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Abstract 

 It has been almost 150 years since Darwin’s “The Origin of Species” was 

published, yet the mechanisms that lead to the creation of new species are still a topic of 

fervent research in Evolutionary Biology. In the last several decades, there has been 

considerable interest in how genetic drift and adaptive processes internal to populations 

may lead to population divergence. It has been recognized that intersexual co-evolution 

may drive the rapid evolution of reproductive traits, leading to reproductive isolation 

between populations in allopatry. To explore the nature of this process, I conducted a 

series of interpopulation interaction experiments using a set of laboratory-evolved 

Drosophila melanogaster populations. These “B” (for baseline) populations share a 

common ancestor and had evolved in identical habitats in allopatry for 650-700 

generations prior to my experiments. When different populations were combined in 

competitive fitness assays, I found that foreign males usually suffer depressed fitness 

when competing with males who share a common evolutionary history with the focal 

females. I selected a subset of B populations to investigate potential sources of variation 

that could explain this result. I examined; 1) characters involved in post-copulatory 

interactions between mates and 2) traits involved in mating behaviour. I found that sperm 

precedence patterns varied significantly depending on female population of origin and 

suggestive evidence that males between populations vary in ability to compete in sperm 

offence. Males also varied in mating behaviour between populations, however we found 

no evidence that divergence of these traits was correlated to that of traits involved in 

post-copulatory interactions, suggesting that understanding how intersexual co-evolution 

drives population divergence requires considering independent components of the 

reproductive phenotype and their contributions to overall fitness differences.  
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Chapter 1: Introduction and Literature Review 

 In 1858, Charles Darwin and Alfred Wallace simultaneously proposed natural 

selection as the mechanism responsible for the Earth’s abundant biodiversity. Their 

observations led them to propose that natural selection acts on heritable variation within a 

population and, as a consequence, certain traits are found at higher frequencies in 

subsequent generations, promoting the adaptation of organisms to their environment and 

the origin of species. It is no surprise that a primary focus of evolutionary biologists ever 

since has been to explain and understand the mechanisms that shape and alter populations 

leading to the creation of new species.   

In Darwin’s The Origin of Species (1859), speciation was largely considered to be 

an inevitable consequence of intraspecific adaptation and since this landmark publication 

a plethora of ideas have been put forth to explain the mechanisms by which new species 

arise (Coyne and Orr 2004). It would be several decades after Darwin when the creators 

of the Modern Synthesis would bring together a variety of separate ideas to provide a 

cohesive explanation of how evolution occurs via natural selection. This would prove to 

be a monumental leap forward in beginning to understand the process of speciation. One 

of the initial challenges faced by biologists was to define what constitutes a species. This, 

in and of itself, was a daunting task and to date species have been defined based on 

morphology, phylogeny and differences in DNA sequences. Mayr (1942) stressed the 

importance of defining species on the basis of reproductive isolation, a notion first 

proposed by Dobzhansky (1935), and championed the idea that reproductive isolation 

arises as an inevitable consequence of geographic subdivision, a process referred to as 

allopatric speciation. Although several species definitions still exist (Coyne 1994) the 
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majority of speciation research in animals utilizes the biological species concept and 

focuses on reproductively isolating barriers (Coyne and Orr 2004).  

The idea that reproductive isolation evolves as a byproduct of allopatry has 

received widespread support, including live laboratory speciation experiments. Soans and 

colleagues (Soans et al. 1974) selected populations of Musca domestica (house flies) for 

positive and negative geotactic responses. Both populations reacted strongly to their 

respective selection regime and significant assortative mating between populations was 

seen after only 38 generations. Kilias et al. (1980) derived several populations from a 

single ancestral population of Drosophila melanogaster and subjected them to variable 

temperature and relative humidity. After approximately 5 years of selection, significant 

assortative mating was seen between individuals from different treatments.  However, no 

assortative mating was seen between replicates of the same treatment, suggesting that 

reproductive isolation evolved as a byproduct of adaptation to environmental 

heterogeneity in allopatry. These experiments, as well as several others (Burnett and 

Connoly 1974, del Solar 1966, De Oliveira and Cordeiro 1980, Dodd 1989), while 

unfortunately limited to Diptera, support Mayr’s idea that allopatry will inevitably lead to 

reproductive isolation as a byproduct of adaptive divergence (although exceptions exist in 

nature; Wen 1999). 

 Several studies have also shown that reproductive isolation can occur in sympatry. 

Both Soans et al. (1974) and Hurd and Eisenberg (1975), exerted divergent selective 

pressures on allopatric populations, but also allowed gene flow between populations 

(30% and 50% gene flow respectively). Both studies found significant assortative mating 

between populations in spite of gene flow, suggesting that local adaptation can drive 
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reproductive isolation even in the absence of allopatry. This was also demonstrated in a 

series of elegant studies by Rice and colleagues (Rice 1985, Rice and Salt 1988, Rice and 

Salt 1990). Using an elaborately designed apparatus, they sorted populations of 

Drosophila melanogaster into preferred habitats based on selection for multiple traits. 

Flies were placed in the middle of the apparatus and had to make photactic (light or dark 

half of the maze), geotactic (top or bottom half of the maze) and chemosensory 

(acetaldehyde or ethanol) decisions to find food. After multiple generations of divergent 

selection for habitat preference, almost complete reproductive isolation was seen between 

two populations chosen for experimentation, suggesting that reproductive isolation can 

evolve as a byproduct of habitat preference in sympatry despite the potential for 100% 

gene flow. 

 Clearly, local adaptation is a major force driving speciation, and it is widely 

accepted that an initial stage of allopatry may be required to kick-start the evolution of 

reproductively isolating barriers (Rice and Hostert 1993, Turelli et al. 2001). Still, 

contention about possible modes of population divergence and their relative contributions 

to speciation remain hotly contested (reviewed in Coyne and Orr 2004). Continued 

debate and the development of advanced genetic techniques have led to an explosion of 

interest in speciation research in the last several decades (Figure 1.1). Also contributing 

to increased interest in speciation research was the proposal that, in addition to external 

processes driven by environmental variation, adaptive processes internal to populations 

may be important mechanisms of speciation. Specifically, intersexual co-evolution could 

lead to the rapid evolution of traits associated with reproduction, driving reproductive 

isolation between populations in allopatry. It has been proposed that this process could 
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potentially generate reproductive isolation in the absence of ecological variation (Lande 

1981, Kirkpatrick and Ryan 1991, Coyne and Orr 1998, Holland and Rice 1998). 

 

Figure 1.1. The number of publications per year on the topic of speciation from 1990 to 

2007. The literature survey was conducted using “speciation” as a keyword on the ISI 

Web Of Science search engine. 

The idea that co-evolutionary interactions between the sexes could promote 

reproductive isolation dates back to Fisher’s (1930) theory of runaway sexual selection, 

which provided an elegant solution to a Darwinian dilemma; explaining the persistence of 

elaborate secondary sexual characteristics, often possessed by males, in the face of costs 

imposed by natural selection. Darwin reasoned that individuals possessing these traits 

may incur reproductive benefits. He coined the term “Sexual Selection” to describe 

selection acting on variation in reproductive success as distinct from selection operating 

on survival and suggested that it could drive the evolution of morphological traits and 

sexual dimorphism (1871). However, it wasn’t until the 1900s and the work of Fisher that 
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the possible link between sexual selection and reproductive isolation was explored. Fisher 

(1930) proposed that genetic correlations between male traits and female preferences 

could lead to a co-evolutionary process in which both are selected for simultaneously, a 

process he termed “Runaway Selection”. He proposed that this could drive the co-

evolution of elaborate, secondary sexual traits in males and female preferences for them, 

causing phenotypic divergence between populations leading to reproductive isolation. 

However, that intersexual co-evolution could play a more general role in population 

divergence would not be considered until the late 20
th

 century.  

In the early 1980s, models describing how Fisherian runaway selection could lead 

to population divergence (Lande 1981) led to substantial interest in sexual selection as a 

driver of speciation with a strong emphasis on the relationship between within-population 

mate choice and population divergence (Ritchie 2007). Partly driven by evidence that 

females are often polyandrous in nature, early models centered around the idea of co-

evolution between the sexes based on adaptive female choice. This could occur through 

selection for preferences that provide females with direct benefits such as nuptial gifts, 

territory or parental care or as a result of indirect processes that confer genetic benefits to 

their offspring via epistatic genotypic interactions or “good genes” (Kirkpatrick and Ryan 

1991, Andersson 1994). Sexual selection, driving the co-evolution of reproductive traits 

within populations emerged as a potentially potent mechanism of speciation (Ritchie 

2007). 

In the mid-late 1990s, doubts about the notion of an inherently cooperative or 

neutral co-evolutionary trajectory between the sexes further stimulated interest in 

intersexual co-evolution as a mechanism of speciation (Pizarri and Snook 2003). 
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Bateman (1948) originally illustrated an apparent disparity between the sexes in the 

fitness payoffs from mating. Using Drosophila melanogaster, he allowed both males and 

females to engage in copulation with multiple partners. His results showed that male 

fitness increased linearly as a function of the number of mates they procured, while 

female fitness quickly reached a plateau despite an increase in their number of mates. 

Bateman reasoned that this result was likely due to differential investment in gametes 

between the sexes, with females producing smaller numbers of larger, more costly 

gametes than males. Skewed investment in reproduction, he suggested, should make 

females the “choosier sex” while males should mate indiscriminately. The implications of 

this dichotomy did not receive much attention until Trivers (1972) proposed that conflict 

over amounts of parental care may result from differential reproductive investment 

between the sexes. 

 The notion that co-evolutionary interactions between the sexes are inherently 

antagonistic, a phenomenon referred to as “sexual conflict” (Parker 1979, Chapman et al. 

2003), gained momentum following the work of Trivers and interest in the subject has 

spread rapidly in the last few decades (Figure 1.2). In recent years, several models have 

suggested that conflict over reproductive decisions may lead to the evolution of male 

traits that increase their own fitness at the expense of female fitness, prompting females 

to counter-evolve “resistance” traits, replacing the “preference” traits seen in traditional 

sexual selection models. Open ended cycles of sexually antagonistic co-evolution (SAC) 

could lead to the rapid evolution of reproductive traits and could promote population 

divergence if the particular pattern of co-evolution is unlikely to be duplicated in separate 

populations, making sexual conflict a potentially potent driver of speciation (Holland and 
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Rice 1998, Parker and Partridge 1998, Chapman et al 2003, Martin and Hosken 2003 

Rice et al. 2005). 

 There is considerable evidence for SAC in nature (Figure 1.3; for a full review see 

Arnqvist and Rowe 2005). In several species of water striders (family Gerridae), conflict 

exists over mating rate due to direct harm and increased predation risk to females (Rowe 

1994). Males have evolved elaborate morphological armaments such as graspers and 

hooks which function to coerce females into mating, while females have counter-evolved 

traits to resist male coercion including larger body size and spines (Arnqvist and Rowe 

1995, Arnqvist and Rowe 2002). Surveys of waterfowl have documented elaborate 

genital morphology that likely arose because of SAC. Male intromittent organs range 

from 1.5-40cm long and length is correlated with the frequency of forced extra pair 

copulations, suggesting that it increases male reproductive success in the absence of 

female cooperation. Conversely, females have evolved elaborate reproductive tracts 

containing vaginal pouches which serve as insemination “dead ends”, and spirals which 

coil in the opposite direction of the male phallus, making obtaining fertilizations a more 

difficult task for males (Brennan et al. 2003). Crudgington and Siva-Jothy (2000) 

documented intricate, sclerotized spines on the male intromittent organ of 

Callosobruchus maculatus (Bean Weevils) that are everted into the female reproductive 

tract during copulation causing tissue damage. Longer and more copulations lead to 

increased mortality in females and they have counter-evolved behavioural mechanisms to 

decrease the costs associated with copulation.  
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Figure 1.2. The number of papers published per year on the topic of sexual conflict from 

1990 to 2007. The literature survey was conducted using “sexual conflict” as a keyword 

on the ISI Web Of Science search engine. 

 
Figure 1.3. Examples of sexually antagonistic traits. Clockwise from the top left image: 

a) Traumatic insemination via a hypodermic penis in bedbugs (Stutt and Siva-Jothy 2000) 

b) Grasping armament for coercive mating in water striders (Arnqvist and Rowe 2005) c) 

Sclerotized, spiny intromittent organs in been weevils (Crudgington and Siva-Jothy 2001) 

d) Coiled phalluses and corresponding elaborate vaginal morphology in waterfowl 

(Brennan et al. 2003). 
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It is clear that intersexual co-evolution has the potential to contribute substantially 

to population divergence. Determining the nature of these interactions (cooperative vs. 

conflictual), however, is a difficult task, particularly when the traits involved are subtle in 

their effects (as opposed to the spiny penis of Callosobruchus maculatus). The earliest 

verbal models of sexual conflict made explicit predictions for detecting the footprint of 

divergence via SAC. If males and females follow an antagonistic co-evolutionary 

trajectory, females should be well adapted to males from within their own population and 

as such, females should suffer depressed fitness in response to interactions with foreign 

males due to a lack of built up “resistance” traits corresponding to those males (Holland 

and Rice 1998, Parker and Partridge 1998, Chapman et al 2003, Pizarri and Snook 2003).  

 This line of reasoning provided the impetus for studies that used interpopulation 

interaction experiments to detect divergence via intersexual co-evolution. The co-

evolution of reproductive traits between the sexes has been likened to a mode of 

communication much like a ‘signal/receiver’ system, with ‘signals’ corresponding to 

male traits (eg. behaviours, accessory proteins etc) and the ‘receiver’ corresponding to the 

female response to the trait (receptivity to a courtship signal, physiological response to an 

accessory protein etc.). If intersexual co-evolution, in conjunction with drift, drives 

populations down divergent co-evolutionary trajectories, allowing individuals from 

allopatric populations to interact may produce visible effects on fitness and fitness 

components due to interactions between diverged ‘signal/receiver’ systems involved in 

reproduction. In particular, it was thought that if divergence is occurring as a result of 

antagonistic interactions, females should show depressed fitness in response to 

interacting with foreign males (Holland and Rice 1998, Parker and Partridge 1998, 
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Chapman et al 2003). Several studies have shown male × female interactions based on 

population of origin that affect female fitness and fitness components in a variety of 

species including Tribolium castaneum (Nilsson et al. 2002, Attia and Tregenza 2004), 

Callosobruchus maculatus (Fricke and Arnqvist 2004), Musca domestica (Andres and 

Arnqvist 2001), Scathophaga stercoraria (Martin and Hosken 2002) and Drosophila 

melanogaster (Long et al. 2006), implying that intersexual co-evolution may in fact be a 

powerful mechanism of population divergence (See Table 1.1 for a summary). 

Despite results suggesting divergence resulting from intersexual co-evolution, 

there were inconsistencies in these studies. In particular, studies of changes in female 

fitness in response to interactions with foreign males failed to consistently show 

concordance with the explicit predictions laid out by sexual conflict theory; changes in 

female fitness in response to interactions with foreign males were bi-directional. In fact, 

females often showed elevated fitness in response to interactions with foreign males 

making it difficult to determine whether within population interactions were driven by 

SAC or cooperative co-evolution.  

These inconsistencies may be due to a shortcoming common to several of these 

experiments, a lack of understanding of the evolutionary history of the experimental 

populations coupled with non-standardized laboratory conditions. For example, Fricke 

and Arnqvist (2004) used two experimental populations of Callosobruchus maculatus 

(bean weevils), that were captured from two different locations (Brazil and South India) 

and subsequently established in three different laboratories (one in the United States and 

two in the UK) with varying periods of adaptation to their respective labs. Variation in 

laboratory adaptation and maintenance protocols could lead to genotype × environment 
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interactions, potentially affecting the outcome of experimental trials if any particular 

population is more or less adapted to the conditions under which the trials took place. 

However, earlier work from our lab with Drosophila melanogaster populations largely 

avoided these potential artefacts and still produced bidirectional changes in female fitness 

in response to novel population mating interactions (Long et al. 2006). 

Table 1.1 Summary of previous experiments that used interpopulation interaction                     

Experiments to detect divergence resulting from intersexual co-evolution. 
Study Study Populations and History Male × Female interactions

Andres and Arnqvist 2001Three Strains of Musca domestica Influence oviposition rate

S' Strain-Founded in Sweden Do not influence remating rate

D' Strain-Founded in Denmark

M' Strain-Founded in Minnesota

Hosken et al  2002 2 Strains of Scathophaga stercoraria Do not influence copulation duration

Swiss'- Captured in Switzerland Influence sperm precedence

UK'- Established in UK

Nilsson et al  2002 Three Strains of Tribolium castaneum Influence probability of mating

G' Strain-Collected in Georgia in 1980 Do not influence female lifespan

T' Strain-Collected in India in 1989 Influence lifetime fecundity

C' Strain-Collected in Australia in 1988

All maintained at Tribolium stock center 

Attia and Tregenza 2004 6 Strains Tribolium castaneum Do not influence succesful matings

Ga1-Wild Type Influence offspring production

b-Black Body

Rd-Reindeer Antennae

Chr-E -Charcoal Body Color

Det-43-Divergent elytra tips

Oz-collected in Australia

Fricke and Arnqvist 2004 2 Strains of Callosobruchus maculatus Do not influence tendency to mate

Brazil Strain-Captured in 1975 Influence female lifespan

Population 1-Established in US  in 1976 Influence female fecundity

Population 2- Established in UK1 lab  in 1980 Influence hatching rate in one strain

Population 3- Established in UK 2 lab  1982 Influence larval survival in one strain

Do not influence remating rate

South India Strain-Captured in 1975

Population 1-Established in US lab in 1992

Population 2- Established in UK1 lab in 1997

Population 3- Established in UK2 lab in 1992

Long et al 2006 6 Populations of Drosophila melanogaster Influence female fitness

All established from ancestral IV population Influence female remating rate

Established in lab in US in 1980 Influence Sperm Precedence  
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The consistently inconsistent outcomes of these studies highlighted several issues. 

First, depressed female fitness is not unequivocally diagnostic of sexual conflict. A 

reduction in fitness in response to a foreign mate could result from the absence of an 

important signal being exchanged between the sexes, rather than a directly harming 

interaction. In such a case, fitness declines because of a missing cooperative component 

to the mating interaction. Long et al. (2006) went as far as to suggest that elevated female 

fitness in response to foreign males may in fact be most diagnostic of sexual conflict, 

reflecting the limits imposed on female fitness by local males – those with specific 

adaptations to them. In other words, depending upon the nature of the interacting 

characters between the sexes, SAC or cooperative co-evolution can lead to divergence 

that will produce any outcome in a cross (Rowe et al. 2003). Also, the outcome may 

differ for each component of the interaction, potentially being very different for, say, 

behaviour versus sperm storage.  

Clearly, understanding the evolutionary sources of population divergence using 

interpopulation interaction experiments will not be as straightforward as suggested by 

early predictions of sexual conflict theory. To further our understanding of how 

intersexual co-evolution drives population divergence, this approach must be modified. 

First, the potential for experimental artefacts to confound the outcome of reproductive 

interactions must be rigorously minimized to eliminate spurious results. Only by using 

populations subject to minimal environmental heterogeneity and with well understood 

evolutionary histories will we be able to directly test the effects of intersexual co-

evolution on reproductive interactions. Secondly, it is crucial to understand the nature of 

different reproductive signaling systems (eg. behaviour versus post-copulatory 



13 

 

interactions) and how they influence fitness. Also, interpopulation interaction 

experiments have focused predominantly on the effects of interactions on female fitness. 

Considerable evidence suggests that the male genome is the greater target for sexual 

selection and that males boast a larger variety of reproductive traits (Singh and Kulathinal 

2005). Future work must include consideration of male reproductive phenotypes if we are 

to understand how intersexual co-evolution drives the evolution of reproductive traits. 

We have developed a D. melanogaster study system with these points in mind, 

consisting of six large, outbred populations of Drosophila melanogaster, henceforth 

referred to as the “B-Complex”. The populations were all derived from a common 

ancestor (IV) that was brought into the laboratory by Dr. Michael Rose in 1975 and 

subsequently experienced a period of laboratory adaptation approximately five years in 

length (110 generations). Following this period, the IV population was split into six 

populations (IV and B1-B5) that were subsequently allowed to evolve in parallel under 

identical laboratory conditions for a period that currently spans approximately 27 

years/700 generations (Rose 1984; Figure 1.4) Divergence between populations due to 

natural selection is believed to have been severely minimized as a result of their 

evolutionary histories. Indeed, the lines have shown considerable homogeneity for 

several life-history traits (Leroi et al. 1994, Rose 2004). Also, since population sizes are 

large (≈ 2000 individuals per population), the effects of drift should be minimized; 

however drift will potentially interact with intersexual co-evolution to drive populations 

down their respective evolutionary trajectories.  

This experimental system not only allows us to significantly improve upon 

previous interpopulation interaction experiments but it also enables us to address a  
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Figure 1.4. The phylogeny of the populations comprising the B-complex. The ancestral, 

IV population was initially captured in 1975 after which it was cultured in laboratory 

conditions for approximately 110 generations. The population was subsequently split into 

6 populations in total which have since been cultured in parallel under identical 

laboratory conditions for a period approximating 700 generations. 

  

critical issue that has surfaced in the literature. A recent review of intersexual co-

evolution and speciation has suggested that co-evolutionary interactions likely act 

primarily as complementary processes to ecological selection and that evidence of 

intersexual co-evolution as a driver of speciation is often indirect, and generally lacking 

IV 
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(Ritchie 2007). Since our populations exist in the absence of ecological variation, they 

are ideal to begin answering the question of whether and how reproductive interactions 

between the sexes can drive population divergence. 

Reproductive interactions in Drosophila melanogaster are complex, and as such 

there are a variety of potential reproductive ‘signal/receiver’ systems that may have 

diverged between populations in the B-complex.  Traits involved in post-copulatory 

competition and selection (PCCS) have received considerable attention as traits likely to 

diverge due to intersexual co-evolution as they are highly variable between and within a 

variety of species. Females in many species including birds, amphibians, molluscs and 

insects have complex, varied organs for storing sperm (Davey 1965, Boisseau and Joly 

1975, Shugart 1988, Baur 1998) and sperm morphology shows high levels of divergence 

both between and within species (Jamieson 1987, Briskie and Montgomerie 1992, Gage 

1994, Stockley et al. 1996, Gage 1998). Considerable variation for traits involved in 

PCCS has been documented within the Drosophila genus in particular. Drosophila 

females contain several specialized organs for storing sperm (Pitnick et al. 1999) and 

sperm show great diversity in terms of number, length, viability, mobility and size. 

Sperm length, for example, ranges from 0.28mm in Drosophila subobscura to over 

58mm in Drosophila bifurca (Pitnick et al. 1995, Snook 1997, Snook 2005).  

Studies in both the wild and the laboratory suggest that traits governing PCCS can 

evolve in a correlated fashion; co-evolution between components of sperm and the 

reproductive tract has been documented in several species (Dybas and Dybas 1981, 

Briskie and Montgomerie 1993, Presgraves et al. 1999, Pitnick et al. 2003). Using 

experimental evolution, Miller and Pitnick (2002) selected populations of Drosophila 
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melanogaster for both long and short sperm and seminal receptacles respectively. They 

found that correlated evolution of these traits can occur and may govern the outcome of 

sperm competition as males with larger sperm had a marked advantage competing within 

a long seminal receptacle. The potential end result of this type of co-evolution may be 

best illustrated by the giant sperm and corresponding giant seminal receptacle of 

Drosophila bifurca (Pitnick et al. 1999, Figure 1.5).  

 
Figure 1.5. Left: The giant sperm of Drosophila bifurca, reaching 58mm in length. 

Right: The seminal receptacle of Drosophila bifurca (right) in comparison to that of 

Drosophila psuedoobscura (left) (Pitnick et al. 1999). 

 

Other studies in Drosophila have also documented male × female interactions that 

influence the outcome of sperm competition (Clark and Begun 1998, Clark et al. 1999) 

and these interactions may be in part mediated by accessory gland proteins (Acps). Acps 

are transferred along with sperm and seminal fluid during copulation in Drosophila 

melanogaster, are highly variable within the Drosophila genus, evolve rapidly (Begun et 

al. 2000, Swanson et al. 2001, Begun and Lindfors 2005) and produce a myriad of effects 

on females post-mating (Chapman et al. 1995, Wolfner 2002). They have therefore 

received a great deal of attention as candidates for rapid evolution via SAC due to their 

potential role in PCCS.  
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Traits that have been overlooked in previous interpopulation interaction 

experiments are those implicated in mating behaviour. In Drosophila, courtship 

behaviour is governed by a battery of traits associated with an elaborate courtship ritual 

that occurs prior to mating. This process involves multiple stages; orientation, tapping, 

wing vibration (production of a courtship song), licking and finally the act of copulation 

itself and these stages are governed by complex visual, auditory and chemosensory 

processes (Greenspan and Ferveur 2002). Several studies on natural populations of 

Drosophila suggest that traits involved in mating are important precursors of 

reproductive isolation. A number of studies have been conducted on populations of 

Drosophila that inhabit “Evolution Canyon”; a canyon in Israel containing wild 

populations of Drosophila that inhabit microclimates on opposite canyon slopes. Singh et 

al. (2005) found significant assortative mating between populations of Drosophila 

melanogaster and Drosophila simulans that inhabit different canyon slopes and Korol et 

al. (2000) showed a similar result for different populations of Drosophila melanogaster. 

Ritchie and Gleason (1995) and Gleason and Ritchie (1998) both found that parameters 

of courtship song are rapidly evolving between wild populations of Drosophila willistoni 

and that this process occurs potentially occurs quite rapidly. Experimental evolution in 

the lab has shown that courtship traits may become more variable in response to sexual 

selection (Snook et al. 2005) and lead to reproductive isolation with increased levels of 

sexual conflict (Martin and Hosken 2003). The lack of consideration given to these traits 

in interpopulation interaction experiments is therefore problematic and represents a large 

gap in our understanding of population divergence via intersexual co-evolution. 
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Experimental Rationale 

My study was undertaken to further explore the potential for intersexual co-

evolution to drive population divergence. I conducted several experiments using the 

known B-phylogeny. First, I created a set of replica (Bb) populations for each population 

in the B-complex by introgressing a recessive, brown eye-colour marker (bw
1
) into each 

population. Secondly, I used these populations to conduct a full generation, competitive 

fitness assay to determine whether interactions between populations had measurable 

effects on fitness. Third, to tease apart potential sources of variation contributing to 

fitness differences when populations interact, I conducted a sperm competition assay to 

measure variation in male and female traits that govern post-copulatory interactions. 

Finally, I assayed individuals from allopatric populations in the B-complex for variation 

in traits associated with mating behaviour to determine if intersexual co-evolution has 

caused divergence of these traits between populations. By independently quantifying 

several components of reproductive phenotypes, I hope to gain an understanding of how 

intersexual co-evolution can drive divergence of reproductive traits in the absence of 

ecological selection. 

While this thesis was completed in the “manuscript style”, please note that the 

manuscripts are as of yet not submitted, and therefore certain chapter sections have been 

cut down to eliminate redundancy between sections. 
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Chapter 2: Revisiting the B-complex: Considering the effect of intersexual co-evolution 

on fitness in both sexes and on post-copulatory competition and selection.  

Abstract 

 Six laboratory populations of Drosophila melanogaster that share a common 

ancestor and have been kept in identical conditions for approximately 700 generations in 

allopatry were allowed to interact in a competitive fitness experiment. Genetically near-

identical copies of each population were created by introgressing a recessive, brown eye-

colour marker, making them visually distinguishable from the original populations, 

enabling us to combine populations and observe the outcome of competitive interactions 

on total fitness. We found that female fitness depended upon specific population × 

population interactions, rather than any predictable foreign versus local (control) pattern. 

In contrast, males were, on average, less fit when they competed for females from foreign 

populations, suggesting that foreign males are outcompeted by local males due to 

intersexual coadaptation. To tease apart potential sources of variation contributing to 

fitness effects, a subset of 3 populations and their replicas were used to conduct a sperm 

competition assay. We saw that female population of origin significantly influences 

patterns of sperm precedence, suggesting that females between populations vary with 

respect to patterns of sperm storage or use, or propensity to remate once mated. We saw 

suggestive evidence that males from different populations vary in their ability to compete 

in sperm offence, but not sperm defence, and this may be related to varying ability to 

“convince” females to remate. We conclude that intersexual co-evolution has led to 

divergence of traits involved in post-copulatory selection and potentially traits involved 

in mating behaviour in both sexes.  
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Introduction 

 Study of the mechanisms underlying speciation ranks among the primary 

concerns of Evolutionary Biology, as debate over the plausibility of various models 

continues and genetic data are rapidly accumulating for empirical tests (Rice and Hostert 

1993, Turelli et al. 2001, Coyne and Orr 2004). Allopatric speciation has long been 

considered to be a pervasive force driving speciation in nature. Populations that become 

physically separated may experience different selection pressures in their new 

environments. Environmental heterogeneity and divergent selection will lead to local 

adaptation and, given adequate time, reproductive isolation may evolve in the absence of 

gene flow as an incidental byproduct of local adaptation, leading to speciation (Mayr 

1942, Rice and Hostert 1993, Turelli et al. 2001). 

This has been extensively documented in laboratory experiments. Artificial 

selection for various traits has led to reproductive isolation between allopatric 

populations of Drosophila melanogaster (Burnett and Connoly 1974), Drosophila 

psuedoobscura (del Solar 1966) and Musca domestica (Hurd and Eisenberg 1975). 

Reproductive isolation has evolved as a byproduct of local adaptation to variation in pH 

levels, temperature and medium between allopatric populations of Drosophila willistoni 

(De Oliveira and Cordeiro 1980), Drosophila melanogaster (Kilias et al. 1980) and 

Drosophila psuedoobscura (Dodd 1989) respectively. Similar results have also been 

shown to occur in sympatry with varying levels of gene flow between populations in 

laboratory experiments on Musca domestica and Drosophila melanogaster (Soans 1974, 

Hurd and Eisenberg 1975, Rice 1985, Rice and Salt 1990).  
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These studies illustrate not only the potential for reproductive isolation to evolve 

as a byproduct of local adaptation, but also the rapidity with which this can occur. 

Significant reproductive isolation was documented after 16 generations of artificial 

selection in house flies (Hurd and Eisenberg 1975) and in somewhat longer selection 

treatments (e.g., 112 generations in fruit flies; Burnet and Connoloy 1974) representing a 

mere blink in evolutionary time. Allopatric separation is clearly a powerful and 

potentially rapid mode of speciation. However, it has also recently been emphasized that 

co-evolution between the sexes can lead to the rapid evolution of reproductive traits, even 

in the absence of ecological variation in allopatry (Kirkpatrick and Ryan 1991, Coyne 

and Orr 1998, Holland and Rice 1998, Gavrilets 2003). Studies documenting the rapid 

evolution of proteins and genomic regions involved in reproductive interactions 

(Swanson and Vacquier 2002, Haerty et al. 2007) lend credence to this theory and 

suggest that intersexual co-evolution is a potentially important mechanism of speciation. 

The idea that co-evolutionary interactions between the sexes could promote 

reproductive isolation dates back to Fisher’s (1930) theory of runaway sexual selection, 

which posits that linkage exists between secondary sexual characters and preferences for 

them. This linkage creates a self-reinforcing cycle, in which male traits and female 

preferences co-evolve within populations, generating assortative mating and creating 

reproductive barriers between populations. Formal models supporting Fisher’s ideas 

(Lande 1981) led to a surge of verbal models and empirical work (reviewed in 

Kirkpatrick and Ryan 1991, Andersson 1994) suggesting that the co-evolution of male 

traits and female preferences via sexual selection can lead to strong within-population 
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mate choice and is therefore a potentially key mode of population divergence even in the 

absence of local adaptation (Panhuis et al. 2001).  

In recent years, however, considerable evidence has accumulated suggesting that 

the co-evolutionary interests of the sexes are not always coincident, a phenomenon 

referred to as sexual conflict (Parker 1979, Chapman et al. 2003). Bateman (1948) was 

first to clearly articulate the stereotypic discrepancy in the reproductive interests of the 

sexes and there is considerable evidence that conflict over mating decisions exists in 

nature (see Arnqvist and Rowe 2005 and literature review). In recent years, several 

models have proposed that this conflict can lead to the evolution of male traits that 

increase their own fitness, causing female harm as a byproduct and prompting the 

counter-evolution of “resistance” traits, replacing the “preference” traits seen in sexual 

selection models. Open ended cycles of such sexually antagonistic co-evolution (SAC) 

could lead to the rapid evolution of reproductive traits and promote population 

divergence if the co-evolutionary trajectory is unlikely to be duplicated in separate 

populations, making sexual conflict a potentially potent driver of speciation (Holland and 

Rice 1998, Parker and Partridge 1998, Gavrilets 2003, Martin and Hosken 2003, Rice et 

al. 2005). 

There is strong evidence that intersexual co-evolution, be it antagonistic or 

cooperative, can lead to the rapid evolution of reproductive traits (Kirkpatrick and Ryan 

1991, Swanson and Vacquier 2002, Chapman et al. 2003), but can this process actually 

act as a driver of speciation? Ritchie (2007) suggests that intersexual co-evolution likely 

acts only in a complementary fashion to external processes such as ecological selection, 

and that evidence for population divergence occurring primarily due to intersexual co-
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evolution is limited. He emphasizes the importance of distinguishing between cases 

where intersexual co-evolution initiates population divergence as opposed to acting 

alongside other forces.  

We have made use of a system which is ideal for addressing this issue. The ‘B-

Complex’ consists of six large, outbred, laboratory populations of Drosophila 

melanogaster. These populations share a common, laboratory-adapted ancestor and have 

experienced parallel evolution in identical environmental conditions following isolation; 

a period that has spanned between 650 and 700 generations at the time of the current 

experiments. Therefore, we expect that natural selection has had little potential to act 

differentially between populations. Indeed, the populations have shown considerable 

homogeneity for several life-history traits (Leroi et al. 1994, Rose et al. 2004). This does 

not, however, preclude the opportunity for intersexual co-evolution to act within 

populations in conjunction with random processes like drift. 

As discussed previously (see literature review) a common method used to 

diagnose population divergence due to intersexual co-evolution is interpopulation 

interaction experiments. If patterns of co-evolution are unlikely to be duplicated in 

separate populations due to interactions with stochastic processes (Holland and Rice 

1998, Parker and Partridge 1998), allowing individuals from allopatric populations to 

interact could produce visible effects on fitness and fitness components. Several such 

studies have yielded sizeable male × female interactions for fitness in a variety of species 

(Andres and Arnqvist 2001, Hosken et al. 2002, Nilsson et al. 2002, Attia and Tregenza 

2004, Fricke and Arnqvist 2004) but were fraught with experimental artefacts that made 
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it difficult to attribute these results to intersexual co-evolution as opposed to other forces 

(see literature review for a full discussion). 

The ‘B-complex’ allows us to minimize the potential for experimental confounds, 

enabling us to attribute interactions between populations to intersexual co-evolution. 

Long et al. (2006) demonstrated strong population × population interactions in these 

populations, influencing fitness, mating rate, and the outcome of sperm competition. The 

results suggested that the populations have diverged in both pre- and post-mating 

reproductive traits, but were not reproductively isolated post-zygotically. The results 

were suggestive of divergence via intersexual co-evolution, but also underscored some of 

the difficulties with the interpretation of population interactions. For example, since all 

populations in the B-complex are wildtype, it was not possible to put individuals from 

different populations into direct competition and measure the impact on fitness. Also, 

sperm competition experiments required the use of an outside tester stock with a 

dominant brown eye-colour marker. In addition to being less fit than wild-type stocks, the 

tester stock may itself have interacted differently with different B populations, 

influencing the outcome of sperm competition.  

We set out to overcome the limitations of previous studies by developing 

genetically-marked replicas of each of the six B populations. We introgressed a recessive, 

nearly benign, brown eye-colour marker (bw
1
) using rounds of serial backcrossing 

sufficient to create over 99% genetic similarity between a B population and its marked 

replica (Bb), save perhaps for the region immediate to the brown-eye marker. With such a 

system it was possible to place individuals from different populations in direct 

competition with one another, as well as including a true control with competition 
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between a B and its Bb replica. A particularly powerful component of the system is the 

ability to assess paternity in large-scale sperm competition experiments (because 

recessive-marked females report paternity in contests between males with/without the 

marker) and forego use of outside tester stocks, minimizing potential experimental 

confounds. 

Sperm competition, defined as the competition between the sperm from individual 

males for fertilization of a female egg (Parker 1970) is pervasive in nature and is seen in 

a wide variety of species with promiscuous mating systems (Simmons and Parker 1972, 

Birkhead 1987, Wigby and Chapman 2004). Sperm competition can take place in the 

form of sperm “defence”, preventing one’s own sperm from being removed from the 

reproductive tract and sperm “offence”, displacing the sperm of previously mated males. 

In recent years, the complexity of sperm competition has become apparent with the 

documenting of elaborate genitalia, sperm storage structures in females, polymorphic 

sperm, and elaborate ejaculate components (Birkhead 2000). In Drosophila, males 

transfer over 100 accessory gland proteins (Acps) to females along with sperm in the 

ejaculate (Ram & Wolfner 2007 review). These have a myriad of effects on females 

including stimulating egg-laying, reducing remating propensity, and facilitating 

successful storage and transfer of sperm (Wolfner 2002). Several studies have shown that 

accessory proteins are indeed rapidly evolving (Swanson et al. 2001, Begun and Lindfors 

2005) and consequently, interpopulation interaction experiments have focused heavily on 

post-copulatory sperm competition as a source of population divergence. The role of the 

female in sperm competition has also become apparent, and co-evolution between sperm 

and the reproductive tract has been seen in several species (Briskie and Montgomerie 
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1993, Presgraves et al. 1999, Miller and Pitnick 2002). Particularly because genetic 

variation for sperm-female interaction has been documented within populations of D. 

melanogaster (Clark and Begun 1998, Clark et al. 1999), these traits are strong 

candidates for rapid divergence via intersexual co-evolution. 

The present study was undertaken to further explore divergence among the 

populations in the known B-phylogeny. First, we conducted a full-generation competitive 

fitness assay using the new marked-replica populations in all 36 possible combinations. 

This allowed us to evaluate population × population interactions for male-male 

competition and female fitness, in a way not feasible in the earlier work of Long et al. 

(2006). We then used a subset of these populations to tease out the contribution of sperm 

competition to observed differences in fitness. This allowed us to obtain a reliable 

estimate of the degree to which males in these populations have diverged with respect to 

traits associated with sperm competition along with the co-evolutionary response of 

females. We show evidence for the rapid divergence of these populations for traits 

involved in post-copulatory sexual selection in the absence of ecological variation. 

Methods and Materials  

 

Stocks 

The B-Complex 

The ‘B-complex’ of populations has been well-described in the lab’s earlier 

research (Long et al. 2006) so here we just describe its main features. In 1980, six large 

(N≈2000) populations of Drosophila melanogaster were founded from a single stock 

population (Ives, or IV) that had adapted to the laboratory for approximately 110 

generations. [Note: We call these B0 - B5, where B0 is the same population referred to as 
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IV in publications from M.R. Rose’s laboratory, because handling is identical to B1-5]. 

All populations are maintained on a 14 day cycle with regulated temperature (25ºC) and 

density (100±20 flies/vial), and ad lib banana/corn syrup medium.  

The Bb-Complex 

 The Bb populations were derived via the introgression of a recessive brown eye-

colour marker (bw
1
) through repeated cycles of backcrossing (5 cycles initially, followed 

by another 3 cycles at a later period, for 8 generations in total). At the start of the first 

cycle of backcrossing, virgin females from each B-population (30 females/vial) were 

mated to virgin LHb males (20 males/vial) producing F1 progeny that were all red-eyed 

and heterozygous at the eye-colour locus. From this point on, a Bb population was linked 

to its same numbered B replicate population and handled in an identical manner. Both 

eye-colour phenotypes were found in F2 progeny and the brown-eyed Bb males were 

removed and mated to virgin B-females of the same replicate number to start the next 

generation of backcrossing. This process was repeated for all subsequent cycles of 

backcrossing, save for the last cycle in which B males were mated to brown-eyed females 

from the previous round of backcrossing to ensure that all males in the Bb populations 

would have a ‘B’ Y-chromosome. Using this method, the portion of the original LHb 

genome is diluted by 50% through every cycle of backcrossing for normal autosomes, 

and 66.7% for X chromosomes.  As a result, after 8 cycles of backcrossing, the genome 

of each population in the Bb-complex mirrors that of its same-numbered B-population, 

save for the region containing the genetic marker (99.7% identical for autosomes).  
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Competitive Fitness Assay 

 To initiate the experiment, young adults (day eleven of their culture cycle) from 

all twelve populations were placed into collector bottles that contained a small Petri dish 

with fresh medium and ad lib yeast paste to stimulate egg production. On day 12 of the 

cycle, the original Petri dish was replaced by one containing fresh medium on which 

females were allowed to oviposit overnight for approximately ten hours. Eggs were 

collected from these Petri dishes the next morning. For each experimental combination, 

five replicate vials were established (180 replicates in total) in which exactly 50 eggs 

from each of the two populations were placed into a single vial containing fresh medium. 

Using the B and Bb populations, all possible (thirty-six) population combinations were 

placed into competitive interactions including the six homotypic (control) combinations, 

in which both B and Bb populations were genetically the same (e.g., B1 and Bb1), and 

thirty heterotypic (mixed) combinations in which inter-population competition was 

allowed (e.g., B1 and Bb2). 

 After growing up in competition as juveniles and interacting sexually as adults 

until day 14 , twenty brown-eyed females were collected from each vial and placed into 

individual test tubes containing approximately 2mL of standard medium (100 tubes per 

cross, 3600 in total). The rest of the individuals in each vial were counted and scored for 

sex and eye colour to gain viability data. Females in test tubes were allowed to oviposit 

for 18 hours and were then discarded. Once all individuals in the test tubes had eclosed, 

the progeny were counted and scored for eye colour to determine paternity. 
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Sperm Competition 

A subset of populations was used for the next phase of this study (populations B1, 

B3 and B5 and their respective Bb replicas), chosen to maintain congruence with a 

microarray analysis of males that was performed on this subset of populations 

(unpublished data). All females used in this experiment were from Bb populations, 

allowing us to assess the paternity of progeny produced when females were allowed to 

interact with both B and Bb males.  

This experiment can be broken down into 2 separate assays: sperm ‘defence’ and 

sperm ‘offence’, with respect to foreign males. In the ‘defence’ assay, females were first 

mated to foreign males, followed by exposure to males from their own population. In the 

‘offence’ experiments, the order was reversed as females mated first with males from 

their own population, followed by exposure to foreign males. This tests both the 

offensive and defensive capabilities of foreign males when competing with males to 

whom females share an evolutionary history. Within both assays there are two types of 

experimental interactions. In ‘homotypic’ interactions the experimental female interacts 

with a male from her own population of origin in both the male 1 and male 2 position. 

These serve as controls to ‘heterotypic’ combinations in which male 1 and male 2 differ 

in their population of origin (eg. ‘Defence’: homotypic- Bb1 × B1 × Bb1, heterotypic- Bb1 

× B3 × Bb1). For both ‘offence’ and ‘defence’ there were 9 possible crosses based on the 

3X3 matrix of female/experimental male combinations (18 crosses in total across both 

treatments) and each cross was replicated 20 times (10 females/replicate, 200 

females/cross, 3600 females in total).  
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 To control for possible effects of the brown-eye mutation on the outcome of 

sperm competition all crosses were run in a reciprocal fashion with both eye-colour types 

being in the position of both first and second male. For example, a heterotypic, ‘defence’ 

cross with Bb1 females and B3 males would be conducted as: Bb1 females × B3 males × 

Bb1 males and also as Bb1 females × Bb3 males × B1 males. After deducing that there 

were no effects of the mutation on sperm competitive ability, reciprocal crosses were 

pooled together for analysis and all males will be referred to based on their ‘B’ 

population of origin for simplicity. Further description of experimental protocol describes 

both the ‘offence’ and ‘defence’ components of this experiment. 

Females and males were collected simultaneously as virgins between day 9-11 of 

the culture cycle using light CO2 anaesthesia and transferred separately to holding vials 

containing fresh medium (15 males/vial, 12 females/vial). On day 12 of the culture cycle, 

the first males were transferred into female vials where they were allowed to interact for 

a period of 1.5 hours.  Observations from other mating experiments in our lab show that 

this interaction period is sufficient to assure that each female will mate once with very 

few exceptions (96% of females mated within this timeframe in a separate mating 

observation experiment). Following this interaction period, the first males were removed 

via light CO2 anaesthesia and females experienced a recovery period of 30 minutes.  After 

the recovery period, the second set of males were combined with the same 15 females 

and allowed to interact for a period of 18 hours to allow for a significant portion of 

females to remate. After interacting with the two successive male types, females were 

removed and transferred individually to 13x100mm test tubes containing fresh medium to 

lay eggs for a period of 30 hours. Progeny were scored for red or brown eye-colour, and 
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these values were used to calculate P1 (progeny produced by the first male) and P2 

(progeny produced by the second male) and counted to determine female productivity. 

Statistical Analyses 

Fitness Assay 

All statistical analyses were performed using JMP version 7.0 statistical software. 

A two-way, model II ANOVA was used to test for effects of B and Bb populations and 

interactions between them on both female and male fitness. A one-way ANOVA was 

used to determine whether there was an overall effect of eye colour on viability when B 

and Bb populations were pooled, and whether there was an effect of the mutation on male 

and female viability (B and Bb populations pooled). A one-way, model II ANOVA was 

used to test for both male and female viability differences between both B and Bb 

populations, to determine whether differences in juvenile survivorship exist between 

populations either with, or without the mutation. To determine whether the introgression 

of the recessive brown eye marker had differential impacts on the performance of males 

in any particular Bb population, a one-way, model II ANOVA was used to test for an 

effect of population of origin on Bb male fitness.  

P1/P2 Assay 

For the sperm competition assay, the dataset was analyzed in two ways. First, 

analysis was performed on the entire dataset, including females who produced mixed 

(offspring of both eye colour) or non-mixed (offspring of one eye colour) broods. This 

provides a measure of “net P1/P2” which incorporates aspects of mating behaviour as 

well as potential sperm/sperm or sperm/reproductive tract interactions. Secondly, analysis 

was performed on the subset of data containing only females that produced mixed broods, 
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where we are certain that sperm competition has taken place. Further description of 

statistical analyses will accompany tests that were conducted on both the entire and the 

parsed dataset. In the ‘defence’ assay, a two-way, nested, model II ANOVA was used to 

determine whether there was an effect of foreign male, female and an interaction between 

them on P1 and female productivity. For the ‘offence’ assay, a two-way, nested, model II 

ANOVA was used to determine whether there was an effect of foreign male, female and 

an interaction between them on P2 and female productivity. A mixed model, nested 

ANOVA was used to test for effects of cross-type (homotypic versus heterotypic) on the 

aforementioned measurements in both assays. 

To analyze remating we used the subset of data including females producing any 

offspring from the second male. Previous experiments have shown that the majority of 

females will mate as virgins within the allotted interaction time used in this experiment 

making it extremely likely that any female producing offspring from the second male has 

mated at least twice. To determine whether females vary in remating propensity and 

whether males varied in their ability to prevent or initiate remating, contingency analysis 

was performed on the ‘offence’ and ‘defence’ data separately. 

Results 

 

Competitive Fitness Assay 

 

Impact of the mutation – Several checks were performed to ensure that the 

introgression of the genetic marker did not have adverse effects in general or 

differentially on any particular Bb population. Pooling all populations together we found 

no effect of eye-colour on viability either when both sexes were included in the analysis 

(ANOVA, F1, 350= 2.5, p=0.12), or looking at male (ANOVA, F1, 354=0.003, p=0.96) and 
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female (ANOVA, F1, 354=0.31, p=0.58) viability separately suggesting that the mutation 

has no general detrimental impact on juvenile survivorship. We also found no differences 

in male (ANOVA, F5, 172=0.27, p=0.93) or female (ANOVA, F5,172=0.91, p=0.47) 

viability between B populations. We found no differences in female viability between Bb 

populations (ANOVA F5, 172=0.66, p=0.65); however there was a marginally non-

significant difference in male viability between Bb populations (ANOVA, F5, 172=2.19, 

p=0.06). However, this is likely entirely due to the Bb4 population showing a 12% 

increase in viability relative to its B4 replica, which, while an odd result at least does not 

imply adverse effects of the mutation on juvenile survivorship. No other B/Bb 

combination shows a difference in viability greater than 5% with some male viabilities 

being almost identical between B populations and their Bb replicas. Most importantly, 

ANOVA revealed no significant effect of Bb population of origin on adult male fitness 

(ANOVA, F5, 172=1.86, p=0.1) suggesting that the mutation did not hamper competitive 

ability of any Bb males differentially. 

In the sperm competition assay all combinations were run in a reciprocal fashion 

with both red- and brown-eyed males being in the male 1 (P1) and 2 (P2) position for 

each cross (eg.,Defence:  Bb1 X B3 X Bb1 and Bb1 X Bb3 X B1) to control for possible 

effects of the mutation. In sperm ‘offence’ there was no effect of eye colour on P2 

(F1=1.18 p=0.28 for eye colour of first male as a factor in the model). The difference in 

P2 between each B population and its Bb replica never exceeds 2.5%. However, for the 

‘defence’ assay, incorporating eye colour as a factor in our initial model II ANOVA 

revealed that P1 depended on the eye colour of the first male (F1=4.7 p<0.05 for eye 

colour of first male as a factor in the model). Differences ranged from a 7% increase in 
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Bb5 males relative to B5 males and a 1% decrease in Bb3 males relative to B3 males. The 

result in ‘defence’ was surprising because the deleterious consequences of the brown 

marker were previously believed to be restricted to slightly slower development and 

slightly impaired vision (both conclusions from unpublished data) and in one case, Bb 

males have a higher average P1 than their B counterpart. While an unexpected result, it 

can be said that the mutation does not inherently hamper sperm competitive ability. 

One concern we had was that the brown marker might interact with the different 

B population genetic backgrounds in different ways, hindering performance to varying 

degrees. To check for such general effects of the mutation on performance, we compared 

the performance of B and Bb males in the local (control) male position in the “defence” 

assay. Values of P2 were markedly similar (a 2% difference or less between each B 

population and their Bb replica) implying that there is no general effect of the mutation 

on male sperm competitive ability. Also, we know from the fitness results that Bb male 

performance is not hindered by the mutation over a full generation. Because the marker 

populations generally performed on par with their wildtype equivalents, we subsequently 

pooled data where B and Bb populations were used alternately. 

Female Fitness – ANOVA (model II with male and female population of origin as 

random effects) revealed a significant effect of foreign male (B) population of origin 

(p<0.05), no significant effect of female (Bb) population of origin (p=0.29) and a 

significant interaction between them (p<0.05) on female fitness, measured as per capita 

offspring production (Table 2.1; Figure 2.1). Comparison of female fitness in heterotypic 

combinations to homotypic controls revealed no consistent change in direction in 

response to foreign males. In 17/30 heterotypic combinations, females had higher fitness 



35 

 

relative to their homotypic controls. These effects appeared to be highly lineage specific: 

three female types (Bb1, Bb2, Bb5) always showed an increase in fitness while Bb0 

females always showed depressed fitness relative to controls.  

Male Fitness – Since each homotypic combination contains a B population and its 

replica Bb population, which is hypothetically identical, these serve as excellent controls 

to heterotypic combinations in which foreign B males compete with local males that are 

potentially co-adapted to the focal females. Male adult fitness was calculated as the 

frequency of F1 offspring produced by foreign (B) males relative to their relative 

abundance as adults in competition vials. This factors out any differences in fitness due to 

differential juvenile survival of males between populations and as such focuses solely on 

interactions as adults. Since there were no differential effects of the brown mutation on 

male viability, this measure is likely to, and did, yield similar results to total fitness 

estimates that incorporated viability differences. ANOVA (with local and foreign male 

population of origin as random effects) revealed no significant effect of local or foreign 

male population of origin or an interaction between them on male fitness (Table 2.2; 

Figure 2.2). Males showed depressed fitness in 22/30 heterotypic crosses (with B2 and B5 

males always showing depressed fitness in foreign combinations), implying a general 

trend of B males being outcompeted by males to whom females are potentially co-

adapted. ANOVA revealed a significant effect of cross-type on male fitness with males 

being less fit in heterotypic crosses on average (ANOVA, F1, 176=7.20, p<0.001) (Figure 

2.3). 
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Sperm Competition 

 

Defence – In this experiment, females from a given population first mated with 

foreign males from each of the other populations and then were housed with males from 

their own population. In other words, foreign males were on sperm ‘defence’. Analysis 

was run first for ‘net P1’. We found no significant effect of male population of origin 

(p=0.22) nor was there an interaction between male and female population of origin 

(p=0.43) on net P1. However, net P1 varied significantly depending upon female 

population of origin (p<0.001) with Bb1 females having the lowest P1 and Bb3 females 

having the highest (Table 2.3; Figure 2.4). There was no significant effect of cross-type 

(homotypic versus heterotypic) on P1 (p=0.72). Analyses using only data containing 

females that produced mixed broods revealed no appreciable differences in terms of 

effects on P1 (Table 2.4). 

Offence – In this experiment, females mated first with their co-evolved males and 

were then exposed to males from foreign populations. In other words, foreign males were 

on sperm ‘offence’. ANOVA revealed a highly significant effect of female population of 

origin (p<0.001), a marginally non-significant effect of male population of origin 

(p=0.06), and no interaction between them (p=0.76) on net P2 (Table 2.5; Figure 2.5). 

There was no significant effect of cross-type (homotypic versus heterotypic) on P2 

(p=0.60). When the analysis was run again on only females producing mixed broods, the 

female effect remained significant (p<0.05), but the marginally non-significant male 

effect became increasingly non-significant (p=0.13) and the interaction remained non-

significant (p=0.38; Table 2.6). There was no significant effect of cross-type (homotypic 

versus heterotypic) on P2 (p=0.21). Interestingly, the rank order of female P2 was 
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opposite to the order for P1 in the defence assay: Bb1 females showed the lowest values 

of P1 in defence and the highest for P2 in offence; Bb3 females show the highest values of 

P1 and the lowest for P2 in defence and offence respectively.  

Productivity and Remating 

 Defence – Females varied significantly in the total number of offspring they 

produced in the defence assay (p<0.001). There was no significant male 1 effect 

(p=0.17); however there was a significant interaction between male and female 

population of origin (p<0.05) (Table 2.7; Figure 2.6). Female productivity was not 

dependent on whether the experimental combination was heterotypic or homotypic 

(p=0.60). The rank order of female productivity mirrored the pattern seen for P1, with 

Bb1 females having the highest productivity and Bb3 females the lowest. To determine 

whether there is a relationship between patterns of sperm precedence and female 

productivity we conducted a model II regression between P1 and female productivity 

using means for each experimental combination. There was a significant negative 

relationship between P1 and female productivity, implying that females who produce less 

offspring from the first male produce more offspring overall (Model II regression, F1, 

7=46.9, Productivity = 21.72 - 40.69*P1, r
2
=0.87, p<0.001) (Figure 2.7).  

 Female propensity to remate was analyzed using the subset of females that 

produced offspring from the second male. This is because, as mentioned previously, 

females are extremely likely to mate within the designated timeframe and therefore 

females producing offspring from the second male type have likely mated at least twice. 

Using only females who produced both offspring types, would therefore be too 

conservative a metric of remating propensity and eliminates a large portion of the data 
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(only 43% of females produced mixed broods, while 90% produced broods with 

offspring from the P2 male). We found  a significant relationship between female 

population of origin and remating propensity as 96%, 88% and 87% of Bb1, Bb3 and Bb5 

females remated respectively (Contingency Analysis, G-test, χ
 2

=38.73, p<0.0001, 

n=1714). There was no difference in male ability to prevent remating (Contingency 

Analysis, G-test, χ
 2

=2.76, p=0.25, n=1714). 

 Offence – We found no significant effect of male 2 on female productivity 

(p=0.61), however, as in the defence assay, there was highly significant variation among 

females from different populations (p<0.01) and also a strong male × female interaction 

(p<0.0001) (Table 2.8; Figure 2.8). There was no significant effect of cross type (homo- 

versus heterotypic) on female productivity (p=0.16), but multiply mated females 

produced approximately 10% more offspring when remating with a local male as 

opposed to a foreign one. The rank order of female offspring production is the same as 

the defence assay; Bb1 and Bb3 females produced the most and least offspring 

respectively. Also similar to the defence assay, there is a significant, negative relationship 

between P1 and female productivity (Model II regression, F1, 7=26.01, Productivity = 

21.64 - 39.82*P1, r
2
=0.79, p<0.001) (Figure 2.9). 

 We found a significant relationship between female population of origin and 

remating propensity with 95%, 86% and 88% of Bb1, Bb3 and Bb5 females remating 

respectively in the offence assay (Contingency Analysis, G-test, χ
 2

=29.04, p<0.0001, 

n=1683) and no relationship between male population of origin and likelihood of 

remating (Contingency Analysis, G-test, χ
 2

=0.75, p=0.7, n=1683). Interestingly, using a 

conservative measure of remating propensity (including only females producing mixed 
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broods, we found that males, differed in their ability to ‘convince’ females to remate as 

46%, 44% and 38% of females remated when B1, B3 and B5 males were in the male 2 

position, respectively (Contingency Analysis, G-test, Χ
2
=1.3, p<0.05, n=1683). Female 

results did not change when using the conservative estimate. 

Discussion 

  The B-complex represents a unique opportunity to study population divergence. 

The populations show considerable homogeneity for several life-history traits and were, 

in fact, initially designed as a control to populations being selected for postponed 

senescence, among other things (Rose 1984, Leroi et al. 1994, Rose et al. 2004). They 

appear, on the surface, to have already undergone the major features of adaptation to their 

laboratory culture protocol and are therefore likely close to an equilibrium point governed 

by mutation-selection balance, with drift minimized by large population size. However, it 

is possible that intersexual co-evolution is occurring within individual populations, acting 

in conjunction with drift to drive them down divergent evolutionary trajectories with 

respect to one another. 

Long et al. (2006) showed that interactions between individuals from allopatric 

populations in the B-complex influence female fitness, indicating divergence potentially 

resulting from intersexual co-evolution. Our experiment differs explicitly from those of 

Long et al. (2006) in several ways. First, our experimental design is inherently suitable 

for tracking male fitness in interpopulation interactions. Each heterotypic combination 

consists of one male type that is potentially co-adapted to the female of interest and 

therefore holds the “home court”, for better or worse, in competition with foreign males. 

The homotypic combinations therefore serve as excellent controls to which the fitness of 
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challenger (foreign) males in heterotypic crosses can be compared. Also, the use of our 

replica populations enabled us to initiate interactions beginning at the hatching stage 

through the completion of the life cycle, providing a more realistic measure of fitness. 

Lastly, we were able to pit individuals from isolated populations in direct competition, 

both in terms of competitive fitness and sperm competition, freeing us from the potential 

confounds associated with the use of outside tester stocks. We report here on our 

derivation of a new, unique system to study these interactions and our first attempt at 

using it to tease apart the contribution of separate reproductive components to fitness 

differences when populations interact, specifically those involved in post-copulatory 

interactions. 

Competitive Fitness Assay 

The Bb System- The incorporation of genetically marked replica populations into 

the B-complex is a potentially powerful tool for studying reproductive interactions 

between these populations. To ensure the validity of this approach we ran several checks 

to determine whether the introgression of the brown eye-colour marker had general 

harming effects or differential effects in particular populations which may confound 

reproductive interactions. When populations were pooled, we found no evidence for 

general effects of the mutation on viability with both sexes included in the analysis or 

considering male and female viability separately, suggesting that the mutation has no 

general effects on juvenile survivorship. We also found no differences in male or female 

viability between Bb populations, suggesting that the introgression of the marker did not 

interact with different genetic backgrounds to produce variable effects on juvenile 

survivorship between populations.  
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There was some evidence that the mutation influences the outcome of sperm 

competition in sperm ‘defence’ as average P1 varied between B males and their Bb 

replicas. However, in one case, the Bb male type actually had higher sperm precedence 

than its B equivalent, suggesting at the very least, that the mutation is not inherently 

detrimental to sperm competitive ability. Also, comparison of sperm precedence values in 

control combinations showed that equivalent B and Bb males are, on the whole, markedly 

similar to each other.  We must note  that since foreign (B) male fitness was calculated as 

the frequency of F1 offspring produced by B-males relative to their abundance in 

competition vials, consistently having fitness values above zero (that is, higher fitness 

than the null expectation) suggests that B males may be inherently stronger competitors 

than Bb males. This could be due to pleiotropic effects of the mutation having effects on 

adult performance, direct effects of impaired vision (W.R. Rice, pers. comm.), or female 

preference for wildtype males. Most importantly, however, we found no evidence for 

differences in male fitness between Bb populations over a whole generation. Therefore, 

the mutation does not affect male performance in Bb populations differentially, and the 

homotypic crosses are therefore adequate controls to which male fitness in heterotypic 

crosses can be compared. We conclude that introduction of the mutation did not generate 

variation in performance among Bb males and the potential for mutation-driven artefacts 

strongly influencing the outcome of male × male interactions is slim. Introduction of the 

marker may have had some effect upon female fitness, as measured by productivity; 

however, and this is discussed further below. 

Female Fitness – Our experimental design differed from that of Long et al. (2006) 

which was set up explicitly to measure female responses to interactions with foreign 
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males. In our design, females interacted with a mixture of both novel (whose local 

females were also present) and locally co-adapted males throughout their entire life cycle. 

However, even though only ½ of the males in a vial were experimentally varied, 

comparing female fitness in heterotypic crosses to homotypic controls may still provide 

some insight into the influence of foreign males on female fitness. Consistent with Long 

et al. (2006), we see evidence for population × population interactions that affect female 

fitness. Interestingly, we see some strong lineage specific effects on female fitness. Bb1 

and Bb2 females always show elevated fitness in response to the presence of foreign 

males while Bb0 females show only depressed fitness responses when foreign males are 

present. Consistent changes in fitness in one direction in response to the presence of 

foreign males may be due to breakdowns of co-adapted reproductive interactions 

(mutualistic or antagonistic in nature) when females interact with foreign males as 

opposed to local ones. 

Male Fitness – Our experimental design was particularly well-suited to look at 

how population combinations affect male fitness from the perspective of foreign males 

competing for females with local males. However, we found no significant population × 

population interactions affecting male fitness, and nor was there any evidence that males 

in any particular B population are generally superior competitors. We did, however, see 

strong evidence for local coadaptation between mates; foreign males were generally 

outcompeted by local males. In 22/30 heterotypic crosses, males show depressed fitness 

relative to their control environments. Again there is lineage specificity as B2 and B5 

males always show depressed fitness responses in competitive interactions relative to 

controls, as do B3 males in 4/5 mixed interactions.  
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There are several possible sources for the observed differences in male fitness. 

Since there were no differences in male viability due to the mutation, they are not likely 

developmental in origin unless the mutation slowed development enough to reduce male 

mating opportunities. However, given that the bw
1
 mutation typically increases 

development time by 8-12h in our stocks (AKC unpublished data) and adults are 

promiscuous and interact for up to 5 days prior to egg collection for the next generation, 

this explanation seems unlikely. The depressed fitness of foreign males may therefore 

reflect any of two disrupted processes: (1) reduced attractiveness and an inability of 

foreign males to properly stimulate females in courtship or (2) reduced success in post-

copulatory sexual selection. Considering the first possibility, Drosophila courtship is an 

elaborate process involving sensory, chemical and auditory cues (Greenspan and Ferveur 

2000) and components of mating behaviour have been shown to diverge rapidly leading 

to assortative mating within populations (Coyne and Orr 1989, Ritchie and Gleason 1995, 

Coyne and Orr 1998). Also, previous work on these populations provided some evidence 

for divergence of traits involved in PCCS (Long et al. 2006) and rapid evolution of these 

types of traits is well documented (Begun et al. 2000, Swanson et al. 2001, Miller and 

Pitnick 2002, Begun and Lindfors 2005). Since measuring variation in patterns of sperm 

precedence also provides an indirect look at mating behaviour, we decided to initially 

focus on divergence of these traits as a potential explanation for foreign males inferiority 

to local males in overall competitive fitness. 

Sperm Competition and Remating – In the ‘defence’ assay we did not see any 

indications that males differ in their ability to defend sperm in the reproductive tract 

against males with whom females recently evolved, nor did we see any interactions 
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between male and female population of origin on P1. This result was somewhat 

unexpected. If accessory proteins in the ejaculate (Acps), for example, rapidly evolve we 

might have expected them to diverge in these populations creating alternative ‘defence’ 

strategies between allopatric males. There is a potential artefact in the experimental 

design relating to the culture regime of these populations. Because flies have 

approximately five days to interact as adults, there may not be strong selection on males 

to invest in strong ‘defence’ with virgin females. If females remate several times, there 

may be few benefits to mating early on (using conservative estimates almost 50% of 

females remated here within only 18 hours, and last-male sperm precedence is strong 

(≈80%)). Consistent with this notion, we did not see that males from any population were 

more or less likely to prevent a female from remating. Whether or not this would change 

with time and age is not known. 

  We found strong evidence that female genotype is important in determining the 

outcome of sperm competition: P1 differed significantly across female populations of 

origin. Variation in sperm displacement based on female genotype has been previously 

documented (Clark and Begun 1998) and this variation could arise from several possible 

sources. Our experiments allowed for sperm competition outcomes to depend on either 

the direct interactions within the female reproductive tract or variation in remating rates 

during the second (18h) phase with new males. We found that Bb1 females had the lowest 

average P1 values and were most likely to remate, while BB3 females had the highest 

average P1 values and were least likely to remate. We also found a negative relationship 

between P1 and female productivity, and last-male sperm precedence is very strong in D. 

melanogaster, with the most recently mated male siring the majority of offspring on 
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average (Gromko 1984). Variation in sperm precedence based on female genotype may 

therefore be a result of variation in female propensity to remate. Other potential sources 

include variable responses to the effects of Acps (Wolfner 2002) and variation in 

morphology of sperm storage organs (deVries et al. 1964, Miller and Pitnick 2002) or 

sperm storage patterns (Pitnick et al. 1999). 

In the ‘offence’ assay, we saw similar evidence for female control over the 

outcome of sperm competition and not surprisingly, since we used ‘P2’ as a measure of 

sperm precedence (since male 2 was the focal (foreign) male in this case) the rank order 

of the female effect switched, with Bb1 females having the highest P2 levels and Bb3 

females having the lowest. Again, we see that Bb1 and BB3 females were most and least 

likely to remate respectively, and the same relationship between P1 and total 

productivity. As such, the possible sources of variation in female P1 in the ‘defence’ 

assay apply for variation seen in ‘P2’ in the ‘offence’ assay. Although some studies have 

pointed to the importance of male × female interactions in determining the outcome of 

sperm competition (Clark et al. 1999, Miller and Pitnick 2002) the results of our 

experiment suggest that female genotype is perhaps the most crucial determinant of the 

outcome of sperm competition in these populations. This also illustrates the importance 

of breaking down fitness interactions into separate components. It appears that females 

are the primary determinants of sperm competition outcomes, but perhaps this differs for 

other interactions, such as courtship. 

A noteworthy difference between the two experiments was the marginally non-

significant (p=0.06) effect of male 2 in the offence assay. This suggests that while there 

were no general differences between populations on sperm defence, males from different 
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populations may exhibit some variation in competitive ability on sperm offence that is 

unrelated to defence ability. If and how ‘offence’ and ‘defence’ genotypes correspond has 

been controversial, even within Drosophila studies. There is considerable variation for 

traits related to sperm competition and some suggestion that ‘offence’ and ‘defence’ can 

be governed by different genes (Prout and Bundgaard 1977, Clark et al. 1995, Fiumera et 

al. 2007); however several studies have suggested that complex genotypic interactions 

limit the evolution of independent ‘offence’ and ‘defence’ phenotypes (Clark et al. 2000, 

Bjork et al. 2007). Variation in sperm ‘offence’ could be related to variation in ability to 

induce remating in previously mated females. Indeed, if we consider our conservative 

estimate for multiply mated females (those producing offspring from both male types) we 

see evidence that propensity to remate in females depends on the genotype of the second 

male. However females are least likely to remate with B5 males, who show the highest 

levels of P2 among male genotypes. Variation in sperm offense may also be a result of 

divergence in sperm related traits such as mobility, speed, size and shape (Snook 1997, 

Birkhead et al. 1999, Miller and Pitnick 2002, Snook 2005) or a result of differential 

investment in sperm competition based on plastic responses to female mating status 

(Friberg 2006). 

  The difficulty in determining the source of differences between males in P2 

illustrates an important point; divergence of different components of reproduction need 

not occur in a correlated fashion since they may be governed by different 

‘signal/receiver’ systems or harbour different levels of additive genetic variation. The 

outcome of sperm competition itself is governed not just by sperm-sperm or sperm-

female interactions, but the host of traits associated with courtship (Greenspan and 
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Ferveur 2002). B1 males being more adept at convincing females to remate may not lead 

to success in sperm competition if they produce smaller amounts of sperm than other 

males or are ineffective at displacing previously mated males’ sperm (although 

behavioural traits have been seen to correlate with success in PCCS; Spuhler 1978, 

McLain 1980, Simmons and Parker 1992, Arnqvist and Danielsson 1999) Our design 

limits us to speculation as to why males may vary in P2. Future work on these 

populations will need to quantify sperm related traits directly as well as consider 

behavioural aspects of reproductive interactions to see if variation exists between 

populations for these traits.  

 Female Productivity – As previously mentioned, in both the ‘defence’ and 

‘offence’ assays, there were significant effects of female genotype on productivity. 

Variation in productivity between Bb females may represent differential impacts of the 

mutation on fitness, or differential levels of inbreeding among populations. The latter is 

unlikely, since the rank order of female fitness measures (Bb5>Bb3>Bb1) differs from the 

rank order of productivity seen in this experiment (Bb1>Bb5>Bb3). The former 

explanation seems equally unlikely since there were no effects of female (Bb) population 

of origin on fitness over a single generation, although we have no contemporaneous 

measures of B female fitness for comparison. It is possible that differences in 

productivity resulted from interactions with female genotypes to the novel conditions 

used in this experiment. 

Both assays showed evidence for interactions between female genotype and that 

of the focal male (male 1 in ‘defence’ and male 2 in ‘offence’) on productivity which is 

suggestive of divergence of ‘signal/receiver’ systems involved in mating interactions. 
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Recalling that homotypic crosses in the sperm competition experiments contained a local 

male in both the male 1 and male 2 position, these crosses are suitable controls for testing 

the effects of foreign males on productivity. In the ‘defence’ assay there is no evidence 

that female productivity depends on whether they mate with a local or foreign male first 

when they mate multiply; average productivity between homotypic and heterotypic 

combinations differed by less than 1%. In ‘offence’, however there is a significant 

interaction between focal male and female genotype on female productivity and females 

tended to produce more offspring in homotypic versus heterotypic crosses (although the 

difference is negligible for Bb3 females and nonsignificant overall). Females produced 

approximately 10% more offspring when they remated with a local male as opposed to a 

foreign one.  Females may choose to remate for many reasons including replenishing 

sperm supplies, fertilization assurance or possibly “trading” up through cryptic female 

choice (Gromko 1984, Hunter et al 2003) and mating multiply has been seen to increase 

fertility, particularly in insects (Lefevre and Jonsson 1962, Arnqvist and Nilsson 2000). 

Our results suggest that it may be more beneficial for females to do so with a male to 

whom they have locally co-evolved.  

 Summary – Previous work on these populations has indicated their utility in 

studying population divergence resulting from intersexual co-evolution (Long et al. 

2006). We derived replica populations for each population in the B-complex to study the 

effects of divergence on male fitness and to break down reproductive interactions into 

separate components at a level that was previously unattainable. The results from our 

fitness assay provide evidence for the validity of this approach as the introgression of the 

genetic marker did not have varying impacts in the genetic backgrounds of the B-
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populations. Our results provide strong evidence that intersexual co-evolution can lead to 

population divergence in allopatry in the absence of ecological variation, leading to 

breakdowns of co-adapted reproductive interactions when individuals from allopatric 

populations interact. This is evident in that we see a general trend of foreign males being 

competitively inferior to males with whom females have co-evolved. 

 We found that females play a primary role in determining the outcome of sperm 

competition, possibly due to variation in remating propensity, although other possible 

explanations exist. We also provide some evidence that males between populations vary 

in ‘sperm offence’ but not ‘sperm defence’. Sperm ‘offence’ is comprised of multiple 

traits including those involved in procuring matings from previously mated females and 

removing or displacing sperm already held within the female reproductive tract. We were 

unable to tease apart these factors here, illustrating the importance of breaking down 

reproductive interactions that may be governed by different genetic components. Future 

work should involve quantifying variation in mating behaviour between populations as 

well as determining whether it is correlated with variation in traits associated with PCCS. 

 

 

 

 

 

 

 

 



50 

 

Figures and Tables 

Table 2.1.  Model II ANOVA (F39, 138=2.0927, p<0.001) of female fitness in different 

experimental combinations of populations.  There was no variation in female fitness 

between Bb populations, but female fitness depended on B (foreign male) population of 

origin and there was an interaction between B and Bb population of origin on female 

fitness. 

Source D.F 

<umerator 

Sum of 

Squares 

F.Ratio Prob>F 

B Population 5 1451.37 3.32 0.05 

Bb Population 5 575.462 1.32 0.3 

B Population x Bb Population 25 2190 1.59 0.05 

Replicate 4 225.987 1.03 0.4 
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Figure 2.1. Female fitness measured as per capita offspring production for all population 

combinations. There was a significant effect of experimental population of origin and an 

interaction between experimental and female population of origin on female fitness. 

Female fitness in homotypic, control population combinations are shown as squares. 

Vertical error bars represent mean standard error.  Horizontal dashed lines represent 

female fitness in homotypic control combinations. Relative to controls, female fitness 

increased in 17/30 heterotypic combinations. 
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Table 2.2. Model II ANOVA (F39, 138=1.05, p=0.4) of B male fitness in different 

experimental combinations of populations. There was no significant variation found 

between B or Bb populations, nor was there an interaction between them on male fitness. 

 

Source D.F 

<umerator 

Sum of 

Squares 

F.Ratio Prob>F 

B Population 5 31.66 0.1977 0.96 

Bb Population 5 330.37 2.0628 0.1 

B Population x Bb 

Population 25 800.94 1.0376 0.42 

Replicate 4 99.2 0.8032 0.52 
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Figure 2.2. There was no significant effect of male population of origin, competitive 

population or an interaction between them on male fitness. To factor out viability 

differences, male adult fitness was calculated as the frequency of F1 offspring produced 

by the challenger (B) males compared to their relative abundance in competition vials. 

Values are generally positive because these were wildtype males and are more fit than the 

brown-eyed Bb males. Male fitness in homotypic, control population combinations are 

shown as squares. Vertical error bars represent mean standard error.  Horizontal dashed 

lines represent male fitness in homotypic control combinations. Relative to controls, male 

fitness was depressed in 22/30 heterotypic combinations. 
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Figure 2.3. Average male fitness in the two different types of experimental population 

combinations. On average, males had significantly higher fitness in homotypic, control 

combinations than in heterotypic combinations in which they were competing with males 

to whom females are potentially co-adapted. Vertical bars represent standard error. 
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Table 2.3.  Model II, nested ANOVA (F17, 1696=4.12, p<0.0001) for experimental 

combinations of male and female on net P1 in the ‘defence’ assay. There was significant 

variation between female populations of origin on net P1. There was no variation 

between male populations of origin, or an interaction between male and female 

population of origin on net P1. 

 

Source D.F 

<umerator 

Sum of 

Squares 

F.Ratio Prob>F 

Female 2 5.02 28.44 0.01 

Male  2 0.39 2.2 0.23 

Male  x Female 4 0.35 0.96 0.43 

Block 4 0.55 1.2 0.3 

Bundle(Block) 5 0.03 0.06 0.99 
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Figure 2.4. There was no significant effect of male population of origin or an interaction 

between male and female population of origin on net P1 in the ‘defence’ assay. There 

was a significant effect of female population of origin on net P1. Square points represent 

homotypic combinations in which both male 1 and male 2 are from the same population 

as the focal female. Vertical error bars represent standard error. 
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Table 2.4.  Model II, nested ANOVA (F17, 740=2.48,  p<0.001) for experimental 

combinations of male and female on P1 in the ‘defence’ assay using only females that 

produced mixed broods of offspring. There was significant variation between female 

populations of origin on P1. There was no variation between male populations of origin, 

or an interaction between male and female population of origin on P1. 

 

Source D.F 

<umerator 

Sum of 

Squares 

F.Ratio Prob>F 

Female 2 0.73 9.74 0.05 

Male  2 0.02 0.21 0.82 

Male  x Female 4 0.15 1.25 0.29 

Block 4 0.06 0.39 0.85 

Bundle(Block) 5 0.3 6.36 0.03 
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Table 2.5.  Model II, nested ANOVA (F17, 1665=3.92, p<0.0001) for experimental 

combinations of male and female on net P2 in the ‘offence’ assay. There was significant 

variation between female populations of origin on net P2. There was a marginally non-

significant effect of male population of origin, but no interaction between male and 

female population of origin on net P2. 

 

Source D.F 

<umerator 

Sum of 

Squares 

F.Ratio Prob>F 

Female 2 3.992 44.93 0.001 

Male  2 0.55 6.15 0.06 

Male  x Female 4 0.18 0.46 0.76 

Block 4 0.33 1.23 0.41 

Bundle(Block) 5 0.34 0.69 0.62 
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Figure 2.5. There was no significant effect of male population of origin or an interaction 

between male and female population of origin on net P2 in the ‘offence’ assay. There was 

a significant effect of female population of origin on net P2. Square points represent 

homotypic combinations in which both male 1 and male 2 are from the same population 

as the focal female. Vertical error bars represent standard error. 
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Table 2.6.  Model II, nested ANOVA (F17, 703=2.05,  p<0.01) for experimental 

combinations of male and female on P2 in the ‘offence’ assay using only females that 

produced mixed broods of offspring. There was significant variation between female 

populations of origin, however there was no significant variation between male 

populations of origin and no interaction between male and female population of origin on 

P2. 

 

Source D.F 

<umerator 

Sum of 

Squares 

F.Ratio Prob>F 

Female 2 0.57 8.15 0.05 

Male  2 0.24 3.5 0.13 

Male  x Female 4 0.14 1.06 0.38 

Block 4 0.17 1.99 0.23 

Bundle(Block) 5 0.11 0.64 0.67 
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Table 2.7.  Model II, nested ANOVA (F17, 1696=23.24, p<0.0001) for experimental 

combinations of male and female on female productivity in the ‘defence’ assay 

incorporating all females into the analysis. There was significant variation between 

female populations of origin as well as an interaction between male and female 

population of origin on female productivity.  

 

Source D.F 

<umerator 

Sum of 

Squares 

F.Ratio Prob>F 

Female 2 10297.1 45.68 0.001 

Male  2 335.56 1.49 0.33 

Male  x Female 4 451 3.64 0.01 

Block 4 771.44 3.11 0.12 

Bundle(Block) 5 309.96 2 0.08 
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Figure 2.6. In the ‘defence’ assay, there was no significant effect of male population of 

origin on female productivity over a 30 hour period. There was a significant effect of 

female population of origin and an interaction between male and female population of 

origin on female productivity. Square points represent homotypic combinations in which 

both male 1 and male 2 are from the same population as the focal female. Vertical error 

bars represent standard error. 

 

 

 

 

 

 



63 

 

 
Figure 2.7. In the ‘defence’ assay, there was a significant, negative relationship between 

female productivity and female P1 (Productivity = 21.72 - 40.69*P1). Values of P1 and 

female productivity represent means for each experimental combination (labelled as 

female × male population of origin). The line of best fit from a model II regression is 

plotted (Model II regression, F1, 7=46.9, r
2
=0.87, p<0.001). 
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Table 2.8.  Model II, nested ANOVA (F17, 1665=24.78, p<0.0001) for experimental 

combinations of male and female on female productivity in the ‘offence’ assay 

incorporating all females into the analysis. There was significant variation between 

female populations of origin on female productivity as well as an interaction between 

male and female population of origin.  

Source D.F 

<umerator 

Sum of 

Squares 

F.Ratio Prob>F 

Female 2 8525.01 26.81 0.01 

Male  2 181.083 0.57 0.61 

Male  x Female 4 636.597 5.93 0.0001 

Block 4 8525.01 1.26 0.4 

Bundle(Block) 5 950.472 7.09 0.0001 
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Figure 2.8. In the offence assay there was no significant effect of male population of 

origin on female productivity over a 30 hour period. There was a significant effect of 

female population of origin and an interaction between male and female population of 

origin on female productivity. Square points represent homotypic combinations in which 

both male 1 and male 2 are from the same population as the focal female. Vertical error 

bars represent standard error. 
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Figure 2.9. In the ‘offence’ assay, there was a significant, negative relationship between 

female productivity and female P1 (Productivity = 21.64 - 39.82*P1). Values of P1 and 

female productivity represent means for each experimental combination (labelled as 

female × male population of origin). The line of best fit from a model II regression is 

plotted (Model II regression, F1, 7=26.01, r
2
=0.79, p<0.001). 
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Chapter 3: Understanding the role of intersexual co-evolution in population divergence: 

Does co-evolution between the sexes lead to variation in mating behaviour?  

Abstract 

 Three sister populations of Drosophila melanogaster that have experienced 

identical conditions for ≈ 700 generations were allowed to interact in experimental 

mating trials. Several traits involved in mating behaviour were quantified and mated 

females were allowed to lay eggs to exhaustion to determine if these traits correlated with 

female productivity from a single mating. We found no evidence that mating speed varied 

based on population of origin, or interactions between populations. However, copulation 

duration varied depending upon male population of origin and locally co-adapted mates 

engaged in longer copulations than foreign mates did on average. Total progeny 

production depended on interactions between male and female population of origin, 

implying that traits involved in post-copulatory interactions may have diverged between 

these populations. We saw no evidence, however, that behavioural traits were correlated 

with offspring production. We conclude that these populations have diverged with respect 

to both mating behaviour and post-copulatory interactions as a result of intersexual co-

evolution and that these ‘signal/receiver’ systems have not necessarily diverged in 

concert with one another. 

Introduction 

 

 The process of speciation remains one of the most studied and fundamentally 

important topics in Evolutionary Biology, as considerable debate over the mechanisms 

driving population divergence persists and empirical data continues to be gathered (Rice 

and Hostert 1993, Holland and Rice 1998, Turelli et al. 2001, Panhuis et al. 2001, 

Gavrilets 2003, Coyne and Orr 2004). Allopatric speciation has long been considered a 
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widespread mode of speciation in nature. Populations that become physically separated 

will inevitably experience novel environments and reduced gene flow. Divergent 

selection in new habitats may lead to the incidental evolution of reproductive isolation as 

a byproduct of local adaptation, leading to the creation of new species (Mayr 1942, Rice 

and Hostert 1993, Turelli et al. 2001). 

Reproductive isolation evolving between allopatric populations as a byproduct of 

divergent artificial selection has been documented in laboratory speciation experiments 

using Drosophila melanogaster (Burnett and Connoly 1974), Drosophila psuedoobscura 

(del Solar 1966), and Musca domestica (Hurd and Eisenberg 1975). Hurd and Eisenberg 

(1975) had subjected populations to only 16 generations of artificial selection for 

geotactic responses, suggesting that this process can act very rapidly. Local adaptation to 

variable medium, pH levels and temperature/humidity also led to the incidental evolution 

of reproductive isolation in allopatric, lab populations of Drosophila willistoni (De 

Oliveira and Cordeiro 1980), Drosophila melanogaster (Kilias et al. 1980) and 

Drosophila psuedoobscura (Dodd 1989). Similar results have been seen to occur in 

sympatry in Musca domestica and Drosophila melanogaster with levels of gene flow 

ranging from 30% to potential for complete gene flow between populations (Soans 1974, 

Hurd and Eisenberg 1975, Rice 1985, Rice and Salt 1988, Rice and Salt 1990).  

 Local adaptation in allopatry is clearly a potentially potent mechanism of 

speciation. However, in recent years, there has also been considerable interest in adaptive 

processes that are internal to populations and how these may promote reproductive 

isolation in allopatry. Specifically, considerable evidence suggests that intersexual co-

evolution can lead to the rapid evolution of reproductive traits, generating reproductive 
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isolation between populations and reducing interbreeding in reintroduction events 

(Panhuis et al. 2001, Turelli et al. 2001). The idea that co-evolution between the sexes 

can lead to reproductive isolation dates back to Fisher’s (1930) theory of runaway 

selection, which posited that the genes coding for elaborate secondary sexual traits are 

linked to those governing trait preferences. Due to this linkage, the trait and preference 

can co-evolve in a self-perpetuating manner within populations, potentially leading to 

assortative mating and reproductive isolation between populations. Formal treatments of 

Fisher’s models (Lande 1981) led to considerable interest in the role of sexual selection 

in speciation in the late 20
th

 century. Both verbal models and empirical work  (reviewed 

in Kirkpatrick and Ryan 1991, Andersson 1994) began to accumulate and pointed to 

sexual selection, driving the co-evolution of male traits and female preferences, as a key 

mode of population divergence even in the absence of local adaptation to the 

environment (Panhuis et al 2001).  

 In recent years, however, considerable evidence has suggested that the co-

evolutionary interests of the sexes are not always coincident, a phenomenon referred to as 

sexual conflict (Parker 1979, Chapman et al. 2003). This stereotypic discrepancy in the 

reproductive interests of the sexes was first illustrated by Bateman (1948) who illustrated 

a disparity in fitness payoffs to mating in Drosophila melanogaster and there is 

considerable evidence that conflict over mating decisions exists in nature (see Arnqvist 

and Rowe 2005 and literature review). Models of population divergence via sexually 

antagonistic co-evolution (SAC) propose that males evolve traits that increase their own 

fitness with incidental, detrimental effects on female fitness, prompting the counter-

evolution of “resistance” traits as opposed to “preference” ones. The cyclical nature of 
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these interactions could drive reproductive isolation since stochastic events make it 

unlikely that the same pattern of co-evolution will occur in separate populations. These 

models propose that sexual conflict, like sexual selection, can drive population 

divergence in the absence of environmental differentiation (Holland and Rice 1998, 

Parker and Partridge 1998, Gavrilets 2003, Martin and Hosken 2003, Rice et al. 2005). 

Genes, proteins and morphological traits involved in reproduction have been shown to 

evolve quite rapidly, suggesting that intersexual co-evolution, be it antagonistic or 

cooperative, is a potentially important mechanism of speciation (Kirkpatrick and Ryan 

1991, Swanson and Vacquier 2002, Miller and Pitnick 2002, Chapman et al. 2003, Begun 

and Lindfors 2005, Haerty et al. 2007). 

In our laboratory, we have a system of populations that is near-ideal to study how 

population divergence can result from intersexual co-evolution. The ‘B-Complex’ 

consists of six large, outbred populations of Drosophila melanogaster. Each population 

in the complex was derived from a common, laboratory-adapted ancestor and has 

experienced independent evolution in identical environmental conditions since being 

isolated approximately 700 generation ago. Therefore, the potential for natural selection 

to act differentially between populations is likely small. Indeed, the populations have 

shown considerable homogeneity for several life-history traits (Leroi et al. 1994, Rose et 

al. 2004). Intersexual co-evolution, however, may still act within populations and interact 

with drift to drive populations down divergent co-evolutionary trajectories. 

 As discussed previously (see literature review), interpopulation interaction 

experiments are commonly used to detect population divergence resulting from 

intersexual co-evolution, on the basis that interactions between individuals from 
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allopatric populations could yield visible effects on fitness if patterns of co-evolution are 

unlikely to be duplicated in separate populations (Holland and Rice 1998, Parker and 

Partridge 1998). Male × female interactions on fitness and fitness components in several 

species have been documented (Andres and Arnqvist 2001, Hosken et al 2002, Nilsson et 

al 2002, Attia and Tregenza 2004, Fricke and Arnqvist 2004) but results within and 

between studies were inconsistent, likely due to experimental artefacts making it difficult 

to attribute results to intersexual co-evolution (see literature review for a full review). 

 Using the ‘B-complex’ of populations minimizes the potential for experimental 

artefacts, potentially enabling us to isolate intersexual co-evolution as the root cause of 

population interactions affecting fitness. Previous studies on these populations yielded 

population × population interactions influencing female fitness, suggested that foreign 

males are outcompeted in competitive fitness interactions by local males and that these 

populations have diverged with respect to traits involved in post-copulatory competition 

and selection (PCCS) (Long et al. 2006, see chapter 2). These studies also illustrated the 

importance of understanding the nature of different ‘signal/receiver’ systems involved in 

reproductive interactions as we saw suggestive evidence that behavioural traits may 

influence the outcome of sperm competition. We currently, however, have little to no 

understanding of traits associated with mating behaviour in these populations. In fact, 

consideration of such traits in interpopulation interaction experiments is generally 

lacking, largely being limited to measures of mating rate. 

 Behavioural traits are often highly variable (Manning 1963, Gromko 1991) 

correlated with fitness (Prakash 1967, Parsons 1972) and are important precursors of 

reproductive isolation that are potentially rapidly evolving due to intersexual co-evolution 
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(Coyne and Orr 1989, Ritchie and Gleason 1995, Coyne and Orr 1998, Gleason and 

Ritchie 1998, Korol et al. 2000, Singh et al. 2005, Snook et al. 2005).  We used 

interpopulation interactions between a subset of populations from the B-complex to 

quantify traits involved in two mating behaviours: mating speed (the duration of time 

until a pair begins copulation) and duration of copulation. To determine whether these 

traits are correlated with offspring production (and potentially traits involved in PCCS) 

females were allowed to lay eggs until exhaustion following a single mating event. We 

show evidence for divergence of traits involved in mating behaviour between males of 

the B-populations, indicating that these traits can evolve rapidly in allopatry. We also 

provide evidence for interactions between populations on female offspring production 

from a single mating; suggesting that traits associated with PCCS have also diverged 

between populations. We saw no evidence for a relationship between traits involved in 

mating behaviour and PCCS.  

Methods and Materials 

Stocks 

The features of the ‘B-complex’ of populations are well described previously (see 

literature review and chapter 2).A subset of populations from the B-complex was chosen 

for this study (populations B1, B3 and B5) to maintain congruence with previous 

experiments that also used these populations. 

Mating Observations 

 On day 9 of their culture cycle, males and females were collected from their 

respective populations as virgins using light CO2 anesthesia. Single flies were housed in 

vials containing fresh medium and were kept in isolation until the mating trials took 
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place. Mating trials were conducted for all possible male/female combinations using a 

3X3 matrix design based on population of origin (9 male/female combinations in all). 

Mating pairs containing males and females from the same population will henceforth be 

referred to as homotypic (control combinations) while combinations containing males 

and females from separate populations will be referred to as heterotypic. Trials were run 

in 2 discrete blocks to minimize the amount of observations at one time and optimize the 

observers’ abilities to accurately record data.  

 On day 12 of the culture cycle, males and females were paired together and 

mating traits were observed and recorded. To avoid potential confounds based on “home 

advantage”, all males were transferred into female vials for mating trials. For all mating 

pairs, observers recorded mating speed (the elapsed time from male transfer to the 

initiation of copulation) as well as the duration of copulation for each mating pair. 

Observations took place for one hour, after which any pairs that did not start mating 

within 30 minutes of the start of the last copulating pair were discarded.  

Progeny Production 

 A benefit of this experimental design was that we were able to quantify traits 

associated with PCCS in addition to measuring traits involved in mating behavior, by 

determining the number of progeny produced from a single mating. This also enabled us 

to determine whether the evolution of these two reproductive interactions is correlated. 

Since these populations show high egg hatchability in interpopulation crosses and 

viability does not influence female productivity in local versus foreign crosses (Long et 

al. 2006) the progeny produced from a single mating may be a good proxy for sperm 

transfer/storage. Upon the completion of copulation, males were aspirated from the vials 
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with no anesthesia to prevent the occurrence of multiple matings. To determine the 

number of progeny produced by a female after a single mating, females were kept in 

isolation and transferred to vials containing fresh medium and 2mg of yeast on a daily 

basis until they stopped producing fertilized eggs. Vials were checked daily for larval 

activity following the transfer of a female to a new vial. When no larval activity was 

noted for a period of four days it was determined that the female would not produce 

anymore fertilized eggs and was subsequently removed from the experiment. No females 

in the experiment laid fertilized eggs for a period of longer than 25 days. Progeny 

produced by each female were counted as they emerged to determine the number of 

offspring produced from a single mating.   

Statistical Analysis 

All statistical analyses were performed using JMP version 7.0 statistical software. 

A model II ANOVA, with populations of origin entered as random effects, was used to 

test for an effect of male and female population of origin or an interaction between them, 

as well as an effect of block, on mating speed, copulation duration and progeny produced 

from a single mating. A mixed model ANOVA with block entered as a random effect was 

used to determine if there was an effect of cross-type (homo- versus heterotypic) on the 

aforementioned traits. A model II regression analysis was used to determine whether 

there is a relationship between mating speed and copulation duration using the mean 

values from each experimental combination. To test whether traits involved in mating 

behaviour and PCCS were correlated, Model II regression was used to determine if there 

is a relationship between mating speed/copulation duration and total progeny (mean 

values for each combination used in analysis) produced from a single mating.  
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Results 

Mating Behaviour – ANOVA revealed no significant effect of male (F2, 4=3.07, 

p=0.16) or female (F2, 4=1.35, p=0.36) population of origin or an interaction between 

them (F2, 284=0.83, p=0.51) on mating speed (Table 3.1; Figure 3.1). There was also no 

significant effect of cross type on mating speed (ANOVA, F1, 292=0.83, p=0.36). Our 

ANOVA did reveal an effect of block on mating speed (Table 3.1); however there was no 

interaction between block and male type (ANOVA, F2, 288=0.9,  p=0.41) or female type 

(ANOVA, F2, 288=0.08,  p=0.92). Ambient conditions and experimental handling were 

held consistent between blocks and the lack of an interaction between male or female 

population of origin and block indicates that these results were not likely spurious due to 

variable conditions between blocks.  

 ANOVA revealed a significant effect of male population of origin (F2, 4=6.78, 

p=0.05) on copulation duration, but no effect of female population of origin (F2, 4 =3.77, 

p=0.81), or an interaction between them (F4, 284=1.32, p=0.26) (Table 3.2; Figure 3.2). B5 

males mated for 1.13 and 2.15 minutes, or 7% and 13% longer than B1 and B3 males 

respectively. B3 males had both the slowest mating speed and shortest copulation 

duration time. ANOVA did not reveal a significant effect of cross-type on copulation 

duration; however, the result was marginally non-significant (ANOVA, F1, 292=3.32, 

p=0.07) with homotypic matings lasting approximately 5% longer than heterotypic ones 

(Figure 3.3). There was no significant relationship between copulation duration and 

mating speed (Model II regression, Duration=21.14-0.35*MatingSpeed, F1, 7=1.56, 

r²=0.18, p=0.25, n=9). 
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Progeny Production – ANOVA revealed no significant effect of male (F2, 4=0.79, 

p=0.51) or female (F2, 4=1.44, p=0.34) population of origin on total offspring production, 

but there was a significant interaction between them (F4, 260=2.86, p <0.05) (Table 3.3; 

Figure 3.4). The interaction shows that offspring production depended on the specific 

male × female combination, but that there were no overall performance differences 

between populations. There was no significant effect of cross-type on progeny production 

(ANOVA, F1, 267=1.53, p=0.22). There was no relationship between total progeny and 

copulation duration (Model II regression, TotalOffspring=765.30 

8.04*CopulationDuration, F1, 7=0.04, r
2
=0.01, p=0.84, n=9) or between total progeny and 

mating speed (Model II regression, TotalOffspring=495.57-10.11*MatingSpeed, F1, 7=0, 

r
2
=0, p=0.99). 

Discussion 

Mating Behaviour – Our primary goal here was to begin assessing the populations 

in the B-complex for variation in mating behaviour. We found no evidence for variation 

in mating speed based on male or female population of origin, or an interaction between 

specific male × female combinations. Females from the three focal populations in the B-

complex appear to be equally receptive to mating and males between these populations 

do not vary in their ability to procure initial matings. This suggests that mating speed is 

not likely an important fitness component, at least in laboratory populations of 

Drosophila melanogaster. In the lab, food is in ample supply and there are no risks 

associated with predation or disease. As such, females are less susceptible to costs 

associated with mating that make mate discrimination or “choosiness” important in 

nature (Bailey et al. 1993, Rowe 1994, Watson et al. 1998) potentially leading to 
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increased receptivity/decreased discrimination, at least initially. Indeed, females appear to 

mate quite readily as virgins in these populations; 84% of females mated within 30 

minutes in this experiment. 

Studies using lab populations of Drosophila have shown that mating speed is 

under strong, positive selection in males (Manning 1963) and therefore it is possible that 

after 700 generations little variation exists for this trait due to strong selection. Another 

possibility is that mating speed is under very weak selection in these populations due to 

the nature of their maintenance regime in the lab. Individuals interact for a period of 

approximately 4-5 days as reproductively capable adults. Procuring an early mating, on 

day 9 or 10 of the life-cycle for example, may be of little to no benefit if that female 

remates once or several times before day 14, because all eggs previously laid are 

discarded and the next generation is propagated. Previous work on these populations has 

shown some evidence for variation between males in convincing females to remate (see 

chapter 2) and courtship signaling may therefore vary between populations, but given the 

nature of the maintenance of these populations in the lab, we would not be likely to detect 

this via differences in mating speed. 

 We did see evidence; however, that copulation duration varies depending on male 

population of origin and results were suggestive the copulations between co-adapted 

mates last longer than those between foreign mates. Given the aforementioned points, 

copulation duration may, in fact, be a more reliable trait for measuring co-evolutionary 

signaling than mating speed. “Copulatory courtship”, events in which males perform acts 

during copulation that serve to stimulate female receptivity are seen in a variety of insects 

(Eberhard 1996, Edvardsson and Arnqvist 2000) and have been seen, in some species of 
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Drosophila, to potentially play a role in female choice (Hoikkala et al. 2000). Longer 

duration in homotypic matings may suggest cooperative co-evolution of ‘signal/receiver’ 

systems acting during copulation, or a stronger ability of local males to exploit local 

females. It has been suggested that longer copulation duration may influence sperm 

transfer (Birkhead and Moller 1993) but we did not see any evidence for a relationship 

between copulation duration and total offspring production. The benefits of longer 

copulation duration may not be detectable from a single mating however, if longer 

duration benefits males in sperm competition. This has been documented in several 

studies (McLain 1980, McLain 1989, Arnqvist and Danielsson 1999) and variation has 

been seen between males of these populations for competition in sperm offence (see 

chapter 2). In fact, the strongest competitors in sperm offence in a previous experiment 

also had the longest average copulation duration here, suggesting that prolonged 

copulation may benefit males in terms of higher sperm precedence when females mate 

multiply. 

Progeny Production – We found no evidence that progeny production varied 

based on either male or female population of origin, rather, we saw that it was a product 

of the specific male × female combination. Previous studies on these populations have 

shown variation for both male and female traits involved in PCCS (Long et al. 2006, see 

chapter 2). If offspring production from a single mating is a valid estimate of sperm 

transferred/stored from a single mating event, this suggests that successful transfer and 

storage of sperm, and subsequent fertilization, may depend on specific interactions 

between male and female genotypes as opposed to generic, population level differences 

in traits governing PCCS. Indeed, several studies at the individual level have shown that 
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the outcome of PCCS depends on male × female genotype interactions (Clark and Begun 

1998, Clark et al. 1999). We speculate briefly on possible sources of variation driving 

this interaction. 

Variation in offspring production from a single mating may reflect interactions 

between ‘signal/receiver’ systems of several kinds. For example, behavioural interactions 

between males and females may mediate “sperm dumping” post-mating, in which 

females eject a major fraction of the ejaculate transferred to them by their partners 

(Snook and Hosken 2004). Accessory proteins (Acps) in the male ejaculate are bioactive 

peptides that influence sperm storage and egg-laying, among other things, potentially 

affecting fertilization success and subsequent offspring production based on experimental 

combinations. The functions of Acps are often carried out as a result of molecular 

interplay between males and females, particularly with respect to successful sperm 

storage and stimulating egg-laying (Adams and Wolfner 2007, Ram and Wolfner 2007). 

Acps have been identified as rapidly evolving in sister species of Drosophila, possibly 

due to intersexual co-evolution (Begun et al 2000, Swanson et al 2001, Begun and 

Lindfors 2005) making them strong candidates for rapid divergence between these 

populations. Correlated evolution between sperm-related traits and components of the 

female reproductive tract has been documented in several species and may influence the 

outcome of PCCS (Briskie and Montgomerie 1993, Presgraves et al. 1999, Miller and 

Pitnick 2002, Pitnick et al. 2003). The interaction seen here could be a result of breaking 

up this type of co-adaptation when individuals from allopatric populations are allowed to 

interact. Finally, we cannot dismiss variation in sperm survivorship as a potential 

contributor to the observed variation in total progeny production. Future work should 
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quantify variation in traits such as morphology of reproductive organs or number of 

sperm transferred from a single mating to further understand the nature of traits driving 

this interaction.  

Summary – Previous work using the “B-complex” provided evidence for 

divergence between populations, primarily in traits associated with PCCS (Long et al. 

2006, Chapter 2). Here we document variation in mating behaviour between populations, 

as copulation time varied depending on male population of origin and lasted longer when 

mates were co-adapted. Our results suggest that traits involved in mating behaviour have 

been overlooked in previous interpopulation interaction experiments and may be 

important to our understanding of how intersexual co-evolution drives mating preferences 

and subsequent reproductive isolation in allopatry. We also found that offspring 

production from a single mating event depended on the population of origin of both the 

interacting male and female. This provides further evidence that ‘signal/receiver’ systems 

involved in PCCS have diverged between these populations and that the outcome of 

PCCS is driven by interactions between traits governing sperm transfer and/or sperm 

storage and subsequent fertilization success. We have found variation for traits involved 

in both mating behaviour and PCCS between populations in the B-complex; however we 

found no evidence for a relationship between either mating speed or copulation duration 

and total progeny production, suggesting that divergence of traits associated with these 

reproductive interactions may not be congruent. This illustrates that understanding the 

divergence of different reproductive interactions between populations will be crucial in 

advancing our understanding of how intersexual co-evolution drives population 

divergence in allopatry. 
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Tables and Figures 

Table 3.1. Model II ANOVA (F8, 285=1.67, p=0.09, n=294) for experimental 

combinations of male and female types on mating speed. There was no effect of male or 

female population of origin, or an interaction between them on mating speed. 

Source D.F 

<umerator 

Sum of 

Squares 

F.Ratio Prob>F 

Male 2 1212.29 3.07 0.16 

Female 2 534.29 1.35 0.36 

Male x Female 4 790.34 0.83 0.51 

Block 1 1093.11 4.59 0.03 
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Figure 3.1. There was no significant effect of male or female population of origin, or an 

interaction between them on mating speed. Squares and circles denote homotypic and 

heterotypic combinations respectively. Vertical error bars represent standard error. 
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Table 3.2. Model II ANOVA (F8, 285=2.97, p<0.01, n=294) for experimental 

combinations of male and female types on copulation duration. There was a significant 

effect of male population of origin on copulation duration. There was no effect of female 

population of origin or an interaction between male and female population of origin on 

copulation duration. 

 

Source D.F 

<umerator 

Sum of 

Squares 

F.Ratio Prob>F 

Male 2 224.82 6.78 0.05 

Female 2 7.54 0.23 0.81 

Male x Female 4 66.36 1.32 0.26 

Block 1 14.26 1.14 0.29 
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Figure 3.2. There was a significant effect of male population of origin on copulation 

duration, but no effect of female population of origin or male × female interaction. 

Squares and circles denote homotypic and heterotypic combinations respectively. 

Vertical error bars represent standard error.  
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Figure 3.3. There was a marginally non-significant effect of cross type on copulation 

duration (p=0.07). Homotypic matings last approximately 5% longer than heterotypic 

ones. Box plots show the 10
th

, 25
th

, 50
th

, 75
th

 and 90
th

 percentiles and all data outside this 

range. 
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Table 3.3. ANOVA (F8, 261=3.1, p<0.01, n=270) for experimental combinations of male 

and female types on total offspring production. There was no significant variation 

between male or female populations of origin on total offspring, but there was a 

significant interaction between them. 

 

Source D.F 

<umerator 

Sum of 

Squares 

F.Ratio Prob>F 

Male 2 43060.8 0.79 0.51 

Female 2 78803.8 1.44 0.33 

Male x Female 4 109189 2.86 0.02 

Block 1 204.67 0.02 0.88 
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Figure 3.4. There was no significant effect of male or female population of origin, but 

there was a significant interaction between them on progeny production. Squares and 

circles denote homotypic and heterotypic crosses respectively. Vertical error bars 

represent standard error. 
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Chapter 4: General Discussion 

 Critics have charged that interpopulation interaction experiments are limited in 

their ability to diagnose population divergence due to intersexual co-evolution, claiming 

they are too difficult to interpret, and, that it is too difficult to assign mechanistic 

explanations to results. I have demonstrated the power of this approach and suggest that 

earlier frustrations with this technique were based largely on both flawed experimental 

design and theoretical predictions. Surely, attempting to determine the nature of 

population divergence based on fitness measures alone is difficult, if not impossible. 

Here, I have established that understanding the mechanisms of intersexual co-evolution 

requires a system amenable to such analysis in that it allows us to avoid the potential for 

experimental artefacts, allowing us to attribute interactions to intersexual co-evolution. 

Also, we must go beyond measures of fitness, breaking fitness differences down into 

separate reproductive interactions. In doing so, I have not settled the issue of how 

intersexual co-evolution drives population divergence entirely, but I have made great 

strides forward. The trend of foreign males being outcompeted by local males suggests a 

breakdown of co-evolved reproductive interactions when individuals from allopatric 

populations interact. I have also seen that variation in female traits plays a strong role in 

determining the outcome of post-copulatory competition and selection and documented 

variation in traits involved in male mating behaviour. By defining the reproductive 

phenotype more clearly I have highlighted clear candidates for evolved change providing 

a direction for future work.  

My results suggest that intersexual co-evolution can drive evolutionary change 

quite rapidly. We see evidence for divergence after 700 generations which is long for a 

Drosophila experiment, but represents an extremely short period of evolutionary time and 
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is short compared to many other examples of divergence. Richard Lenski’s group, for 

example has followed the evolution of a dozen laboratory E. coli populations for over 20 

years and witnessed novel evolutionary change in one population (the ability to 

metabolize citrate) causing increases in population size and diversity after more than 

30,000 generations (Blount et al. 2008). Seeing such rapid changes in our experiments 

may speak to the importance of sexual dynamics in driving evolutionary change. 

Recently, it has been suggested that there is little evidence that intersexual co-evolution 

acts as a driver of speciation and that this process likely only plays a complementary role 

alongside ecological speciation (Ritchie 2007). I have shown that intersexual co-

evolution can drive the rapid evolution of reproductive traits in the absence of ecological 

selection in allopatry, implicating this process as a potentially potent mechanism of 

speciation. 
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