Sgrò and 
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Partridge 2000). The culture conditions used can thus serve as a tool for examining the evolution 

of life history traits, such as rate of development and lifetime fitness, without novel environment 

effects. It is possible, however, that correlated responses to selection (from lab experiments) are 

artifacts of the carefully constructed environment (and thus the findings only hold relevance in 

this artificial context) (Harshman and Hoffmann 2000; Hoffmann et al. 2001; Linnen et al. 

2001). This is a difficult situation because our understanding of correlated responses to selection 

under different environments necessitates the use of a simplified environment (refs in Prasad and 

Joshi 2003). Nevertheless, studying sexual conflict in a species, such as D. melanogaster, in 

which populations can be exposed to and studied under various environments, at different stages 

of ontogeny and over the course of adaptation, could provide clues to changing SA intensity and 

how it might influence the evolution of conflict resolution more broadly (Pennell and Morrow 

2013). 

1.4 Research objectives 

Several questions with respect to IaSC remain unanswered, and are only now beginning 

to be explored. For example, though IaSC occurs in both lab-maintained populations and wild 

populations, changes in IaSC and the phenotypic shifts that may follow have not been tracked 

over time. Does the level of IaSC maintaining genetic variation for fitness remain constant in 

populations over evolutionary time, or can certain environmental events, such as lab adaptation 

and maintenance, increase or decrease its contribution? Additionally, is the importance of SA 

alleles for maintenance of genetic diversity for fitness the same in all populations of a given 

organism, or does it vary in each population according to its evolutionary history? Furthermore, 

though the presence of IaSC has been identified numerous times in adult members of a 

population, the role of IaSC in juvenile individuals has rarely been characterized.   
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Particularly critical is the lack of research into the effects of long-term lab adaptation in 

Drosophila. This is a surprising deficit given its importance in evolutionary studies. Further 

research is needed to clarify if IaSC, among other mechanisms, remains the same over 

evolutionary time in the lab or whether it becomes attenuated as selection under constant 

conditions ultimately eliminates SA variation and other evolutionary forces take precedence in 

congruence with available variation. Previous research has largely consisted of snapshots of the 

presence of IaSC in chosen populations, measured at a given time in their evolutionary history. 

Though this is a promising first step in uncovering IaSC and beginning to understand it more 

fully, since genetic architecture shifts with evolution, it is naïve to assume that the same pattern 

of IaSC expression remains constant with the passage of time. In Chapter 2, I review the 

literature on Drosophila domestication, followed by a discussion of past experiments using this 

model system, paying special attention to similar studies that yielded conflicting findings. I will 

also delve into the difficulties that may arise with long-term Drosophila lab maintenance and 

suggest a possible framework for identifying shifts in standing genetic variation that may arise in 

populations during the process of lab adaptation. Chapter 3 then details the bulk of the 

experimental work completed during my thesis project, that is practically testing the hypothesis 

that IaSC varies in its contribution to genetic diversity over time maintained in the lab.   

I completed this work using hemiclonal analysis, which involves expression of an 

identical haploid genome in male and female D. melanogaster. Haploid genomes, acting as 

sperm genotypes, are randomly drawn from a base population, amplified using a cloning 

protocol (see Chapter 3 for details), and made to fertilize multiple eggs from the same base 

population (Chippindale et al. 2001). Adult reproductive success (fitness) can then be estimated 

by measuring fertilization success for males and fecundity in females. This system allowed me to 
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sample the proportion of SA variation expressed in populations that had been maintained in the 

lab for many years (domesticated) versus populations that were theoretically reconstituted to 

express a resurgence of SA variation. I was then able to measure the fitness of males versus 

females in these populations and assess the resulting genetic correlations. These genetic 

correlations, in turn, provided information as to the relative contribution of SA alleles to 

maintaining genetic variation in these different populations. 

Another question that has recently come to light is whether IaSC is present only at the 

adult stage in Drosophila, when the sexes are phenotypically distinct, or whether it contributes to 

genetic variation at the pre-adult stages as well. Chippindale et al. (2001) found a positive 

genetic correlation for fitness when measuring juvenile viability. Because male and female 

larvae are only weakly differentiated, this led to the idea that SA alleles are not expressed in the 

absence of SD. More recent findings, however, point towards this determination being false. 

Traits that lead to SD are formed by sex-specific processes during cell differentiation and 

embryonic growth that occur during development (Pennell and Morrow 2013). It is reasonable, 

then, to hypothesize that conflict unfolds during development (intersexual ontogenetic conflict 

referenced by Rice and Chippindale (2001)). Prasad et al. (2007) pointed out that previous 

studies have not identified specific traits underlying IaSC, instead simply looking to adult 

fertility and juvenile survivorship. For the experiment described in Chapter 4, I used the same 

populations as those specified in Chapter 3, and this time turned my attention to metric (referring 

to aspects of morphology in this case) and life history traits affecting later adult fitness. Hence, I 

was able to determine if SA was also present for these traits at the juvenile stage.  

Together, I hope that this research sheds light on a topic that has only recently received 

the attention that it merits, both theoretically and experimentally. A more thorough examination 
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of intralocus sexual conflict could lead to a better understanding of sexual dimorphism and the 

existence and development of distinct sexes.  
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Figure 1.1. Dimorphism between male and female Drosophila melanogaster (Morgan 1925). 
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Chapter 2 
 

Variation under domestication, revisited 

2.1 Summary 

 Domesticated populations are a powerful resource for the study of evolutionary 

processes. Control over population size and conditions of maintenance allows replication of the 

environment of recent evolution in experiments. Tradeoffs are an important component of that 

environment because they may impose limits on evolution (i.e., shape the direction of evolution) 

and are common among life history traits. Adding complexity to the study of tradeoffs in life 

history research, the sexes may have different optima for a number of life history traits. 

Tradeoffs may thus be seen both between components of fitness within each sex, and within 

components of fitness between the sexes, generating intralocus sexual conflict (IaSC). In this 

review, we assess the reliability of genetic correlations between fitness-related traits, and for 

fitness between the sexes, when measured over evolutionary time. We review the history of 

Drosophila melanogaster as a model system and, looking to past studies, take note of problems 

that may arise in establishing parameters for laboratory experiments. We also present a three-

stage model that describes the relative contribution of IaSC to standing genetic variation during 

the process of Drosophila laboratory domestication, by focusing on the sign of the genetic 

correlation between the sexes. This brings forth a largely overlooked issue, that of the effects of 

long-term laboratory domestication on the nature of genetic variation in Drosophila populations, 

an area that would benefit from further exploration.  

2.2 Introduction 

“When we reflect on the vast diversity of the plants and animals which have varied 

during all ages under the most different climates and treatment, I think we are driven to conclude 
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that this greater variability is simply due to our domestic productions having been raised under 

conditions of life not so uniform as, and somewhat different from, those to which the parent-

species have been exposed under nature” – Charles Darwin, On the Origin of Species (1859) 

Evolutionary change via selection requires three elements to proceed: variation, 

heritability, and the differential survival and reproduction of variants (Coyne 2009). Although 

evidence for the operation of selection is omnipresent in nature, artificial selection provides stark 

evidence of the incredible evolvability of organisms in a “geological blink of an eye” (Coyne 

2009). Darwin capitalized upon the parallel between artificial selection, observed in such 

common practices as animal and plant breeding, and the more controversial ideas of natural 

selection and evolution (Coyne 2009). Variation under domestication was a central topic in 

Darwin’s On the Origin of Species, serving as material for the book’s first chapter.  

Domestication has a long history associated with human civilization, records of its 

existence dating back to 14000 years ago (Santos et al. 2010). Many organisms have been 

domesticated at some point in time, from dogs and livestock to various plants (Diamond and 

Bellwood 2003; Mignon-Grasteau et al. 2005). Domestication may be defined as “the 

evolutionary genetic change arising from the transition of a population from nature to deliberate 

human cultivation” (Simões et al. 2008). Domestication allows researchers to explore 

evolutionary processes, such as adaptation, in a controlled laboratory environment, one that can 

account for environmental influences and facilitates replication (Simões et al. 2007). Correlated 

responses to selection, in particular, can advance our perspective on evolution. Such responses 

may indicate the presence of tradeoffs between characters, reflecting a pleiotropic basis for 

constraints on evolution (Harshman and Hoffmann 2000).  
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 Stearns (1989) described tradeoffs as “the costs paid in the currency of fitness when a 

beneficial change in one trait is linked to a detrimental change in another”. In the absence of 

tradeoffs, history and design would be the only limiting factors for selection on fitness-related 

traits (Stearns 1989). Tradeoffs may occur at the level of the genotype, phenotype, or in the 

intermediate structure in organisms (Stearns 1989). The intermediate structure, or genetic 

architecture, shapes the expression of genetic tradeoffs, shifting the expression of genetic 

covariances from positive to negative, dependent on environmental conditions (Stearns 1989). 

Interest in tradeoffs and other internal constraints is especially strong in life history research, 

which seeks to explain how life history traits can be optimized via selection to maximize 

reproductive success despite these apparent barriers (Flatt and Heyland 2011). Historically, 

additive genetic variation and correlations among and between traits related to fitness in 

laboratory populations have been examined to identify and study existing tradeoffs (Bradshaw 

and Holzapfel 2000). However, several fundamental life history traits may have sex-specific 

optima, the result of divergent selection between the sexes (refs in Berger et al. 2014).  

 Evolutionary biologists are concerned with elucidating the mechanisms that maintain 

variation for fitness-related traits within populations. Intralocus sexual conflict (IaSC), whereby 

expression of an allele at a single locus increases fitness in one sex to the detriment of the fitness 

of the opposite sex, is hypothesized to be one such mechanism (Lande 1980; Rice 1984; Parker 

and Partridge 1998; Bonduriansky and Chenoweth 2009). Rice and Chippindale (2001) 

explained sexually antagonistic (SA) fitness variation as an example of an evolutionary tradeoff 

at the level of the gene, using the example of hip width in humans. While we would see a 

classical, functional tradeoff if wide hips facilitated childbirth but reduced locomotor activity in 

females, if that same trait was selected differentially in the sexes, as expected because parturition 
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only occurs in females, the tradeoff would instead occur between individuals and between 

generations (Rice and Chippindale 2001).  

The intersexual genetic correlation for fitness (rmf) indicates the strength of the 

evolutionary constraint stemming from IaSC (Delcourt et al. 2009). The standardized measure of 

rmf accounts for the genetic covariance between male and female fitness (Delcourt et al. 2009). 

The evolution of sexual dimorphism may be hampered by rmf, rendering this correlation a feature 

of the genetic architecture of SA traits that is targeted by selection (Bonduriansky and Rowe 

2005). The sexes will progress more efficiently towards their sex-specific phenotypic optima if 

selection acts to lower rmf for traits under IaSC (Bonduriansky and Rowe 2005). Few studies 

have provided empirical estimates for rmf for total fitness, but those that have show evidence of a 

negative genetic covariance (e.g., Chippindale et al. 2001; Qvarnström et al. 2006; Punzalan et 

al. 2014). If negative correlations are widespread in the genome, and effective at constraining 

adaptive evolution, it could explain why variation for fitness appears to be greater than predicted 

under mutation-selection balance (Turelli and Barton 2004; Delcourt et al. 2009). IaSC may be 

relieved by independent evolution of the sexes towards dimorphism, though there appears to be 

considerable sexual conflict present in laboratory (Pischedda and Chippindale 2006; Delcourt et 

al. 2009) as well as in natural (Foerster et al. 2007; Mokkonen et al. 2011) populations (Dean et 

al. 2012).  

Chippindale et al. (2001) and Gibson et al. (2002) have provided the best examples of 

large pools of SA variation being maintained in populations with experiments using Drosophila 

melanogaster (Prasad et al. 2007). Using hemiclonal analysis, they were able to take snapshots 

of the standing genetic variation present in lab-maintained populations, and found negative 

genetic correlations for fitness between the sexes, indicative of IaSC. Briefly, haploid genomes 
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can be drawn from D. melanogaster populations and expressed in both males and females, 

allowing fitness to be compared between the sexes in individuals with identical genetics. 

Differences amongst hemiclonal lines drawn from a chosen population can thus be used to 

measure additive genetic variation, and additionally be useful for screening a population for 

existing genetic variation (Abbott and Morrow 2011; Lehtovaara et al. 2013). Such “snapshots” 

can hence provide an overview of variation available to selection for a given trait (Abbott and 

Morrow 2011). Morrow et al. (2008), using a different method in Drosophila, also found a 

decrease in the fitness of one sex when unselected while the other sex was under selection, 

corresponding to an accumulation of SA alleles. Studies by Calsbeek and Sinervo (2004), 

Fedorka and Mousseau (2004), Brommer et al. (2007) and Foerster et al. (2007) further 

discovered evidence of SA alleles being a predominant force for the maintenance of genetic 

variation for fitness in populations, not only in the lab but also in the wild. Bill colour in zebra 

finches (Price and Burley 1994) and horn phenotype in Soay sheep (Robinson et al. 2006) are 

additional examples of opposing selection between the sexes, since certain phenotypes in these 

two examples are beneficial for males during competition yet energetically costly to females 

(Van Doorn 2009). The existence of IaSC and its prevalence in nature, and in more artificial lab 

environments, has been well documented, yet the importance of its selective contribution has 

largely remained unexplored. Could it be that such observations of IaSC are not permanent 

fixtures in the genetic signature of populations but rather transient features that may only arise at 

a particular time and in certain populations?   

Here, we are concerned with the evolution of traits related to fitness and life history, 

where energy is limited and tradeoffs are expected. Our focus is early life adult fitness. Existing 

standing genetic variation in a population has a marked effect on the population’s evolutionary 
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response, adding a degree of difficulty to measuring tradeoffs (Chippindale et al. 2003). We are 

interested in exploring how stable correlations between traits, and between the sexes, are when 

measured over evolutionary time. Laboratory evolution is perhaps the best way to assess the 

stability of these genetic correlations, as we can control the culture environment and the genetic 

background of populations (Chippindale et al. 2003).  

We present a review of the advantages and perils of Drosophila domestication for 

studying evolutionary processes, most notably tradeoffs. We begin by providing an overview of 

the Drosophila model system and take note of the difficulties that may arise in the selection of 

appropriate conditions for use of the system for evolution experiments. We then review similar 

studies that have yielded disparate results for correlated responses, and discuss possible causes. 

We further extend this idea to include the tradeoff between the sexes, or IaSC, and how it may be 

manifested in domesticated populations. We propose a novel model that seeks to describe the 

relative contribution of IaSC to standing genetic variation in domesticated Drosophila 

populations, by tracking the sign of the genetic correlation (rmf) upon initial lab introduction, 

once adaptation to the lab environment has reached a plateau, and with long-term domestication. 

2.3 The mighty Drosophila 

 Drosophila melanogaster has long been used as a model organism in biological research. 

The first account of its experimental use was published over 100 years ago by Frederick 

Carpenter (1905), “The reactions of the pomace fly (Drosophila ampelophila Loew) to light, 

gravity and mechanical stimulation”. This marked the beginning of the development of D. 

melanogaster as a model system. In the early 20th century, Thomas Hunt Morgan completed his 

seminal work on the science of transmission genetics using Drosophila (Roberts 2006). Since 

then, D. melanogaster has been used extensively in genetics and developmental biology 
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research. Benzer (1967) explained that “Drosophila offers the same advantages…namely, large 

numbers of short generation time…(and) an enormous store of accumulated knowledge 

concerning the organism”. Ease of culture of this organism along with the existence of powerful 

genetic tools makes the fruit fly a mainstay in the study of evolutionary dynamics. Notably, D. 

melanogaster has been widely used when looking to explore the evolutionary inner-workings of 

life history traits.  

A potential complication may arise, however, when deciding whether studies of life 

history in Drosophila should be carried out in populations newly introduced to the lab (from the 

wild) or in populations that have been established in the lab for a prolonged period of time 

(Klepsatel et al. 2013). Because conditions in the lab differ from those experienced in the wild, 

gene expression underlying life history traits and the genetic correlations between them may be 

altered (Sgrò and Partridge 2000). Stearns and Partridge (2001) reported the presence of several 

negative genetic correlations consistent with tradeoffs upon a review of quantitative genetic 

studies and selection experiments (Klepsatel et al. 2013). However, studies carried out using 

wild-caught flies have generally yielded positive or no correlations (Giesel 1982; Giesel 1986), 

though inbreeding upon lab introduction in addition to novel environmental effects have been 

suggested as possible causes for spurious positive correlations (Rose 1984; Service and Rose 

1985). Service and Rose (1985) proceeded to describe the shifting genetic correlations revealed 

upon examination of a population under its familiar laboratory environment as compared to that 

same population’s exposure to a novel environment. With lab introduction, rapid adaptation to 

the new environment is expected to occur on par with improvement in several life history 

characters (Matos et al. 2000; Simões et al. 2007). As such, wild-caught flies are not generally 
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used for studies of tradeoffs or life history, lab-adapted populations that are near or at 

evolutionary equilibrium being the better choice (Klepsatel et al. 2013).  

Unwittingly altering the “state of nature” in lab populations such as Drosophila may also 

produce changes in correlations between traits. Any modification to the otherwise constant lab 

environment may bring about genotype-by-environment interactions that may cause 

discrepancies in selection experiments (Simões et al. 2007; Burke and Rose 2009). For example, 

the genetic correlation between larval development time and adult body size may change when 

larval crowding is increased in a lab setting (Mueller 1991; Roper et al. 1996; Sgrò and Partridge 

2000). Life history traits have, in fact, been examined under a variety of environmental 

conditions. Varying such environmental factors as nutrition, temperature and the light:dark 

regime was found to affect phenotypic expression of genetic variation (Prasad and Joshi 2003). 

This suggests the possibility of directed and correlated responses to selection on life history traits 

to vary under different environments (Prasad and Joshi 2003). Selection experiments, in 

particular, show the context-specificity of correlated responses, emphasizing that small changes 

in the environment can create big changes in evolutionary response.  

2.4 Similar experiments, different results  

Correlated responses to selection may be examined to elucidate, among other things, the 

genetic basis of evolutionary constraints (Harshman and Hoffmann 2000). Similar selection 

experiments, however, have at times yielded inconsistencies in correlated responses. These 

differences may potentially have arisen as artifacts of the evolutionary histories of the studied 

populations (Harshman and Hoffmann 2000). Such an instance was described in Leroi et al. 

(1994), who were interested in the tradeoff between early fecundity and those traits associated 

with longevity (e.g., starvation resistance). A negative correlation is expected for the relationship 
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between early fecundity and longevity, as reproduction and survival tradeoff with regards to 

energy allocation (Rose 1984; Luckinbill et al. 1984). Over the course of a ten-year period, they 

tracked the nature of the tradeoff in ten contemporaneous populations – five populations selected 

for late-life reproduction (O) and five control populations (B) – with a common ancestor. Where 

they found the expected tradeoff between early fecundity and longevity in the early days of the 

experiment for the population under selection, this tradeoff disappeared over time. They 

concluded that a rather innocuous difference between the maintenance of B and O populations 

had led to adaptation (Chippindale et al. 1993; Leroi et al. 1994). The O populations later 

outperformed the B populations in early life because of adaptation to the yeast diet used in the 

former’s maintenance. Leroi et al. (1994) suggested that the vanishing tradeoff might be the 

result of life history traits’ sensitivity to interaction with environmental factors. A situation may 

thus arise where some populations express negative genetic correlations whereas others do not, 

dependent on the environment and evolutionary time (Leroi et al. 1994). This is an example of 

how exquisitely the animals adapted to their environment, showing the perils of measuring wild 

flies and the problem of domestication at the same time.  

 Harshman and Hoffmann (2000) outlined two different aspects of selection experiments 

that may be problematic. Firstly, the potential to draw conclusions from experiments looking at 

correlated responses to selection may be limited, since several studies of life history have yielded 

conflicting results in the past. Secondly, the culture protocol implemented to maintain 

Drosophila populations in the lab may act to alter their life history and bias the outcome of 

experiments. A central concern is the potential for long-term lab adaptation to shape the genetic 

architecture of traits in these populations (Hoffmann et al. 2001). It is a generally accepted 

notion that populations collected from the wild need to first adapt to the lab for a given period of 
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time before they are suited for use in selection experiments, to avoid spurious correlations 

between traits (especially life history traits) brought on by adaptation to a new (laboratory) 

environment (Service and Rose 1985). It is unclear how many generations of lab adaptation are 

required before being able to obtain a clear image of organismal response to selection and before 

tradeoffs become evident, though major changes are hypothesized to occur quite rapidly, on the 

order of approximately 8-10 generations (Frankham and Loebel 1992; Gibbs 1999). However, 

the use of populations that have been maintained in the lab for a prolonged period of time may 

also be uniquely problematic. For example, a typical lab protocol, that of a short culture cycle 

with non-overlapping generations, may cause the accumulation of mutations expressed in late 

age in these populations, leading to inconsistencies in reactions to selection and correlated 

responses (Sgrò and Partridge 2000). This would be especially problematic for the study of late-

age phenomena, or ageing itself. These late-acting deleterious mutations tend to accumulate as a 

byproduct of selection for rapid development and higher fecundity, which induces a state of lax 

selection in the later part of the Drosophila life cycle (Promislow and Tatar 1998; Sgrò and 

Partridge 2000; Houle and Rowe 2003; Klepsatel et al. 2013). The idea of mutation accumulation 

(MA) was first proposed by Medawar in 1951 (Medawar 1952). He posited that a reduction in 

the force of selection permits deleterious mutations that appear in the later part of an organism’s 

life history to accumulate over evolutionary time (Flatt and Schmidt 2009). The concept of MA 

was subsequently extended to incorporate the idea of antagonistic pleiotropy (AP), by which 

late-acting deleterious mutations are selectively favoured if they are pleiotropically beneficial 

earlier in the life cycle, when selection is strong (Williams 1957; Flatt and Schmidt 2009).  

Drosophila evolutionary processes, especially where life history traits are concerned, are 

strongly influenced by the history of a population. As such, careful consideration should be taken 
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by researchers in selecting populations prior to experimentation. While populations drawn from 

the wild may be used in some instances, populations that have been maintained in the lab for an 

extended period of time may be better suited to certain assays. Even so, it is possible that there is 

no such thing as an ideal base population, a source from which to draw replicate-selected lines 

and control lines (Harshman and Hoffmann 2000). Rather, acknowledging the evolutionary 

history of a population and taking into account its peculiarities before proceeding with an 

experiment may be the best strategy. 

2.5 A model for domestication  

“The key is man’s power of accumulative selection: nature gives successive variations; man adds 

them up in certain directions useful to him.” – Charles Darwin, On the Origin of Species (1859) 

A strikingly overlooked aspect of exploring genetic architecture for fitness in populations 

is the sequence of events that takes place upon introduction of a population to a novel 

environment and how adaptation unfolds thereafter. Particularly, the role of SA variation during 

adaptation and long-term lab domestication of a population has largely been ignored – how are 

alleles with SA effects expressed in novel environments through adaptation and maintenance 

afterwards? Exposure to a novel environment is thought to have the potential to shift phenotypic 

optima of the sexes and influence how traits are expressed via the underlying genes (Punzalan et 

al. 2014). The available additive genetic variation can thus influence the additive genetic 

covariance between males and females. Recent studies have explored rmf in populations exposed 

to a novel environment during their initial period of adaptation, but effects of domestication on 

rmf have not been extended beyond this stage (i.e., with long-term lab maintenance). Long et al. 

(2012) observed more SA variation in well-adapted D. melanogaster populations as compared to 

populations exposed to a novel environment. Meanwhile, studies in D. serrata did not provide a 
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consistent finding of IaSC across exposure of populations to novel food media (Delcourt et al. 

2009; Punzalan et al. 2014; Berger et al. 2014). These studies reflect the variable estimates of SA 

across traits and populations (Cox and Calsbeek 2009), potentially because SA variation varies in 

amount across environments and populations (Berger et al. 2014). We propose a framework for 

lab adaptation in D. melanogaster, from initial collection from the wild through to long-term lab 

maintenance. Although truly a continuum, we describe the process in terms of three distinct 

stages for simplicity and diagnostic purposes. Each of these stages is defined by the predominant 

type(s) of variation acting in populations at a given point in time during their lab maintenance, 

maintaining genetic variation for fitness under selective pressure.  

2.5.1 Stage I  

 Evolutionary theory, shaped by Fisher’s Fundamental Theorem, suggests that populations 

should rapidly adapt to a new environment they are exposed to (Matos et al. 2000; Santos et al. 

2010). With introduction to a new and unchanging environment, genetic variance will be eroded 

and its additive component should proceed towards zero, causing adaptation to slow or stop (cf. 

Maynard Smith 1989; Matos et al. 2000). Of course, this describes a perfect scenario that is 

rarely observed in nature. The lab is an exception: a repeated novel environment experiment. 

With successive generations, populations begin to adapt to their new environment and mean 

fitness increases as non-adaptive alleles are eliminated and only the fittest individuals are able to 

reproduce (Santos et al. 2010). Often it is those individuals that carry alleles predisposing higher 

survival and fertility. Alternatively, these surviving individuals may exhibit a greater phenotypic 

plasticity allowing them to adapt to a novel environment. Regardless, an increase in fitness (over 

generations) is expected as well as an improvement in fitness for related traits, like early 

fecundity (Santos et al. 2010). Simões et al. (2008) demonstrated that, for all populations of 
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Drosophila subobscura they examined, each showed improvement in fecundity traits with 

domestication. Meanwhile, Klepsatel et al. (2013) measured reproductive and post-reproductive 

life history traits in wild-caught flies, finding that the bulk of phenotypic correlations between 

traits, like early fecundity and lifespan, are positive and there exists an absence of tradeoffs for 

wild-caught flies transferred to a lab environment. So, spurious positive genetic correlations can 

be created via genotypes that may be fortuitously pre-adapted and others maladapted to the novel 

environment, with accompanying increased or decreased fitness respectively (Service and Rose 

1985; Klepsatel et al. 2013). This is characteristic of Stage I, where populations under 

observation are on average poorly adapted to the lab. Some genotypes thrive while others fail, 

creating positive correlations among characters even when they actually trade off. At this stage, a 

strong positive genetic correlation for fitness should be apparent for fitness between the sexes 

and between components of fitness as well (Figure 2.1A). Once the process of adaptation is well 

underway, response to domestication for characters slows. Gilligan and Frankham (2003) found 

an adaptation plateau to occur after 87 generations, while Simões et al. (2007) concluded that 

functional characters, like fecundity traits, do not show improvement beyond approximately 100 

generations. 

2.5.2 Stage II 

After several generations of maintenance in the lab, ontogenetic conflict between the 

sexes may begin to be revealed, characterized by a negative genetic correlation for fitness 

(Figure 2.1B). As alleles with sexually concordant effects become fixed in populations, the 

adaptive response slows and variation becomes marked by negative intersexual correlations 

(Punzalan et al. 2014). Genetic variation for fitness is maintained by balancing selection, like 

IaSC, maintaining alternative alleles at intermediate frequency through SA variation, at this stage 
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(Long et al. 2012). IaSC is thought to play a major role in maintaining genetic variation for 

fitness through its involvement in the evolution of sex chromosomes (Bull 1983; Rice 1987; 

Charlesworth 1991), sex determination (Rice 1986; Kraak and Pen 2002; Van Doorn and 

Kirkpatrick 2007), genomic imprinting (Day and Bonduriansky 2004; Patten and Haig 2008) and 

gene regulation (Ellegren and Parsch 2007), as reported by Van Doorn (2009). Evidence of 

genetic variation for fitness being maintained at least in part by SA alleles has been shown for 

several populations, both lab-maintained and nature-dwelling, for a variety of species. Delcourt 

et al. (2009) proposed that with time maintained in the lab, the sexes may move towards sex-

specific optima for a suite of fitness-related traits, which should be reflected in rmf. Mechanisms 

able to at least partially resolve the conflict include, for example, sex-limited expression of loci 

via the evolution of modifiers (Chenoweth et al. 2008) or genomic imprinting resulting in parent-

of-origin effects (Day and Bonduriansky 2004). Delcourt et al. (2009) looked at rmf in 

Drosophila serrata, comparing a population exposed to a novel corn food environment versus a 

population maintained on the habitual yeast food culture. Under familiar culture conditions, a 

negative rmf is expected because alleles that are either unconditionally beneficial or harmful 

should be either fixed or eliminated fairly quickly, with the remaining genetic variation 

composed of alleles maintained at intermediate frequencies because selection is conflicting. In 

this case, SA may be a major force maintaining variation because other mechanisms are reduced 

under the constant lab environment (Delcourt et al. 2009). 

2.5.3 Stage III 

 We hypothesize a third stage to lab adaptation, though its existence is at present only 

hinted at in unpublished observations. With long-term lab adaptation, an absence of SA variation 

has been observed (Mallet et al. 2011; personal observation by AKC). This stage may be 
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characterized by a lack of correlation or a slight positive correlation (Figure 2.1C). Currently, the 

basis for this phenomenon is unclear but it is likely that extended domestication may cause SA 

alleles to go to fixation, whether through selection or genetic drift. Relentless selection, even on 

small differentials, leads to fixation of the best alleles at SA loci while drift causes the same 

thing elsewhere. How quickly, though, would this effect be manifested and what would drive or 

forestall it? Klepsatel et al. (2013) also suggested that existing negative genetic correlations may 

be absent or analytically undetectable because of the consistent laboratory environment, where, 

for example, resource acquisition is not an issue (van Noordwijk and de Jong 1986). In addition, 

due to common culture protocols used in lab maintenance of Drosophila, populations may 

become grounds for a sort of mutation-accumulation experiment, created by relaxation on 

selection for certain life history traits that occur later in life (Sgrò and Partridge 2000). Late-

acting deleterious mutations may as a result accumulate in these populations as long as selection 

remains absent (Sgrò and Partridge 2000). 
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Figure 2.1. Proposed stages in the lab adaptation of D. melanogaster, with accompanying 
genetic correlations. A. Stage I – initial lab adaptation. B. Stage II – sexual antagonism. C. 
Stage III – long-term lab maintenance. The curved line represents maximum fitness. The dots 
show an assortment of genotypes randomly drawn from a population. Red dots designate 
unsuccessful genotypes while black dots designate those genotypes that persist beyond 
introduction to a novel environment. The ellipses show the nature of the intersexual genetic 
correlation. The arrows represent the direction of selection exerting the most strength. 
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2.6 Recommendations 

A main goal of this review was to provide evidence showing that correlated responses to 

selection likely depend on the kind of standing genetic variation present in a population at a 

given time. This has obvious ramifications for the experimental use of domesticated populations 

of D. melanogaster, or any other organism subjected to domestication. Researchers would be 

wise to select Drosophila populations at a stage of lab adaptation compatible with the type of 

experiment they plan to undertake. The table below summarizes the kinds of variation one would 

expect to see in new lab populations (Stage I), populations at a “tradeoff” stage (Stage II) and 

mature populations (Stage III). Types of studies that could be completed using populations at 

these different stages, as well as examples of such studies, are also presented (Table 2.1). 

Additionally, it might be wise to estimate rmf at several timepoints during the lab adaptation of 

D. melanogaster populations: Once, when a population is first introduced to the new lab 

environment, and at several instances thereafter, to obtain an overview of the change in genetic 

architecture with lab adaptation and maintenance (Punzalan et al. 2014).  
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Table 2.1. The three stages of domestication: variation, types of studies and examples. 
 
  Stage I Stage II Stage III 
 
 

 
Variation 

 
 
 

New lab population  
Rapid loss of 
variation that was 
sustained by 
ecological 
complexity, gene 
flow, etc. in the 
wild. 

“Tradeoff” stage 
Standing genetic 
variation dominated 
by tradeoffs: 
between 
components of 
fitness and fitness 
between sexes. 

Mature lab 
population 
Mutation:selection 
balance and bizarre 
forms of selection 
like nontransitivities 
that are stable. 

 
 

Types of studies 

Genomic basis of 
adaptation to novel 
environments 

Selection or 
quantitative genetic 
protocols  
 

Mutation effects and 
stable 
polymorphisms 
 

 
 

Examples 

-Orozco-terWengel 
et al. 2012 
-Simões et al. 2007 
-Punzalan et al. 
2014 

-Rose et al. 2002 
-Chippindale et al. 
2001 
-Gibson et al. 2002 

-Mallet et al. 2011 
-Kimber and 
Chippindale 2013 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 35 

Chapter 3 
 

Using population hybrids to reveal hidden sexual conflict  
 

3.1 Summary 
 
Understanding mechanisms that maintain genetic variation for fitness-related traits in 

populations remains a central goal in evolutionary biology. Recent studies, both in laboratory 

and wild populations, have indicated that intralocus sexual conflict (IaSC) may be one such 

mechanism. Domesticated populations of Drosophila are an ideal system in which to test the 

contribution of IaSC to standing genetic variation because they are believed to be near 

equilibrium. Once natural selection has done its job adapting populations to lab conditions, 

tradeoffs between characters (IaSC, for example) may be revealed. However, recent experiments 

have failed to replicate the negative genetic correlation between components of fitness and for 

fitness between the sexes consistent with tradeoffs. We endeavored to determine whether the 

weakened genetic correlation is the result of reduced variation at sexually antagonistic (SA) loci 

due to relentless selection. Hemiclonal analysis was used to measure intersexual genetic 

correlations for four different populations: two theoretically reconstituted to express a resurgence 

of SA variation and two others maintained in the lab for several decades, where SA effects may 

be hidden by fixation at SA loci. In the examined populations, genetic correlations for fitness 

between males and females were not significantly different from zero. Large amounts of 

variation were, however, detected in these long-term lab-adapted populations. 

3.2 Introduction 

Because males and females share a genome, selection acting on sexes disparately can 

generate a form of genetic conflict (Chippindale et al. 2001). This “intralocus” sexual conflict 

(IaSC) is borne out of divergent optima between the sexes for a number of traits related to 
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fitness, since males and females often have contrasting reproductive goals (Prasad et al. 2007). 

IaSC may be attenuated by the evolution of sexual dimorphism but, as it stands, considerable 

sexually antagonistic variation (SA) exists in both natural (e.g., Foerster et al. 2007; Brommer et 

al. 2007; Svensson et al. 2009; Tarka et al. 2014) and lab-maintained (e.g., Fedorka and 

Mousseau 2004; Long and Rice 2007; Innocenti and Morrow 2010; Lewis et al. 2011; Berger et 

al. 2014) populations.  

When a relatively large pool of loci segregating SA alleles is present in a population, the 

intersexual genetic correlation for Darwinian fitness is negative, suggesting that on average a 

genotype favoured in one sex is disfavoured in the other (Chippindale et al. 2001). 

Measurements of intersexual genetic correlations, with their potential to uncover IaSC and thus 

explore the evolution of sexual dimorphism, have grown in use in recent years. Hemiclonal 

analysis in Drosophila is a method that has been especially fruitful in measuring genetic 

correlations in traits or overall fitness, either between or within the sexes.  

William Rice developed the hemiclone system in Drosophila, reflecting the properties of 

hemiclone systems found in nature (Abbott and Morrow 2011). In hemiclonal analysis, “clone-

generator” female lines, which provide the noncloned half of a male’s diploid genome, are used 

to transmit a male’s three major chromosomes, the cloned haplotype, to his sons. Male 

Drosophila lack molecular recombination, so the use of specially designed females, carrying a Y 

chromosome, two linked X-chromosomes and an autosomal translocation to prevent segregation, 

ultimately allows wildtype sons and daughters to be produced that express a focal haplotype 

paired with a random genetic background (Chippindale et al. 2001; Rice and Chippindale 2001; 

Pischedda and Chippindale 2006). Simply put, this technique allows for the random selection of 

complete haploid genomes in Drosophila melanogaster (hemiclones) that can then be expressed 
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in outbred individuals of either sex (Kimber 2014). Each selected genome is used to construct a 

hemiclone line, with individuals within a line all carrying the identical focal haplotype but 

differing in the remainder of the genome, which is drawn from the base population (Kimber 

2014). Looking at multiple hemiclone lines drawn from a population can thus provide a screen of 

existing standing genetic variation for fitness or variation for a given trait (Chippindale et al. 

2001; Abbott and Morrow 2011). Thorough descriptions of hemiclonal analysis are provided in 

Chippindale et al. (2001) and Abbott and Morrow (2011).  

Drosophila is an ideal system for experimental work in biology due to its short 

generation time, relatively easy maintenance schedule, and wealth of genomic information 

(Burke and Rose 2009). Particularly, the ease with which large populations of Drosophila can be 

maintained ensures that enough genetic variation is available to avoid the effects of genetic drift 

over the course of average length experiments (Burke and Rose 2009). Choosing whether to 

study Drosophila populations in the wild or in the lab has long been an important consideration. 

More recently, an additional concern has been selecting populations at an appropriate time point 

in their domestication history. As described in Chapter 2 of this thesis, dependent on the 

evolutionary history of populations and therefore the types of standing genetic variation they 

carry, evolutionary outcomes may be variable (Long et al. 2012).  

Long et al. (2012) selected populations for resistance to environmental stress, allowing 

populations to adapt to new environments. One objective of the study was to study the process of 

adaptation itself. They were further interested in assessing the contribution of sexual conflict to 

the standing genetic variation. “Peak” populations were close to their adaptive peaks, in this case 

well-adapted to a culture medium infused with cadmium, while “off-peak” populations were 

pushed away from their adaptive peak by the introduction of migrant alleles. To create “off-



 38 

peak” populations, populations adapted to a cadmium medium and populations adapted to an 

ethanol medium were crossed, with the F2 populations used in the experiment. In peak and off-

peak populations, experimenters selected males that were sexually successful and males that 

weren’t, to produce offspring that could be assessed for fitness, among other metrics. Long et al. 

(2012) found evidence for IaSC in “peak” populations (high-fitness males sired low-fitness 

daughters), suggesting that once natural selection had winnowed out the alleles that impeded 

survival and reproductive success under stress, alleles sustained by a tradeoff across the sexes 

remained in the populations. Here, novel environmental stress tended to affect males and females 

in the same way, such that sexually successful males sired high-fitness offspring of both sexes in 

“off-peak” populations because these were not adapted to the particular stressor applied, 

suggesting that variation in physiological pathways generally affecting tolerance predominated 

the standing genetic variation. While periods of initial adaptation and subsequent equilibrium 

have been explored, in this study and others (e.g., Gilligan and Frankham 2003; Simões et al. 

2007; Klepsatel et al. 2013), an area that requires further examination concerns the effects of 

long-term domestication on standing genetic variation in Drosophila populations. 

Recent work (Mallet et al. 2011; Kimber and Chippindale 2013; personal observation by 

AKC) has failed to replicate the finding of a negative genetic correlation for fitness between the 

sexes in long-term lab-adapted populations, and has also shown that mutational input creates a 

positive genetic correlation between males and females. Mallet et al. (2011) and Sharp and 

Agrawal (2012) have shown that mutations tend to have sexually concordant effects on adult 

fitness, being deleterious to both sexes. We were interested in investigating if the intersexual 

genetic correlation is diminished because SA loci have declined in variation, increasing the 

relative contribution of mutation to the intersexual genetic correlation. We further were 
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interested in the possibility of a third phase (see Chapter 2) in the domestication of Drosophila 

populations, pursuant to initial adaptation and subsequent equilibrium, where variation is 

gradually lost due to relentless selection on allelic variation with slight net differences averaged 

across the sexes.  

A recent study by Collet et al. (2016) explored the evolution of the intersexual genetic 

correlation for fitness over space and time in D. melanogaster. To investigate the evolution of 

SA, they compared two populations recently diverged from a common ancestral population 

(LHm) known to harbour SA variation (Chippindale et al. 2001). They found that the intersexual 

genetic correlation was different in the two populations examined; whereas a negative genetic 

correlation was identified for one population (LHm-UU), the other population (LHm-UCL) 

showed an absence of correlation between male and female fitness. By looking at allele 

frequencies at SNP loci, they further asserted that the lack of a negative genetic correlation in 

LHm-UCL was likely consistent with partial resolution of SA. Most notably, they were able to 

demonstrate that intersexual genetic correlations may experience rapid shifts.  

The purpose of the experimental work reported here was to determine whether SA alleles 

do in fact become concealed by fixation over time in long-term lab-adapted D. melanogaster 

populations. We used two of these populations, derived from a common ancestor in 1980, as 

“controls” to represent the previously-described third stage of lab adaptation. At this stage, 

different populations may have fixed for different SA alleles. In an effort to reveal potentially 

hidden SA variation by making loci fixed for different alleles in different populations 

polymorphic, we crossed three long-term lab-adapted populations to create “mixed” populations, 

which were predicted to display characteristics of Stage II populations. We predicted we would 

find a weakly positive intersexual genetic correlation in the “control” populations, as recent work 
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had shown, and a negative genetic correlation in the “mixed” populations, due to a reconstitution 

of variation at fixed loci. A need exists for D. melanogaster to be evaluated as a model system, 

since long-term lab-adapted populations may be governed by entirely different kinds of 

variation, possibly altering outcomes of experimental evolution studies. 

3.3 Methods 

3.3.1 Lab stocks 

The Drosophila populations used in this study were derived from the Ives (IV) 

population, a lab-based population originating from a wild sample of 200 females and 200 males 

collected from Amherst, Massachusetts in 1975 (Rose 1984; Morrow et al. 2008; Mallet et al. 

2011). The IV lab population underwent 110 generations of adaptation to laboratory culture from 

the wild before being split into five additional lines (B1-B5) in 1980 (Rose 1984). These 

populations have been maintained as a large outbred stock with a minimum of 1000 individuals 

under homogenous conditions in the lab for over 800 generations. The stocks are kept at 25°C, 

50% relative humidity in densities of 60-120 individuals per vial with 10 mL of 

banana/agar/killed-yeast medium (Rose and Charlesworth 1981; Mallet et al. 2011). All are 

cultured on a 14 day, discrete generation cycle. On Day 14, individuals are removed from their 

vials, subjected to CO2 anaesthesia and mixed, then placed onto new medium to oviposit until 

about 100 eggs are laid per vial (Mallet et al. 2011). The culture protocol takes about 30 minutes 

and is the only time during the culture cycle where offspring are retained for the next generation 

(Mallet et al. 2011). The IVbw population is outbred and genetically similar to the IV population, 

but with a recessive brown eye marker (bw1) backcrossed in, and can thus provide competition 

against IV flies for measurements of fitness (Mallet et al. 2011). IVbw flies are kept under an 

identical culture protocol as that of IV individuals, and periodically backcrossed to IV flies to 
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ensure that these two populations do not become too genetically diverged (Mallet et al. 2011). 

An additional population was used in this series of experiments, to allow a focal X chromosome 

to be expressed in both males and females. The DX-IV population is derived from the IV 

population but has a compound X-chromosome (C(1)DX y f) that has been introgressed. DX-

bearing females also carry a Y chromosome as well as a translocation of the two major 

autosomes (T(2:3) rdgc st in ri pp bw) that is only viable in homozygotes (Mallet et al. 2011). 

The compound X chromosome allows the X chromosome to be transmitted from father to son 

rather than the normal pattern of sex-chromosome inheritance. Males crossed with females 

carrying a DX pass their X chromosome down to their sons, and these sons receive a Y from 

their mother. Meanwhile, the autosomal translocation permits the two major autosomes to be 

passed down together each generation. 

3.3.2 Creation of experimental lines 

Three long-term lab-adapted populations (B1, B2 and B3) were crossed to create “mixed” 

populations, while two of these populations (B1 and B2)  were also used individually as “control” 

populations. Over two separate experiments, a “control” population was compared to a “mixed” 

population with respect to intersexual genetic correlation. Forty different genomes from each of 

the “control” and “mixed” populations were used for hemiclonal analysis to examine the mean 

fitness of males and females in these populations. Prior to creating the experimental lines, the 

populations were treated with tetracycline to cure them of a potential Wolbachia infection 

(Hoffman et al. 1986).   

3.3.3 Fitness measurement 

Once the target genomes were amplified, males carrying the target genomes were crossed 

to females with chromosomes derived from the base population (except for the C(1)DX carried 
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by females in the male part of the experiment) (Chippindale et al. 2001) to express the 

haplotypes of interest in males and females, giving rise to the generation used in the fitness 

assay. The protocol implemented in this experiment for measuring adult fitness was reflective of 

the competitive conditions B individuals are usually faced with. 

To measure adult fitness, same-sex groups of five experimental flies from the “control” 

or “mixed” lines were transplanted as adults (nine days from the beginning of the life cycle, 

using CO2) to an age-synchronized culture of IVbw kept under standard conditions. Each IVbw vial 

contained about 100 eggs, reflecting normal culture densities. Experimental flies were 

maintained in the competition vials for five days while they mated and competed for resources. 

In keeping with standard culture protocol, on Day 14, each vial was individually subjected to 

CO2 for 2.5 minutes, emulating the exposure that occurs when IV vials are mixed. The vials were 

then flipped onto new food to allow females to oviposit to regular culture densities. Adults were 

subsequently cleared from vials and, no more than 14 days later, the sex and number of progeny 

from target individuals was recorded (Figure 3.1). These progeny were easily distinguishable by 

their red eyes. Parental fitness could thus be evaluated by the number of offspring counted in the 

vials (Mallet et al. 2011). Each treatment, line and sex was replicated 15 times for a total of 2400 

vials per experiment. 
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Figure 3.1. Protocol for measurement of adult fitness. Day 1, brown-eyed competitor eggs are 
laid (to a density of 100 eggs) in preparation for the fitness assay. Day 9, adult target males or 
females are added to vials with adult brown-eyed competitors. Competition for mates and 
resources ensues for the next five days. On Day 14, as per regular culture protocol, vials 
containing both competitor and target flies are flipped onto new food and the females are 
allowed to lay eggs until the egg density reaches about 100 eggs. Once adult eclosion has 
occured up until Day 28, the number of red-eyed progeny is counted to acquire a measure of 
fitness for individuals from each hemiclone line. The genotypes of target male and female 
hemiclones are illustrated. Chromosomes II and III are depicted as oval shapes adjacent to the 
sex chromosomes. The hatched shapes represent the cloned haploid genome under focus while 
the blank shapes designate wildtype chromosomes. 
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3.3.4 Statistical analysis 

 The statistical program RStudio 0.99.902 was used to look at the correlation between 

male and female fitness for all hemiclone lines drawn from “control” and “mixed” populations 

for both experiments. Pearson’s product-moment correlation and a linear regression were used to 

measure the correlation. Q-Q plots and a Shapiro-Wilk test were used to look at normality of the 

data. To verify that average fitness values differed amongst hemiclone lines, the statistical 

program JMP 12.0.0 was used to run an ANOVA with line as a random effect and block as a 

fixed effect for each set of male and female fitness data, for each of the “control” and “mixed” 

populations in both experiments. Also using JMP, Restricted Maxium Likelihood (REML) 

analysis was used to calculate broad-sense heritability for both sexes for each of the four 

populations.   

3.4 Results 

3.4.1 Experiment, population and sex effect on fitness 

Forty hemiclone lines from each of four populations were assayed for Darwinian fitness. 

Hemiclone lines were produced from a first “control” (B1) population (Control 1), a second 

“control” (B2) population (Control 2), a first “mixed” (B1, B2, B3) population (Mixed 1) and a 

second “mixed” (B1, B2, B3) population (Mixed 2). These hemiclone lines were crossed to 

remove the mutations and aberrations used in the “clone generator system” and to create normal 

levels of heterozygosity in both sexes; fitness was subsequently measured. Analysis of 

hemiclone means (±1 SD) showed that vials containing males derived from the Control 1 

population yielded, on average, 2.59 ± 1.88 red-eyed offspring while 8.84 ± 3.82 red-eyed 

offspring were produced by females expressing the same hemiclones (Appendix A, Table A1; 

Figure 3.2A,B). Meanwhile, male vials drawn from the Control 2 population showed, on 
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average, 8.68 ± 4.09 red-eyed offspring and female vials 9.88 ± 2.81 red-eyed offspring 

(Appendix A, Table A1; Figure 3.2C,D).  

As for hemiclones drawn from “mixed” populations, resultant male vials had an average 

of 2.46 ± 1.89 red-eyed offspring while female vials generated a mean of 8.40 ± 3.98 offspring 

for Mixed 1 (Appendix A, Table A1; Figure 3.3A,B). From Mixed 2, male vials produced 8.93 ± 

3.44 red-eyed offspring on average and female vials contained 10.82 ± 3.44 red-eyed offspring  

(Appendix A, Table A1; Figure 3.3C,D).  

For all populations examined, a lower mean number of red-eyed offspring were generated 

from male vials than from female vials, though this trend was especially pronounced in 

experiment 1. Data collected during the course of the second experiment reflected a higher mean 

number of offspring and followed a more normal distribution than that from experiment 1. The 

reason for this difference is not understood, for the expected number of wildtype offspring in 

these experiments is around 10% of the total for both male and female experiments; assuming 

juvenile viability of 80-90% and density of initial eggs of 100/vial, a mean of 8-10 wildtype 

offspring was expected. However, as the assays recorded absolute numbers of wildtype offspring 

and estimated both the number of competitors and egg production, they were sensitive to both 

competition levels and overall productivity of the vial. Because the mean number of offspring 

produced did not differ significantly between control and mixed populations for either sex within 

the two experiments, there does not appear to have been a treatment effect. As such, it is unlikely 

that the “control” populations experienced inbreeding over their lab maintenance history as could 

be indicated if the mixing of populations generated hybrid vigour.  
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Figure 3.2. Raw count data from control populations with hemiclones pooled; for (A) 
Control 1 (B1) males, (B) Control 1 (B1) females, (C) Control 2 (B2) males and (D) Control 2 (B2) 
females.  

A B

C D
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Figure 3.3. Raw count data from mixed populations with hemiclones pooled; for (A) Mixed 
1 (B1, B2, B3) males, (B) Mixed 1 (B1, B2, B3) females, (C) Mixed 2 (B1, B2, B3) males and (D) 
Mixed 2 (B1, B2, B3) females.  
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3.4.2 Genetic variation for fitness and heritability  

Genetic variation for fitness was estimated by applying a random-effects ANOVA (with 

line as the only factor) to each population and sex combination. Genetic variance for fitness and 

heritability was observed for Control 2 males (p=0.0022) and females (p=0.0017) and Mixed 2 

males (p=0.0004) and females (p=0.0033), but not for males and females from the Control 1 and 

Mixed 1 populations (Table 3.1). Additionally, hemiclone-by-lab (i.e., block) effects were 

observed for the Control 1 male assay (p=0.0027), Mixed 1 male assay (p=0.0002) and Control 2 

female assay (p=0.0071). 

3.4.3 Intersexual genetic correlations 
 
 We estimated the intersexual genetic correlation for fitness for the two “control” and the 

two “mixed” populations (Table 3.1). For the first long-term lab-adapted population we 

examined (B1), we did not find a significant correlation between male and female fitness 

(p=0.47, df=38) (Figure 3.4A). For the second long-term lab-adapted population we looked at 

(B2), we also found no significant correlation for fitness between the sexes (p=0.31, df=38) 

(Figure 3.4B).  

The first “mixed” population created from a combination of populations B1, B2 and B3 

showed no significant genetic correlation for fitness between males and females (p=0.43, df=38) 

(Figure 3.4C). The second “mixed” population created by crossing populations B1, B2 and B3 also 

showed no significant genetic correlation for fitness between the sexes (p=0.56, df=38) (Figure 

3.4D). 
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Table 3.1. Male and female broad-sense heritability and intersexual genetic correlation per 
population examined. 
 
Population Male H2 Female H2 rmf (s.e.) 
Control 1 (B1) NS NS 0.23 (0.31) 
Control 2 (B2) 28.45% 30.06% -0.11 (0.11) 
Mixed 1 (B1, B2, B3) NS NS 0.29 (0.36) 
Mixed 2 (B1, B2, B3) 36.46% 21.47% 0.09 (0.16) 
Abbreviations: NS, not significant. 
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Figure 3.4 Intersexual genetic correlation for adult reproductive success (male fertilization 
success or female fecundity). Male and female relative fitness was not significantly correlated 
in the Control 1 (B1) (panel A) and Mixed 1 (B1, B2 and B3) (panel C) populations, or even for the 
Control 2 (B2) (panel B) and Mixed 2 (B1, B2 and B3) (panel D) populations where a strong 
genetic basis for fitness variation was evident. Points represent average fitness of a haploid 
genome for each of 40 hemiclone lines. Error bars represent standard error. 
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3.5 Discussion 

 Some information already exists as to the genetic mechanisms at play in newly lab-

introduced Drosophila melanogaster populations. Domestication appears to prompt rapid erosion 

of variation previously maintained in the wild in combination with swift adaptation for 

characters that are likely to benefit both sexes (Sgrò and Partridge 2000; Matos et al. 2000; 

Matos et al. 2002; Simões et al. 2007; Simões et al. 2008). Maintenance of genetic variation for 

fitness via intralocus sexual conflict (IaSC) seemingly becomes more important in populations 

once the initial lab-adaptation phase has subsided and a quasi-equilibrium is reached. During this 

phase of a laboratory population’s existence, we conjecture that tradeoffs between components 

of fitness and fitness between the sexes may dominate the existing standing genetic variation. 

Little is known, however, about the long-term effects of lab adaptation in Drosophila 

populations. From our lab’s work on two distinct populations that have been maintained in the 

lab for decades (LHm from California and IV from Massachusetts), we suspect that there has 

been a reduction in the relative contribution of sexually antagonistic (SA) alleles to variance in 

fitness over time, seen as the absence of a negative genetic correlation for fitness between the 

sexes. 

In this study, a clear genetic signal for the intersexual genetic correlation was obtained 

for populations examined in the second experiment (Control 2 and Mixed 2) but not the first 

(Control 1 and Mixed 1). The zero-inflated distribution in experiment 1 suggests that females 

were not given enough time to oviposit or the experimental males were broadly weakened as 

competitors. In any case, the non-normality of the data and small numbers rendered the male part 

of the experiment insensitive. Results from experiment 2, however, show that the experiments 

were designed with large enough numbers and sufficient sensitivity to detect existing variation in 
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populations. Case in point, the best male genotypes produced five or six times as many offspring 

as the worst ones in experiment 2. 

We didn’t observe results consistent with long-term lab adaptation producing a positive 

genetic correlation for fitness between the sexes (due to loss of expression of sexually 

antagonistic alleles), as hypothesized. Rather, we found a lack of correlation between the sexes 

for hemiclones originating from both the “control” and “mixed” populations in experiment 2. 

This lack of correlation has also been observed by Mallet et al. (2011) and Kimber (2014), who 

both reported the absence of a significant intersexual genetic correlation in D. melanogaster lines 

created from the IV population, the ancestor to the B populations used in this study. Positive 

covarying traits may balance out negative covarying traits in these domesticated populations. If 

this is true, then SA variation may exist but it is not a predominant force. A mixture of mutation-

selection balance, tradeoffs between fitness components, and sexual conflict may account for 

maintaining available variation, easily leading to non-correlation of the sexes. In the LHm 

population, for instance, Prasad et al (2007) confirmed through a male-limited selection 

experiment that there was an abundance of SA variation in the population, even as hemiclonal 

analysis did not reveal a negative intersexual correlation. 

It is worth noting that the protocol implemented for creating the “mixed” populations in 

this study apparently did not restore polymorphism at sexually antagonistic loci in any detectable 

way. Populations B1, B2 and B3 may all have fixed at the same SA loci for the same alleles, and 

crossing them would therefore have had no effect. This would explain why we did not succeed in 

uncovering a negative genetic correlation for fitness between the sexes in our attempt to recreate 

so-called Stage II populations by mixing together long-term lab-adapted populations. A question 

that remains is whether SA alleles become hidden in populations over time spent domesticated. 
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Alternatively, there may have been some SA resolution in both the “control” and “mixed” 

populations reflective of the results obtained by Collet et al. (2016). Further testing (i.e., SNP 

analysis) would however be needed to support SA resolution occurring in these populations.  

Hansen (2006) suggested possible mechanisms for a shifting genetic architecture. 

Complex gene interactions, in particular, need to be isolated (types and patterns) to tease apart 

contributors to evolutionary processes (Hansen 2006). The interaction between genotype and 

phenotype may be influenced by pleiotropy, the idea that a particular genetic entity may 

influence more than a single character (Hansen 2006). Most genes are thought to be pleiotropic 

to a certain degree, which may complicate the resolution of sexual conflict via sex-biased gene 

expression (Mank et al. 2008). Resolution of intralocus sexual conflict is constrained by the 

existing genetic correlation between the sexes, but a breakdown of this correlation leads to 

sexual dimorphism, mediated by genes with sex-specific effects. SA genes are under strong 

selective pressure to develop a sex-based bias to resolve conflict and increase fitness in both 

males and females (Connallon and Knowles 2005). The large overlap in genes expressed in 

males and females leaves quantitative differences in gene expression as the main source for 

phenotypic differences between the sexes observed as sexual dimorphism (Connallon and 

Knowles 2005; Stewart et al. 2010). Genes with a sex-specific bias may be hampered in their 

evolution because they are already subject to pleiotropic constraints and may be unable to change 

under selective pressures (i.e., sex-specific selection) (Mank et al. 2008). It should be noted, 

however, that sex-biased genes tend to be less pleiotropic than genes that show no differences 

between the sexes (Mank et al. 2008). The extent of the constraints imposed upon genes with 

antagonistic effects is a factor of the degree of acting pleiotropy, and influences the speed of SA 

resolution (Mank et al. 2008). 
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Data from microarray analyses, genomics and developmental biology may provide a 

further clue to the complexity underlying IaSC as revealed through intersexual genetic 

correlations (Stewart et al. 2010). We tend to imagine instances of IaSC as all having the 

approximate same evolutionary impact. However, IaSC may be resolved slowly in some 

instances, and more quickly in others (Stewart et al. 2010). The latter case occurs particularly 

when the genetic architecture for sex-specific gene expression or regulation of the relevant traits 

already exists and simply needs to be further defined while the former instance tends to 

predominate when no such sex-specific gene expression has been established for the traits in 

question (Stewart et al. 2010). Resolution of IaSC (and movement towards the optimum for 

sexual dimorphism) may come about through a variety of mechanisms, including alternative 

splicing (leading to sex-specific expression of autosomal loci), sex-linkage, gene duplication, 

genomic imprinting and dosage compensation, among others (Mank et al. 2008; Bonduriansky 

and Chenoweth 2009). The different speeds with which IaSC may be expected to be resolved 

may have had an impact on the measurement of intersexual genetic correlations in this study. 

Stage II and Stage III populations may not be as well-defined as imagined, and fixation of SA 

alleles with long-term lab maintenance may occur at varying rates.  

Collet and colleagues (2016) detailed potential avenues to explain findings of absent or 

spurious genetic correlations. For instance, though experimental conditions are typically 

considered and monitored carefully, the authors remarked that the slightest shift in conditions 

may cause spurious results for measured genetic correlations as a product of gene-by-

environment interactions. They referenced studies by Delcourt et al. (2009) and Punzalan et al. 

(2014) as support. Collet et al. (2016) also noted that fixation of SA alleles resulting from genetic 

drift during founding events (or due to small population size) can render SA undetectable or 
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diminish its presence. In addition, it can reduce heritable variation for fitness in the sexes, 

creating genetic homogenization at the sequence level. 

However, Burke et al. (2010) showed that taking even a relatively small population into 

consideration and exposing it to decades of selection to the lab environment, unconditionally 

advantageous alleles do not arise that become fixed in populations. They concluded that variation 

is not readily eliminated in sexually reproducing populations (at least for life history characters) 

(Burke et al. 2010). This may provide an explanation for our finding of a lack of negative 

intersexual genetic correlation in populations that were mixed and expected to uncover “hidden” 

SA variation.  

The lack of a negative genetic correlation for fitness seen in Stage II populations in this 

study may also be explained by the specific attributes of the population employed. While 

Chippindale et al. (2001) observed a strong intersexual negative genetic correlation for adult 

fitness when examining the LHm population, no such correlation has been recorded for the B 

populations (nor for their ancestor, the IV population). A similar case of obtaining divergent 

results when replicating an experiment having employed a different D. melanogaster population 

was noted in Jiang et al. (2011). Differences in the genetic architecture of the population under 

study versus that of the same population a decade earlier was provided as an explanation for the 

contradicting results. While the population used as a reference was kept at unregulated densities, 

the population examined was instead cultured on a defined schedule and kept at moderate 

densities (Jiang et al. 2011). It is possible that the more strictly maintained population 

experienced more of an erosion of variation in the lab environment. The LHm population used in 

Chippindale et al. (2001) may have harboured a large number of SA alleles as a result of a more 

lax and variable culture protocol, and these may have contributed to the observed negative 
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genetic correlation between the sexes for fitness. In comparison, B populations are kept on a 

strict culture protocol and maintained at regulated densities. As such, both long-term lab 

adaptation and whittling away of variation may account for the absence of a negative intersexual 

genetic correlation for fitness observed in this study. 

Overall, we confirmed that long-term lab-adapted populations harbour large reservoirs of 

variation for fitness. Studying the effects of lab domestication on populations has ramifications 

for the use of D. melanogaster as a model system to answer evolutionary questions.  Previous 

research examining correlated responses to selection in lab-adapted Drosophila populations has 

often used only a “snapshot” in the evolutionary history of a population. While correlated 

responses are largely dependent on the standing genetic variation present within populations, 

extended domestication has the potential to alter this variation. As such, careful consideration of 

the age and handling of a model system should occur before experimentation. 
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Chapter 4 
 

Sexually antagonistic conflicts in growth rates and development time 
 

4.1 Summary 
 

Sexual dimorphism is a widespread phenomenon in nature, the outcome of adaptive 

divergence of the sexes towards their respective optimal life histories. Sexually dimorphic traits, 

such as body size, are likely to harbour intralocus sexual conflict (IaSC) unless that conflict has 

been resolved so that the traits have a sex-specific genetic basis. Females are larger in 

Drosophila melanogaster adults, though the sexes are nearly identical phenotypically during the 

pre-adult stages. While females are presumably selected for larger size and rapid growth by 

fecundity selection, evidence also points to the possibility that males are selected for smaller size 

and slower growth, consistent with a more perfected phenotype, if these traits increase male 

fitness vis-à-vis female choice. We used hemiclonal analysis to test for sexual antagonism over 

growth rate and body size in a D. melanogaster population. Traits impacting size and growth rate 

in early life stages, and their effects on adult reproductive success, were selected for their 

potential contribution to IaSC. Development time, from egg to emergence from pupa, was 

assessed in both sexes while dry weight and morphometric measurements (thorax length and 

wing area) were restricted to males. We present evidence confirming that body size is a sexually 

antagonistic trait, and demonstrate that this conflict originates in juvenile growth. In addition, 

male Drosophila may exist under a “selection for perfection” model (Chippindale et al. 2003) for 

traits involved in courtship and attractiveness, where smaller, slower-growing males have a 

fitness advantage. Negative correlations between fitness and male growth rate, mean thorax size 

and mean wing area were observed, consistent with this hypothesis. These results suggest IaSC 
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may be prevalent even during life stages where sexual dimorphism is less evident and gender 

roles are rather similar, contributing to the maintenance of variation in body size.  

4.2 Introduction 

Sexual size dimorphism (SSD), the difference in body size between males and females, is 

pervasive among animal taxa (Hedrick and Temeles 1989; Shine 1989; Fairbairn 1997; 

Hochkirch and Gröning 2008; Stillwell et al. 2010; Testa et al. 2013; Takahashi and 

Blanckenhorn 2015). SSD is shaped by various selection pressures working to balance body size 

differentially for the sexes, owing to their conflicting fitness optima for this trait (Blanckenhorn 

2000). The expression of SSD (i.e., direction and magnitude) may ergo differ markedly among 

taxa and species (Stillwell and Davidowitz 2010). Males are typically the larger sex in sexually 

dimorphic birds and mammals (Ralls 1977; Cabana et al. 1982; Abouheif and Fairbairn 1997; 

Székely et al. 2000, 2004). Examples of species with male-biased SSD include elephant seals 

(Mirounga spp.) and ungulates, such as bighorn sheep (Ovis canadensi) (Coltman et al. 2002; 

Schulte-Hostedde et al. 2004). Larger body size may be selected for in males, if a bigger size 

correlates with mating success due to male-male competition or female choice (Andersson 

1994). However, the female is the larger sex in most animal species, including the majority of 

invertebrates, reptiles, fishes and amphibians (Ghiselin 1974; Arak 1988). Blanket octopi are an 

extreme example of a species where females are larger than males, weighing 10,000-20,000 

times more (Norman et al. 2002; Testa et al. 2013). SSD may partly be caused by female-limited 

expression of genes conveying higher fecundity, influencing features of offspring resource 

acquisition and accumulation that may generate correlated increases in size (Stillwell and 

Davidowitz 2010). Females with a larger body size typically produce more, larger offspring 

(Honek 1993; Andersson 1994; Preziosi et al. 1996; Fox and Czesak 2000).  
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SSD where females are the larger sex is the dominant trend in Arthropoda, Drosophila 

included. In fruit flies, body size is a product of genetic input, developmental temperature and 

nutrition, each of these likely having an effect (refs in Partridge et al. 1987; Lefranc and 

Bundgaard 2000). Body size is most often measured by wing size, thorax size or weight in 

species of Drosophila (Lefranc and Bundgaard 2000). Genetic and environmental factors affect 

not only body size but also fecundity in females, in Drosophila and most other insects (Honek 

1993). Numerous studies have found a positive correlation between fecundity and female body 

size under constant environmental conditions (refs in Honek 1993; refs in Lefranc and 

Bundgaard 2000). A possible explanation for increasing fecundity with size in female flies is that 

larger females carry more ovarioles, making them more fecund (David 1960; Boulétreau-Merle 

et al. 1983; Honek 1993). Additionally, larger females may be more readily able to produce 

necessary resources for egg production, having a greater store of energy in the fat body available 

for reproduction (Roff 1992; Preziosi et al. 1996).  

Male body size in relation to components of fitness has also been extensively researched 

in Drosophila. Yet results remain mixed. Several studies have found larger males to be more 

successful in gaining mating opportunities, both in wild populations (e.g., Partridge et al. 1987; 

Markow and Ricker 1992) and lab-maintained populations (e.g., Hoffmann 1987b; Pitnick 

1991), leading to higher lifetime mating success (Partridge and Farquhar 1983). The propensity 

for larger males to exhibit increased chance of remating (Pitnick 1991), success in competition 

for females and territories (Hoffmann 1987a,b) and an extended lifespan (Partridge and Farquhar 

1983) has contributed additional evidence for a size advantage. However, the correlation 

between body size and mating success in males is influenced by factors affecting the size 

variation such as culture density and nutrition, and by the evolutionary history of a population 
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(Prasad and Joshi 2003). For instance, greater size variation is seen in wild populations and 

higher density cultures, where male and female size is positively correlated with fitness (Joshi et 

al. 1999; Prasad and Joshi 2003). The results of such studies, then, must be considered with 

caution. Crowding of the larval environment, for example, has previously been employed as a 

way to produce small males in a lab setting (e.g., Hoffmann 1987b; Lefranc and Bundgaard 

2000). This technique likely subjected males to various negative side effects, such as food 

limitation and high levels of nitrogenous waste, which may have led to developmental stress at 

the larval stage. It is therefore unsurprising that these low-condition adult flies would lose to 

larger males in displays of territoriality (Hoffmann 1987b).  

A few studies have instead pointed to selection for smaller size in males. Pitnick (1991), 

for instance, found that there might be a fitness benefit to smaller males. Females mated to 

smaller males seemed to be more fecund and copulated longer compared to females that mated 

with larger males (Pitnick 1991). More recent studies have in large part been performed using 

male-limited (ML) experimental evolution in Drosophila melanogaster, a process by which the 

X chromosome and two major autosomes are arranged to be transferred analogous to a single 

large Y-chromosome from father to son without ever being expressed in females (Abbott et al. 

2010). Under sexual antagonism (SA), the expectation is that releasing one sex from selection 

would allow the other sex to be driven towards its phenotypic optimum, achieving higher fitness 

(refs in Bonduriansky and Chenoweth 2009). The original suite of experiments exploring this 

idea was completed by Rice (1998). Male-limited haplotypes were found to delay development 

when expressed in females, suggesting that SA has a major role during ontogeny in creating 

sexually dimorphic phenotypes at the adult stage (Rice 1998). Two studies in particular have 

provided convincing evidence for male selection for smaller size in Drosophila. Prasad et al. 
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(2007) examined a number of sexually dimorphic traits, finding that these traits became more 

“male-like” as male fitness increased and female fitness decreased in lines subjected to male-

limited selection for over 25 generations. Most recently, Abbott et al. (2010) examined the male 

“selection for perfection” model, promoting symmetry of features through developmental 

stability. A geometric morphometric analysis of wing morphology, a trait under sexual selection 

in males, showed that males from ML lines had smaller and more symmetrical wings (more 

“male-like” in nature) (Abbott et al. 2010). These males also had a lower body mass, consistent 

with selection for smaller size being beneficial for male Drosophila (Abbott et al. 2010). These 

phenotypic changes were further reflected in females expressing the ML haplotypes, these 

having a lower body mass as well as smaller wings and lower wing loading (Abbott et al. 2010). 

These studies point to selection in male D. melanogaster working to diminish size in order to 

increase fitness, while the opposite is true in females of the species. 

To understand the evolution of SSD, one must consider the forces shaping differential 

growth. An individual may gain in size at a few different stages during development, non-

exclusively. First, as a propagule, an individual may begin at a larger size, though this is unlikely 

to influence SSD in arthropods because no intraspecific sex differences occur in egg size 

(Blanckenhorn et al. 2007). Alternatively, an individual may display an increased growth rate, or 

may instead grow for an extended period of time (Blanckenhorn et al. 2007). Though female 

Drosophila are larger than their male counterparts, it is the males who take the longest to 

develop (Blanckenhorn et al. 2007). Several hypotheses have been proposed to explain the 

disparate development times between the sexes. Foremost among these, selection may be 

stronger in females than males for large size. Fecundity selection may be a propelling force for 

faster growth in females, trading the risks of more rapid growth for the gain of higher fecundity 
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(Honek 1993; Blanckenhorn et al. 2007). Another plausible hypothesis involves slower male 

development at the larval stage if this increases survivorship (Chippindale et al. 1997), while 

females may benefit from developing more quickly to mature their eggs upon eclosion by 

feeding (anautogeny) (Blanckenhorn et al. 2007). It may also be that male gonads and genitalia 

are more costly to produce than corresponding organs in females, increasing maturation time 

and, consequently, retarding male development (Kerkis 1931; Blanckenhorn et al. 2007). An 

additional explanation may lie in greater developmental stability, “buffering processes that 

reduce the variation resulting from developmental accidents” (Mather 1953), during male 

development (Clarke 1998). Because females are the choosier sex, it is possible that males are 

“selected for perfection” for traits related to courtship and attractiveness to increase mating 

success (Chippindale et al. 2003); in this model, slower growth leads to a better-formed 

phenotype. SSD is thus shaped by the interaction between counteracting sources of selection 

between the sexes, resulting in divergent stabilizing selection for body size for males and 

females (refs in Stillwell et al. 2010). Opposing selection for rapid development and larger size 

in females may favour larger males but these males may have lower fitness due to a decreased 

ability to buffer disturbances during development. Because both sexes show a considerable 

amount of genetic variation in size, this suggests that the intralocus sexual conflict (IaSC) for 

body size has not been resolved.  

An important question to consider is the extent to which SA is responsible for 

maintaining sexual dimorphism (SD), and whether SA is constant during development, or if it 

instead increases as ontogeny progresses (Cox and Calsbeek 2009). D. melanogaster are 

holometabolous insects, meaning that they hatch from eggs to become worm-like larvae, 

growing in size through three instars to later pupate and finally eclose as adults in a complete 
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metamorphosis (Nijhout 1981; Testa et al. 2013). Because adult Drosophila have a stiff 

exoskeleton, they cannot grow once they’ve achieved their adult size (Testa et al. 2013). Rather, 

the size of the larva, once final growth is achieved, will dictate adult size (Testa et al. 2013). As 

such, the pre-adult stage should be an important determinant for dimorphism in Drosophila. Past 

research by Chippindale et al. (2001) demonstrated a negative genetic correlation for fitness 

between the sexes at the adult stage in D. melanogaster. At the juvenile stage, however, a 

positive between-sex correlation was found, seemingly a product of the similar evolutionary 

interests of the sexes (SD is less evident) causing a lack of SA selection early in the life cycle 

(Chippindale et al. 2001). Since its inception, this idea has remained steady, being cited in 

numerous articles (e.g., Fedorka and Mousseau 2004; Bonduriansky and Chenoweth 2009). 

Prasad et al. (2007), however, obtained conflicting results, instead finding that IaSC does occur 

at pre-adult stages in D. melanogaster (growth rate correlations differed between the sexes). 

They explain the discrepancy by pointing out that Chippindale et al. (2001) focused solely on 

juvenile survivorship as a measure of fitness rather than considering specific traits, shaped during 

development, that may also have fitness consequences (Prasad et al. 2007). It is not such a leap 

to suggest that the larval stage may be important in generating between-sex differences in traits 

shaping SD once individuals reach adulthood, since the early part of the life cycle is a key step 

towards adult size and body composition (Burke and Rose 2009).  

The principal aim of our study was to further explore whether IaSC acts at pre-adult 

stages in D. melanogaster, contributing to adult fitness. The hemiclonal system was used to 

correlate development time, for males and females, and growth rate, for males only, with adult 

fitness for each sex, and morphological measurements were also taken in males to evaluate the 

impact of these traits for fitness. We hypothesized that opposing correlations for traits in males 
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versus females would be observed if SA was active at the juvenile stage, pointing to IaSC. We 

further hypothesized that morphological measurements would be negatively correlated with 

fitness in males if selection were acting in the direction of smaller male size. 

4.3 Methods 

4.3.1 Lab stocks and hemiclonal analysis 

Hemiclone lines were drawn from a population composed of a mix of three large, 

genetically variable populations that were intercrossed preceding the formation of these lines. 

Twenty-five of these “mixed” lines, created as described in Chapter 3, were then chosen through 

a random number generator and became the focus of the study. 

4.3.2 Development time assay  

 Wildtype “target” males and females expressing target hemiclone genomes were 

produced as follows. Target males were obtained by mating males from each of the hemiclone 

lines to DX-IV females. The DX construct forces the male’s X chromosome to sons along with 

the focal autosomes from that line. Matings between male hemiclones from each line and 

wildtype IV females yielded target females. Eggs produced from these two separate crosses were 

collected and deposited into new vials, with three replicates for each of the 25 hemiclone lines. 

Concurrently, IVbw males and females were mated to provide competitors for standard 

background competition. IVbw individuals carry a recessive brown-eye colour marker (bw1) but 

are otherwise outbred and genetically similar to the IV population, so can be used in competition 

against IV flies to measure fitness (Mallet et al. 2011). Competitor eggs were subsequently 

placed with either the target male or female eggs in equal numbers. One hundred IVbw eggs were 

placed in vials containing 400 eggs from the hemiclone male by DX-IV female vials to account 

for a 75% mortality rate due to chromosomal incompatibilities. One hundred IVbw eggs were 
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added to vials containing 200 eggs derived from the hemiclone male by IV female matings to 

account for a 50% mortality rate due to the presence of 2 X-linked chromosomes and marked, 

translocated chromosomes. 

 The resultant vials were placed in an incubator with a controlled temperature of 25°C and 

humidity of 28% for seven days. From Day 7 to Day 12, vials were taken out of the incubator 

every six hours and flies were monitored for emergence. If emergence was detected, vials were 

gassed with CO2 and flies were removed and categorized as target hemiclone males, target 

hemiclone females, competitor males or competitor females. Flies already scored were not 

placed back into vials to avoid later recounting. The time of emergence and number of 

individuals in each category was documented for each 6-hour collection. 

4.3.3 Fitness measurement 

 Adult fitness was measured by placing target hemiclone individuals in a competitive 

environment with IVbw competitor stock. For the male portion of the experiment, five target 

males were added to a vial along with 15 virgin IVbw females and 10 IVbw virgin males. For the 

female portion, five target females were placed in a vial containing 10 virgin IVbw females and 15 

IVbw virgin males. For each of the 25 hemiclone lines, nine replicates were generated for both the 

male and female portions. Flies were left to interact in vials for four days while housed in an 

incubator under the same conditions as those in the development assay. Female flies were 

removed from their original vials after four days and placed in new vials to lay 100 eggs while 

the males were removed from the vials and frozen for later use. Females were then discarded. 

The new vials with eggs were placed back into the incubator. Twelve days later, total progeny 

from the vials were counted as well as the number of progeny with red eyes. Fitness was 
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measured as the percentage of red-eyed offspring produced in proportion to the total number of 

progeny.   

4.3.4 Male dry weight 

The male dry weight measurements were done using males that had been frozen during 

the development time portion of the experiment. Dry weight measurements were used to 

determine growth rates for each of three replicates of the 25 hemiclone lines. Pre-weighed foil 

cups were used for these measurements. Five males from each replicate were added to cups, 

which were then placed into a drying oven at 65°C and left to dry for 24 hours. Desiccated flies 

were removed from the cups and weighed using a microgram balance. The recorded weight was 

divided by five to obtain the average per fly weight. These mean weights were lastly divided by 

the average development time of the respective hemiclone line replicate to calculate the average 

growth rate for each replicate. 

4.3.5 Morphometric measurements 

Males used for this portion of the experiment were frozen following completion of the 

fitness experiment. These were photographed using a camera mounted to a microscope, with 

photographs boasting a standard scale to ensure that differences in optical zoom did not affect 

the accuracy of measurements. These same males were then dissected to remove both wings and, 

using the same standard scale, were photographed and the images later analyzed using the image 

analysis program Image J. This procedure was used to obtain measures of thorax length and wing 

area.  

4.3.6 Statistical analysis 

The statistical program RStudio 0.99.902 was used to perform all statistical analyses. The 

gvlma function, in addition to a Q-Q Plot, was used to confirm the data met the required 
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assumptions for linear normality. The direction and significance of the obtained correlations 

were acquired through linear regressions. 

4.4 Results 

4.4.1 Development time 

 We measured development time, the number of hours needed for an individual to develop 

from egg to adult, for both males and females. Normality of the data were inspected through Q-Q 

plots and the gvlma function in R. For both male and female observations, the data was found to 

be normal. Using a linear regression, we found that males showed no relation between 

development time and adult fitness (p=0.18, df=23) (Figure 4.1). We also found a negative 

realtion between development time and adult fitness for females (p=0.03, df=21) (Figure 4.2).  
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Figure 4.1. Non-significant relationship between development time and fitness for males 
from 25 hemiclone lines. Points represent mean male development time versus mean relative 
adult fitness for each hemiclone line. Horizontal error bars show standard error for male 
development time for each line while vertical error bars show standard error for fitness for each 
line. 
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Figure 4.2. Significant relationship between development time and fitness for females from 
25 hemiclone lines. Points represent mean female development time versus mean relative adult 
fitness for each hemiclone line. Horizontal error bars show standard error for female 
development time for each line while vertical error bars show standard error for fitness for each 
line. 
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4.4.2 Growth rate 

 Growth rate was measured for males only, expressed as dry body weight/development 

time (µg/hr). Q-Q Plots and the gvlma function in R were used to verify normality of the data. 

We found a significant negative correlation between male growth rate and adult fitness (p=0.04, 

df=23) (Figure 4.3). 
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Figure 4.3. Significant relationship between growth rate and fitness for males from 25 
hemiclone lines. Points represent mean male growth rate versus mean relative adult fitness for 
each hemiclone line. Horizontal error bars show standard error for male growth rate for each line 
while vertical error bars show standard error for fitness for each line. 
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4.4.3 Morphometry and dry weight 

 We used thorax length, measured in millimeters (mm), as a proxy for male adult size. 

Thorax length data were visually found to be normal, and a linear regression was used to 

evaluate the relationship between thorax length and adult fitness in male Drosophila. We found a 

significant negative correlation (p=0.01, df=23), corresponding to males with a shorter thorax 

length (i.e., smaller males) having a higher fitness (Figure 4.4A).  

 Another proxy for male size, wing area as expressed in millimeters squared (mm2), was 

measured for target males in this experiment. Normality of the data was checked visually and a 

linear regression was performed on the data. We found a significant negative correlation for the 

relationship between wing area and male adult fitness (p=0.04, df=23), pointing to males with 

smaller wings having a higher fitness (Figure 4.4B).  

 Male dry weight, measured in micrograms (µg), was used as a final indicator for male 

size. Data were once again checked for normality visually and a linear regression was used to 

identify the relationship between dry weight and adult fitness for target males. We found no 

relationship (p=0.21, df=23) (Figure 4.4C).  
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Figure 4.4. Relationship between size metrics and fitness for males from 25 hemiclone lines. 
A significant negative genetic correlation was observed for (A) mean male thorax length and (B) 
mean male wing area versus mean relative adult fitness per hemiclone line. A non-significant 
negative genetic correlation was found for (C) mean male dry weight versus mean relative adult 
fitness per hemiclone line. Points represent mean trait values by hemiclone genotype. Horizontal 
error bars show standard error for the respective size metric for each line while vertical error bars 
show standard error for fitness for each line. 
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4.5 Discussion 

The evolution of small males in Drosophila melanogaster is a paradox. Though male 

Drosophila display the usual pattern of sexual size dimorphism (SSD) for arthropods, they are 

not only smaller than their female counterparts but also don’t mature as quickly, making them 

substantially slower growing (Blanckenhorn et al. 2007; Abbott et al. 2010). In this study, we 

found that, in contrast to the findings of many earlier studies but consistent with our own results 

from a different population (Abbott et al. 2010), male Drosophila may be selected for smaller 

size and intralocus sexual conflict (IaSC) may be present before sexual differentiation in this 

organism. The evolution of SSD is thought to be shaped by the adaptation of males and females 

to different reproductive strategies (Teder et al. 2014). The underlying causes for SSD, however, 

and the mechanisms through which it is formed and maintained, are less well understood. 

Females are the larger sex in about 88% of insect species (Norman et al. 2002; Testa et 

al. 2013). Drosophila melanogaster is an example of such a species. Insects experience 

determinate growth, meaning that SSD is in large part established by differences between males 

and females with respect to a combination of growth rate and development time (Blanckenhorn 

et al. 2007; Teder et al. 2014)). Because the size of the larvae (at third instar) just prior to 

pupariation largely determines the size of adults, the larval stage undoubtedly plays an important 

role in shaping life history (Prasad and Joshi 2003). Testa et al. (2013), in an experiment seeking 

to identify the sex-specific pattern of growth responsible for SSD, determined that SSD where 

females are the larger sex comes about through a few different means. Briefly, females start 

metamorphosis at a larger size than their male counterparts and also have a higher growth rate 

once critical size is achieved until before larval growth comes to an end (Testa et al. 2013). 
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However, development time alone did not seem to play a significant role in adult SSD (Testa et 

al. 2013). 

Evolutionary forces acting upon an organism can affect an organism’s development and 

structure, which can in turn alter genetic architecture (Hansen 2006). IaSC will occur when 

positive intersexual genetic correlations prevent males and females from attaining sex-specific 

phenotypic optima (Abbott et al. 2010). For dimorphism to proceed in a given direction (once 

conflict is at least partially resolved), the genetic architecture itself needs to change. For a given 

trait, genetic architecture will shift if a trait is under SA pressure to reduce genetic constraints on 

divergent evolution of males and females, so that sexual dimorphism (SD) may proceed more 

optimally (Lande 1980; Bonduriansky and Chenoweth 2009). IaSC may be resolved via a 

number of mechanisms, such as sex-specific hormonal cascades and modifiers (Rice 1984), gene 

duplication and sex limitation of paralogous loci (Bonduriansky and Chenoweth 2009), genomic 

imprinting, or alternative splicing (McIntyre et al. 2006), to name a few. Studying genetic 

architecture on a by-trait basis, since traits may often be exposed to different types and strengths 

of selection, may provide a better understanding of how SD traits work together towards 

expression of life history phenotypes. The life history and metric traits we selected in this study 

are known to be involved in SSD in adults, and we hypothesized that these would be heavily 

influenced by development of individuals at the juvenile stage. Much is left to be explored about 

sex-biased gene expression and how it can shift through the different developmental stages and 

with time (Ellegren and Parsch 2007). Though sex-biased gene expression may be more 

pronounced at the adult stage, it may also occur before sexual differentiation. Though 

Drosophila larvae look superficially similar, whether female or male, they may be much more 

different at the genetic level than they appear. 
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Our findings were contrary to previous research pointing to larger males having a fitness 

advantage over smaller males. We instead found a significant fitness advantage for males who 

had a shorter thorax length and a smaller wing area (indicators of male size). Furthermore, we 

identified a negative trend between male dry weight and adult fitness, though this correlation was 

not significant. Though sparse evidence exists for male selection for smaller size, some evidence 

has been found for natural selection superceding sexual selection in its effect on determining size 

(Blanckenhorn 2005). For instance, larger males may be more prone to predation, since they are 

potentially less agile than smaller males and cannot escape so easily during flight (Alonso et al. 

2009). In fact, high adult locomotory activity is known to be subject to IaSC, where it is 

beneficial for males but likely harmful to females (Long and Rice 2007). Agility and speed, traits 

likely improved in small males, may aid males in mate finding (Moya-Laraño et al. 2002), 

pursuit and courtship (Abbott et al. 2010). As well, though more of an issue for wild flies, larger 

males may be more sensitive to food shortages (Blanckenhorn 2005; Alonso et al. 2009). Though 

evidence is emerging for a predilection for selection to act in the direction of smaller male size 

(e.g., Prasad et al. 2007; Abbott et al. 2010), there is still some uncertainty as we have yet to 

quantify the genetics of SSD and its impact upon fitness.  

A further finding from our study was a slower growth rate in males than in their female 

counterparts, perhaps reflecting a “selection for perfection” model of growth for male 

Drosophila (Chippindale et al. 2003). Female choosiness with respect to prospective mates may 

be a driving force for this model. Markow and Ricker (1992), in a study using Drosophila 

simulans (a sister species to D. melanogaster), found that males with greater mating success (i.e., 

more copulations) tended to be larger yet less developmentally stable, suggesting that the 

advantages to larger size were probably counteracted by mistakes incurred during development. 
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SSD in Drosophila is thought to be the product of differences in growth rate rather than (the less 

accurate metric of) development time (Abbott et al. 2010). Nonetheless, in our experiment, we 

found that male development time exhibited a non-significant positive correlation when 

measured against fitness, consistent with our findings of a negative relationship between fitness 

and growth rate. Additionally, female development time was found to have a significant negative 

correlation with adult fitness, a finding also consistent with what is expected of female growth 

rate. Furthermore, female development time was overall faster than male development time, as 

expected. The opposing correlations found for development time and fitness in males and 

females points to IaSC operating during the juvenile stage in D. melanogaster. Still, a conclusive 

argument cannot be made for its presence until the same metrics explored in males are also 

measured in females. 

 The main intention of this study was to investigate the relationship between size and 

fitness in a domesticated population of D. melanogaster. Data on dry weight, thorax length and 

wing area conformed to our hypothesis of smaller males having a higher fitness. A secondary 

aim was to assess the growth rate of males, to determine if a slower growth rate corresponded to 

increased fitness. As hypothesized, we identified a negative correlation between growth rate and 

fitness in males for the haplotypes investigated. This experiment touts the benefits of using 

hemiclonal analysis to look at components of fitness under sexual conflict, this method providing 

a reasonably clear signal. The next step in uncovering SA in the pre-adult stages in Drosophila is 

the measuring of metrics for fitness in females, followed by a comparison of these correlations 

between the sexes. We suspect IaSC would be found for many of these metrics, both in 

Drosophila populations and potentially in other species as well. 
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Chapter 5 
 

Conclusions 

The existence of two distinct sexes is one of the more amazing instances of the impact of 

selective pressures on the phenotypic landscape of the natural world. Sex differences are shaped 

by both natural and sexual selection operating on organisms. How they respond may depend 

upon the underlying genetic architecture. While natural selection is usually preoccupied with 

survival of organisms, sexual selection concerns itself with reproductive success. Sexual 

selection may bolster natural selection, when adapting to novel conditions and mate competition 

reinforces fitness differences in populations, but these forces may also work at odds with each 

other. Within sexual selection itself, conflict may occur when the reproductive interests of the 

sexes diverge, creating tension in the genome and potentially leading to sex-specific selection. 

Sexual antagonism (SA) is the result of selection acting “to change the means of two characters 

against the sign of their genetic correlation” (Lande 1980). Selection may act to optimize the 

phenotype of each sex in opposing directions, potentially constrained by genetic correlations. 

Interlocus sexual conflict has generally been well-studied, with many studies looking at 

instances of mate guarding, remating rate and sexual coercion, among other visible phenomena. 

Intralocus sexual conflict (IaSC), the less obvious of the two types of conflict, has typically 

received less attention in research due to its cryptic nature. Nonetheless, IaSC has been identified 

in a variety of taxa for a multitude of traits (reviewed in Van Doorn 2009). However, many 

questions remain due to the difficulty of identifying IaSC. Identification generally requires 

quantitative genetic analysis and knowledge of reproductive success for both sexes, information 

that is rarely available. Drosophila melanogaster is a good model organism for studying this 

phenomenon because we possess genetic tools that enable us to examine the impact of SA alleles 
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on fitness in both sexes, and thus their evolutionary influence. The primary goal of this thesis 

was to take a closer look at some facets of IaSC that were more poorly understood or not as of 

yet explored in previous studies.  

The first of these facets was the impact of domestication on populations of D. 

melanogaster maintained in the laboratory for extended periods of time (read, decades). We 

hypothesized that the process of laboratory adaptation followed by long-term lab maintenance 

would have an important role in shaping the types of variation predominantly expressed in 

populations, which could be revealed via observation of sex-specific genetic variances and the 

intersexual genetic correlations for fitness. This type of investigation was sorely lacking from the 

literature considering the widespread use of D. melanogaster in experiments seeking to observe 

evolutionary processes and the accompanying (likely inadvertent) inattention of researchers for 

selecting populations at relevant stages of adaptation to a given environment (e.g., the lab). In 

Chapter 2, I gave an overview of the history of Drosophila domestication and proposed a model 

for the stages of adaptation populations may undergo when introduced and maintained in a lab 

setting. I also provided some examples of experimental inconsistencies that may have been the 

result of differing evolutionary histories of populations employed in certain studies. Finally, I 

provided some recommendations for the use of Drosophila as a model system for the study of 

evolutionary processes.  

In Chapter 3, I took an empirical approach to the study of lab domestication in 

Drosophila to evaluate the model outlined in Chapter 2. I measured intersexual genetic 

correlations, using hemiclonal analysis, in two populations that had experienced long-term lab 

adaptation (“control” populations) and two populations that had been manipulated to potentially 

enrich genetic variation at SA loci (“mixed” populations), as was hypothesized to occur once 
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populations undergo initial lab adaptation. I hypothesized that the “control” populations would 

boast a positive genetic correlation or non-correlation for fitness between the sexes because 

much of the SA variation previously expressed in these populations would have been lost due to 

eventual fixation of one allele over others. Meanwhile, I predicted that the “mixed” populations I 

attempted to create by mixing three long-term lab-adapted populations would display the 

negative intersexual genetic correlation characteristic of populations harbouring a large pool of 

SA alleles. While mixing populations did not appear to produce a resurgence of SA variation and 

did not generate a negative intersexual genetic correlation, a non-correlation between the sexes 

was identified for two of the populations under study, each boasting a substantial amount of 

genetic variation within each sex.  

A second facet in the IaSC literature I wanted to further explore was the previous finding 

of a lack of sexual antagonism at the juvenile stage in D. melanogaster (Chippindale et al. 2001), 

which has historically been explained by the absence of sexual dimorphism of larvae. As hinted 

at in a few more recent studies (e.g., Prasad et al. 2007), this finding may have been misleading. 

Hence, we set out to more closely examine the existence, or lack thereof, of IaSC at pre-adult 

stages in D. melanogaster. Using hemiclone lines generated from a “mixed” population 

(described in Chapter 3), we first measured the genetic correlation between development time 

and fitness for both males and females expressing focal haploid genomes. We found a significant 

negative genetic correlation between development time and fitness in females, in accordance 

with our prediction that fecundity selection would favour females who developed more quickly 

from a fitness standpoint. No significant genetic correlation was seen between development time 

and fitness for males. From this experiment, we were not able to confirm the presence of IaSC at 
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the juvenile stage in Drosophila, though, as I will expand on later, the idea holds merit yet and 

should not be discounted before further experiments are conducted.  

The last topic I turned my attention to in this thesis, which was also reported in Chapter 

4, was the long-held idea that male Drosophila are selected for larger size (same as their female 

counterparts). We instead hypothesized that males are selected for higher quality, which should 

be reflected in a slower growth rate and smaller, more perfectly shaped features. As predicted, 

we found a negative genetic correlation between growth rate and fitness. We also found that 

males tended to be more fit when they had a shorter thorax length and smaller wings. Overall, 

our findings from Chapter 4 provided evidence for the presence and expression of SA variation 

in one “mixed” population, though this finding did not extend to an observation of a negative 

genetic correlation for adult fitness mediated by SA alleles in Chapter 3 for this same population.  

 There were some limitations to the work I undertook during my thesis, which I will now 

outline. The methodology I used to measure intersexual genetic correlations for fitness in 

Chapter 3, choosing a brute force approach with less control but more closely resembling the 

culture conditions Drosophila populations are kept under, at times lacked in statistical power. A 

better approach may have been to carry out experiments with smaller numbers but with more 

control, approximating the protocol used in Chippindale et al. (2001). As well, the long-term lab-

adapted populations used for these experiments had never been tested earlier in their lab 

adaptation for the presence of a negative genetic correlation for fitness between the sexes. It is 

possible that such an intersexual correlation never existed for these populations, making them a 

less-than-perfect choice for studying populations rich in SA variation. Using populations where a 

negative genetic correlation for fitness was previously identified may have been a better choice, 

and would perhaps have yielded different results. However, such populations were not readily 
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available when I was planning my experiment. With respect to the experiments described in 

Chapter 4, though significant correlations were detected for several of the traits examined, larger 

sample sizes would have reinforced our findings. Additional manpower, however, would have 

been necessary to increase statistical power. Lastly, to establish the presence of IaSC at pre-adult 

stages in Drosophila, the same features examined in males would also need to be explored in 

females. A future experiment, using a similar protocol and a population known to be rich in SA 

variation, should take into consideration traits seemingly selected antagonistically between the 

sexes (e.g., growth rate, wing size, thorax length). 

 Several avenues for future research could be pursued to deepen our understanding of 

IaSC and its role in shaping the evolution of genetic architecture in populations. A main issue 

raised in this thesis was that of the practice of using lab-maintained Drosophila populations in 

experiments with limited regard for the evolutionary histories of these populations. It may be 

unwise to draw conclusions about the genetic architecture of these populations and evolutionary 

processes in general using only one population at a single timepoint in its history, since these 

results may be specific to the population being examined or to a given stage of evolution. In this 

vein, it would be fascinating to collect several D. melanogaster populations from the wild and 

track shifts in standing genetic variation (paying particular attention to SA variation and other 

tradeoffs) existing at various stages of lab adaptation and maintenance. This data could possibly 

be used to establish a loose timeline for stages of adaptation to the lab environment (and the 

predominant types of variation being expressed at each), this blueprint serving to guide use of 

populations at certain points of evolution for the studies they would best serve. Though this 

project would be a time-intensive, long-term undertaking, it has the potential to yield data about 

the magnitude of IaSC’s contribution to maintaining genetic variation for fitness within an 
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evolving genetic architecture. This in contrast to current literature simply identifying the 

presence of IaSC at a particular time in the evolutionary history of a population (taking a 

snapshot of standing genetic variation). As an aside, the Chippindale lab maintains populations 

selected for early reproduction (ACO) and late reproduction (CO). Exploring IaSC in these 

populations in concert with populations maintained on a regular 2-week culture protocol could 

also be worthwhile. It would be interesting to examine how stages of lab adaptation might vary 

with a different culture protocol or under different selective pressures.  

 I mentioned previously that IaSC could not definitively be established at the juvenile 

stage in D. melanogaster unless several morphological traits known to be antagonistic between 

the sexes with respect to fitness were measured for both males and females. In addition to 

morphological traits, it would also be of interest to look at antagonism at both the pre-adult and 

adult stages for a selection of behavioural traits. Tying together chapters 3 and 4, it would further 

be intriguing to look at IaSC for populations at different stages of lab adaptation (Stage I, Stage 

II and Stage III) to see if the same genetic correlations hypothesized for fitness between the sexes 

extended to certain life history phenotypes. IaSC at pre-adult stages should also be examined in 

wild-dwelling populations and in other organisms, both wild and domesticated, to consider the 

widespread applicability of this hypothesis. 

 The discovery of IaSC and its subsequent exploration in the last few decades has 

provided a new perspective on the evolution of separate sexes. Such experiments as the ones 

described here are necessary to gather sex-specific data to examine overall fitness and trait 

components of fitness to gain a better understanding of the forces implicated in shaping the 

genetic architecture of an organism. This architecture is then translated into an organism’s 

phenotype and it is important to assess what variation is contained in this web of interactions 
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(between genotype and phenotype). Only then can we begin to illustrate organismal evolution 

and comprehend how morphology and behaviour can change dramatically over time. 

Additionally, it is remarkable that an organism such as Drosophila, that has served as a model 

system to answer multiple evolutionary questions is perhaps now becoming a conundrum in 

itself. Though we need model systems to test hypotheses of an evolutionary nature, artifacts of 

these systems may be more problematic than once thought due to our domestication and 

maintenance practices. It will be interesting to see, in the coming years, how we respond to such 

limitations and find a balanced medium, in using such organisms and techniques to uncover parts 

yet unknown or understood of our genetic makeup and how it is shaped by an ever-changing 

world. 
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Appendix A 
 

 
Table A1. Means and standard deviations of fitness of hemiclone males and females from 
four populations, calculated as the number of red-eyed progeny produced. 
 

Male Female  
Population 
 

Mean (s.d.) N Mean (s.d.) N 

Control 1 (B1) 2.59 (1.88) 587 8.84 (3.82) 597 
Control 2 (B2) 8.68 (4.09) 600 9.88 (2.81) 600 
Mixed 1(B1, B2, B3) 2.46 (1.89) 587 8.40 (3.98) 600 
Mixed 2 (B1, B2, B3) 8.93 (3.44) 600 10.82 (3.44) 600 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


