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Abstract
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Sexual selection, in which one sex typically males - competes
for access to the other sex while females exert partner choice,
along with sexual conflict which occurs when the reproductive in-
terests of the sexes are not aligned, has the ability to drive the
evolution of reproductive traits. The forces of sexual selection and
sexual conflict can target traits across the whole organism, includ-
ing behaviour, physiology, and anatomy. I assessed the effects of
sexual selection and sexual conflict in driving reproductive trait
evolution across the whole organism in the Drosophila obscura

species group. In chapter 2, I examined remating behaviours in
experimentally evolved populations of Drosophila pseudoobscura

manipulated under different sexual selection and sexual conflict
regimes. I found that sexual selection/conflict has targeted mat-
ing behaviour. When males and females were allowed to interact
continuously, sexually selected males courted females more fre-
quently than males that did not evolve in an environment with sex-
ual selection. However, this did not affect the number of rematings
by females that either had or had not evolved under sexual selec-
tion. I also found evidence of sexual conflict in that females who
had not evolved under sexual selection (and therefore no sexual
conflict) had significantly more progeny over their lifetime than fe-
males who had evolved under sexual conflict. In chapter 3, I inves-
tigated whether males from these experimental sexual selection
populations had evolved differences in reproductive physiology by
describing and quantifying proteins from the accessory glands of
male D. pseudoobscura. Accessory gland proteins (Acps) trans-
ferred to the female during mating can alter her behaviour and
physiology. Using mass spectrometry, I identified a subset of 395
proteins carrying a secretion signal, as it is these proteins that are
candidates for being transferred to females during mating. Sub-
sequent gene ontology analysis showed enrichment for predicted
biological functions relating to reproduction, such as sperm com-
petition and post-mating female receptivity, suggesting that I had
identified relevant proteins. While there are some unique proteins
arising in the different sexual selection populations, the majority of
these had no known function or were not annotated as being as-
sociated with reproductive functions. In chapter 4, I asked whether
variation in sperm morphology, a target of sexual selection due to

v



sperm competition and cryptic female choice, influences intracel-
lular sperm-egg interactions (ISEI) that could then mediate suc-
cessful fertilisation. To address this question, I developed a novel
methodology by which various ISEI parameters could be mea-
sured. Data analysed demonstrates the effectiveness of such an
approach, which can be used in future studies to quantify ISEIs
and test the extent to which sexual selection can influence them
both within and among species. Overall, in this thesis, I find evi-
dence for substantial effects, across the whole organism, in which
sexual selection can influence multiple episodes of selection, from
pre-copulatory through to post-copulatory effects.
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Chapter 1. Introduction 

Sexual selection is responsible for driving the evolution of traits associated with 

reproduction and therefore has the ability to influence the reproductive success of 

individuals (Andersson, 1994). The differential investment of females and males 

in the size of their gametes means that the sexes maximise their reproductive 

fitness in different ways; females typically benefit from producing a greater 

number of progeny over their lifetime (Bateman, 1948; Schärer et al., 2012; 

Fritzsche & Arnqvist, 2013), whereas males benefit from acquiring a greater 

number of females (Arnqvist & Nilsson, 2000). Owing to these differences, males 

are usually in competition for females and, as such, males can seek to improve 

their reproductive fitness by evolving a variety of behavioural, morphological 

and/or physiological traits. For example, males have evolved elaborate courtship 

displays in response to competition with other males (precopulatory; Snook et al., 

2005; Debelle et al., 2014). Males invest in precopulatory reproductive traits such 

as these elaborate courtship displays, to appear more attractive to females with 

the aim of securing access to a greater number of copulations. But, as females 

are naturally promiscuous in most organisms (Andersson, 1994), sexual selection 

can continue to act after copulation, until fertilisation occurs (Tregenza & Wedell, 

2000). So-called postcopulatory sexual selection comprises both male-male 

competition (known as sperm competition) and cryptic female choice and can act 

on postcopulatory traits, for example, components of the male seminal fluid that 

can alter female physiology and behaviour (Seminal Fluid Proteins, hereafter, 

SFPs; Chen, 1984; Avila et al., 2011; Civetta & Reimer, 2014) and female control 

over paternity (Pitnick et al., 1999). Some traits, such as the production of giant 

sperm (Pitnick et al., 1995a) in some species of Drosophila, carry fitness costs 

that can only be explained by having been shaped by sexual selection. The cost 

of such traits can only be outweighed by the increase in reproductive fitness as a 

consequence of possessing them. In this thesis, I examine a variety of both pre- 

and post-copulatory traits that could be shaped by sexual selection and/or sexual 

conflict.  
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First, I will discuss pre- and post-copulatory sexual selection, sexual conflict and 

reproductive isolation. I will then summarise the reproductive traits that form the 

focus of this thesis. Finally, I will then outline the key techniques used to study 

reproductive trait evolution in a model species group. 

Precopulatory sexual selection 

Sexual selection has the ability to drive divergence in mating traits and their 

associated preferences (Fisher, 1930). Precopulatory traits that can be shaped 

by sexual selection include ornaments, such as the peacock’s tail, and weaponry 

(Andersson, 1994), for example, antlers in male deer. These traits can be seen 

by females as honest signals of male quality because such traits are energetically 

expensive to produce and could cause the bearer to be conspicuous to potential 

predators.  

An example of precopulatory sexual selection discussed in more detail through 

this thesis is courtship behaviours. Males can employ elaborate courtship 

displays to outcompete rival males when females mate preferentially. These can 

be in the form of resources provided to the female, such as nests or nutrients 

(Andersson, 1994) or displays such as courtship dances and/or courtship songs 

(Snook et al., 2005). For example, females from populations of D. pseudoobscura 

selected under experimentally biased sex ratios (which modifies the strength of 

sexual selection; Kokko et al., 2006) prefer the courtship song of their coevolved 

males (Debelle et al., 2014). Males can attempt to coerce females to mate with 

them by exhibiting these, and other, “attractive” traits before mating. Once 

females mate, interactions between the sexes continue within the female 

reproductive tract (postcopulatory interactions). 

Sperm competition (postcopulatory sexual selection) 

Sperm competition is a form of male-male competition that occurs when the 

ejaculates of two or more males reside in a common female reproductive tract 

and therefore are in competition with each other for fertilisation of that female’s 

eggs (Parker, 1970). Sperm competition is widespread in insects because 
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females are typically promiscuous and they store sperm (Andersson, 1994). 

Since male reproductive fitness is linked to the number of partners they acquire 

(Arnqvist & Nilsson, 2000), males evolve a variety of traits that enhance their 

competitive ability in response to sperm competition. For example, males can 

alter testis size in response to selection (Pitnick et al., 2001a; Hosken & Ward, 

2001), modify the number of sperm they transfer per ejaculate or alter sperm 

morphological traits, such as sperm length. Sperm length has been shown to 

evolve rapidly in response to selection (Pitnick et al., 2003).  For example, in 

some organisms, longer sperm confer a selective advantage (Pitnick & Markow, 

1994; Bennison et al., 2014), in others, short sperm are preferentially utilised by 

females (Morrow & Gage, 2001). Some species of Drosophila demonstrate a 

phenomenon known as sperm gigantism (Pitnick et al., 1995a). Such long sperm 

carry fitness costs, such as delayed sexual maturity (Pitnick et al., 1995b), so can 

only be explained by serving some adaptive function in response to sexual 

selection. 

Males can also modify components of their seminal fluid, known as seminal fluid 

proteins (SFPs), which when transferred to females upon mating, can alter 

female physiology and behaviour (Chen, 1984; Avila et al., 2011; Civetta & 

Reimer, 2014). For example, males can utilise SFPs to delay female remating 

(Chen et al., 1988; Fricke et al., 2009), increase egg laying in mated females 

(Herndon & Wolfner, 1995; Chapman et al., 2001) and affect sperm storage and 

usage (Lung et al., 2002; Wigby et al., 2009). In Drosophila species, strong male 

mating order precedence exists, with 80% of progeny sired by the last male to 

inseminate the female in D. melanogaster (Gromko et al., 1984). Males that can 

manipulate females to delay remating, for example, may benefit from an 

increased opportunity to fertilise more of a female’s eggs during this time. 

Through evolving these traits, males can gain a significant advantage over other 

males and some studies have shown that males increase their accessory gland 

size (the tissue where some SFPs are produced) in response to sperm 

competition (Bangham et al., 2002; Baker et al., 2003; Crudgington et al., 2009; 

Wigby et al., 2009). Since the ejaculates of different males evolve in response to 
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sperm competition, this can create the potential for females to discriminate 

between these different ejaculates (known as cryptic female choice). 

Cryptic female choice (postcopulatory sexual selection) 

Multiple mating by females allows them to bias sperm usage (Eberhard, 1996). 

Cryptic female choice is any aspect of female behaviour, morphology and/or 

physiology that can affect paternity in favour of individual males after mating. 

These postcopulatory events can include sperm storage and use, oviposition and 

control over rematings (Ravi Ram & Wolfner, 2007; Avila et al., 2011). 

For example, females have been shown to release sperm from the reproductive 

tract after copulation with a second male (sperm dumping; Snook & Hosken, 

2004) and this does not require incoming ejaculates, neither sperm nor seminal 

fluids. Females can bias sperm storage and use by rapidly evolving sperm 

storage organs that selectively store sperm. For example, D. melanogaster 
females evolved longer sperm storage organs to selectively bias paternity to 

males with longer sperm. Consequently, males responded to female selection by 

evolving longer sperm (Miller & Pitnick, 2002).  

Females can also drive the evolution of SFPs through cryptic female choice 

(Eberhard, 1996; Wolfner, 2009). Females may evolve to increase their threshold 

to the action of certain SFPs (Chapman, 2001), to ensure only males with the 

highest quantity and/or quality activate her full post-mating response. This can 

provide females the opportunity to protect against fertilisation by low quality 

males. For example, the action of sex peptide (Acp70A) delays female remating 

(Fricke et al., 2009) and given that, in Drosophila species, 80% of progeny are 

sired by the last male to inseminate the female (Gromko et al., 1984), females 

may suffer costs of being fertilised by low quality males. If a female can increase 

her response threshold to the action of Acp70A, she may remate faster if she 

received ejaculates of lower quality/quantity, than if she received higher quality 

and/or quantity of this seminal fluid protein. As such, cryptic female choice can 

select for increased quality and/or quantity of various seminal fluid components. 
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Intersexual coevolution (mutual or antagonistic) 

Reproductive traits evolve in response to a female preference for them (either via 

sexual selection or sensory bias; Fisher, 1930; West-Eberhard, 1984) and this 

can promote correlated evolution between the sexes which impacts both male 

and female reproductive fitness (Pitnick et al., 1999; Gavrilets et al., 2001). In 

mutual coevolution, female preference drives the evolution of a particular male 

trait, for example, females evolved larger sperm storage organs to selectively 

bias paternity towards males with longer sperm in D. melanogaster (Miller & 

Pitnick, 2002). As such, males evolved longer sperm in a correlated response to 

changes in female morphology. The costs associated with evolving longer sperm, 

such as an increase in development time (Pitnick et al., 1995a; 1995b), are 

presumably outweighed by the benefits the male receives in fertilisation 

opportunity.  

However, the reproductive interests of the sexes are rarely matched, owing to 

their differential investment in gametes (Bateman, 1948). These differences can 

drive the evolution of reproductive traits through a process known as sexual 

conflict (Parker, 1979; Stockley, 1997; Rice, 2000; Chapman et al., 2003). Both 

pre- and post-copulatory sexual selection can create the potential for conflict 

between the sexes. For example, male harassment as a result of courtship 

(precopulatory; Crudgington et al., 2010) and the evolution of SFPs 

(postcopulatory; Wolfner et al., 1997) can both cause harm to females as a by-

product of male-male competition (Rice, 1996). When the fitness of one sex is 

impaired, selection favours the evolution of traits that counteract the fitness loss 

(Parker, 1979; Chapman et al., 1995) and this can drive antagonistic coevolution 

that can promote increasingly harmful traits (Holland & Rice, 1998; Arnqvist & 

Rowe, 2005). In particular, both male harassment over courtship and the action 

of some SFPs can decrease female lifespan (Partridge & Fowler, 1990; 

Chapman et al., 1995) and it is thought these effects are driven by sexual conflict. 
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Reproductive isolation 

Both mutual and antagonistic forms of intersexual coevolution can generate inter-

sexual specialisation, as females and males that engage in reproductive 

interactions are able to influence the selection of each other’s traits. Sexual 

selection and/or sexual conflict can drive the divergence of reproductive traits and 

ultimately influence the ability of individuals (from the same or different 

populations) to mate and reproduce with each other (Clark et al., 2006). If 

coevolution occurs in different directions among populations, this can lead to 

individuals from one population being unwilling or unable to mate and reproduce 

successfully with individuals from another and could lead to reproductive isolation 

(Gavrilets, 2000). Therefore, the impact of sexual selection on reproductive traits 

can become a source of incompatibility between or within populations. There is 

evidence that sexual selection both with and without natural selection (good 

genes and runaway selection respectively) can drive the formation of isolating 

barriers (Panhuis et al., 2001; Coyne & Orr, 2004).  

As reproductive proteins are known to evolve rapidly (Swanson & Vacquier, 

2002; Clark et al., 2006), traits associated with both pre- and post-copulatory 

interactions can quickly respond to selection. As such, reproductive isolating 

barriers are subdivided into pre- and post-copulatory, i.e. behavioural isolation 

and gametic isolation (Coyne & Orr, 2004). Behavioural isolation includes traits 

that reduce the attractiveness of potential mates and is created by selection on 

mating preferences and signals (Panhuis et al. 2001; Ritchie, 2007), such as a 

female preference for a particular courtship song or ritual. Gametic isolation 

involves barriers that act between mating and fertilisation, for example, 

fertilisation failure when gametes interact and the disadvantage of heterospecific 

sperm compared to conspecific sperm (Howard, 1999; Matute & Coyne, 2010).  
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Patterns of remating 

Females are naturally promiscuous in a variety of organisms (Andersson, 1994) 

and often mate multiple times. The benefits of female remating are divided into 

two main categories; those that are direct (i.e. benefit the female personally) and 

those that are indirect (i.e. benefits a female by providing for her progeny). Direct 

benefits are those which provision the female in some way, such as ensuring an 

adequate supply of sperm (Ridley, 1988), resource acquisition (Ursprung et al., 

2009), harassment avoidance (Watson et al., 1998) and/or providing the 

opportunity for the female to select the “best” partner. Indirect benefits are more 

controversial due to the difficultly in directly testing for the mechanisms by which 

they occur but include progeny attractiveness (females are able to select sperm 

that will make their progeny the most attractive), progeny viability (females select 

for sperm that will improve the survival of her progeny) and/or genetic 

compatibility between sperm and egg (see Birkhead & Pizzari, 2002). As a result 

of this selection of sperm, the remating rate of females can strongly influence the 

intensity of sperm competition (Arnqvist & Rowe, 2005) and be costly to males as 

sperm competition can reduce paternity. Females can also suffer costs of 

remating, such as reduced lifespan (Fowler & Partridge, 1989; Chapman et al., 

1995) and exposure to disease and/or parasites (Kirkpatrick & Ryan, 1991).  

The optimum remating rate from the perspective of the female, the mating male 

and any rival males are a source of sexual conflict and as such, males evolve 

traits that either stimulate or inhibit remating depending upon their selective 

environment (e.g. the order in which the males mate with the female). For 

example, males can manipulate females by coercing them to remate more than 

their reproductive optimum (Parker, 1979), if the costs associated with resisting 

remating, (i.e. courtship harassment; Magurran & Seghers, 1994; Watson et al., 

1998; Gay et al., 2009), are greater than costs associated with multiple matings 

(e.g. premature female death; Chapman et al., 1995). Females may also remate 

when they are sperm depleted (Trevitt et al., 1998). This benefits the female as 

she can produce a greater number of progeny. Female remating interval can also 
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be manipulated by the action of SFPs, which can act to delay female remating as 

a result of competition between males (Chen et al., 1988; Wigby et al., 2009).  

The advantage for males remating seems obvious, the more females he mates 

with, the more progeny he could potentially sire. Males evolving under greater 

intensity of sexual selection show an increase in their mating capacity when 

encountering multiple females sequentially, compared with males selected under 

enforced monogamy (Crudgington et al., 2009). Since sexual selection results in 

an interacting phenotype (Bacigalupe et al., 2008), the effects of selection on 

both males and females needs to be taken into account for the most 

comprehensive investigations to be achieved. Evidence for sexual conflict over 

remating rate came from one experiment in which females were prevented from 

coevolving with males of D. melanogaster (Rice, 1996). Males evolved to coerce 

previously mated females to remate. These males received a fitness benefit from 

remating at the expense of female fitness, whose survival was reduced as a 

result of toxic male SFPs. The toxic effect of these males was thought to be a by-

product of male-male competition (Rice, 1996). Female remating behaviour can 

be costly to males as sperm competition can potentially reduce paternity. As 

such, female remating behaviour can strongly influence the intensity of sexual 

selection (Arnqvist & Rowe, 2005) and has been suggested as a source of sexual 

conflict (Parker et al., 1979; Holland & Rice, 1999; Pitnick et al., 2001a). 
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Seminal Fluid Proteins (SFPs) 

Males of many organisms transfer a suite of seminal fluid proteins (SFPs) to 

females, alongside sperm, during mating (Chen, 1984; Chapman, 2001; Findlay 

et al., 2008; Baer et al., 2009). SFPs are produced by the secretory tissues of the 

male reproductive tract (Figure 1.1). Once transferred, SFPs are responsible for 

initiating a suite of changes to female behaviour and physiology (Wolfner, 1997; 

Gillott, 2003; Chapman & Davies, 2004), such as increased egg laying (Chen et 

al., 1988), decreased female receptivity to remating (Chen et al., 1988; Lung et 

al., 2002) and facilitating sperm storage (Tram & Wolfner, 1999). Consequently, 

SFPs can provide reproductive benefits to both males and females (Civetta & 

Singh 1995; Swanson et al. 2001; Swanson & Vacquier 2002; Clark et al. 2007).  

Some of the most well studied examples of SFPs are produced by the accessory 

glands of the male reproductive system of insects (Figure 1.1; Wolfner et al., 

1997; Chapman, 2001; Ravi Ram & Wolfner, 2007). These accessory gland 

proteins (Acps) constitute a key component of the seminal fluid (Wolfner, 1997). 

For example, Acp26Aa (ovulin) increases female egg laying (Herndon & Wolfner, 

1995). The benefit to both sexes is clear, males increase their chances of siring 

more progeny and females increase their reproductive fitness through producing 

more progeny. As this protein is clearly beneficial to both sexes, males should 

increase their reproductive fitness by transferring higher quantities or of Acp26Aa 

than rival males and females may evolve to ensure only males with the highest 

quality of Acp26Aa activate her post-mating response, by increasing her 

threshold to the action of this Acp. Acp26Aa is processed into its active form after 

transfer to females (Park & Wolfner, 1995) and evolves very rapidly (Wong et al., 

2006). Consequently, postcopulatory sexual selection (i.e. sperm competition and 

cryptic female choice) has been suggested as the driving force behind SFP 

evolution.  

Such rapid evolution of SFPs could also be driven by sexual conflict. For 

example, Acp62F stimulates egg laying and sperm storage in mated females but 

can also shorten female lifespan (Lung et al., 2002). It is expected that this effect 

of SFPs on females is a by-product of male-male competition. In response, 
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females could resist the inflicted costs by increasing their response threshold to 

the action of these SFPs, potentially generating antagonistic coevolution between 

the sexes over SFP complements and their quantities. Since reproductive 

proteins evolve rapidly (Swanson & Vacquier, 2002) this can happen over 

relatively short timescales. 

Another Acp, Acp70A (sex peptide) decreases female receptivity to remating 

(Chen et al., 1988), thereby delaying the onset of sperm competition. Males that 

transfer sex peptide to females have been shown to have higher reproductive 

success than males that did not transfer sex peptide (Fricke et al., 2009). In 

addition, males that had larger accessory glands transferred higher quantities of 

sex peptide and experienced higher competitive fitness than rival males with 

smaller accessory glands (Wigby et al., 2009). However, sex peptide has been 

shown to reduce overall female fitness (Wigby & Chapman, 2005), so is likely to 

play a role in sexual conflict.  

 

 

Figure 1.1 Drosophila pseudoobscura male reproductive tract. The testes, 
seminal vesicles, accessory glands, ejaculatory duct and bulb are shown. 
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Whatever the selection mechanism driving the evolution of these proteins, males 

with larger accessory glands appear to gain higher reproductive fitness, as shown 

in another study on D. melanogaster (Bangham et al., 2002) and in D. 
pseudoobscura, where males experiencing a greater intensity of sexual selection, 

also evolved larger accessory glands (Crudgington et al., 2009). However, this 

study did not test whether the Acp profiles or quantities were altered compared to 

males with smaller accessory glands. If sexual selection and/or sexual conflict 

drive the rapid evolution of Acps, then males with larger quantities or a greater 

number of unique Acps should have higher competitive success than rival males 

with lower quantities of Acps. 

Sperm-egg interactions 

Fertilisation is the union of male and female gametes to form a developing zygote 

and involves a suite of complex morphological, physiological and biochemical 

interactions. Traits associated with this union of gametes can become targets of 

incompatibility between the sexes as they directly influence the outcome of 

whether fertilisation is successful.  

Evolutionary responses to sperm competition result in morphological diversity of 

sperm characteristics within and between species (Stockley, 1997; Swallow & 

Wilkinson, 2002). For example, sperm tail length between species of Drosophila 

show the greatest variation of any genus, ranging from 77 µm in Drosophila 

persimilis (Snook, 1997) to 58,290 µm in D. bifurca (Pitnick et al., 1995). Such 

changes must be accommodated by the egg for fertilisation to be successful and 

as such, coevolution between sperm and egg must occur. It has been shown in 

D. melanogaster that females increase the length of their sperm storage organ to 

accommodate longer sperm and therefore selectively bias paternity (Miller & 

Pitnick, 2002). Consequently, longer sperm are selected for as they provide 

males with a competitive advantage over rival males. The increased sperm length 

could be advantageous to females, as sperm contribute more than just their half 

of the genetic material required to propagate the next generation (Karr, 1991; 

Krawetz, 2005; Dorus et al., 2006). The paternal contribution to the developing 
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zygote has historically been underestimated. It has now been shown that males 

contribute almost their entire structure during fertilisation, including RNAs 

(Ostermeier et al., 2004) and a variety of proteins, such as tubulin (Green et al., 

1979). Sperm also contribute to embryonic development by determining embryo 

polarity (Pedersen, 2001) and some component of the sperm tail must be present 

to elicit sperm aster formation and pronuclear fusion in insects and vertebrates 

(Moomjy et al., 1999; Sutovsky & Schatten, 2000).  

After syngamy in most organisms, the entire sperm enters the egg and interacts 

with the egg cytoplasm (Shapiro et al., 1981; Karr, 1991; Simerly et al., 1995; 

Karr & Pitnick, 1996; Krawetz, 2005). These intracellular interactions between 

sperm and egg straddle the traditional divisions of pre- and post-zygotic 

reproductive isolation but are critical for fertilisation success. Once inside the egg, 

sperm must assume a specific structure to facilitate zygote formation and 

development (Ohsako et al., 2003; Lassy & Karr, 1996) and it has been 

suggested that this three-dimensional folding and coiling structure is species-

specific (Karr, 1991; 1996; Snook & Karr, 1998). Any changes in sperm tail length 

must be incorporated into this intracellular choreography between sperm and 

egg. The precise mechanism by which sperm structure affects fertilisation 

success is unknown, but one suggestion is that the sperm functions to correctly 

align the sperm and egg pronuclei for fusion (Karr, 1991). Such intracellular 

sperm-egg interactions could represent a potential source of reproductive 

isolation, if the sperm of one species is unable to assume the appropriate 

structure or if the egg of one species is unable to accommodate the sperm of 

another. 
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Drosophila as a model system 

Drosophila species make good models for studying the interaction between the 

sexes. Their short generation time makes it possible to study the effects of sexual 

selection using experimental evolution in relatively short timescales. Such 

research is helped due to the relative ease with which both fertilised eggs and 

seminal fluids can be obtained for experiments. In addition to this, Drosophila 

species share many genes in common with mammals, including humans (Karr, 

2007), making them an excellent study system, particularly for advancing our 

understanding of reproductive biology.  

It has been established in the literature that Drosophila and mammals share a 

number of common reproductive traits. For example, the whole sperm enters the 

egg during fertilisation (Simerly et al., 1995; Alberts et al., 2002). However, the 

function of this process is currently unknown. As Drosophila are relatively simple 

to study, this means they make an excellent model system for improving our 

knowledge of fertilisation. It is possible, therefore, that any advances made in the 

study of Drosophila sperm and egg interactions could have wide ranging 

applications to the study of human reproduction and assisted reproduction 

techniques. 

Within this thesis, both pre- and post-copulatory traits are studied within 

Drosophila. I collected data to assess the effects sexual selection has in driving 

reproductive trait evolution in the D. pseudoobscura subgroup of the Drosophila 
obscura species group (Figure 1.2). Species within this group demonstrate some 

interesting reproductive traits, for example, they produce two distinct sperm 

morphs (Snook et al., 1994; Snook, 1997; 1998). However, relatively little 

information is known about D. pseudoobscura seminal fluid (in particular their 

SFPs; Wagstaff & Begun, 2005; Richards et al., 2005). SFPs have, though, been 

extensively studied in D. melanogaster (e.g. Herndon & Wolfner, 1995; Park & 

Wolfner, 1995; Neubaum & Wolfner, 1999; Tram & Wolfner, 1999; Chapman et 

al., 2001; Lung et al., 2002; Findlay et al., 2008). As the D. obscura species 

group have been well studied in the literature due to their interesting sperm 



14 
 

morphs, it is important to further understand the role of other seminal fluid 

components in male-female interactions. 

 

 

 

Figure 1.2: Phylogeny of the D. pseudoobscura subgroup of the Drosophila 
obscura species group used in the chapters that follow. Phylogeny 
courtesy of Flybase. The species used in this thesis are highlighted. 
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Summary of the key techniques  

Experimental evolution 

Experimental evolution studies provide a valuable opportunity to examine the 

effects of selection on reproductive trait evolution (Holland & Rice, 1999; Pitnick 

et al., 2001a,b; Crudgington et al., 2005). By manipulating the operational sex-

ratio and therefore, the intensity of sexual selection, it is possible to 

experimentally examine if and how particular reproductive traits respond. 

Experimental evolution techniques have been used successfully to manipulate 

the intensity of both sexual selection and sexual conflict (Rice 1996; Holland & 

Rice, 1999; Pitnick et al., 2001a,b; Crudgington et al., 2005).  

I used experimental evolution populations in chapters 2 and 3, to assess the 

effects of sexual selection intensity on various reproductive traits. These 

populations were created by manipulating the adult sex ratio, either to enforce 

monogamy (M; 1♀, 1♂) or to elevate polyandry (E; 1♀, 6♂). Each treatment is 

replicated four times. At the end of each generation (which lasts 28 days), 

progeny are collected and pooled together within each replicate line of M and E. 

The next generation is composed of a random sample of these pooled offspring, 

which takes account of the differential offspring production across families. For 

more information, the setting up and maintenance of the selection lines are 

described in more detail in Crudgington et al. (2005; 2009; but see Figure 1.3 for 

an updated version). Previous research has shown that sexual conflict is 

occurring in these treatments (Crudgington et al., 2005; Crudgington et al., 2010) 

and some traits had responded to selection. For example, males with greater 

opportunity for sexual selection had evolved to sing a faster courtship song to 

females (Snook et al., 2005; Debelle et al., 2014), larger accessory glands and a 

greater male mating capacity (Crudgington et al., 2009).  

In chapter 2, I examine the effects of sexual selection on female fitness 

parameters in these experimentally evolved D. pseudoobscura populations. 

During interactions between the sexes, each individual provides the selective 

environment for the other and the result is an interacting phenotype (Bacigalupe 
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et al., 2008). As such, I aimed to determine whether pre- and post-copulatory 

traits had responded to sexual selection and/or sexual conflict by examining the 

interacting phenotypes between the sexes. To achieve this, I housed coevolved 

flies in their operational sex-ratios (i.e. within their selective environment) and 

observed them over the full course of the selection line set up (as shown in 

Figure 1.3). 

In chapter 3, I used these same experimentally evolved populations of D. 
pseudoobscura to examine the suite of proteins present in the accessory gland 

tissue of the male reproductive tract (Figure 1.1). This was based on the findings 

that the accessory glands of E males are larger than those of M males 

(Crudgington et al., 2009). I used mass spectrometry to identify and analyse the 

quantities of proteins from the accessory glands from both M and E treatment 

males. 
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Figure 1.3: Selection line set up (A) and maintenance (B). Flies are between 
4-7 days old when housed in their families. 
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Mass spectrometry 

Mass spectrometry measures the mass-to-charge ratio of ions to identify and 

quantify molecules. Proteomic analyses can identify thousands of proteins in 

complex biological samples (Karr, 2008). Selection acts on the structures that 

proteins form and mass spectrometry provides qualitative and quantitative 

analyses of proteins. There are multiple advantages and disadvantages to 

different types of quantification methods in mass spectrometry (Bantscheff et al., 

2007). I decided to use label-free quantification, because it enables a shotgun 

proteomics approach, whereas labelling methods require a much more targeted 

approach (Bantscheff et al., 2007). Since the aim of the study was to identify 

which proteins are present in the different samples, labelling the samples would 

have been very restrictive. Label-free quantification also takes longer to run on 

the mass spectrometer but this is advantageous because it is generally better at 

identifying proteins. Labelling approaches are faster but this means they are 

more likely to miss lower abundance proteins that may be of interest (for 

example, some SFPs may be relatively low abundance in the accessory gland 

tissues compared to more abundant, e.g. housekeeping, proteins).  

I used an Orbitrap Elite Mass Spectrometer to perform tandem mass 

spectrometry (LC-MS/MS), which provided high mass accuracy, high resolution 

and high sensitivity data. The accessory gland proteome was then analysed and 

the proteins identified with a signal sequence were extracted, which constitutes 

the secretome. These secretome proteins form the majority of the analyses for 

chapter 3. Secretome proteins are those which are actively transported out of the 

cell (Hathout, 2007). Proteins with a signal sequence are candidates for being 

transferred to females during mating (Wolfner et al., 1997) and therefore provide 

a putative identification of many proteins that may be involved in interactions 

between the sexes and contain those which are identified as Acps. 
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Modelling sperm-egg interactions (ScanIP) 

In chapter 4, I discuss in detail a methodology which I have developed to model 

the intracellular interactions between sperm and egg. Using a combination of 

confocal microscopy and computer-generated three-dimensional models, I 

demonstrate the possibilities for measuring a variety of intracellular sperm-egg 

interactions. Fertilised eggs were collected and stained from species within the D. 
obscura species group. Two-dimensional images of eggs were taken using 

confocal microscopy and then stacked to create a three-dimensional model using 

imaging modelling software called “ScanIP”. Sperm tails and pronuclei, as well as 

other areas of interest, were highlighted and measured. These measures were 

exported to Mathematica and Python where analyses were performed on various 

gamete parameters and intracellular sperm-egg interactions. As Drosophila make 

good model organisms for studying human reproductive traits (Alberts et al., 

2002), this technique could have wide ranging applications to the study of human 

reproduction and assisted reproduction techniques. This technique could also be 

applied to extract various parameters from biological systems when high 

resolution three-dimensional imaging is possible. 
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Chapter 2. The effects of sexual selection on female fitness 
parameters in Drosophila pseudoobscura 

Introduction 

Sexual selection has the ability to drive the rapid evolution of traits that affect the 

reproductive success of individuals (Andersson, 1994; Birkhead & Pizzari 2002). 

Given that it is usually females who are the choosier sex, males must compete 

for access to them (i.e. fertilisations) by evolving a variety of behavioural, 

morphological and/or physiological traits that can improve their competitive 

success. Selection can act on precopulatory traits, such as the evolution of 

elaborate courtship displays (Andersson, 1994; Snook et al., 2005; Debelle et al., 

2014) and alterations in male mating capacity (Harcourt et al., 1981; Crudgington 

et al., 2009). As females are naturally promiscuous in most organisms 

(Andersson, 1994), selection can also act on postcopulatory traits, such as 

female control over paternity (Birkhead & Pizzari, 2002) and the evolution of 

seminal fluid proteins (SFPs) that alter female behaviour and physiology (Chen, 

1984; Avila et al., 2011; Civetta & Reimer, 2014). Males evolve traits in response 

to a female preference for them (either via sexual selection or sensory bias; 

Fisher, 1930; West-Eberhard, 1984) and this can result in iterative bouts of 

correlated evolution that can impact the reproductive optima of the sexes (Pitnick 

et al., 1999; Gavrilets et al., 2001) However, the sexes are rarely congruent in 

what maximises their fitness. In general, males benefit through acquiring a 

greater number of mates (Arnqvist & Nilsson, 2000), whereas females benefit 

through a greater number of progeny over their lifetime (Bateman, 1948; Schärer 

et al., 2012; Fritzsche & Arnqvist, 2013). 

Such sex specific selection can result in sexual conflict promoting the bearer’s 

fitness, even when those traits are costly to the reproductive fitness of their mate 

(Parker, 1979; Clutton-Brock & Parker, 1995; Arnqvist & Rowe, 2005). When the 

fitness of one sex is impaired, selection favours the evolution of traits that resist 

the fitness loss that is inflicted (e.g. females evolve counteradaptations to reduce 

the effect of harmful male traits; Parker, 1979; Arnqvist & Rowe, 2005). Such 
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interlocus sexual conflict can drive antagonistic coevolution (Rice, 1996; Holland 

& Rice, 1998) that promotes male traits, such as harassment as a result of 

courtship (behavioural; Bateman et al., 2006; Crudgington et al., 2010), conflict 

over female remating (Rowe et al., 1994; Arnqvist & Nilsson, 2000; Alonzo & 

Pizzari, 2013) and the evolution of seminal fluid proteins (SFPs; physiological; 

Wolfner et al., 1997; Holland & Rice, 1999), which can cause harm to females as 

a by-product of male-male competition (Chapman et al., 1995; Wolfner et al., 

1997).  

Male traits can have negative impacts on female fitness. For example, 

harassment as a result of courtship can reduce progeny production by altering 

female oviposition behaviour (Sakurai & Kasuya, 2008; Gay et al., 2009), 

reducing female opportunity for feeding (Magurran & Seghers, 1994) and 

decreasing female lifespan (Partridge & Fowler, 1990; Clutton-Brock & Langley, 

1997). Female preference for a particular trait, for example male courtship 

behaviour, can become elevated to potentially harmful levels in response to 

intrasexual selection (Orteiza et al., 2005). Harassment costs to females over 

courtship are the only manipulation males can employ up until females mate 

(precopulatory). Once females have mated, the postcopulatory arena also comes 

into play and this is where the evolution of SFPs can provide considerable 

benefits to males (Chen et al., 1988; Wolfner et al., 1997), for example, delaying 

female remating (Wigby & Chapman, 2005) and causing females to oviposit 

earlier in their lifetime (Crudgington et al., 2010), which can inflict severe costs to 

females (Chapman et al., 1995) as a result of postcopulatory sexual selection 

and/or sexual conflict. 

Females can benefit from remating both directly and indirectly (Jennions & Petrie, 

2000) but at the same time suffer fitness costs (Chapman et al., 1995; Holland & 

Rice, 1999; Rice, 2000). Female remating behaviour can also be costly to males 

as sperm competition can potentially reduce paternity. As such, female remating 

behaviour can strongly influence the intensity of sexual selection (Arnqvist & 

Rowe, 2005) and has been suggested as a source of sexual conflict (Parker, 

1979; Holland & Rice, 1999; Pitnick et al., 2001a). The optimum remating rate 
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from the perspective of the female, the mating male and any rival males are a 

source of sexual conflict and as such, males evolve traits that either stimulate, for 

example via courtship, or inhibit, for example via SFPs (Chen et al., 1988) female 

remating depending upon the selective environment (e.g. the order in which the 

males mate with the female). For example, males can manipulate females by 

coercing them to remate more than their reproductive optimum (Parker, 1979; 

Rice, 1996). This can occur when costs associated with resisting remating (i.e. 

harassment; Watson et al., 1998) are greater than costs associated with multiple 

matings (e.g. premature female death; Chapman et al., 1995 and a reduction in 

progeny production; Sakurai & Kasuya, 2008).  

One recent method to identify when sexual conflict is operating and what traits 

are targeted is the use of experimental evolution in which the operational sex 

ratio of populations are manipulated, thereby modifying the strength of sexual 

selection (Kokko et al., 2006). The opportunity for sexual selection in naturally 

promiscuous populations is typically manipulated by enforcing monogamy, 

elevating the potential for female polyandry, or both and has provided evidence 

that sexual conflict can shape some reproductive traits. Males that have been 

selected for enforced monogamy court females less than males from populations 

in which multiple female matings can occur (D. melanogaster; Holland & Rice, 

1999; D. pseudoobscura; Crudgington et al., 2010). Males evolving under greater 

intensity of sexual selection have been shown to delay remating of monogamous 

females longer than remating in promiscuous females (D. melanogaster; Pitnick 

et al., 2001b but see Crudgington et al., 2005) for D. pseudoobscura). Males are 

able to delay female remating through the action of SFPs, which have been 

shown to be costly to females by shortening their lifespan (Chapman et al., 

1995). Since the effects of mating with promiscuous males are more pronounced 

in monogamous females compared to promiscuous females, these results 

suggest that, in the absence of sexual conflict, males have evolved to decrease 

both pre- and post- copulatory harmful effects on females (Holland & Rice, 1999) 

and monogamous females are, therefore, likely to be more susceptible to the 

costs of manipulation by males.  
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Males evolving under greater intensity of sexual selection show an increase in 

their mating capacity compared with males selected under enforced monogamy 

(Crudgington et al., 2009). Males from polyandrous experimental populations 

sired a greater number of progeny compared with monogamous males but this 

was when males were presented with multiple coevolved females, and so the 

remating rates of females was not considered in this experiment. If monogamous 

pairings are coevolving to be less harmful to each other, as predicted by sexual 

conflict theory, then one might expect to see a higher reproductive output from 

monogamous pairings compared to polyandrous pairings. Monogamous females 

do produce more progeny when mated to their coevolved monogamous males, 

than when mated to control promiscuous males (in D. melanogaster; Pitnick et 

al., 2001b). However, when the interaction between males and females is taken 

into account, lower courtship rates (Holland & Rice, 1999) in monogamous 

compared with promiscuous males, does not result in a greater number of 

progeny in D. melanogaster (Holland & Rice, 1999). However, in D. 
pseudoobscura females produce more progeny when housed with only one male, 

compared to when they are housed with six males, regardless of their sexual 

selection history (Crudgington et al., 2005). Since sexual selection results in an 

interacting phenotype (Bacigalupe et al., 2008), the effects of selection on 

females are just as informative as the effects on males. 

Experimental evolution studies have shown that males with a greater opportunity 

for sexual selection have higher fitness. These males have both higher courtship 

rates and a greater mating capacity, which can lead to them siring an overall 

greater number of progeny compared to monogamous males (Crudgington et al., 

2009). However, previous studies on the outcome of experimental evolution have 

altered the selective environment in which males and females have evolved by 

either altering the operational sex ratios during experimentation (see, Holland & 

Rice, 1999) or by investigating interactions between non-coevolved individuals. 

This makes the experimental environment different to that of the selective 

environment and masks how males and females interact during selection. Also, 

as females may have higher fitness when mating with males from non-coevolved 
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populations (Rowe et al., 2003), the outcome of selection on specific traits may 

be masked if females are not paired with coevolved males.  

In this study, I measured various fitness parameters (both pre- and post-

copulatory) by examining them in the selective environment, during selection as I 

wanted to investigate whether traits thought to be evolving under selection 

showed the same trajectories when they were observed for the full interaction 

period between the sexes. I also wanted to determine whether postcopulatory 

sexual selection was occurring in these selection treatments. I used the 

experimental evolution D. pseudoobscura system (first outlined in Crudgington et 

al., 2005) to study a number of key reproductive traits. Previous work on these 

experimental evolution treatments have found that whilst some traits thought to 

be important in reproduction have evolved (e.g. courtship song [Snook et al., 

2005; Crudgington et al., 2010; Debelle et al., 2014]; male mating capacity which 

has been linked to larger accessory glands [Crudgington et al., 2009]; CHCs 

[Hunt et al., 2012] and the number of eggs per ovariole [Immonen et al., 2014]), 

others have not (e.g. neither testes mass, sperm length or sperm number 

[Crudgington et al., 2009] nor sex combs [Snook et al., 2013]). Sexual conflict 

operates in this system as females from the elevated polyandry treatment had 

higher fecundity and higher progeny hatching success than females in the 

enforced monogamy conditions when they were both mated to an ancestral 

population male (Crudgington et al., 2010). However, monogamous and elevated 

polyandrous males did not differ in the number of progeny they sired per mating, 

so both monogamous and elevated polyandrous females produce the same 

amount of progeny with their coevolved male. Perhaps elevated polyandrous 

males were only able to sire more progeny because they sequentially mated with 

more females (Crudgington et al., 2010). During selection, single females were 

housed with either one (enforced monogamy; M) or six (elevated polyandry; E) 

males and were observed in their selective environment (i.e. coevolved 

individuals were housed in their operational sex ratios) for the full 10-day 

interaction period. Consequently, by housing individuals in their sex ratios and by 

not changing their mating partners, I did not change the sexual environment 

against which each male and female is interacting and therefore coevolving and 
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was able to capture traits during the entirety of the interaction between the sexes. 

However, it was not possible to distinguish fully between differences in traits as a 

result of treatment effects or differences that may have arose as a result of the 

differences in contemporary sex ratios. Specifically, I measured a number of pre- 

and post-copulatory reproductive traits: (1) the number of courtship attempts by 

males, (2) the number of female rematings, (3) the remating interval and (4) the 

total number of progeny each female produced. I predicted that E males would 

court females more but sire a lower total number of progeny than M males 

(Holland & Rice, 1999; Pitnick et al., 2001a). I also predicted that E females 

would suffer greater costs associated with remating compared to M females over 

the 10 days, through a reduction in their lifespan or progeny number compared 

with M females (Pitnick et al., 2001b; Chapman et al., 1995). 

 

Materials and Methods 

Selection line treatments 

An ancestral population of Drosophila pseudoobscura was established in 2001, 

using wild-caught, mated females from Tucson (AZ). D. pseudoobscura is a 

naturally polyandrous species, with females frequently shown to remate and be 

inseminated by at least two males (Anderson, 1974). From the ancestral 

population, four replicate populations were established (Replicates 1, 2, 3 and 4) 

for two sexual selection treatments; enforced monogamy (M; 1♀, 1♂) and 

elevated polyandry (E; 1♀, 6♂). I refer to these groupings as “families”. Flies 

were maintained in vials containing cornmeal-agar-molasses food media with 

added live yeast and housed at 22°C with a 12 hour light, 12 hour dark cycle 

(from here referred to as 12L:12D). Effective population sizes were equalised 

between the treatments, with the M treatment comprising 80 vials per replicate 

and the E treatment comprising 40 vials per replicate (Crudgington et al., 2005; 

Snook et al., 2009a). At the end of each generation (which lasts 28 days) 

progeny are collected and pooled together within each replicate line of M and E. 
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The next generation is composed of a random sample of these pooled progeny, 

which takes account of the differential progeny production across families. For 

more information, the setting up and maintenance of the selection lines are 

described in more detail in Crudgington et al. (2005; 2009; but also see chapter 

1, Figure 1.3 for an updated version). 

Experimental design mimics selection line maintenance 

Flies from the pooled offspring groups mentioned previously were separated on 

the day of eclosion into single-sex groups using CO2 anaesthesia and allowed to 

sexually mature (between 4-7 days after eclosion). For each replicate, virgin flies 

from coevolved lines were housed together in ratios appropriate to their selection 

treatment (M or E) and allowed to interact in their vials for 5 days, after which 

they were transferred in their families to fresh food vials for a further 5 days. Adult 

flies experienced a total of 10 consecutive days of interaction, which has been 

shown to be sufficient for both pre- and post-copulatory sexual selection to act 

(Turner and Anderson, 1983). However, it was not possible to assess whether 

any trait differences are as a result of treatment or as a result of differences 

arising from contemporary sex ratios. In previous studies, selection is relaxed 

before starting experiments, to reduce any maternal effects on offspring. 

Importantly, I did not relax selection prior to commencing the observations 

because I aimed to quantify what happens during selection in these lines. In this 

study, the set up used mimics the way in which these treatment groups of the 

experimentally evolving populations have been selected for over 150 

generations.  

I took a random sample of 30 vials from each of the four replicates of M and E 

(240 vials in total out of the 480 for all treatment replicates combined; M1, M2, 

M3, M4 and E1, E2, E3 E4) and assigned each family a unique identifier 

(numbered 1-240). Each day, both mating and courtship behaviour were 

observed for the duration of the 12-hour light photoperiod (between the hours of 

8am and 8pm). For practical reasons, flies could not be observed in the 

controlled temperature room, so the vials were moved to the laboratory benches 
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and observed at room temperature. Temperature was checked at various 

intervals throughout the day to ensure it was consistent within a few degrees 

Celsius. It was not necessary to observe these flies during the 12-hour dark 

photoperiod, as D. pseudoobscura have been shown to have a peak of mating 

activity just before darkness (Partridge et al., 1987) and during the preliminary 

observations there was no evidence that these selection lines of D 
.pseudoobscura exhibit mating behaviour in the dark. Both the number of times 

and the day(s) each female remated across the 10 days were recorded.  

Every 15 minutes during the light photoperiod, all 240 vials were scanned and I 

recorded whether or not the male(s) were courting the female. Consequently, 

each vial was scanned 480 times across the 10 day period and in total there were 

115,200 data points for courtship (480 scans x 240 vials) across 10 days. I 

counted behaviour as a courtship event if a male was orientating towards the 

female, vibrating their wings (courtship song) or attempting copulation 

(mounting). If a pair was already copulating during the courtship scan, then this 

was recorded as copulation and not as a courtship event. Copulation duration in 

D. pseudoobscura is relatively short and so mating behaviour was observed 

continuously during the 12-hour light photoperiod. Following the 10-day 

observation period, adult flies were discarded and all of the vials were kept at 

22°C with a 12L:12D cycle. All emerging adult progeny from each family were 

counted and then either used to start the next generation or discarded. 

Statistical Analysis 

Females that did not produce progeny (n=11 for M and n=3 for E) and females 

that remated more than twice (n=1 for M and n=2 for E) were removed from the 

entire dataset (Table 2.1 shows the final sample sizes for each replicate). Low 

numbers of progeny were thought to be due to problems related to sperm transfer 

and/or storage, fertility or oviposition rather than as a result of treatment (Pitnick 

et al., 2001a; Crudgington et al., 2005). There were significantly more M females, 

than E females, that did not produce any progeny (χ2=4.57, df=1, p=0.033), but 

qualitatively, the results remain unchanged for analyses when these females 
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were included. Of those females that produced zero progeny (n=14), 29% (n=4) 

did not mate at all. When these females (n=4) were removed from the dataset, 

there was no longer a significant difference between treatments for the number of 

females with zero progeny (n=10; χ2=1.6, df=1, p=0.21). 

The total number of matings recorded for each female is the minimum number of 

matings that females engaged in. Females that had progeny but were labelled as 

having not mated during the experiment (n=19; 7.9% error across the whole 

dataset) have been changed to be counted as mated females. Families were 

being observed during the set up but many matings happen at once and as 

copulation duration in this species is relatively short, matings that were missed 

were likely to have been during this period. There were more missed matings in 

the M treatment (n=15) than in the E treatment (n=4), which could indicate that 

the overall level of missed matings was likely to have been underestimated and 

that mating frequency may be higher than reported in the E treatment. However, 

since these matings were likely missed during the set up, it is plausible that these 

were the only missed matings during the observation period.  

 

Table 2.1: The final sample size for each replicate used in all analyses 

Treatment M 
 

E 

Replicate 1 2 3 4  1 2 3 4 

Sample (n) 28 24 28 28  30 28 30 27 

 

I analysed the total number of courtship attempts, the total number of matings 

and rematings (where females that did not remate were removed from the 

analyses) for each female and the propensity of females to remate. I also 

analysed the remating interval for each female and the total number of 
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subsequent progeny for each family. The results for replicate 3 for female 

remating interval showed a different pattern to the other three replicates. If 

replicate 3 was removed from analyses of female remating interval, this 

qualitatively changed the results. Replicate 3 has shown different patterns to the 

other replicates in previous work on these selection lines, so could potentially be 

an anomaly in general. However, I did not remove replicate 3 from analyses in 

this study on the whole because the purpose of this study was to examine what 

happens in these selection line treatments, during selection, to show whether or 

not postcopulatory selection is occurring and what effects these treatments have 

on female fitness. There was not enough evidence that replicate 3 consistently 

showed different patterns in these observations to exclude it completely. Sample 

sizes for the number of females that died during the 10-day observation period 

were low (7.62%; n=2 for M and n=15 for E) but were analysed using a chi-

squared test. Sample sizes for female propensity to mate (n=4 females did not 

mate) were too low to be statistically meaningful, and so could not be assessed. 

It was not possible to analyse the number of progeny produced before the first 

remating because progeny number was only counted for each set of vials (before 

transfer from the interaction vials; IV and after transfer from the oviposition vials; 

OV) and so this information was not captured. 

All statistical tests were performed using the open source software package R 

3.1.0 (R Development Core Team, 2014). Data were tested for homoscedascity 

using a Levene’s Test before commencing analyses. Courtship, mating, remating 

and progeny data were analysed using generalised linear mixed models 

(GLMMs; Table 2.2). These models were analysed using the library lme4 (Bates 

et al., 2014). In all models, replicate was treated as a random effect nested within 

sexual selection treatment. Propensity to remate was analysed using a GLMM 

with a binomial distribution and all the other GLMM analyses were analysed with 

a Poisson distribution. Remating interval was analysed using a Cox Proportional 

Hazards Regression in the library survival (Therneau, 2014), with the frailty 

function used to add a simple random effect of replicate.  

 



31 
 

Table 2.2: Statistical model statements and standard deviations (SD) for 
total courtship, propensity to remate and total progeny. 

Response variable 
Generalised linear mixed effects 
model using lme4 in R 

Replicate SD 

Total courtship response~treatment +(1|replicate) 0.3075 

Propensity to remate response~treatment +(1|replicate) 0.173 

Total progeny response~treatment +(1|replicate) 0.1702 

 

Results 

Sexual selection treatment had a significant effect on the frequency with which 

males courted coevolved females. E males courted E females significantly more 

frequently than M males courted M females (z=-5.715, df=1, p<0.0001; Figure 

2.1; SD shown in Table 2.2). When the average total number of courtship events 

is divided by the six males in the E treatment, each individual E male courted the 

female less on average than M males. Sexual selection treatment had no 

significant effect on either female propensity to remate (z=-1.621, df=1, p>0.1) or 

in the total number of matings females engaged in (z=-1.017, df=1, p>0.3; Figure 

2.2). Sexual selection history had no significant effect on the total number of 

rematings for females, either in datasets including females that did not remate 

(z=-1.864, df=1, p>0.06) or when these females were removed from the analyses 

(z= -0.353, df=1, p=0.72). The number of females that remated accounted for 

35.4% of the dataset (n=32 for M and n=47 for E females across all four 

replicates).  
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Figure 2.1: Average (±SE) total number of courtship events per replicate 
across 10 days and the average (±SE) total number of courtship events for 
all replicates combined over 10 days (“ALL REPLICATES”). E courtship 

counted if any of the 6 males were courting the female during the 
observation scans. 
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Figure 2.2: Average (±SE) total number of females that either mated once 
(1), twice (2) or three times (3). The number of females (for each category of 
‘number of matings’) was summed for each replicate within a treatment and 

then averaged. For M females that mated three times, there was no 
difference between replicates in the total number of females mating three 
times, and thus no error bar is shown. 
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There was no significant difference in remating interval between enforced 

monogamy and elevated polyandry females (χ2=2.54, df=1, p=0.11; Figure 2.3). 

However, this was as a result of one replicate (Replicate 3). When replicate 3 is 

removed from the analysis, the interval to the first remating (in hours) is 

significantly shorter for M females compared to E females (z=-3.23, df=1, 

p=0.001).  

 

 

 

Figure 2.3: Average (±SE) difference in remating interval (hours) compared 
using M replicates minus the average of all E replicates combined and 
overall M minus overall E, “Overall”. M females remate faster than E 

females. 
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Females in the elevated polyandry treatment had significantly lower survival 

(n=15/120 distributed roughly equally across replicates) than females in the 

enforced monogamy treatment (n=2/120 both for replicate M3; χ2=9.9412, df=1, 

p=0.0016). Females in the enforced monogamy treatment produced significantly 

more progeny than females in the elevated polyandry treatment (z=2.50, df=1, 

p<0.02; Figure 2.4). This was the case for both the first set of vials (the 

interaction vials; IV) before transfer (z=1.94, df=1, p=0.05) and the second set of 

vials (the oviposition vials; OV) after transfer (z=2.71, df=1, p=0.007).  

 

 

Figure 2.4: Average (±SE) number of progeny per female by replicate within 
a treatment and the average (±SE) total number of courtship events for all 
replicates combined over 10 days (“ALL REPLICATES”). 
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Discussion 

To examine the effects of selection on a number of key reproductive traits during 

the interaction between the sexes, I used experimentally evolved populations of 

Drosophila pseudoobscura (E or M treatments). I predicted that E males would 

display elevated courtship frequencies compared to M males and this prediction 

was upheld consistently across all four replicates (Figure 2.1). Therefore, E 

females were likely to have been harassed as a result of persistent courtship 

displays. These results align with previous research on these populations that 

found E males courted ancestral females more frequently than M or ancestral 

(polyandrous) males (Crudgington et al., 2010), indicating that E males elevated 

courtship. However, an alternative or concurrent interpretation is that M males 

could be controlling the frequency of courtship, perhaps to allow females to 

oviposit more and not waste resources defending against unwanted matings. 

This idea corresponds with other experimental evolution studies in D. 
melanogaster that found monogamous populations had lower courtship 

frequency compared to control polyandrous populations (Holland & Rice, 1999). 

Coevolution under monogamy may have resulted in the sexes becoming more 

benign to each other, but it is unlikely to fully explain the difference in courtship 

frequency between treatments in this study because previously E males have 

been shown to elevate their courtship frequency more than a control promiscuous 

population (Crudgington et al., 2010). Therefore, it is likely that E males have 

evolved elevated courtship of females compared to more natural levels of 

courtship for this species.  

Previous work has linked courtship harassment to reduced progeny production in 

a variety of organisms, including the dung fly, Sepsis cynipsea (Blanckenhorn et 

al., 2000; Martin & Hosken, 2003b) and two beetle species, Callosobruchus 
maculatus (Gay et al., 2009) and C. chinensis (Sakurai & Kasuya, 2008). As 

such, courtship behaviour is a possible source of sexual conflict that has the 

potential to negatively impact female fitness parameters. The results found in the 

current study are consistent with a precopulatory mechanism that impacts female 

reproductive fitness. This influence can be characterised in the following ways: 
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persistent courtship may reduce female productivity through altered oviposition 

behaviour (Clutton-Brock & Parker, 1995; Gay et al., 2009), reduced opportunity 

for feeding (Magurran & Seghers, 1994), and/or require increased energetic 

expenditure in resisting courtship (Watson et al., 1998) that reduces energy 

available for egg production. Such harassment could explain one of the other 

findings in the current study, that E females had fewer progeny than M females 

(Figure 2.4). However, it may not be exclusively the case that E males are more 

harmful per se, but rather the increased number of males in the E treatment 

contributes to the increased harassment. This is supported by the finding that 

individual E males court females less than each M male. However, E females are 

exposed to a higher average courtship frequency than M females, due to the 

cumulative courtship of the six males in the E treatment. It is also supported by a 

previous study on these populations, which showed that persistent housing with a 

greater number of males, regardless of selection history, had a negative impact 

on female lifetime progeny production (Crudgington et al., 2005). 

Precopulatory harassment by males has also been linked to premature death of 

females, for example in S. cynipsea (Martin and Hosken, 2003a) and D. 
melanogaster (Partridge & Fowler, 1990), consistent with costs associated with 

sexually antagonistic coevolution via sexual conflict (Chapman et al., 2003; Rowe 

& Day, 2006). In the current study, significantly more E females died prematurely 

than M females, potentially as a result of harassment during courtship. However, 

it was not possible to separate the cost of harassment from other costs 

associated with mating, such as the action of SFPs and/or the timing of matings, 

as the mechanism for premature female death. When M females were housed 

with either monogamous or polyandrous males, there was no significant effect of 

elevated courtship frequency on female survival (Crudgington et al., 2010). There 

are a number of potential reasons for this variation in response to altering the 

selection environment. The previous study housed individual monogamous 

females with three selection line males and relaxed selection prior to the study. 

The current study housed individuals within their selective environment (i.e. with 

1 or 6 males respectively), so perhaps reduced female survival shown in this 
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study is a consequence of the number of males a female is housed with, rather 

than the selection history of those males.  

To assess differences in female remating patterns, I looked at both the number of 

rematings (Figure 2.2) and the remating interval (Figure 2.3) of each female. 

Previous work in Drosophila found that when males adapted to a static female 

phenotype, they evolved to increase female remating rate through coercion (Rice, 

1996) and therefore, these males “win” in the sexual conflict between the sexes. 

As such, I predicted that E females would remate a greater number of times than 

M females. However, this prediction was not supported, as the number of female 

rematings did not differ between sexual selection treatments (Figure 2.2). This 

could be because the females in the previous study had a static, not interacting, 

phenotype and so there was no opportunity for coevolution between the sexes.  

The finding presented in this study aligns with previous research of D. 
pseudoobscura sexually selected populations, which showed no difference in 

male ability to coerce ancestral females to remate (Crudgington et al., 2005), 

despite E males having higher mating capacity than M males when allowed 

access to multiple females in sequential matings (Crudgington et al., 2009). 

However, the findings disagree with another study in D. melanogaster; which 

found that male biased lines coerced coevolved females to remate more (Wigby 

& Chapman, 2004). However, D. pseudoobscura might not be as promiscuous as 

D. melanogaster (Crudgington et al., 2005) and this could explain the differences 

in response to sexual conflict between these species.  

Sexual conflict between the sexes can result in sexually antagonistic coevolution. 

At any given time, either males or females could be “winning” the conflict. At the 

evolutionary stage outlined in this study, perhaps females are winning against 

remating coercion because there were no significant differences in either female 

propensity to remate or in the number of rematings they engaged in.  However, 

early research on these populations (Crudgington et al., 2005) showed similar 

results to those shown here (after 150 more generations of selection) in the 

number of female rematings. Earlier work has also shown a lack of divergence in 

sperm traits (Crudgington et al., 2009) between the populations, despite there 
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being enough heritability for some of these traits to evolve (Snook et al., 2010). 

This lack of trait divergence could be explained by the finding here that remating 

rate does not differ, suggesting that postcopulatory sexual selection is not a 

potent force in these populations. Still, it is unlikely that selection does not drive 

trait divergence at all in these populations, given that both pre- and post-

copulatory reproductive traits have changed, for example, courtship song 

(Debelle et al., 2014) and accessory gland size (Crudgington et al., 2009), 

respectively.  

Another possible explanation for there being no significant difference in the 

number of rematings between selection treatments here could be due to the high 

level of activity in each E treatment vial. When a male was attempting to copulate 

with a female, other E males were seen to be disrupting the pair and uncoupling 

them (previously shown in Punzalan et al., 2008). Without this factor, E females 

could have been receptive to more rematings than observed. However, previous 

research where male density was altered exclusive of the effect of selection 

history (Crudgington et al., 2005) also showed no significant difference in the 

number of female rematings, so this seems unlikely. Alternatively, perhaps males 

evolving under greater intensity of precopulatory sexual selection do not evolve 

greater manipulation of female remating behaviour, despite increasing their 

courtship frequencies. This makes sense if males have finite resources for 

mating, so that a trade-off between reproductive traits must be made. Males 

might evolve to invest more heavily in courtship either to be the male the female 

mates with when she is receptive to mating and/or to guard against other males 

mating. It is more likely to be the former of these suggestions for D. 
pseudoobscura because mate guarding has been shown not to occur 

(Crudgington et al., 2005). 

While precopulatory ability to coerce females to remate does not appear to differ 

between treatments, I also examined whether there was a postcopulatory effect 

on remating interval. I predicted that E males would be able to delay remating of 

their mates’ more than M males, as a result of postcopulatory sexual selection. 

Overall, there was no difference in the remating interval between treatments but 
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this was a consequence of one replicate; the other three replicates showed E 

males did delay remating of their mates longer than M males (Figure 2.3). This 

result suggests that postcopulatory sexual selection could be acting to 

manipulate female remating via the action of SFPs but further research would be 

needed to examine this in detail.  

SFPs are known to alter female physiology, including delaying female remating 

(in D. melanogaster; Chen et al., 1988). As E males have larger accessory 

glands (where some of the SFPs are produced; Crudgington et al., 2009), they 

could be utilising either a greater number or a higher concentration of SFPs to 

manipulate females and delay female remating for longer. Alternatively or 

concurrently, M females could be getting direct benefits, such as sperm 

replenishment or another benefit from the male ejaculate (Trevitt et al., 1998; 

Gromko & Markow, 1993; Ravi Ram & Wolfner, 2007), from remating earlier 

compared to E females. This is supported by the finding of this study, that M 

females have higher productivity with their coevolved males compared to E 

females (Figure 2.4). Similarly, E females could have lower progeny production 

compared to M females because of their delay in remating. E females oviposited 

fewer eggs, so they are unlikely to become sperm depleted, whereas M females 

could be sperm depleted from ovipositing a much larger number of eggs. M 

females may remate faster to replenish their sperm in storage but these factors 

are unlikely to explain remating behaviour in D. pseudoobscura, since it is not 

affected by sperm load (Snook, 1998). However, sperm aging as a result of 

longer sperm storage in females may reduce fertility or zygote viability (Pizzari et 

al., 2003) and so M females may remate to improve their fertility, not simply 

because they are sperm depleted. 

The finding that M females have higher productivity is similar to other studies in 

D. melanogaster which found that mating to monogamous males increased 

female productivity relative to mating with promiscuous males (Holland & Rice, 

1999; Pitnick et al., 2001a) and is consistent with the prediction that 

monogamous pairings will evolve to be more benign to each other. When females 

remate relatively readily within a population, as in the M population in the current 



41 
 

study, selection favours traits that enhance fertilisation success, for example, 

investment in male ejaculates (Markow, 2002). However, when females do not 

remate readily, selection favours the evolution of traits that maximise mating 

success, for example, more intense courtship displays. If such a trade-off exists 

in these populations, then it appears E males are investing more in courtship 

displays but are not benefiting from an increased number of rematings. As a 

previous study has shown that sexual conflict is driving some reproductive traits 

in these populations (Crudgington et al., 2010), it is likely that E females are 

suffering costs in terms of reduced progeny production (as shown in the current 

study), which could be attributed to either courtship harassment or the action of 

SFPs, suggested to have negative fitness effects on females (Chapman et al., 

1995; Crudgington et al., 2010). 

I have demonstrated that by manipulating a species’ natural mating system, the 

consequences of sexual selection on a range of both pre- and post-copulatory 

traits can be uncovered. The results presented here suggest that some traits 

have diverged in response to selection. Some of these responses are similar to 

those previously found in D. pseudoobscura (Crudgington et al., 2005; 2009; 

2010) but differ from some of those in D. melanogaster (Rice, 1996; Wigby & 

Chapman, 2004). Such variation could be due to differences between species in 

the level of promiscuity. By observing the interaction between the sexes during 

selection, I found that courtship behaviour has responded to selection but does 

not translate into a difference in remating patterns in females, either for E males 

to coerce females to remate more or for M pairings to be more benign to each 

other as predicted by sexual conflict theory. I have also uncovered a potential 

postcopulatory mechanism, as I found that E females delay remating longer than 

M females, at least in three of the four replicates measured. This could be due to 

the decrease in productivity (consequently using fewer sperm) and/or the action 

of SFPs employed by males to manipulate female behaviour. The effects of SFPs 

in D. pseudoobscura have not been well studied, so future investigation would be 

needed to identify the role(s) of SFPs in this species. 
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Chapter 3. Proteomic analysis of male accessory glands in 
Drosophila pseudoobscura 

Introduction 

Males of many organisms transfer a suite of seminal fluid proteins (SFPs), 

alongside sperm, to females during copulation (Chen, 1984; Findlay et al., 2008; 

Baer et al., 2009). SFPs have received much attention in the literature because of 

their fundamental importance to the reproductive success of both sexes (Civetta 

& Singh 1995; Swanson et al. 2001; Swanson & Vacquier 2002; Clark et al. 

2006). SFPs are produced by the secretory tissues of the male reproductive tract 

(Figure 3.1a) and can cause numerous behavioural and physiological effects in 

mated females (Wolfner, 1997; Gillott, 2003; Chapman & Davies, 2004).  For 

example, SFPs have been shown to increase egg laying (Chen et al., 1988), 

decrease female receptivity to remating (Chen et al., 1988) and facilitate sperm 

storage (Tram & Wolfner, 1999; Neubaum & Wolfner, 1999). In Drosophila, 

primary amino acid sequences of some SFPs show rapid evolutionary change 

(Mueller et al., 2005). As the majority of such proteins associated with 

reproduction are known to evolve rapidly (Swanson & Vacquier, 2002; Clark et 

al., 2006; Panhuis et al., 2006), a more detailed analysis of how, or if, these 

reproductive traits respond to known selection pressures could provide an 

exciting avenue of research.  

Given the importance of SFPs to reproductive fitness and their relatively rapid 

evolution, it is likely that sexual selection is the driving mechanism behind SFP 

evolution, either as a result of postcopulatory sexual selection (i.e. sperm 

competition and cryptic female choice) and/or sexual conflict. SFPs could have 

evolved in response to sperm competition to increase paternity assurance when 

females mate multiply (Clark et al., 1995). SFPs that are specifically produced by 

the accessory glands are known as accessory gland proteins (hereafter, Acps). In 

Drosophila melanogaster, males that do not transfer accessory gland protein 

Acp36DE suffer decreased fertilisation success because sperm are not stored 

efficiently by the female (Neubaum & Wolfner, 1999; Chapman et al., 2000). 
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Alternatively, or additionally, females may drive the evolution of SFPs through 

cryptic female choice (Eberhard, 1996; Wolfner, 2009). Females may evolve to 

increase their threshold to the action of certain SFPs, thereby ensuring only 

males with the highest SFP quantity and/or quality activate her full post-mating 

response (Chapman, 2001). 

The rapid evolution of SFPs could also be in response to sexual conflict, 

potentially generating sexually antagonistic coevolution between the sexes. 

Certain SFPs, for example Acp62F, stimulate egg laying and sperm storage in 

mated females but can also shorten female lifespan (Lung et al., 2002). Such 

reproductive proteins allow males to benefit from increased fitness by expressing 

them, but females suffer costs as a result. In response, females will try to resist 

costs associated with SFPs by increasing their response threshold (Holland & 

Rice, 1997), potentially leading to the effects of these particular SFPs being 

exaggerated over evolutionary time. One well studied protein, sex peptide 

(Acp70A), has been shown to increase egg laying and decrease female 

receptivity to remating (Chen et al., 1988). To function within the female 

reproductive tract, sex peptide requires an interaction with a female G-protein 

coupled receptor called sex peptide receptor (SPR) and females that lack SPR 

fail to respond to sex peptide (Yapici et al., 2008). This example highlights how 

females could respond to the presence or quantity of SFPs and shows the 

importance of reproductive proteins in mediating reproductive success. 

In D. melanogaster the transfer of Acp26Aa (ovulin) causes females to lay eggs 

earlier in their lifetime and increase the overall number of eggs laid (Herndon & 

Wolfner, 1995; Heifetz et al., 2000; Chapman et al., 2001). This could be an 

advantage to the male if a female lays a larger number of eggs before she 

remates, therefore increasing the chances of that particular male siring more 

progeny. Acp26Aa is one of the most rapidly evolving genes in the Drosophila 

genome (Wong et al., 2006) but has significant conservation of a structural 

backbone which may allow the protein to maintain its overall 3D configuration so 

that it can tolerate such high rates of evolution at other sites (Wong et al., 2006; 

2010). Despite some SFPs showing rapid evolution of their primary amino-acid 
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sequences (Mueller et al., 2005), functional classes of SFPs are highly conserved 

(Mueller et al., 2004) within and between species supporting the idea that the 

functions of SFPs are important to reproductive success.  

Males that are able to transfer a greater quantity of particular SFPs, and therefore 

gain greater control of female reproductive biology, could achieve a reproductive 

advantage over other males that cannot. Therefore, it is expected that males 

experiencing more intense sperm competition are expected to invest more 

heavily in SFPs to benefit from their effects on reproductive success (Wigby et 

al., 2009). Consistent with this prediction is the rapid evolution in the size of the 

accessory glands in response to more intense sexual selection, presumably to 

accommodate a greater number or higher quantities of SFPs. Larger accessory 

glands have been shown to increase male reproductive success in D. 
melanogaster (Bangham et al., 2002) and Crytodiopsis dalmannni (Baker et al., 

2003), where males with larger accessory glands, but not testes, had a greater 

mating capacity. D. melanogaster males showed significantly higher levels of sex 

peptide and a greater reproductive fitness after only ~40 generations of artificial 

selection for larger accessory glands, compared to males with smaller accessory 

glands (Wigby et al., 2009). Experimentally evolved lines of D. pseudoobscura 
showed that males experiencing greater sperm competition risk had larger 

accessory glands and a greater sequential mating capacity (Crudgington et al., 

2009). However, it is not known if these males have more SFPs, unique SFPs or 

a greater quantity of particular SFPs, than males experiencing relaxed or no 

selection. Conversely, males have been shown to decrease the transfer of 

particular SFPs in response to female mating status, potentially to exploit the 

action of SFPs transferred by previous males (Sirot et al., 2011). 

Proteomic analyses can identify the form and function of thousands of proteins 

within complex samples. Such analyses have been used to identify SFPs in many 

insect species (Simmons et al., 2013; Wei et al., 2015), including Drosophila 

(Findlay et al., 2008; 2009; 2010). Advances in mass spectrometry have 

increased sensitivity of analyses and it is now possible to identify peptides with 

far greater accuracy than previously achievable.  



45 
 

In this study, I used experimentally evolved D. pseudoobscura populations 

(Crudgington et al., 2009) in which accessory gland size has increased under 

selection and performed liquid chromatography tandem mass spectrometry (LC-

MS/MS) to analyse peptides for a whole tissue analysis of the accessory gland 

pairs (Figure 3.1b). The focus was not only to identify proteins present in the 

accessory gland tissue but also to identify those proteins which are secreted. By 

analysing the whole accessory gland tissue, I have identified 3770 proteins that 

comprise the accessory gland proteome. These proteins include house-keeping 

proteins as well as proteins associated with reproductive functions in the 

interaction between males and females (discussed previously). Acps must be 

secreted from the accessory glands to be transferred to females. Therefore, to be 

described as Acps, proteins must have predicted signal sequences (Wolfner et 

al., 1997) that allow extracellular secretion. By extracting those proteins with a 

signal sequence from the proteome dataset for a more detailed analysis, this 

chapter forms the first secretome analysis for Drosophila species, allowing this 

study to identify and quantify a suite of known and potential Acps. These findings 

demonstrate the power of combining approaches in evolutionary biology with 

proteomics to investigate fundamental aspects of reproductive biology. 
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Materials and Methods 

Selection line treatments 

An ancestral population of Drosophila pseudoobscura was established in 2001, 

using wild-caught, mated females from Tucson (AZ). D. pseudoobscura is a 

naturally polyandrous species, with females frequently shown to mate with and 

be inseminated by at least two males (Anderson, 1974). From the ancestral 

population, four replicate populations were established (Replicates 1, 2, 3 and 4) 

for two sexual selection treatments: enforced monogamy (M; 1♀, 1♂) and 

elevated polyandry (E; 1♀, 6♂). Flies are maintained in vials containing 

cornmeal-agar-molasses food media with added live yeast and housed at 22°C 

with a 12 hour light, 12 hour dark cycle. At the end of each generation, offspring 

are collected and pooled together within each replicate line of M and E. The next 

generation is composed of a random sample of these pooled progeny, which 

takes account of the differential progeny production across families. For more 

information, the setting up and maintenance of the selection lines are described 

in detail in Crudgington et al. (2005; 2009; but also see chapter 1, Figure 1.3 for 

an updated version). 

Experimental flies preparation 

Flies from replicates 1-4 of the selection lines were collected from generations 

157, 156, 155 and 153 respectively. In order to reduce any maternal effects, 

parental flies were collected and housed together on egg laying plates. Males 

and females were allowed to interact for 24hrs, after which a fresh egg plate was 

provided for females to lay their eggs on. Eggs were allowed to hatch and 

develop to the first instar larval stage, before being collected in groups of 100 and 

housed in standard molasses/agar food vials at 22°C. Males from these vials 

were collected on the day of eclosion and housed in vials of 10 individuals, until 

they were sexually mature. Males were dissected when they were 5 or 6 days 

old. 
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Tissue preparation 

Intact accessory glands were extracted from D. pseudoobscura males under a 

Leica dissecting microscope and using fine dissection needles. A total of 30 

accessory gland pairs (AG) per replicate were dissected into a drop of Phosphate 

Buffered Saline (PBS) and transferred to a microcentrifuge tube containing a 30µl 

aliquot of Radio-Immunoprecipitation Assay (RIPA) buffer, phenylmethylsulfonyl 

fluoride (PMSF) and protease inhibitors stored on ice (see Appendix 1.1 for 

details on the stock solutions). Once all AGs had been dissected, samples were 

freeze/thawed three times by first being frozen on dry ice (~5 mins), then thawed 

at 37°C for 30 seconds. After the freeze/thaw cycles, samples were vortexed for 

30 seconds, centrifuged at 20 Kg for 5 minutes at 4°C and then stored at -80°C 

until processing. A Bradford assay was used to determine how much of each 

sample to run. Elevated promiscuity (E) males have larger accessory glands than 

enforced monogamy (M) males (Crudgington et al., 2009), so it would be 

expected that E males have a higher concentration of protein in their accessory 

glands. In light of this, the protein concentration being loaded onto the gels was 

standardised for E and M samples.  

 

 

Figure 3.1: (a) Reproductive tract of Drosophila pseudoobscura showing 
the testes, seminal vesicles, ejaculatory duct, ejaculatory bulb and 
accessory glands. (b) The intact accessory glands of male D. 
pseudoobscura dissected and separated from the other components of the 
male reproductive system. 

(a) (b) 
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1-Dimensional SDS-PAGE 

A 1 mm 4-12% NuPAGE Novex Bis-Tris Mini Gel was set up using the XCell II 

Mini-Cell system (Invitrogen) as per manufacturer’s instructions. Fifty micrograms 

of AG protein (with DTT and ddH2O) was loaded for each sample alongside a 

molecular weight marker. The gel was run all the way to the bottom at a 200 V 

constant. Following electrophoresis, the gel was stained using Brilliant Blue G 

Colloidal Concentrate (Sigma) electrophoresis reagent and images of the gel 

were taken (Figures 3.2-3.4). The gel was then cut so that each lane was 

separated from the others and cut into roughly equal pieces. Each gel piece was 

transferred to an empty siliconised microcentrifuge tube, labelled appropriately 

and destained by washing with 200 mM ammonium bicarbonate and 40% 

acetonitrile. Gel pieces were then dried down using a vacuum concentrator and 

stored at -20°C overnight. 

 

Figure 3.2: Gel image showing the molecular weight marker and monogamy 
(M) and elevated polyandry (E) Replicate 1 (left to right). 
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Figure 3.3: Gel image showing the molecular weight marker, monogamy (M) 
treatment Replicates 2 and 3, the elevated polyandry (E) treatment 
Replicates 2 and 3 (left to right). 

 

Figure 3.4: Gel image showing the monogamy (M) and elevated polyandry 
(E) treatment for Replicate 4 and the molecular weight marker (left to right).  
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In-gel digestion of proteins 

A standard in-gel digestion protocol was performed on each gel piece. Gel pieces 

were reduced and alkylated using 200 µl of 50 mM ammonium bicarbonate 

(reduction buffer) and 55 mM iodoacetemide mixed with 50 mM ammonium 

bicarbonate (alkylation buffer) and centrifuged at 13 Kg for 10 seconds. Gel 

pieces were then dried down using a miVac Quattro vacuum concentrator 

(Genevac) for ~30 minutes (until all samples were dry). Once dried, 20 µl of 

trypsin (New England BioLabs) and 50 µl of acetonitrile was added to each gel 

piece and incubated overnight at 37°C. Peptides were extracted the following day 

using a standard method with 100% acetonitrile, 5% formic acid and a solution of 

100% acetonitrile and 5% formic acid (Appendix 1.1) and dried down overnight in 

a vacuum concentrator at 30°C. Resulting peptides were resuspended in 7.5 µl of 

Switchos Solution (0.1% (v/v) formic acid, 3% (v/v) acetonitrile), sonicated in a 

water bath for 5 minutes and centrifuged at 13 Kg for 10 seconds, before being 

transferred to a sample vial and loaded into the autosampler tray of the Dionex 

Ultimate 3000 µHPLC system. Samples were set to run using the Xcalibur 

sequence system. 

LC-MS/MS analysis 

Extracted peptides were submitted to a µHPLC-MS/MS system comprising an 

Ultimate 3000 Nano LC System (Dionex) coupled to an LTQ Orbitrap Elite hybrid 

mass spectrometer (Thermo Scientific) equipped with an Easy-Spray (Thermo 

Scientific) ion source. Peptides were desalted on-line using a capillary trap 

column (Acclaim Pepmap100, 100 μm, 75 μm x 2 cm, C18, 5 μm; Thermo 

Scientific) and then separated using 60 min RP gradient (3-40% acetonitrile/0.1% 

formic acid) on an Acclaim PepMap100 RSLC C18 analytical column (2 μm, 75 

μm id x 10 cm; Thermo Scientific) with a flow rate of 0.25 μl/min. The mass 

spectrometer was operated in standard data dependent acquisition mode 

controlled by Xcalibur 2.2. The instrument was operated with a cycle of one MS 

(in the Orbitrap) acquired at a resolution of 60,000 at m/z 400, with the top 20 

most abundant multiply-charged (2+ and higher) ions in a given chromatographic 

window were subjected to CID fragmentation in the linear ion trap. An FTMS 
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target value of 1e6 and an ion trap MSn target value of 10000 were used. 

Dynamic exclusion was enabled with a repeat duration of 30 s with an exclusion 

list of 500 and exclusion duration of 30 s. 

Mass Spectrometry data analysis 

The raw mass spectra files were analysed using MaxQuant version 1.5.0.12 (Cox 

& Mann, 2008) searched against a combined UniProt (downloaded July 2014) D. 
pseudoobscura and D. melanogaster sequence database using the following 

search parameters: trypsin with a maximum of 2 missed cleavages, 7 ppm for MS 

mass tolerance, 0.5 Da for MS/MS mass tolerance, with acetyl (Protein N-term) 

and oxidation (M) as variable modifications and carbamidomethyl (C) as a fixed 

modification. A protein FDR of 0.01 and a peptide FDR of 0.01 were used for 

identification level cut offs (1% FDR using a decoy database). Match between 

runs with a 2 minute retention time window was enabled and label free 

quantitation (LFQ) was performed with a minimum ratio count of 2. Missing 

values were imputed using Perseus (1.4.1.3) and two sample t-testing was 

performed with a permutation based FDR calculation in Perseus.  

The final dataset was filtered so that every protein must be identified by at least 

two unique peptides in any of the biological replicates. This was to ensure that 

the dataset was a robust one, containing only proteins that showed up 

consistently and to avoid potential misidentifications through using only one 

peptide to identify a protein. These datasets were used to identify gene ontology 

(GO) enrichment, to examine protein abundances and to make comparisons 

between the data presented in this chapter and known SFPs from the literature. 

To be included in the proteome and secretome datasets for comparison between 

the treatments of M and E, proteins had to be identified by at least two unique 

peptides in 3 out of the 4 replicates (see Appendix 1.2 for the number of proteins 

identified in 2 out of the 4 replicates; Figures 1.2.1; 1.2.3 and in all 4 replicates; 

Figures 1.2.2; 1.2.4). By ensuring each protein was identified in 3 out of the 4 

replicates, the chance of misidentifying a protein was reduced without being too 

strict (for example, by only including proteins that were in 4 out of the 4 
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replicates) and potentially missing proteins that were consistently present in the 

dataset. 

Secretome analysis 

SignalP version 4.1 (Petersen et al., 2011) and Phobius version 1.01 were used 

to identify the proteins with predicted signal peptide sequences. Default settings 

were used for both SignalP and Phobius, i.e., default D-cutoff values to optimise 

for correlation and “Eukaryotes” as the organism group. Proteins that were 

identified in both SignalP and Phobius were collated to form the secretome list for 

further analysis. The secretome list contains 396 proteins which comprises 10.5% 

of the entire dataset and closely correlates with the predicted secretome in 

humans (~10% of the total proteins encoded by the genome; Pavlou & 

Diamandis, 2010).  

Gene ontology and protein abundance  

Gene ontology (GO) was established using the ClueGO plugin version 2.2.4 
(Bindea et al., 2009) of Cytoscape version 3.2.1. D. melanogaster orthologues 

were assigned to each secretome protein (where available) using FlyMine. These 

orthologues were compared to a reference population for statistical analyses and 

to generate figures of enrichment for cellular components and molecular function. 

The reference population is all of the genes (for D. melanogaster) that have a GO 

annotation. GO Cellular Component Annotations were compared using statistical 

tests for gene enrichment (two-sided hypergeometric test) with Holm-Bonferroni 

multiple test correction implemented. Network parameters were set as follows: 

GO Tree Levels (min = 2, max = 5), GO term restriction (min#genes = 4, min% = 

4), and GO Term Connection Restriction (Kappa score threshold = 0.53). Only 

terms with a p-value ≤ to 0.05 were shown and groups sharing >50% of terms 

were merged. 

For protein quantification, the secretome dataset was filtered to only include 

proteins that had been identified by at least two unique peptides and the top 20 

(5.1% of the secretome identified) most abundant proteins were selected for 

analysis (as suggested by Skerget et al., 2015). In this study, LFQ intensities 
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were used to quantify abundance because they are normalised to reflect the 

relative amounts of proteins (MaxLFQ; Cox et al., MCP, 2014).  

 

Results 

The accessory glands of male Drosophila pseudoobscura were analysed using 

mass spectrometry. In total, 3770 proteins were identified by 44182 unique 

peptides (Table 3.1). Of those proteins identified in the proteome, 395 proteins 

had a signal sequence (Table 1) and were grouped as the secretome. These 

secretome proteins were identified by 5938 unique peptides, which is an average 

of 15.03 peptides per protein for the secretome (Table 3.1).  

Table 3.1: Summary of Mass Spectrometry Results. Each protein had to be 
identified by at least two unique peptides in any replicate/treatment. 

 

Proteome. The proteome dataset was analysed for any differences between the 

treatments of M and E. 1949 out of the 3770 proteins (Table 3.1) were found to 

be in 3 out of the 4 replicates within a treatment. This strict filtering allowed for a 

robust but conservative number of proteins to be analysed. These 1949 proteins 

that comprised the filtered proteome were used for the remainder of the proteome 

analyses. 

1651 of the proteins identified were found to be in both M and E (Figure 3.5). 97 

proteins were found only in the M treatment and 201 proteins were found only in 

the E treatment (Figure 3.5). However, there was no significant enrichment of any 

GO terms within a treatment for the proteome. For the proteins only identified in a 
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single treatment, there is no evidence that these proteins are completely absent 

from the other treatment, only that they were not identified by enough peptides to 

be included when using strict filtering. There was a large amount of overlap 

between the replicates of the proteome; 1390 proteins were present in all 4 

replicates of M (Figure 3.6) and 1528 proteins were present in all four replicates 

of E (Figure 3.7).  

 

 

 

Figure 3.5: Venn diagram illustrating the overlap of protein identification 
between the two treatments (M and E) of the proteome. 1651 proteins were 
found to be common to both treatments. The proteome dataset was filtered 
so that each protein identified had to be present in 3 out of the 4 replicates 
(with at least two unique peptides to identify it in each replicate) within a 
treatment. 84.7% of those proteins found in 3 of the 4 replicates were found 
in both M and E. 
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Figure 3.6: Venn diagram illustrating the overlap of protein identification 
between the monogamous treatment replicates of the proteome. 1390 
proteins were found to be common to all four replicates. The proteome 
dataset was filtered to only include proteins that were identified by at least 
two unique peptides within each replicate. 

 
 

 

 

Figure 3.7: Venn diagram illustrating the overlap of protein identification 
between the elevated polyandry treatment replicates of the full proteome. 
1528 proteins were found to be common to all four replicates. The proteome 
dataset was filtered to only include proteins that were identified by at least 
two unique peptides within each replicate. 
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Secretome. The 395 proteins identified as the secretome (Table 3.1) were 

filtered so that each protein must be identified by at least 2 unique peptides in at 

least 3 of the 4 replicates within a treatment. With this stricter filtering, the 

secretome was comprised of 274 proteins. Of these, 247 proteins were found to 

be present in both M and E (Figure 3.8). 11 proteins were found only in the M 

treatment and 16 proteins were found only in the E treatment (Appendix Table 

1.2.1) but 91% of those for M and 100% of those for E were found to be in both 

treatments at some level when examining the unfiltered dataset. There was 

considerable overlap between the replicates of the secretome. The M treatment 

had 224 proteins common to all four replicates (Figure 3.9) and the E treatment 

had 235 proteins common to all four replicates (Figure 3.10).  

 

 

Figure 3.8: Venn diagram illustrating the overlap of protein identification 
between the two treatments, M and E of the secretome. 247 proteins were 
found to be common to both treatments. The secretome dataset was 
filtered so that each protein identified had to be present in 3 out of the 4 
replicates (with at least two unique peptides to identify it) within a 
treatment. 90% of the proteins found in 3 of the 4 replicates were found in 
both M and E. 
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Figure 3.9: Venn diagram illustrating the overlap of protein identification 
between the monogamous treatment replicates of the secretome. 224 
proteins were found to be common to all four replicates. Each protein had 
to be identified by at least two unique peptides within the replicate.  

 

Figure 3.10: Venn diagram illustrating the overlap of protein identification 
between the elevated polyandry treatment replicates of the secretome. 235 
proteins were found to be common to all four replicates. Each protein had 
to be identified by at least two unique peptides within the replicate.  
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Gene ontology (GO). Of the 395 total secretome proteins, 365 of those have D. 
melanogaster orthologues. These orthologues show gene ontology (GO) 

enrichment of multicellular organism reproduction (n=86, p=4.71e-11), 

reproduction (n=92, p=5.11 e-10) and insemination (n=10, p=4.78 e-6) biological 

processes. 22 of the secretome proteins are enriched in multi-organism 

behaviour (p=0.001) and 8 of the secretome proteins show enrichment in the 

regulation of female receptivity, post mating (Appendix Table 1.2.2; p=9.09 e-4). 

Both sets of proteins (22 for multi organism behaviour and 8 for female 

receptivity) are present in both treatments, M and E. A large proportion of the 

proteins identified in the secretome are annotated as extracellular and plasma 

membrane proteins (Figure 3.11; Figure 3.12). The secretome is enriched in 

proteins that have hydrolase activity (n=23, p=1.46 e-12) and protein disulfide 

isomerase (n=25, p=3.81 e-12) molecular functions.  

 

Figure 3.11: Gene ontology enrichment for the cellular component of the 
secretome proteins (identified by the D. melanogaster orthologues). Both 
treatments, M and E, were included. Each of the genes identified as being 
part of the secretome are plotted around the cellular nodes. 
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Figure 3.12: Gene ontology enrichment for the cellular component of the 
secretome proteins (identified by the D. melanogaster orthologues). Both 
treatments, M and E, were included. The same data as Figure 3.11 is 
presented but also showing the cellular locations of the proteins. 
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Overlap with known SFPs. There are 64 secretome proteins that overlap with 

known SFPs (Figure 3.13), and these correlate with 68 D. melanogaster 
orthologues. These D. melanogaster orthologues show GO enrichment of 

biological processes such as reproduction (n=58, p=2.07 e-37), sperm 

competition (n=9, p=4.79 e-11), copulation (n=10, p=1.62 e-11) and regulation of 

female receptivity, post mating (n=8, p=5.19 e-9). The majority of these 

overlapping proteins are annotated as extracellular proteins (n=63, p=2.62 e-52). 

The named Acps found in the secretome presented in this chapter are (Dpse\) 

Acp26Aa, Acp53Ea, Acp53C14a, Acp53C14b, Acp53C14c and Acp32CD. 

 

 

Figure 3.13: Venn diagram illustrating the overlap of protein identification 
between the secretome (Secretome Dpse) and the known seminal fluid 
proteins (Dpse SFPs) converted to D. pseudoobscura identifiers from D. 
melanogaster identifiers. 64 proteins were found to be common to both 
datasets. The secretome dataset was filtered so that each protein had to be 
identified by at least two unique peptides in any of the biological replicates. 
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Protein abundance. Secretome proteins were organised by average LFQ 

intensity across both treatments (M and E) and the top 20 most abundant 

proteins (5.1% of the total secretome dataset) are shown in Table 3.2. These 

intensity values provide a relative abundance of the proteins of the secretome. 

Some of the most abundant proteins in the secretome are named Acps: 

Acp53Ea, Acp26Aa and Acp53C14b. These known Acps were also found in the 

top 20 most abundant proteins for both M and E treatments when considered 

separately, which provides further indication that there are no significant 

differences between the treatments. The most abundant proteins are annotated 

as extracellular proteins (n=14, p=3.49 e-13) which are involved in a variety of 

biological processes relating to reproduction; sperm competition (n=4, p=3.06 e-

4), insemination (n=4, p=4.44 e-4), copulation (n=4, p=0.001) and regulation of 

female receptivity, post mating (n=3, p=0.004). There was no molecular function 

enrichment for the top 20 most abundant secretome proteins. 
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Flybase Id 

 
Protein Name 

 
D. melanogaster 
Orthologue 

 
Average LFQ 
intensity (±SE) 

 
1 

 
FBgn0080005 

 
Dpse/GA20009 

 
 

 
Pdi 

 

 
3.84E+10 (2.70E+09) 

 
 

 
2 

 
FBgn0077997 

 

 
Dpse/GA17988 

 

 
Hsc70-3 

 

 
2.27E+10 (1.11E+09) 

 
 

 
3 

 
FBgn0248215 

 

 
Dpse/GA26842 

 

 
SP1029 

 

 
1.21E+10 (1.31E+09) 

 
4 

 
FBgn0078945 

 

 
Dpse/GA18946 

 

 
Gp93 

 

 
1.17E+10 (1.22E+09) 

  
5 

 
FBgn0249994 

 

 
Dpse/GA28634 

 

 
CG17843 

 

 
6.31E+09 (4.92E+08) 

 
 

 
6 

 
FBgn0070792 

 

 
Dpse/GA10736 

 

 
Rfabg 

 

 
4.69E+09 (3.10E+09) 

 
 

 
7 

 
FBgn0245536 

 

 
Dpse/GA24137 

 

 
ERp60 

 

 
4.59E+09 (3.14E+08) 

 
  

8 
 

FBgn0245588 
 

 
Dpse/GA24189 

 

 
- 
 

 
4.54E+09 (2.22E+08) 

 
  

9 
 

FBgn0075503 
 

 
Dpse/GA15486 

 

 
CG2852 

 

 
4.5E+09 (5.17E+08) 

 
  

10 
 

FBgn0243575 
 

 
Dpse/Acp53Ea 

 

 
Acp53Ea 

 

 
4.08E+09 (6.03E+08) 

 
  

11 
 

 
FBgn0082796 

 

 
Dpse/Acp26Aa 

 

 
CG8982 

 

 
4.03E+09 (4.35E+08) 

 
  

12 
 

FBgn0074591 
 

 
Dpse/GA14563, A 

 

 
CG17575 

 

 
3.94E+09 (1.26E+08) 

 
 

 
13 

 
FBgn0077417 

 

 
Dpse/GA17404, B 

 

 
mfas 

 

 
3.78E+09 (2.26E+08) 

 
 

 
14 

 
FBgn0079900 

 

 
Dpse/GA19904 

 

 
Ugt 

 

 
3.77E+09 (2.59E+08) 

 
 

 
15 

 
FBgn0074106 

 

 
Dpse/GA14075 

 

 
lectin-46Cb 

 

 
3.33E+09 (4.35E+08) 

 
 

 
16 

 
FBgn0245732 

 

 
Dpse/GA24335 

 

 
lectin-46Ca 

 

 
3.14E+09 (3.50E+08) 

 
 

 
17 

 
FBgn0249580 

 

 
Dpse/GA28217 

 

 
Glg1 

 

 
3.01E+09 (2.69E+08) 

 
 

 
18 
 

 
FBgn0248690 

 

 
Dpse/GA27323 

 

 
Calr 

 

 
2.93E+09 (1.55E+08) 

 
 

 
19 

 
FBgn0073882 

 

 
Dpse/Acp53C14b 

 

 
Acp53C14b 

 

 
1.98E+09 (6.54E+08) 

 
  

20 
 

FBgn0247756 
 

 
Dpse/GA26382 

 

 
CG42564 

 

 
1.92E+09 (6.22E+08) 

 
 

Table 3.2: The top 20 most abundant secretome proteins by average LFQ 
intensity for both treatments, M and E, combined. 
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Discussion 

Shotgun proteomics has been used to identify the proteome of Drosophila 
pseudoobscura male accessory glands. The accessory glands of D. 
pseudoobscura males from two selection line treatments, enforced monogamy 

(M) and elevated polyandry (E) were analysed using LC-MS/MS. Each treatment 

consisted of four biological replicates, but due to equipment access constraints, 

technical replicates of the same biological material were not performed. However, 

there was a large amount of overlap of the proteins identified between the 

biological replicates for both the proteome (Figures 3.6 and 3.7) and the 

secretome (Figures 3.9 and 3.10). The relatively large overlap between replicates 

suggests that both the dissections (Figure 3.1) and the subsequent sample 

processing were of a consistently high standard. Additionally, strict filtering 

criteria for peptide and protein annotation were applied, which provided a 

conservative but robust number of proteins identified. The average number of 

peptides to identify each protein, 11.72 and 15.03 for the proteome and 

secretome respectively (Table 3.1), also demonstrated the quality of the dataset. 

Consequently, the biological replicates within a treatment were combined for the 

majority of the analyses into a single treatment group. I identified a total of 3770 

proteins as the accessory gland proteome (Table 3.1). However, for the 

remainder of the analyses, I only included proteins which were identified by at 

least two unique peptides in 3 out of the 4 biological replicates within a treatment. 

This was so that I only presented protein identifications which consistently 

appeared and for which I could be confident were present, particularly when 

combining replicates into a single treatment for further analyses. However, I did 

not restrict the list to such an extent as to only include proteins that were present 

in all of the replicates, because I did not want to exclude proteins which were 

likely to be present in the proteome. The proteome contained 1949 proteins that 

were present in 3 out of the 4 replicates (Figure 3.5), of which 1651 were 

identified in both treatments, M and E. This represents 84.7% of the proteome. 

There were no significant GO enrichment terms within a treatment and overall I 

found no significant differences in the quantification of any proteins between 

treatments. 
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The proteome of D. pseudoobscura accessory glands was analysed for proteins 

that had a signal sequence. These proteins are the ones which are secreted from 

cells and are the candidates for being most likely to be transferred to females 

during mating (Wolfner et al., 1997). As such, the secretome dataset is expected 

to contain the accessory gland proteins for D. pseudoobscura, both known and 

currently unannotated. Proteomics has proved successful in analysing seminal 

fluid proteins in a variety of organisms (Findlay et al., 2008; 2009; 2010; Baer et 

al., 2009; Simmons et al., 2013; Wei et al., 2015) and has been utilised here to 

identify and quantify the secretome. To my knowledge, this is the first secretome 

analysis for Drosophila species, but it has been performed in other organisms, 

such as the oriental fruit fly (Bactrocera dorsalis; Wei et al., 2015). This technique 

could be applied to future analyses of SFPs in Drosophila.  

I identified a total of 395 secretome proteins, which comprises 10.5% of the total 

proteome dataset and closely correlates with the predicted secretome for humans 

(~10% of the total proteins encoded by the genome; Pavlou & Diamandis, 2010). 

In addition, a large proportion of the proteins identified as the secretome were 

annotated as extracellular (Figure 3.11) and the majority of them were located in 

the plasma membrane or in the extracellular space (Figure 3.12). The secretome 

was enriched in proteins that are associated with reproduction and female 

receptivity (Appendix Table 1.2.2). These are good indicators that the secretome 

in this chapter was predicted with reasonable accuracy, that the methodology and 

the programmes used to identify these proteins were robust and that the data 

produced is good quality. It also supports the idea that by identifying the 

secretome proteins, these analyses include putative Acps. Additionally, I 

compared the secretome identified in this chapter to known SFPs from the 

literature (Wagstaff & Begun, 2005; Ravi Ram & Wolfner, 2007; Findlay et al., 

2008; 2009; 2010) and found that 64 proteins were present in both lists (Figure 

3.13; D. melanogaster orthologues converted to D. pseudoobscura identifiers). 

Some seminal fluid proteins are located in the ejaculatory duct and the 

ejaculatory bulb, but I did not include these in the samples because it was not 

possible to consistently dissect them in tact within the given timescale. In 

addition, sex peptide was not found in the secretome dataset, possibly because it 
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is “unannotated” in Flybase for D. pseudoobscura or because it is easily missed 

in mass spectrometry analyses due to its small size (36 amino acids in D. 
melanogaster; Chen et al., 1988; Chapman & Davies, 2004). Sex peptide is 

predicted to be present in D. pseudoobscura (Wagstaff & Begun, 2005) but is 

unlikely to respond to sexual selection (Wong et al., 2012), so most likely would 

not have contributed to the analyses for the effects of sexual selection on the 

secretome proteins.  

There were six named Acps present in the secretome; Dpse/Acp26Aa, Acp53Ea, 

Acp53C14a, Acp53C14b, Acp53C14c, Acp32CD and the majority of the 

overlapping proteins were annotated as extracellular proteins (n=63, p=2.62 e-

52). Three of the named Acps were present in the top 20 most abundant proteins 

for both M and E (Table 3.2). One of these proteins, Acp26Aa, increases egg 

laying in mated females (Herndon & Wolfner, 1995; Chapman et al., 2001). An 

increase in egg laying can be beneficial to both sexes to a point, but if males 

could manipulate females beyond her optimum level, this could have negative 

fitness consequences for females (Chapman, 2001). Previous research has 

shown that D. melanogaster males can increase the transfer of at least two key 

reproductive proteins (Acp26Aa and Acp70A) to females after just ~40 

generations of artificial selection (Wigby et al., 2009). The experimental evolution 

treatments used in this chapter have been selected for over 150 generations. 

Therefore, M males were predicted to have lower quantities and/or fewer Acps 

than E males because M pairings were expected to have reproductive interests 

which are more aligned than E pairings. E males were expected to have evolved 

an Acp complement which enabled them to manipulate females to a greater 

extent and therefore gain a competitive advantage over rival males in response to 

sexual selection and/or sexual conflict. Rapid evolution of Acps and SFPs in 

general has been reported elsewhere (Swanson et al., 2001; Mueller et al., 2005) 

and has been suggested to be a response to sexual conflict (Holland & Rice, 

1999). However, there were no significant differences between M and E in the 

quantity of Acps in this study. Similarly, the top 20 most abundant secretome 

proteins, including the named Acps, were the same for both treatments (Table 

3.2). Therefore, it is unlikely that postcopulatory sexual selection is a potent force 
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driving Acp evolution in these populations. The lack of differences between M 

and E Acp profiles could be explained by the finding of chapter 2, that there was 

no significant difference in remating between treatments (chapter 2; Figure 2.2).  

The secretome contained proteins that were apparently unique to M or E (11 for 

M and 16 for E; Figure 3.8; Appendix Table 1.2.1). However, these proteins are 

not found exclusively in that treatment. Each “unique” protein was identified by at 

least one peptide in at least one of the replicates of the other treatment. As such, 

there was no evidence of absence. These proteins (or rather, peptides) may have 

been missed by the mass spectrometer or were not in high enough 

concentrations to be detected in some of the replicates. This meant they were 

filtered out by the relatively strict filtering applied to this dataset. Equally, there 

could be evidence that these proteins are unique to a treatment and were 

identified as a false-positive with only one peptide in an opposite treatment. The 

reason strict filtering was applied to the dataset was to decrease the chances of 

proteins being incorrectly identified by only one peptide. Further study could 

examine these “unique” proteins more closely using labelling techniques, such as 

Isobaric Tags for relative and Absolute Quantitation (iTRAQ) or Tandem Mass 

Tag (TMT) to track individual proteins within the samples and identify whether 

these proteins are truly unique to one treatment and at what abundance they are 

found in each sample.  

The secretome proteins are characterised by enrichment in reproductive 

functions and this is reflected in the top 20 most abundant proteins as well. Since 

D. pseudoobscura proteins are not currently well annotated, D. melanogaster 
orthologues were used to identify their potential functions. Out of the top 20 most 

abundant proteins (Table 3.2), 19 of them have D. melanogaster orthologues. 

FBgn0245588 (GA24189) does not have a D. melanogaster orthologue but has 

been identified in the literature as a D. pseudoobscura protein (Richards et al., 

2005; Clark et al., 2007). As yet, there is no gene ontology for this protein other 

than it is a signal peptide located in the extracellular space (Flybase, 2004). In 

total, 30 identified D. pseudoobscura secretome proteins (n=395) do not have D. 
melanogaster orthologues. These proteins were not significantly different in 
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quantity between M and E but functional annotation was not available, so it is 

possible there were undetected differences in functional enrichment. Annotating 

these (currently unannotated) D. pseudoobscura secretome proteins would be an 

interesting avenue for future study. 

Finally, as it seems unlikely that postcopulatory sexual selection is shaping the 

evolution of secretome proteins in D. pseudoobscura accessory glands, the 

potential cause of the increase in accessory gland size cannot be uncovered by 

these analyses. Males have been shown to adjust their transfer of specific SFPs 

in response to environmental cues, such as female mating status (Sirot et al., 

2011). This has been suggested as a response to potentially exploit the action of 

SFPs transferred by previous males. This plasticity of SFP composition is 

consistent with SFPs responding to selection and their role in mediating male 

reproductive success (Sirot et al., 2015). An area of future research could be to 

examine the experimentally evolved populations of D. pseudoobscura from within 

their selective environment. For example, it would be of interest to examine the 

proteins dissected from within the female reproductive tract after transfer. The 

majority of SFPs have target sites within the female reproductive tract and are 

modified in some way by the female (Park & Wolfner, 1995; Wolfner, 2002; Ravi 

Ram et al., 2006; Wong et al., 2010). SFPs could be taken from previously 

unmated females and from previously mated females to determine if males 

allocate different SFPs or different quantities of these SFPs to females with 

different mating status. A future study could also aim to provide information on 

the function(s) of currently unannotated D. pseudoobscura SFPs. This is 

especially interesting for those 30 secretome proteins in these selection line 

treatments which do not have D. melanogaster orthologues and for which 

relatively little is currently known.  
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Chapter 4. A three-dimensional model of sperm inside the 
egg cytoplasm: A sperm’s tail. 

Introduction 

For fertilisation to occur, complex morphological, physiological and biochemical 

interactions must successfully take place between the sexes. Any changes in 

reproductive traits could become a source of incompatibility, if the sexes have not 

coevolved, since sexual selection has the ability to drive rapid evolution 

(Simmons, 2001; Birkhead & Pizzari, 2002). As such, sexual selection can 

strongly influence the probability that individuals from the same or different 

populations will successfully produce progeny, thereby potentially generating 

reproductive isolation (RI). Postmating, RI has been broadly divided into two 

categories: mechanisms that occur before the formation of the zygote 

(postmating, prezygotic); and those that occur after (postmating, postzygotic). 

Postmating prezygotic mechanisms include the failure of sperm and egg to 

interact properly, known as gametic isolation (Coyne & Orr, 2004). One example 

of this occurs in the lysin/VERL system of Haliotis abalone species (Panhuis et 

al., 2006). However, definitions of gametic isolation can be extended to include 

both problems arising during fusion at the gamete surface (syngamy) or before 

and those occurring during fusion of gamete pronuclei (karyogamy) to form the 

diploid zygote (Snook et al., 2009b). This broader definition than previously 

recognised allows the extensive intracellular interactions between the gametes to 

be taken into account. 

Research shows that after syngamy in most organisms, the entire sperm enters 

the egg and interacts with the egg cytoplasm (in mammals, Krawetz, 2005; 

marine invertebrates, Shapiro et al., 1981; and insects, Karr, 1991). The entrance 

and subsequent persistence of the sperm tail within the egg suggests that sperm 

contribute non-genetic components to the egg and/or the developing zygote. 

These intracellular interactions are critical for fertilisation and early 

embryogenesis (Krawetz, 2005) and could represent a further source of RI. For 

example, some component of the sperm tail must be present to elicit sperm aster 
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formation and pronuclear fusion in insects and vertebrates (Moomjy et al., 1999; 

Sutovsky & Schatten, 2000). In Drosophila, mutations such as misfire (mfr) inhibit 

aster formation and karyogamy by failing to breakdown the sperm plasma 

membrane (Ohsako et al., 2003). The egg cytoplasm also plays a role in these 

intracellular interactions, as a maternal mutation wispy (wsy) prevents the proper 

configuration of pronuclei for karyogamy and early embryogenesis by stopping 

the female pronucleus migrating towards the male (Brent et al., 2000).  

Sperm also contribute to embryonic development by determining embryo polarity 

(in Xenopus laevis, Danilchik & Black, 1988; and in rodents, Pedersen, 2001; 

Piotrowska & Zernicka-Goetz 2001; Gray et al., 2004). It has been shown that 

some aspect of the tail remains attached to the zygotic nucleus through the 2-cell 

stage in rodents (Sutovsky & Schatten, 2000) and throughout early 

embryogenesis in Drosophila, with the tail assuming different positions and 

morphologies throughout (Karr, 1996; Karr & Pitnick, 1996; Pitnick & Karr, 1998; 

Snook & Karr, 1998). Sperm tail structures are later sequestered to the 

developing midgut, stripped of proteins and then excreted as waste by larvae 

(Pitnick & Karr, 1998). In addition to this, research has shown that sperm 

contribute various components to provision the egg (Dorus et al., 2006), such as 

tubulin (Karr, 1991) and an RNA-binding protein (Ostermeier et al., 2005), which 

are critical to fertilisation success (Krawetz, 2005).   

Evolutionary responses to sperm competition (postcopulatory sexual selection) 

can result in sperm morphological diversity both between (Stockley, 1997; 

Simmons, 2001; Snook, 2005) and within a species (Swallow & Wilkinson, 2002; 

Gage & Morrow, 2003; Till-Bottraud et al., 2005). Such changes must evolve 

alongside counteradaptations in the female for fertilisation to be successful. One 

example of this is the correlated evolution of sperm tail length with the female 

sperm storage organs which has been demonstrated in Drosophila (Miller & 

Pitnick, 2002). Species within this genus exhibit the greatest variation in sperm 

tail length, ranging from 77 µm in D. persimilis (Snook, 1997) to 58,290 µm in D. 
bifurca (Pitnick et al., 1995b) and sperm length evolves rapidly (Pitnick et al., 

2003). D. melanogaster females can accommodate sperm that are far longer 
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than the length of the egg, suggesting some coevolution of sperm length and 

specific mechanisms for sperm transport and compaction within the egg (Karr & 

Pitnick, 1996). However, females only have the opportunity to coevolve with 

conspecific males, so if the egg of one species is unable to accommodate the 

sperm of another, then this could result in embryonic failure and generate an 

isolating barrier (RI) between species.  

Sexually selected changes in sperm morphology must be incorporated into the 

complex choreography of sperm-egg intracellular interactions. In Drosophila, 

sperm tails that enter the egg are confined to the anterior end and exhibit a 

putatively stereotypical three-dimensional folding and coiling structure that could 

be species-specific (Karr, 1991; 1996; Snook & Karr, 1998). Karr (1991) suggests 

that whole-sperm entry into the egg and the conformation it adopts functions to 

correctly align male and female pronuclei for karyogamy. Research has shown 

the importance of adopting the appropriate sperm configuration within the egg for 

zygote development (Ohsako et al., 2003; Lassy & Karr, 1996). For example, 

Drosophila sperm with the mfr mutation are typically not located in the anterior 

portion of the egg and adopt a different coiling structure to sperm that are 

commonly seen during normal development (Ohsako et al., 2003). As such, 

sperm of one species may be able to enter the egg of another but may not adopt 

the appropriate configuration for fertilisation. Even within a species, crosses 

between two geographical variants of D. melanogaster, M (cosmopolitan) and Z 

(Zimbabwe), have different fertilisation outcomes; some Z x M crosses have a 

higher percentage of eggs unsuccessfully fertilised than the reciprocal cross due 

to a) the entire sperm not entering the egg, b) sperm adopting an alternative 3D 

structure, or c) not being restricted to the anterior portion of the egg (Alipaz et al., 

2001). However, whether these incompatibilities are due to sexually selected 

changes on sperm tails is unknown. The function of whole-sperm entry into the 

egg is not fully understood and the function of the three-dimensional sperm 

structure has not yet been explored. 

Using a systems biology approach, I conducted a cross-discipline research 

project to develop a pipeline for studying intracellular sperm-egg interactions. 



71 
 

Specifically, the approach presented here allows for quantification of a variety of 

sperm and egg parameters (e.g. arc length and curvature) and the distance 

between the male and female pronuclei, which has not been performed 

previously. To assess the effectiveness of such an approach, I measured the 

sperm tail structures of various species within the Drosophila obscura group. 

Drosophila species provide an excellent study system in which to investigate this 

because they have huge variety in sperm tail length (Pitnick et al., 1995b; Snook, 

1997) and they can form hybrids. However, hybrid crosses are not completely 

“successful”, as usually the male progeny resulting from the crosses are sterile. 

Since it is not possible to model the sperm shape of completely incompatible 

crosses, these hybrids allow identification of how sperm structure might be 

disrupted when the sperm and egg of two species interact. The obscura group 

specifically are valuable to perform this experiment because they have relatively 

short sperm compared with other Drosophila species, making identification of the 

whole sperm shape achievable. I examined whether there was a species-specific 

3D structure of sperm within the egg cytoplasm and to what extent this structure 

was disrupted in hybrid crosses. As hybrid crosses do fertilise and produce 

progeny, I predicted that if sperm formed a species-specific confirmation within 

their conspecific species eggs, then the sperm structure of hybrid crosses would 

align either to that of the conspecific male cross or to that of the female 

conspecific species cross, depending upon which one of the sexes is responsible 

for controlling the structure of sperm within the egg. I also examined the sperm 

tail structure during early embryogenesis to examine any positional or 

morphological changes the sperm tail may undergo and to investigate whether it 

was possible to track and model sperm during early embryogenesis using this 

approach. Future study could feasibly adopt this approach to understanding 

human reproduction and to the development of assisted reproductive techniques, 

as Drosophila fertilisation is similar to that of vertebrates in that the sperm tail 

also enters the egg (Simerly et al., 1995; Alberts et al., 2002). More generally, the 

development of this protocol to extract various parameters from images could 

have applications to other biological systems that use high resolution 3D imaging 

to quantify the properties of biological materials. 
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Materials and Methods 

Strains of flies used and their maintenance 

Four species from the obscura group were used for this experiment: Drosophila 

pseudoobscura (Tucson, AZ, 2001), Drosophila persimilis (TDSC, 2004), 

Drosophila bogotana (1990) and Drosophila miranda. Flies were maintained in 

vials containing cornmeal-agar-molasses food media with added live yeast and 

housed at 22°C with a 12L:12D cycle.  

Drosophila pseudoobscura were crossed with D. bogotana, D. persimilis or D. 
miranda (Table 4.1). All species were crossed with their conspecifics as a control. 

Sperm shape was studied at the pronuclei stage (hereafter, PN) for all crosses 

and at 2n, 4n and 8n stages of development for the D. persimilis crosses with D. 
pseudoobscura and for all the conspecific crosses. The D. miranda crosses with 

D. pseudoobscura and D. bogotana crosses with D. pseudoobscura were only 

studied at the pronuclear stage.  

Egg collection and staining 

Males and females from stock populations were transferred to egg collection 

chambers in groups of 30. Each egg collection chamber was fitted with an egg 

laying (molasses/agar) plate, with added live yeast, to allow females to start 

ovipositing (Snook et al., 1994).  After 24 hours, the first egg collection plate was 

discarded and replaced with a fresh one. Eggs were harvested every hour and a 

fresh plate was placed on the chamber each time. Immediately following 

harvesting, eggs were dechorionated in 50% bleach and 50% dH2O, rinsed in 

detergent (Triton-X) and then fixed in a 50% methanol and 50% heptane mix (to 

remove the vitelline membranes of eggs so that staining was possible). The 

sperm inside eggs were stained using a sperm-specific polyclonal antibody 

(Snook & Karr, 1998) and shortly before observation, eggs were counter-stained 

using a DNA-specific fluorescence, DAPI (4',6-diamidino-2-phenylindole) to label 

nuclei. Eggs were mounted onto standard microscope slides in 80% glycerol/PBS 

and sealed. 
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Species A 
(female) 
 

  
Species B 
(male) 
 

 
Stages of 
development 
 

 
Number of images  
(PN; 2n; 4n; 8n) 
 

D. pseudoobscura             D. bogotana PN 8 

D. bogotana D. pseudoobscura PN 8 

D. bogotana D. bogotana PN 10 

D. persimilis D. pseudoobscura PN, 2n, 4n, 8n 8; 4; 10; 9 

D. pseudoobscura D. persimilis PN, 2n, 4n, 8n 7; 10; 10; 11 

D. pseudoobscura D. pseudoobscura PN, 2n, 4n, 8n 8; 5; 6; 10 

D. persimilis D. persimilis PN, 2n, 4n, 8n 10; 1; 10; 10 

D. miranda D. miranda PN, 2n, 4n, 8n 10; 12; 13; 12 

D. miranda D. pseudoobscura PN 5 

D. pseudoobscura D. miranda PN 1 

 

Image processing and analysis 

Confocal laser scanning microscopy was used to acquire images of antibody-

labelled eggs (Snook et al., 1994; Snook and Karr, 1998). Images were 

standardised by capturing a 2D image every 2 µm through the z-stack of the egg. 

The developmental stage of each egg was determined by staining the egg nuclei 

with DAPI and counting the number of nuclei present.  

For reconstructing a three-dimensional image, the confocal images were 

imported into ScanIP, a 3D image visualisation and processing software created 

by Simpleware Ltd. (Figure 4.1). Spacing values for each stack of images were 

Table 4.1: Reciprocal and conspecific species crosses from which images 
were obtained 
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set to 0.002 mm to represent the images being taken at 2 µm through the z-

stack. The entire sperm tail and all pronuclei/nuclei and polar bodies (where 

present) were “masked” using the paint with threshold function (Appendix 2.1) 

and reconstructed into a 3D model by the software. Finally, a curve was fitted to 

the sperm tail and the coordinates of each point along the tail, as well as the 

coordinates for all other masks (pronuclei/nuclei positions and polar body 

positions), were recorded using a purpose built plug-in. It was important to keep 

the spacing between points on the sperm tail curve consistent between sperm of 

different species and across images, so that measurements were consistent 

across species and samples. For example, if one sample used more points than 

another, it is expected that more detail could be taken in the sample with more 

points compared to the one with fewer points, so this was automated as part of 

the plug-in. The mean position of all the voxels in each mask was taken as the 

centre of the nucleus or polar body and marked using the plug-in accordingly. 

Measurements of parameters 

Analyses were performed using Mathematica (Wolfram Research, Inc., 

Mathematica, Champaign, IL 2014). Using the coordinates of sperm tail position 

(x,y,z), measurements of arc length, aspect ratio, curvature, torsion and writhe 

were calculated (Appendix 2.1). Arc length (mm) is defined as the total length 

along the tail; aspect ratio gives the arc length divided by the net length (and 

provides a measurement of how much the sperm tail deviates from a straight 

line). Curvature (1/mm) measures the average curvature across the sperm tail 

length using the radius of a circle and indicates the amount to which the sperm 

tail deviates from being flat. The radius of curvature equals the radius of a circle 

(r) and curvature k is equal to 1/r, so a larger r equates to a more curved sperm 

tail. Torsion (1/mm) measures how tightly wound the helix (curve) is and whether 

the helix is right or left handed. Writhe measures the helical structure (the same 

as torsion) and the tendency of the helix to self-knot (overlap itself). However, 

measurements of torsion and writhe are very sensitive to small fluctuations and 

measurement error, so I do not use these measurements in this analysis. 
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For the pronuclei stage, I used the distance from the polar bodies to various 

points along the sperm tail as a landmark for where the sperm tail was positioned 

within the egg. Polar bodies are haploid cells that are formed during oogenesis 

(Tremblay & Caltagirone, 1973). One of the haploid nuclei becomes the female 

pronucleus and the other three haploid genomes, the polar bodies, fail to develop 

and migrate to putatively the same position within the egg. As such, they are 

potentially useful landmarks for the orientation of the egg. I also calculated the 

distance between the two pronuclei. These analyses were performed using 

Python (2.7.10, 2015). 
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A 
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D 

E 

F 

Figure 4.1: A visual representation of the methodological pipeline. A) An example 
sperm tail stained red. B) Male and female pronuclei stained with DAPI (faint blue 
circles within the larger white circle). C) The red line is a partial sperm tail 
represented as a mask in ScanIP. D) The same sperm tail in full as the final three-
dimensional model. E) The pronuclei from (B) represented in 3D as part of the 
ScanIP model. F) Polar bodies (not previously shown) segmented in ScanIP into 
the 3D model. The red, blue and grey regions (respectively) in the top three boxes 
of this figure correspond to the egg structure. The egg structure is not marked in 
the 3D model (fourth/final panel). 

ScanIP 3D model of sperm tail shape 
(D) and pronuclei (circled; E). 
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Results 

Using the approach outlined here, a variety of sperm and egg parameters can be 

measured and analysed. This technique is methodologically robust and presents 

an interesting new avenue for research in the future. The majority of data 

discussed in this chapter demonstrate the technique; however they do not show 

statistically significant results on the whole due to the relatively low sample sizes. 

This protocol was developed to examine any differences in sperm and/or egg 

parameters for both between species and hybrid crosses. The following sections 

outline some putative differences between the sperm tail shapes of the various 

crosses, but the main purpose of these results is to demonstrate which 

measurements can be taken using this protocol using a test dataset as examples 

and to highlight potential differences which could be studied in future research. 

Is there a species-specific 3D sperm shape during the pronuclear stage? 

I was able to quantify five key measures of sperm properties within the egg at the 

pronuclear stage. These measures were used to quantify and examine whether 

there was a species-specific sperm tail shape and were as follows:  

(1) Arc length (Figure 4.2); 

(2) Curvature (Figure 4.3); 

(3) Distance between sperm and egg pronuclei (Figure 4.4); 

(4) Distance between polar bodies and the sperm tail (Figure 4.5); 

(5) Aspect ratio (Figure 4.6). 

None of these measures are significantly different between species at the 

pronuclear stage (p>0.05) and so suggest there is not a species-specific sperm 

tail shape at this stage of fertilisation. However, Figures 4.2-4.6 demonstrate how 

the protocol developed in this chapter can be used to quantify various 

intracellular sperm-egg interactions. I briefly discuss each measure in this 

section. 
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Average arc lengths for all four species are very similar at the pronuclear stage 

(Figure 4.2) as has been previously demonstrated in the literature (Pitnick et al., 

1995b; Snook, 1997; Snook, 1998). Further, there were no significant differences 

in average curvature (Figure 4.3) or positioning within the egg (Figure 4.4). 

Similarly, there does not appear to be differences in the distance between 

pronuclei (Figure 4.5), but this is expected in conspecific crosses as the pronuclei 

must fuse at this point. Of the parameters measured, it would be most interesting 

to collect more data for the aspect ratio of the different species during the 

pronuclear stage. There were no significant differences in average aspect ratio of 

sperm between crosses in these data, but this parameter appears to be the most 

likely to differ if a larger sample size were to be considered (Figure 4.6). It is 

possible, for example, that differences between D. miranda (which have straight 

sperm tails compared to the other species) and D. pseudoobscura (which have 

sperm tails that appear to deviate the most from a straight line) could be 

uncovered, however, this is currently just conjecture. 

 

Figure 4.2: Average (±SE) arc length for the conspecific crosses for the PN 
stage to identify whether or not there is a species specific-sperm tail shape. 
NS differences between species. 
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Figure 4.3: Average (±SE) curvature for the conspecific crosses during the 
PN stage to identify whether there is a species-specific sperm tail shape. 
NS differences between species. 

 

Figure 4.4: Average (±SE) distance between sperm and egg pronuclei for 
the conspecific crosses during the PN stage. NS differences between 
species. 



80 
 

 

Figure 4.5: Average (±SE) distance between points along the sperm tail and 
the polar bodies for conspecific crosses during the PN stage, * P<0.05.

 

Figure 4.6: Average (±SE) aspect ratio for the conspecific crosses during 
the PN stage to identify whether there is a species-specific sperm tail 
shape. NS differences between species. 

* 
* 

* 
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Is there a species-specific 3D sperm shape during the developmental 
stages (2n, 4n, 8n)? 

I also applied the protocol demonstrated in the pronuclear section to studying the 

developmental stages of intracellular sperm-egg interactions. However, the 

pronuclei were not present during these stages so measures of the distance 

between pronuclei were not taken. Equally, measures of the distance between 

the sperm tail and polar bodies were not included. Therefore, only measures of 

(1) arc length, (2) curvature and (5) aspect ratio were examined for these stages. 

In addition to this, data for D. bogotana were not collected at these stages (see 

Table 4.1). In this section, I present the aspect ratio as an example of how this 

protocol can be used to track sperm tails at these stages of development. Figures 

for arc length and curvature at these developmental stages can be found in 

Appendix 2.2.  

The aspect ratio of D. miranda sperm tails was significantly smaller than D. 
pseudoobscura at the 2n stage (Figure 4.7; F=5.17, df=2, p=0.05). Unfortunately 

only one data point was collected for D. persimilis for the 2n stage so no 

assertions can be made about this species. At the 4n stage, both D. 
pseudoobscura and D. persimilis were significantly larger than D. miranda (Figure 

4.8; F=5.37, df=2, p=0.01). During the 8n stage of development, D. miranda had 

sperm tails with higher aspect ratio than D. pseudoobscura but this was not 

significant (Figure 4.9; p>0.05). Overall, this method has highlighted the dynamic 

changes occurring through time during sperm-egg interactions. 
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Figure 4.7: Average (±SE) aspect ratio for the conspecific crosses during 
the 2n stage to identify whether there is a species-specific sperm tail 
shape, * P<0.05. 

 
Figure 4.8: Average (±SE) aspect ratio for the conspecific crosses during 
the 4n stage to identify whether there is a species-specific sperm tail 
shape, ** P<0.01. 

* 

** 
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Figure 4.9: Average (±SE) aspect ratio for the conspecific crosses during 
the 8n stage to identify whether there is a species-specific sperm tail 
shape. NS differences between species. 
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Comparisons within a species – are there changes in sperm tail parameters 
through development within each conspecific cross? 

The changes uncovered in the previous section indicate the need for study of the 

temporal properties of sperm tails within the egg. Therefore changes within a 

species at different stages of development were measured. Indeed, average 

aspect ratio for D. miranda is significantly larger at the 8n stage of development 

compared to the 4n stage (Figure 4.8 and Figure 4.9; F=4.13, d=3, p=0.012). In 

addition, the sperm tail for D. pseudoobscura was significantly longer at the 8n 

stage of development compared to the other stages (Figure 4.10; F=14.25, df=3, 

p=0.001). These within species changes in average arc length were also evident 

in D. miranda (F=8.05, df=3, p=0.002) and D. persimilis (F=15, df=3, p=0.001), 

both of which are presented as figures in Appendix 2.2. 

 

Figure 4.10: Average (±SE) arc length for D. pseudoobscura from the PN 
stage to the 8n stage of development to identify changes in sperm tail 
shape within a species during development, *** P<0.001.  

*** 
*** 

*** 
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Are sperm tail shapes of heterospecific parental crosses disrupted in 
comparison to conspecific parental crosses during the PN stage? 

In addition to conspecific crosses, I used the protocol outlined in this chapter to 

identify whether sperm tail shapes were disrupted in hybrid crosses. For the 

pronuclear stage presented here, I was able to quantify five sperm traits within 

the egg (1) arc length (Figure 4.11); (2) curvature (Figure 4.12); (3) distance 

between sperm and egg pronuclei (Figure 4.13); (4) distance between polar 

bodies and sperm tail (Figure 4.14) and (5) aspect ratio (Figure 4.15). Once 

again, I present one example, in this case the D. bogotana and D. 
pseudoobscura conspecific crosses compared to hybrids of these species in both 

directions. I use these examples to demonstrate how comparisons between 

conspecific and hybrid crosses can be made using this protocol. Figures for the 

other comparisons between conspecific D. persimilis and D. pseudoobscura and 

their hybrid crosses and also comparisons between D. miranda and D. 
pseudoobscura with their hybrids are presented in Appendix 2.2.  

The majority of the measurements for the pronuclear stage showed no significant 

differences between D. bogotana and D. pseudoobscura comparisons with their 

hybrid crosses. This is the case for arc length, the distance between pronuclei, 

the positioning of the sperm tail relative to the polar bodies and aspect ratio. In 

contrast with the prediction made about sperm positioning the pronuclei, the 

distance between the female and male pronuclei did not differ significantly 

between the conspecific and hybrid crosses (Figure 4.13); however, the small 

sample size studied here may explain this result. 

Of the sperm tail measures within the egg, it would be the most interesting to 

collect more data for the average curvature of hybrid crosses and compare them 

to the conspecific sperm tail curvature. Average curvature was significantly lower 

for sperm tails from the D. bogotana x D. pseudoobscura hybrid compared to the 

D. pseudoobscura conspecific cross (Figure 4.12; F=3.64, df=3, p=0.023) and 

sperm tails possibly appear to assume the curvature structure of the female’s 

conspecific cross. Further research with a larger sample size should be 

conducted to test this. 
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Figure 4.11: Average (±SE) arc length of D. pseudoobscura sperm tail 
shapes compared with D. bogotana and their respective hybrid crosses 
during the PN stage. NS differences between crosses. 
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Figure 4.12: Average (±SE) curvature of D. pseudoobscura sperm tail 
shapes compared with D. bogotana and their respective hybrid crosses 
during the PN stage, * P<0.05. 

 

 

 

 

* 
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Figure 4.13: Average (±SE) distance between the sperm and egg pronuclei 
of D. pseudoobscura and D. bogotana and their hybrid crosses during the 
PN stage. NS differences between crosses. 
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Figure 4.14: Average (±SE) distance between points along the sperm tail 
and the polar bodies of D. pseudoobscura and D. bogotana and their hybrid 
crosses during the PN stage. NS differences between crosses. 
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Figure 4.15: Average (±SE) aspect ratio of D. pseudoobscura and D. 
bogotana and their hybrid crosses during the PN stage. NS differences 
between crosses. 
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Are the 3D sperm tail shapes of heterospecific parental crosses disrupted 
in comparison to conspecific parental crosses during the developmental 
stages? 

Measures of sperm tail properties in both conspecific and hybrid crosses were 

examined through early development. As the pronuclei were not present during 

these stages, measures of the distance between pronuclei were not taken. 

Equally, measures of the distance between the sperm tail and polar bodies were 

also not included. As in the between conspecific species developmental section 

previously, measures of (1) arc length, (2) curvature and (5) aspect ratio were 

examined. Only data for D. persimilis and D. pseudoobscura hybrids were 

collected past the pronuclear stage so I present this as the example of how 

sperm tail measures from hybrids during early development can be compared to 

conspecific crosses. In this section, I present the average aspect ratio as an 

example of how this protocol can be used to track sperm tails at these stages of 

development. Figures for arc length and curvature at these developmental stages 

can be found in Appendix 2.2.  

During the 2n stage of development there were no significant differences in any 

measures taken (Figure 4.16; p>0.05). During the 4n stage of development, the 

average aspect ratio was significantly larger in D. persimilis compared to the D. 
pseudoobscura x D. persimilis hybrid (Figure 4.17; F=3.36, df=3, p=0.03). By the 

8n stage of development, the D. persimilis x D. pseudoobscura hybrid’s aspect 

ratio was significantly larger than the D. pseudoobscura conspecific cross (Figure 

4.18; F=4.46, df=2, p=0.02). These rapidly changing results once again highlight 

the dynamic interaction between the sperm within the egg. 
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Figure 4.16: Average (±SE) aspect ratio of D. pseudoobscura sperm tail 
shapes compared with D. persimilis and their respective hybrid crosses 
during the 2n stage of development. NS differences between crosses. 
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Figure 4.17: Average (±SE) aspect ratio of D. pseudoobscura sperm tail 
shapes compared with D. persimilis and their respective hybrid crosses 
during the 4n stage of development, * P<0.05. 

 

* 
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Figure 4.18: Average (±SE) aspect ratio of D. pseudoobscura sperm tail 
shapes compared with D. persimilis and their respective hybrid crosses 
during the 8n stage of development, * P<0.05. 

 

 

 

  

* 
* 
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Discussion 

The approach demonstrated here has proved to be successful in collecting data 

for studying intracellular sperm-egg interactions. Quantification of a variety of 

both sperm and egg parameters has been made possible using this pipeline 

(Figure 4.1) and therefore demonstrates proof of principle. In this chapter I have 

presented results for arc length, aspect ratio and curvature of sperm tails as well 

as showing the distances between female and male pronuclei during the PN 

stage. I have also shown that it is possible to track changes in sperm tail 

morphology throughout development to compare both within and between 

species. 

Evolutionary responses to sperm competition have resulted in a diversity of 

sperm traits both within (Swallow & Wilkinson, 2002; Gage & Morrow, 2003; Till-

Bottraud et al., 2005) and between species (Stockley, 1997; Simmons, 2001; 

Snook, 2005). Such sexually selected sperm morphology must be incorporated 

into the complex choreography of sperm-egg intracellular interactions for 

fertilisation to be successful. I aimed to examine the effects of sexual selection on 

intracellular sperm-egg interactions in D. pseudoobscura. However, within 

experimentally evolved populations with different sexual selection intensity, 

sperm traits have not evolved along different evolutionary trajectories 

(Crudgington et al., 2009). Hence, I have demonstrated the application of the 

developed protocol in this chapter using examples from a comparison of sperm-

egg interactions between D. pseudoobscura and three other species from within 

the same species group, D. obscura (see chapter 1, Figure 1.2). Differences in 

sperm length between these species were used as a proxy to show that sexual 

selection may have shaped sperm length evolution. I chose Drosophila for 

analysis because they demonstrate huge disparity in sperm tail length, from 77 

µm (Snook, 1997) to 58,290 µm (Pitnick et al., 1995b) and Drosophila eggs have 

been shown to accommodate sperm that are twice their length (in D. 
melanogaster; Karr & Pitnick, 1996). This suggests that there must be some 

coevolution of sperm length and specific mechanisms for sperm transport and 

compaction within the egg (Karr & Pitnick, 1996). The effect of sexual selection 
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on sperm traits and the evidence for the interaction between sperm and egg 

make Drosophila an ideal organism for developing the protocol presented in this 

chapter (Figure 4.1). However, this protocol could be applied to a variety of other 

organisms for which the sperm enter the egg and interact with the maternal 

cytoplasm (e.g. mammals, Krawetz, 2005; Simerly et al., 1995; marine 

invertebrates, Shapiro et al., 1981). 

These intracellular interactions are critical for successful fertilisation and early 

embryogenesis (Krawetz, 2005), with some component of the sperm tail needed 

for pronuclear fusion in insects and vertebrates (Moomjy et al., 1999; Sutovsky & 

Schatten, 2000). The importance of adopting the correct sperm configuration has 

been shown (Ohsako et al., 2003), with some suggestion that the three-

dimensional sperm structure may be species-specific in Drosophila (Karr, 1991; 

1996; Snook & Karr, 1998). I found some putative differences in sperm tail 

shapes within the egg cytoplasm. For example, D. obscura group species could 

potentially have different average aspect ratios (Figure 4.6) during the PN stage. 

However, this study shows no significant differences between these species 

during the PN stage. To examine the positioning of the sperm within the egg, I 

measured the average distance between the sperm tail and the polar bodies, 

which I used as landmarks for the egg position (Figure 4.5). There were no 

significant differences between the species in their relative positioning within the 

egg, but further study could analyse this in more detail.  

The data presented in this chapter confirm the previous observations that sperm 

tails persist through early embryogenesis and assume different morphologies 

throughout (Karr, 1996; Karr & Pitnick, 1996; Pitnick & Karr, 1998; Snook & Karr, 

1998). For example, D. miranda aspect ratio was significantly lower than D. 
pseudoobscura in the 2n stage and both D. pseudoobscura and D. persimilis in 

the 4n stage of development (Figure 4.7 and Figure 4.8; respectively). These 

results show that D. miranda sperm are consistently straighter than the other 

species through these stages of development but during the 8n stage of 

development, D. miranda sperm tails have larger average aspect ratio than D. 
pseudoobscura (Figure 4.9). These observations indicate that there may be 
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species-specific differences in sperm tail shapes during the developmental 

stages. Perhaps sperm have to form particular shapes within the egg to 

contribute to development, or alternatively, eggs control sperm shape through 

development. Further study would be needed to identify whether sperm form a 

species-specific 3D shape consistently during development. 

Why the sperm tail enters the egg during fertilisation is unclear, but one 

suggestion is that the sperm functions to align the male and female pronuclei for 

successful fertilisation (Karr, 1991). If this were the case, the expectation is that 

hybrid crosses may experience an incorrect alignment of male and female 

pronuclei. To test this idea, I measured the distance between pronuclei for both 

conspecific and hybrid sperm-egg interactions. I found no significant differences 

in the distance between pronuclei for conspecific compared to hybrid crosses 

(Figure 4.13). This could be a consequence of the fact that sperm and egg 

interactions were measured only in crosses that fertilise so therefore the 

pronuclei would need to interact at some point and this could be the point 

captured for these data. However, these measurements had larger standard 

errors and as such, collecting a greater number of fertilised eggs in future study 

could show clearer and potentially very interesting results.  

Finally, I compared the sperm tail shapes of hybrid crosses with their parental 

conspecific crosses, to determine if sperm shapes were disrupted. Sperm tails of 

hybrid crosses putatively show average curvature more similar to that of their 

female conspecific. For example, hybrid D. bogotana x D. pseudoobscura (Figure 

4.12) appear to have similar average curvature to the D. bogotana conspecific 

cross. This pattern of the hybrid being more similar to the female conspecific 

cross is also shown at the 4n stage of development, with sperm of the D. 
pseudoobscura x D. persimilis hybrids showing similar average curvature to the 

D. pseudoobscura conspecific cross (Appendix 2.2; Figure 2.2.17). This provides 

some indication that sperm tail shape within the egg could be under female 

control. However, through development in general hybrid crosses do not show 

any clear patterns of similarity to either conspecific cross. Hybrids of D. persimilis 

x D. pseudoobscura show more similarity to each other in aspect ratio during the 
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4n stage (Figure 4.17), with the D. pseudoobscura x D. persimilis hybrid being 

significantly straighter than the D. persimilis conspecific cross (Figure 4.17). 

Future work could also examine potential quantification methods that are possible 

using the protocol outlined in this chapter, but were not presented. For example, 

it is possible to map the position of the micropyle, so that the point of sperm entry 

can be incorporated into future models of sperm-egg interactions. Torsion and 

writhe (as outlined in the methods) could also be incorporated into future analysis 

if large sample sizes are taken. These measurements could provide further 

insight into how much a sperm tail is coiled relative to sperm tails of other 

species. Sperm tail length has been shown to evolve rapidly in response to 

sexual selection (Pitnick et al., 2003) and so subtle differences between 

conspecific and hybrid sperm shapes could lead to the formation of an isolating 

barrier between species if the egg of one species became unable to 

accommodate divergence in sperm traits of another.  

Overall, I used species of the D. obscura species group to demonstrate that this 

protocol is applicable to a variety of species, but also because these species 

have relatively short sperm compared to other Drosophila species (Snook, 1997; 

Pitnick et al., 1995b). This made quantification of a variety of sperm parameters 

clearer, but a future challenge would be to model the sperm of species with much 

longer sperm tails. Arc length for the D. obscura species tested showed an 

increase in length during development (e.g. D. pseudoobscura; Figure 4.10). This 

demonstrates that sperm of different lengths can be measured using the protocol 

outlined in this chapter. Arc length (Figure 4.10) and aspect ratio (D. miranda; 

Figure 4.8 and Figure 4.9) both changed between stages of development.  

The primary focus of this chapter was to develop the protocol that future research 

could build upon to develop our understanding of the function of whole sperm 

entry into the egg and investigate further the sperm tail structure of different 

species and hybrid crosses. Here, I demonstrate the first application of this 

approach and show there are some differences in sperm morphology but more 

data is needed to fully address whether sperm form a species-specific 3D 

structure and to what extent this structure is disrupted in hybrid crosses. The 
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application of the pipeline presented here could have far reaching applications for 

biological systems that use high resolution 3D imaging to investigate the 

properties of biological materials. 
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Chapter 5. General Discussion 

Sexual selection has the ability to drive the rapid evolution of reproductive traits, 

both pre- and post-copulatory. In this thesis, I assessed the effects of sexual 

selection and sexual conflict in driving reproductive trait evolution in the 

Drosophila obscura species group. Specifically, I have found that some 

precopulatory traits have responded to sexual selection and/or sexual conflict, 

such as courtship frequency and progeny production in the experimentally 

evolved populations of D. pseudoobscura. However, other reproductive traits do 

not appear to have diverged in response to sexual selection, for example, the 

accessory gland secretome of D. pseudoobscura.  

Previous work on these experimentally evolved populations showed that sperm 

traits have also not responded to selection (Crudgington et al., 2009). 

Consequently, to examine the effects of sexual selection on sperm traits, shown 

in other studies (Miller & Pitnick, 2002; Gage & Morrow, 2003), I have made 

some interspecific comparisons between the Drosophila obscura species group. 

Specifically, the purpose of collecting data on sperm-egg interactions was to 

develop a novel technique by which to assess the structure of sperm inside the 

egg cytoplasm and to determine whether sperm form a species-specific shape. I 

assessed what effects sexually selected sperm traits had in the interactions 

between sperm and egg. In the following sections, I present the key findings of 

each chapter and discuss how they are interrelated.  

Chapter 2 

In chapter 2, I used experimentally evolved populations of Drosophila 
pseudoobscura (Crudgington et al., 2005; Figure 1.3 of chapter 1) to examine 

various fitness parameters. Specifically, I studied mating behaviours, remating 

interval and progeny production within these populations to encompass both pre- 

and post-copulatory reproductive trait evolution. I demonstrated the importance of 

studying the effects of sexual selection within the selective environment. Since 

sexual selection results in an interacting phenotype (Bacigalupe et al., 2008), the 

effects of selection on females are just as informative as the effects on males. 
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Previous work has shown that sexual conflict operates in this system 

(Crudgington et al., 2010) and that some traits thought to be important in 

reproduction had evolved in response to selection (e.g. courtship song [Snook et 

al., 2005], male mating capacity [Crudgington et al., 2009] and accessory gland 

size [Crudgington et al., 2009]), while others had not (e.g. testes mass and sperm 

traits [Crudgington et al., 2009]). 

I found that courtship behaviour had evolved to be more frequent in the elevated 

polyandry (E) treatment compared to the enforced monogamy (M) treatment. This 

finding aligns with previous research on these same populations which 

demonstrated that E males have elevated their courtship more than a control 

promiscuous population (Crudgington et al., 2010). Harassment as a result of 

increased courtship has been linked to reduced progeny production in a variety of 

organisms (Blanckenhorn et al., 2000; Sakurai & Kasuya, 2008; Gay et al., 2009). 

In chapter 2, I found that there was a significant difference in progeny production 

between the M and E populations. E females produced significantly fewer 

progeny than M females and this could demonstrate a role for sexual conflict to 

negatively impact female fitness. E females may be prevented from ovipositing as 

a result of increased harassment by males (Sakurai & Kasuya, 2008) and/or they 

could have less energy to invest in egg production because they are using more 

energy to avoid remating (Watson et al., 1998). Alternatively, or concurrently, 

males and females in the M treatment could have evolved to be more benign to 

each other and this interaction resulted in an increase in progeny production 

(Pitnick et al., 2001b). Finally, the differences in progeny production may not be 

as a result of male selection history but could be a factor of the different number 

of males involved in each interaction, i.e. females housed with six males could 

produce fewer progeny regardless of their selection history (Crudgington et al., 

2005).  

Both the propensity of females to remate and the number of female rematings 

were not significantly different between treatments, despite E males courting 

females more frequently than M males. E males had previously been shown to 

have a higher mating capacity than M males when allowed access to sequential 



102 
 

matings with different females (Crudgington et al., 2009). Here I showed that 

when females and males have interacting phenotypes, males do not experience 

this increase in their reproductive success through a greater number of matings. I 

discussed that perhaps at this point in their selective history, females are 

“winning” in the conflict over remating rates by resisting coercion from males (i.e. 

increased male courtship frequency). Since remating rate does not differ between 

treatments, it is possible that postcopulatory sexual selection is not a driving force 

in these populations. This idea is supported by the lack of sperm trait and testes 

size divergence in these selection treatments shown previously (Crudgington et 

al., 2009). Other postcopulatory reproductive traits have evolved, for example, 

accessory gland size (Crudgington et al., 2009), potentially remating interval 

(chapter 2; Figure 2.4) and progeny production (chapter 2; Figure 2.5). Remating 

interval was significantly different between treatments in 3 out of the 4 replicates. 

Overall, E females took longer to remate than M females. This result suggests 

that E males could be delaying E female remating through the action of their 

SFPs. Alternatively M females could be remating faster than E females, 

potentially to replenish sperm numbers and/or to gain some other direct benefits 

through remating (Gromko & Markow, 1993; Ravi Ram & Wolfner, 2007). This 

idea is supported by the finding that M females have more progeny than E 

females (chapter 2; Figure 2.5). However, it seems unlikely the M females remate 

faster to replenish sperm numbers, as previous work has shown that remating 

behaviour in D. pseudoobscura is not linked to sperm load (Snook, 1998). 

Finally, I observed that significantly more E females died than M females during 

the 10-day interaction period. This finding is consistent with costs to female 

fitness associated with sexually antagonistic coevolution via sexual conflict. 

However, it was not possible to separate the effects of harassment by courtship 

from other costs associated with matings, such as the action of SFPs and/or the 

timing of matings, as the mechanism of premature female death within this study. 

It is also possible that the number of males a female is housed with, rather than 

their selection history, is responsible for premature death of females. Similarly, 

population density in general could have resulted in premature death of both 

sexes, but this would need further examination. 
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Chapter 3 

In chapter 3, I studied the experimentally evolved populations used in chapter 2 

to (1) identify proteins from the accessory glands that may be involved in 

manipulating female behaviour and physiology and (2) assess any relative 

differences in the quantity and presence/absence of particular proteins. Chapter 

3 was based on the previous observations that (1) E females showed a greater 

delay in remating than M females (chapter 2), (2) significantly more E females 

than M females prematurely died during the interaction between the sexes 

(chapter 2) and (3) E males had larger accessory glands than M males 

(Crudgington et al., 2009). Both a delay in remating and premature female death 

could be caused by the action of SFPs (Chen et al., 1988; Chapman et al., 1995). 

Also, there was no difference in the number of female rematings between the 

treatments, and so I wanted to investigate whether postcopulatory sexual 

selection could have acted on the evolution of SFPs or whether the differences in 

remating interval and premature female death in the E treatment were due to 

other potential factors (as discussed previously). 

SFPs are transferred to females in the ejaculate, along with sperm, during 

copulation (Chen, 1984) and cause numerous behavioural and physiological 

effects in mated females. The effects of SFPs include reduced female receptivity 

to remating, increased egg laying and premature death of females (Chen et al., 

1988; Chapman et al., 1995; Fricke et al., 2009). Reproductive proteins have the 

potential to evolve faster than non-reproductive proteins (Swanson & Vacquier, 

2002; Clark et al., 2006). Such rapid evolution of SFPs could be in response to 

sexual selection and/or sexual conflict, potentially generating sexually 

antagonistic coevolution between the sexes. SFPs are known to factor in sexual 

conflict in D. melanogaster (Chapman et al., 1995). For example, Acp62F 

stimulates egg laying and sperm storage in mated females but can also shorten 

female lifespan (Lung et al., 2002). Such proteins are expected to be major 

components in sexual conflict, because males benefit from manipulating female 

behaviour, e.g. females storing their sperm over rival males’ sperm, but inflict 

costs to female fitness, in this case reducing her lifespan.  
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In chapter 3, I analysed the whole tissue of the accessory glands dissected from 

experimentally evolved populations of Drosophila pseudoobscura. A high quality 

dataset was produced using a high sensitivity, ultra-high resolution mass 

spectrometer and by applying strict filtering criteria to the identified 

peptides/proteins. Using LC-MS/MS, I identified a total of 3770 proteins that are 

present in the accessory glands of D. pseudoobscura, identified by an average of 

11.72 peptides per protein. There were no significant differences between 

treatments of the proteome and neither selection treatment had enrichment for 

any GO terms. By identifying which proteins had a signal sequence, it was found 

that 395 of these proteome identifications comprise the secretome. These 

secretome proteins are the most likely to be involved in the interactions between 

the sexes and this is the first time the secretome has been characterised for 

Drosophila species. To be defined as Acps, proteins must be secreted from the 

accessory glands to be transferred to females and therefore, must have signal 

sequences (Wolfner et al., 1997).  

I found that a large number of proteins of the secretome overlapped between 

treatments (n=247 out of a total of 274 after filtering). These proteins showed 

enrichment for reproduction, insemination and regulation of female receptivity 

and this supported the idea that the secretome contains proteins involved in the 

molecular interaction between the sexes. The secretome was enriched in 

proteins identified as extracellular, which supports the criteria of the Acps having 

predicted signal sequences that permit extracellular secretion (Wolfner et al., 

1997; Ravi Ram & Wolfner, 2007). I showed there was overlap of the secretome 

identified in chapter 3 with known seminal fluid proteins (n=64). This list of 

proteins found in both the literature and the dataset in chapter 3 contained 

named Acps; Acp26Aa, Acp52Ea, Acp53C14a, Acp53C14b, Acp53C14c and 

Acp32CD. These are all good indicators that the secretome was identified 

accurately. 

I identified a list of the top 20 most abundant proteins of the secretome. Of these 

20, 19 of them had D. melanogaster orthologues which were enriched for various 

functions associated with reproduction, as expected. This list contained three 
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named Acps: Acp26Aa, Acp53Ea and Acp53C14b, which were in the top 20 for 

both treatments, M and E (when considered separately). Acp26Aa is known to 

function to increase egg laying in females (Herndon & Wolfner, 1995). Increased 

egg laying can be beneficial to both sexes and so males from the M treatment 

could increase the quantity of Acp26Aa transferred to females. However, if males 

were able to manipulate females beyond an optimum level, this influence could 

have negative fitness consequences for females (for example, as demonstrated 

by Acp62F; Lung et al., 2002 and sex peptide; Wigby et al., 2009). This was the 

prediction made for E pairings and as such, it was expected that E females would 

be manipulated beyond their optimum to produce more eggs earlier in their life 

history. This could potentially result in E females producing more progeny than M 

females overall, if these eggs developed. If sexual selection and/or sexual conflict 

were acting on the evolution of Acps in the experimental evolution treatments, the 

assumption was that E treatment males would have more unique Acps and/or a 

greater abundance of particular Acps. However, there was no evidence to 

support either of these suggestions as there was no significant difference in 

quantities of any proteins of the secretome and there were no significant GO 

terms for either treatment. I found that M females had more progeny than E 

females (chapter 2), but this was most likely as a result of the reduced 

harassment during courtship compared to E females.  

The secretome presented in chapter 3 showed no significant difference in the 

quantities of any secretome proteins and there was no evidence of absence for 

proteins from either treatment. In D. melanogaster, SFPs can respond to 

selection after relatively few generations, such as sex peptide and Acp26Aa 
(Wigby et al., 2009). Therefore, it is unlikely that selection has acted to shape 

SFP evolution in the treatments in this study because they had been selected for 

over 150 generations, but it is possible that selection on SFP evolution may just 

take longer in these populations. 
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Chapter 4 

Both chapter 2 and 3 examined differences in reproductive traits within a species 

(D. pseudoobscura) under different selection conditions. Following on from 

chapters 2 and 3, chapter 4 examined the intracellular sperm-egg interactions of 

D. pseudoobscura in comparison to a variety of other closely related species 

within the D. obscura species group (see chapter 1, Figure 1.2 for phylogeny). It 

was not possible to examine the effects of sexual selection on sperm trait 

evolution using the experimentally evolved populations of D. pseudoobscura 

(used in chapters 2 and 3) because previous study has shown that sexual 

selection has not acted on sperm traits within D. pseudoobscura (Crudgington et 

al., 2009). Divergence in sperm traits between the Drosophila obscura species 

(Snook et al., 1994; Pitnick et al., 1995; Snook & Karr, 1998) was likely a 

response to sexual selection (Snook et al., 1994; Snook, 1997) and so, in chapter 

4 I used measurable sperm properties as an identifier for the effects of sexual 

selection. Any effects of selection on sperm must be integrated into the 

choreography between sperm and egg for fertilisation to be successful. 

 I also examined intracellular sperm-egg interactions between species and in 

hybrid crosses of these species. The purpose of this chapter was to develop a 

methodology by which data on various sperm and egg parameters could be 

quantified. Since it had already been demonstrated that sperm enter the egg 

during fertilisation (Karr, 1991) and remain through development where they 

undergo morphological changes (Karr & Karr, 1996; Karr & Pitnick, 1996; Pitnick 

& Karr, 1998; Snook & Karr, 1998), the aim was to ensure the protocol developed 

was effective at each of these stages. The entrance and subsequent persistence 

of sperm within the egg suggests that sperm contribute more than genetic 

material to the egg and/or developing zygote. It has been suggested that sperm 

enter the egg to correctly align the pronuclei for fusion (Karr, 1991). Whatever 

their function, these intracellular sperm-egg interactions are critical for fertilisation 

(Karr, 1991; Krawetz, 2005). If components of the sperm tail evolved in response 

to selection, these changes in sperm characteristics must be incorporated into 

the interactions between sperm and egg. As such, the egg would need to evolve 
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counteradaptations to accommodate the sperm tail for fertilisation to be 

successful. In D. melanogaster, females can accommodate sperm that are longer 

than the length of the egg, suggesting that some coevolution of sperm and egg 

traits has taken place (Karr & Pitnick, 1996). However, such coevolution can only 

occur between males and females that regularly interact and as such, the egg of 

one species may be unable to accommodate the sperm of another, potentially 

resulting in an isolating barrier between species.  

I took a systems biology approach to develop a protocol by which various data on 

sperm-egg interactions could be collected. The data collected demonstrates that 

this protocol can be used throughout development. Distances between points of 

interest were also successfully quantified. For example, I quantified the distances 

between the sperm and egg pronuclei and the distances from the polar bodies to 

various points along the sperm tail length. The original hypothesis was that sperm 

tails enter the egg to align the pronuclei for fusion. As such, measuring the 

distances between the pronuclei for both conspecific and hybrid crosses 

represents an important component for this system. 

It had been previously suggested that the sperm form a species-specific 3D 

folding and coiling structure inside the egg (Karr, 1991). The data collected 

demonstrated some potential species-specific differences in sperm morphology 

between species of the Drosophila obscura species group (Figure 1.2, chapter 1) 

through development (chapter 4; Figures 4.7-4.9). For example, aspect ratio was 

significantly smaller in D. miranda compared to D. persimilis at the 4n stage of 

development (chapter 4; Figure 4.8). 

The results from chapter 4 also showed some potentially interesting patterns that 

warrant further investigation. For example, there are some similarities between D. 
pseudoobscura and D. bogotana hybrids to their conspecific crosses. In these 

cases, eggs of one species appear to be able to manage the sperm tail structure 

of another species and facilitate successful fertilisation (to a point). There is some 

suggestion that hybrid sperm-egg interactions align more closely to the sperm 

shape inside the egg of the female’s conspecific species in either hybrid cross. 

For example, curvature was significantly higher in D. pseudoobscura sperm 
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inside the egg compared with sperm of the hybrid cross between D. bogotana 

and D. pseudoobscura (chapter 4; Figure 4.12). Sperm tail average curvature of 

the D. pseudoobscura x D. bogotana hybrid appeared to be more similar to the D. 
pseudoobscura conspecific sperm (chapter 4; Figure 4.12). Finally, I showed that 

the sperm-egg interactions of hybrid crosses, just like their conspecific 

counterparts, undergo changes through development. 

Summary 

Sexual selection and/or sexual conflict have acted on several reproductive traits 

in D. pseudoobscura. E females were courted more than M females and 

subsequently were more likely to be harassed by males (chapter 2). A potential 

cost of this to female fitness was the reduced progeny production by E females 

and premature death of E females. I suggested that premature death of E 

females could be associated with the action of SFPs. In light of the results of 

chapter 3, it seems unlikely that SFPs were responsible for these effects. I 

showed there was no significant difference in proteins from the accessory glands 

between M and E treatments. Females in these selection treatments seem to be 

very good at not remating. This could explain the results of chapter 3, that there 

was no difference in secretome proteins, because perhaps postcopulatory sexual 

selection is not a potent driving force in these populations. Therefore, a far more 

likely explanation for the progeny production outcome is that, either E females 

have disrupted oviposition and/or they expend excess energy avoiding rematings 

that they then do not have to invest in egg production. Alternatively, M pairings 

could have become more benign to one another (as predicted by sexual conflict 

theory) and therefore have increased fitness in terms of increased progeny 

production. The premature death of E females compared to M females could be 

explained by the increased courtship harassment by E males and the subsequent 

over expenditure of energy to avoid rematings and/or by male density alone, 

regardless of selection history. 

Another finding of chapter 2 was that M and E females significantly differed in 

their remating interval (in 3 out of the 4 replicates), with M females remating 

earlier than E females. It is possible that E females were delayed in remating by 
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the action of SFPs, such as sex peptide or Acp62F (Lung et al., 2002; Wigby et 

al., 2009). This is unlikely given that there were no significant differences in 

abundance or presence/absence for any proteins of the secretome (chapter 3). 

However, sex peptide and Acp62F were not identified as such in the secretome 

of D. pseudoobscura accessory glands. As I have identified a suite of secretome 

proteins, an area for future study could be to target proteins directly using tagging 

(iTRAQ or TMT) and assess what effects they may have on mated females. 

Equipment and logistical constraints prevented this analysis during these 

experiments. It would also be of interest to analyse the SFPs from within the 

female reproductive tract to give a full description of how these proteins function 

in the interaction between the sexes. For example, Acp26Aa is processed into 

active forms after transfer to the female (Park & Wolfner, 1995). 

Given the results of chapter 2 and 3, it seems that males may be making trade-

offs in their reproductive trait evolution. Males of these D. pseudoobscura 

populations appear to be investing more in precopulatory traits (e.g. courtship) in 

response to selection, rather than investing in postcopulatory traits (e.g. SFP 

quantities). A previous study has also shown that sexual selection has not acted 

on testes mass or sperm traits in these males (Crudgington et al., 2009). To 

examine a complete suite of reproductive traits, I studied the sperm and its 

interactions with the egg during fertilisation and early development. Since sperm 

traits, (both sperm number and size), are not shaped by sexual selection history 

in the D. pseudoobscura populations (Crudgington et al., 2009), it was not 

possible to use these selection treatments to examine the effects of sexual 

selection on sperm evolution. As such, I investigated the interactions between 

sperm and egg using D. pseudoobscura and made interspecific comparisons with 

other species of the Drosophila obscura species group. I found some putative 

differences in sperm-egg interactions between species that warrant further 

investigation. Overall, I have demonstrated a novel methodology to utilise in 

revealing the role of sexual selection in sperm-egg interactions. I have also 

shown that sperm traits, potentially shaped by sexual selection can be 

accommodated by the egg between a variety of closely related species and 
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coevolution between the sexes must be responsible for the success in fertilisation 

shown.  

Complex interactions between the sexes take place at every stage of 

reproduction, both pre- and post-copulatory. These interactions can include 

behavioural, morphological, physiological and/or biochemical traits, which could 

become a source of incompatibility. Sexual selection has the ability to drive the 

rapid evolution of those traits associated with reproduction. Since reproductive 

proteins are known to evolve faster than non-reproductive proteins (Swanson & 

Vacquier, 2002), selection can drive the divergence of traits over relatively short 

time scales. In chapters 2 and 3, I used experimentally evolved sexual selection 

treatments to assess any differences in a variety of both pre- and post-copulatory 

reproductive traits. In chapter 4, I examined differences in sperm and egg 

interactions both between species and with hybrid crosses of those species. In 

doing so, in this thesis I have covered a wider range of intra- and inter-specific 

interactions and covered traits from several stages of reproduction, both pre- and 

post-copulatory. 
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Appendices 

Appendix 1: Chapter 3 

Appendix 1.1 Materials and Methods 

Solutions for proteomics sample preparation: 

 

 

 

 

 

 

 

 

 

Solution 1: 200mM ABC, 40% ACN 

Solution 2: 50mM ABC 

Solution 3: 50mM ABC, 50% ACN 

Solution 4: 40mM ABC, 9% ACN 

Solution 5: 100% ACN 

Solution 6: 5% FA 

Solution 7: 50% ACN, 5%FA 

Solution 8: 1mM HCl  

Key:  ABC = Ammonium Bicarbonate 

 ACN = Acetonitrile 

 FA = Formic Acid 

 DTT = Dithiothreitol 

 HCl = Hydrochloric acid 

 IAA = Iodoacetamide 

 TFA = Trifluroacetic acid 
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Reduction Buffer: 10mM DTT, 50mM ABC (Solution 2). 

Alkylation Buffer: 55mM IAA, 50mM ABC (Solution 2). 

Trypsin solution: 1 vial of proteomic grade trypsin (TPCK treated) (20μg), add 

100μL of Solution 8, then add 900μL of Solution 4 (= 0.02μg/μL) 

 

Appendix 1.2 Results 

 

Figure 1.2.1: Venn diagram illustrating the overlap of protein identification 
between the two treatments (M and E) of the proteome. 2386 proteins were 
found to be common to both treatments. The proteome dataset was filtered 
so that each protein identified had to be present in 2 out of the 4 replicates 
(with at least two unique peptides to identify it in each replicate) within a 
treatment. 
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Figure 1.2.2: Venn diagram illustrating the overlap of protein identification 
between the two treatments (M and E) of the proteome. 1273 proteins were 
found to be common to both treatments. The proteome dataset was filtered 
so that each protein identified had to be present in 4 out of the 4 replicates 
(with at least two unique peptides to identify it in each replicate) within a 
treatment. 

 

 
Figure 1.2.3: Venn diagram illustrating the overlap of protein identification 
between the two treatments, M and E of the secretome. 329 proteins were 
found to be common to both treatments. The secretome dataset was filtered 
so that each protein identified had to be present in 2 out of the 4 replicates 
(with at least two unique peptides to identify it) within a treatment. 
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Figure 1.2.4: Venn diagram illustrating the overlap of protein identification 
between the two treatments, M and E of the secretome. 212 proteins were 
found to be common to both treatments. The secretome dataset was 
filtered so that each protein identified had to be present in 4 out of the 4 
replicates (with at least two unique peptides to identify it) within a 
treatment. 
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Table 1.2.1: Protein identifications for the secretome that are “unique” to M 

and E, based on each protein being identified by at least two unique 
peptides in 3 out of the 4 replicates (data from Figure 8 in the main text of 
Chapter 3). 

  
Flybase Id M 
Unique 

 
Flybase Id E 
Unique 

 
1 

 
FBgn0077610 

 

 
FBgn0078170 

 
 
 

 
2 

 
FBgn0074745 

 

 
FBgn0080919 

 
 

 
3 

 
FBgn0073695 

 
 

 
FBgn0249459 

 
4 

 
FBgn0077784 

 

 
FBgn0071146 

 
5 

 
FBgn0248233 

 

 
FBgn0250574 

 
6 

 
FBgn0074998 

 

 
FBgn0081035 

 
7 

 
FBgn0247364 

 

 
FBgn0075256 

 
8 

 
FBgn0073529 

 

 
FBgn0074211 

 
9 

 
FBgn0076349 

 

 
FBgn0074893 

 
10 

 
FBgn0245904 

 

 
FBgn0262049 

 
 

 
11 
 

 
FBgn0075669 

 

 
FBgn0075128 

 
12 

 
- 

 
FBgn0248203 

 
13 

 
- 

 
FBgn0247400 

 
14 

 
- 

 
FBgn0071522 

 
15 

 
- 

 
FBgn0074345 

 
16 

 
- 

 
FBgn0075363 
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Table 1.2.2: Flybase identifiers for proteins that are annotated as enriched 
in the “female receptivity, post mating” GO category.  

 
Flybase Id enriched for female receptivity, post mating 

 
1 

 
FBgn0070474 
 

 
5 

 
FBgn0082155 
  

2 
 
FBgn0071743 
 

 
6 

 
FBgn0245599 
  

3 
 
FBgn0074106 
 

 
7 

 
FBgn0245732 
  

4 
 
FBgn0074591 
 

 
8 

 
FBgn0248361 
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Appendix 2: Chapter 4 

Appendix 2.1 Materials and Methods 

The following screenshots demonstrate how I created masks to construct a 
3D model of the sperm shape within the egg. The entire sperm tail and all 

pronuclei/nuclei and polar bodies (where present) were “masked” using the paint 

with threshold function and reconstructed into a 3D model in ScanIP. 
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Appendix Figure 2.1: The workflow for paint with threshold in ScanIP. The 
mask shown in the screenshots above show how to paint the sperm tail 
using ScanIP. 
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The following pages show screenshots of the Wolfram Mathematica script 
to quantify sperm shape parameters, i.e. arc length, curvature and aspect 
ratio. Courtesy of Professor Mitchell Berger. 
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Appendix 2.2 Results 

 

Figure 2.2.1: Average (±SE) arc length for the conspecific crosses during 
the 2n stage of development. 

 

 

Figure 2.2.2: Average (±SE) arc length for the conspecific crosses during 
the 4n stage of development. 



154 
 

 

Figure 2.2.3: Average (±SE) arc length for the conspecific crosses during 
the 8n stage of development. 

 

 

 

Figure 2.2.4: Average (±SE) curvature for the conspecific crosses during 
the 2n stage of development. 
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Figure 2.2.5: Average (±SE) curvature for the conspecific crosses during 
the 4n stage of development. 

 

 

Figure 2.2.6: Average (±SE) curvature for the conspecific crosses during 
the 8n stage of development. 
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Figure 2.2.7: Average (±SE) arc length for the D. persimilis and D. 
pseudoobscura conspecific compared to the hybrid crosses during the 
pronuclear (PN) stage. 
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Figure 2.2.8: Average (±SE) curvature for the D. persimilis and D. 
pseudoobscura conspecific compared to the hybrid crosses during the PN 
stage. 
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Figure 2.2.9: Average (±SE) aspect ratio for the D. persimilis and D. 
pseudoobscura conspecific compared to the hybrid crosses during the PN 
stage. 
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Figure 2.2.10: Average (±SE) distance between points along the sperm tail 
and the polar bodies for the D. persimilis and D. pseudoobscura 
conspecific compared to the hybrid crosses during the PN stage. 
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Figure 2.2.11: Average (±SE) arc length for the D. miranda and D. 
pseudoobscura conspecific compared to the hybrid crosses during the PN 
stage. 
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Figure 2.2.12: Average (±SE) curvature for the D. miranda and D. 
pseudoobscura conspecific compared to the hybrid crosses during the PN 
stage. 



162 
 

 

Figure 2.2.13: Average (±SE) aspect ratio for the D. miranda and D. 
pseudoobscura conspecific compared to the hybrid crosses during the PN 
stage. 
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Figure 2.2.14: Average (±SE) arc length for the D. persimilis and D. 
pseudoobscura conspecific compared to the hybrid crosses during the 2n 
stage. 
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Figure 2.2.15: Average (±SE) curvature for the D. persimilis and D. 
pseudoobscura conspecific compared to the hybrid crosses during the 2n 
stage. 
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Figure 2.2.16: Average (±SE) arc length for the D. persimilis and D. 
pseudoobscura conspecific compared to the hybrid crosses during the 4n 
stage. 
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Figure 2.2.17: Average (±SE) curvature for the D. persimilis and D. 
pseudoobscura conspecific compared to the hybrid crosses during the 4n 
stage. 
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Figure 2.2.18: Average (±SE) arc length for the D. persimilis and D. 
pseudoobscura conspecific compared to the hybrid crosses during the 8n 
stage. 
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Figure 2.2.19: Average (±SE) curvature for the D. persimilis and D. 
pseudoobscura conspecific compared to the hybrid crosses during the 8n 
stage. 
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Figure 2.2.20: Average curvature for D. pseudoobscura from the PN stage 
to the 8n stage of development to identify changes in sperm tail shape 
within a species during development. 

 

Figure 2.2.21: Average arc length for D. persimilis from the PN stage to the 
8n stage of development to identify changes in sperm tail shape within a 
species during development. 
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Figure 2.2.22: Average curvature for D. persimilis from the PN stage to the 
8n stage of development to identify changes in sperm tail shape within a 
species during development. 

 

Figure 2.2.23: Average arc length for D. miranda from the PN stage to the 8n 
stage of development to identify changes in sperm tail shape within a 
species during development. 
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Figure 2.2.24: Average curvature for D. miranda from the PN stage to the 8n 
stage of development to identify changes in sperm tail shape within a 
species during development. 

 

 

 

 

 


