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ABSTRACT 

In this thesis, I use transgenic fruit flies that have sperm labeled with Green Fluorescent 

Protein to investigate sperm competition and cryptic female choice in three populations 

of Drosophila melanogaster adapted to markedly different life cycles by long term 

laboratory evolution. To do this, I analyze male ejaculate tailoring and female sperm 

storage in relation to female and male quality, respectively. I discuss the life history 

strategies of three populations: a FAST stock selected for early reproductive maturity, an 

intermediate BASELINE stock and a SLOW stock selected for late-life reproductive 

fitness. Using a full-factorial experimental design, I show evidence for ejaculate tailoring 

and selective sperm storage over 30 d after mating. In all three stocks, males ejaculate 

significantly more sperm cells into the bigger SLOW females. However, SLOW females 

store more SLOW sperm than BASELINE or FAST sperm. Likewise, FAST females 

store a higher proportion of SLOW and BASELINE sperm than FAST male sperm. 

Overall, FAST sperm disappear from the female reproductive tract more rapidly than 

other male-sperm types over 30 d of storage. My results also suggest that the 

spermathecal organs are responsible for long-term sperm storage. It is evident that female 

type plays a strong role in determining how much sperm will be ejaculated and ultimately 

stored, but it also appears that males are self-referrent in allocating ejaculate; body size is 

likely to play a major role in this plasticity.   
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Between the motion 

 And the act… 

Between the conception 

 And the creation… 

Between the potency 

 And the existence… 

Falls the Shadow.  

 

  “The Hollow Men”  

  1925: T.S. Elliot 
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CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 

Sexual selection is an evolutionary process that results from competition for access to 

mates (Birkhead and Pizzari, 2002), sometimes even producing traits that are harmful to 

an individual’s survival; traits that help the individual reproduce. Darwin posited that 

sexual selection acts on individuals prior to copulation (Darwin, 1871), a process that we 

now call pre-copulatory sexual selection (Eberhard, 1996). In his chapter “Principles of 

Sexual Selection”, Darwin (1871) states that competition between males is driven by 

their desire to mate with a female. He implies that sexual selection must therefore result 

from competition to physically access females, and fertilize their gametes. He also 

suggests that most females are sexually monogamous, and that sexual selection usually 

operates more intensively on males than females, a point later attributed to the typically 

greater reproductive potential of males, and hence their higher variance in reproductive 

success (Bateman, 1948; Trivers, 1971; Clutton-Brock and Vincent 1991; Andersson, 

1994). Mechanisms that operate prior to copulation lead to sexually selected traits shaped 

by male-male competition and female choice, like male weaponry, colouration, courtship 

dances/songs, conspicuous ornaments and other physical traits and behaviours that 

increase the probability of obtaining a receptive female (Bateson, 1983; Bradbury and 

Andersson, 1987; Andersson, 1994). Traits shaped by pre-copulatory sexual selection are 

often relatively easily observed and understood both theoretically and empirically.  

 However, only in the past 40 years has it become apparent that females in many 

species are actively promiscuous, and often choose to mate with more than one male 

(Smith, 1984; Smith, 1991; Birkhead and Møller 1993; Birkhead and Møller, 1998). The 

strong and diverse evolutionary consequences of female polyandry are increasingly 
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recognized (Birkhead and Parker 2013).  

 

Benefits of female polyandry 

The potential benefits of polyandry to females not widely appreciated until relatively 

recently (Birkhead and Pizzari, 2002; Mattila, and Seeley, 2014). Whenever female 

promiscuity was observed in animals, it was assumed to be a non-adaptive by-product of 

selection for male promiscuity, i.e., that females were coerced or wooed into multiple 

matings (Halliday and Arnold, 1987; Birkhead and Pizzari, 2002). Bateman’s (1948) 

experiments on Drosophila led him to conclude that the more copulation partners a male 

acquires, the greater the reproductive fitness of the male. It was a pattern not evident in 

the data on females, which showed little or no increase in reproductive success beyond 

the first mating (Bateman, 1948). Bateman’s generalizations have been criticized for 

creating stereotypes that may have delayed the investigation of female processes, even 

though Trivers (1972) used role-reversers – species in which males benefit from being 

choosy and females from polyandry – to demonstrate the validity of Bateman’s Principle.  

What biologists of Bateman’s generation did not recognize was that females actively seek 

insemination by multiple males in some species (Birkhead, 2000), suggesting that 

females have something to gain by being choosy and mating multiply (Birkhead and 

Pizzari, 2002).  

 Polyandry has important biological and genetic implications (Birkhead and Pizzari, 

2002; Evison and Hughes, 2011; Slatyer et al., 2012, Parker and Birkhead, 2013). If 

females engage in multiple copulations, then sexual selection may persist up to and 

beyond fertilization of their gametes (Birkhead and Pizzari, 2002). Direct benefits of 
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multiple matings may include nutrient acquisition through nuptial gifts (Kondoh, 2001) 

or through seminal fluid, access to favourable territories, increased fertility (Ridley, 1988; 

Simmons and Siva Jothy, 1998), and possibly a reduced level of sexual harassment (Gay 

et al., 2009) although this is dependent on the mating system (Hartley and Davies, 1994; 

Brown et al., 2004). Females may obtain direct benefits from polyandry if the number of 

offspring produced depends upon a complex match between female and male genotype, 

as has been conjectured in some mammals (Klemme et al., 2008; see Lemaitre and 

Gaillard, 2013 for review). Indirect benefits are controversial because the underlying 

physiological and genetic contributions to those benefits remain ambiguous (Birkhead 

and Pizzari, 2002). Females might, for example, obtain “good genes” from better partners 

(Evison and Hughes, 2011; Slatyer et al., 2012), either by “trading up” on mate quality or 

via sperm competition when the sperm with the best fertilizing ability  

are also genetically superior (Simmons, 2003). Females may also benefit indirectly 

through the production of genetically diverse offspring.  

 

Post-copulatory sexual selection 

Even if a male wins over a female and acquires a copulation, there is no guarantee that he 

will have spread his genes onto the next generation. Inherent in Darwin’s emphasis is that 

copulation directly and inevitably will lead to fertilization (Eberhard 1996). However, 

closer examination of male and female reproductive biology strongly suggests male-male 

competition and female choice extend beyond copulation. Mating, in fact, infrequently 

leads directly and predictably to fertilization (Eberhard, 1985; 1996). It is these events 

that happen after the initiation of copulation that are crucial in determining a male and 
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female reproductive success, but were largely unexplored until the 1970s.  

 Post-copulatory sexual selection is manifest by male-male competition in the form 

of sperm competition and by cryptic female choice acting on spermatozoa. These 

processes have been of particular interest recently because of their potential to promote 

intersexual conflict and drive rapid evolutionary change (Birkhead and Pizzari, 2002). In 

other words, females and males do not always have the same reproductive interests, 

which can trigger inter-sexual coevolution, potentially driving reproductive isolation of 

populations (Rice, 1996). These forces generate a fascinating diversity of post-copulatory 

male traits, including mate-guarding following copulation (Birkhead, 1979, Sakaluk, 

1991; Alcock, 1994; Frankino and Sakaluk, 1994), sperm gigantism (Miller and Pitnick, 

2002), sperm heteromorphism (Holman and Snook, 2006; Holman et al., 2008), mating 

plugs (Aiken, 1992; Diesel, 1990, Timmermeyer et al., 2010; Kuntner et al., 2012), sperm 

flushing (Waage, 1979; 1984; Yokoi, 1990; Gage, 1992; Gack and Peschke, 1994, Ono et 

al., 1989), reproductive proteins (Panhuis et al., 2006), and ejaculates containing large 

numbers of sperm (Kenagy and Trombulak, 1986; Dickinson, 1988; Ginsberg and Huck, 

1989; Birkhead and Møller, 1998; Parker, 1970).  

 

Sperm competition 

Sperm competition can be defined as competition between ejaculates of different males to 

fertilize a female’s ova (Parker, 1970; 1984; 1998; Birkhead and Møller, 1998; Wedell et 

al., 2002). Sperm competition thus extends the possibility of male-male competition past 

the moment when copulation begins. Most work on sperm competition has focused on a 

three-player game: two males and one female. The first male to mate with the female is 
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said to be on defence, favouring the ability to prevent any female they inseminate from 

mating again, or to remain resident in the reproductive tract if the female does mate with 

another male (Parker, 1984; Birkhead and Pizzari, 2002). For the second and subsequent 

males that mate with a female, sperm competition favours sperm offence, the ability to 

out-compete any sperm from previous mates (Parker, 1984; Simmons, 2002; Birkhead 

and Pizzari, 2002). 

 Sperm competition theory originally predicted that in species where sperm 

competition was intense, it would be best for all males to produce ejaculates that contain 

more sperm (Parker, 1970; 1984; Wedell et al., 2002). Refinements to that theory 

predicted that, because sperm production is limited, males should strategically allocate 

sperm to females based upon the situation (Birkhead and Pizzari, 2002; Wedell et al., 

2002). For example, males should allocate larger ejaculates to females if the risk of sperm 

competition is high. This type of sperm allocation has been shown in crabs Callinectes 

sapidus (Jivoff and Hines, 1998) Adelie penguins (Hunter et al., 2000) and birds Riparia 

riparia (Nicholls et al., 2001), for example. Sperm competition not only selects for sperm 

numbers in an ejaculate, but also the form and function of spermatozoa (Warner et al., 

1995; Stockley, et al., 1997). Sperm morphology evolves rapidly, showing a remarkable 

diversity across animal taxa (Sivinski 1980; 1984; Shapiro et al., 1994; Simmons and 

Siva Jothy 1998; Pitnick et al., in Birkhead et al., 2008; Pitnick et al., 2010).	   

 The question remains as to how females have adapted to the evolution of sperm 

morphology and function. Surely, females are not just a vessel in which sperm 

competition happens. Even if it is not as obvious, females may be doing something to 

bias paternity to their benefit as well, in the form of cryptic female choice.   
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Cryptic female choice 

Cryptic female choice extends the possibility of female choice past initiation of 

copulation (Thornhill, 1983; Eberhard, 1985; Eberhard 1996). As in male post-copulatory 

sexual selection, this recently recognized, female-driven, process may involve some 

remarkable post-copulatory mechanisms, including sperm dumping (Peretti and 

Eberhard, 2010), lack of sperm transport to storage organs (Rodriguez, 1994), selective 

storage of sperm in different storage organs (Snow and Andrade, 2005), removal of 

mating plugs (Koprowski, 1992), and premature interruption of copulation (Fedina and 

Lewis, 2008), selective fusion of sperm with egg (Vicens et al., 2014), lack of sperm 

nourishment in storage (Wolfner, 2011), biasing sperm usage (Løvlie et al., 2013), and 

selective digestion of sperm (Eberhard, 1996). Cryptic female choice is the ability to bias 

paternity of the males that succeed in insemination (Eberhard, 1996; Birkhead and 

Pizzari, 2002). It was called “cryptic” because the choice takes place at the microscopic 

level, often in the reproductive tract where it is completely hidden from observation 

(Birkhead and Pizzari, 2002)—until now (Manier et al., 2010).  

 Several factors contributed to the slow recognition of cryptic female choice in 

evolutionary biology. First, female choice may be less obvious than mechanisms of male-

male competition manifested in physical contests and mate-guarding (Birkhead and 

Pizzari, 2002; Gorelick, 2011). Second, post-insemination mechanisms in internal 

fertilizers are hard to study because the choice happens inside the female’s reproductive 

tract. To study female choice in the reproductive tract, evolutionary biologists often rely 

on indirect methods such as paternity assessment using visible genetic markers (Boorman 

and Parker, 1976). To do this, a group of females are experimentally mated sequentially 
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to males with different genotypes to assess the outcome of post-copulatory sexual 

selection. While such methods provide net outcomes, the specific mechanisms underlying 

paternity are often difficult to determine because it is not clear if the sperm of different 

males vary in competitive ability, or if the female is influencing sperm competition 

(Briskie and Montgomerie, 1992; Birkhead, 1998; Pitnick and Brown, 2000). The idea 

that females have an active role in determining (or at least biasing) who fertilizes an egg 

post-copulation is quite recent—most current interest in cryptic female choice was 

sparked by Eberhard’s (1996) book Female Control.  

 

Sperm storage 

Sperm storage was the first topic thoroughly explored in reference to cryptic female 

choice. Sperm storage is a physiological process in which spermatozoa are temporarily 

retained within organs of the female reproductive tract, before the ova are fertilized. 

Biologists questioned why females would store sperm, especially if it could cost females 

additional energy, on top of the large amount of energy they spend producing ova. Yet, 

sperm storage is present across diverse animal taxa (Comstock, 1948; Davey, 1958; Fox, 

1963; Imms, 1964; Lake, 1975; Connor and Crews, 1979; Fenton, 1984; Thomas and 

Zeh, 1984; Hjelle, 1990; Bauer and Martin, 1991; Huys and Boxshall, 1991; Otronen and 

Siva Jothy, 1991, Davies, 1992; Birkhead and Møller, 1993; Pitnick et al., 1999; Snow 

and Andrade, 2005). 

 Long term sperm storage in females can be structurally and physiologically 

complex, in many taxa involving different kinds of sperm storage organs. These 

structures can be functionally specialized within a single female, with separate organs 



   8 

storing sperm from different copulations (Pitnick et al., 1999; Birkhead and Pizzari 

2002). These structures can also be specialized across species, with some organs being 

used for short and long-term sperm storage (Pitnick et al., 1999). Sperm storage 

temporally separates insemination from fertilization and it may provide the female with 

an opportunity to store and use the sperm of different males adaptively (Hellriegel and 

Ward, 1998; Pitnick et al., 1999; Presgraves et al., 1999; Calsbeek et al., 2007). However, 

the male-driven and female-driven effects of sperm storage are difficult to disentangle. 

For example, in the red flour beetle, Tribolium castaneum, males may bias the female’s 

use of sperm by rubbing their legs on the lateral edges of the female wing. The intensity 

of this behaviour is positively associated with the male’s fertilization success 

(Edvardsson and Arnqvist, 2000). Because females must process the stimulatory signals 

that persuade her to use the sperm, it is important to determine who controls sperm 

storage and how it could benefit or disadvantage each sex. Overall, sperm storage may 

have an adaptive purpose.  

 

Why store sperm? 

From a functional perspective, sperm storage can prevent polyspermy (Suarez 2002; 

Snook and Markow, 2002) and facilitate control over sperm activation (Rodriguez-

Martinez, 2007; Birkhead and Pizzari, 2002). In fruit flies, for example, female sperm 

storage has been thought to reduce mating rate (Manning, 1962, 1967; Nakagawa et al. 

1971; Hihara 1981; Scott 1986; Kalb et al., 1993; and beetles Eady, 1995), thereby 

protecting females from costly copulations (Tram and Wolfner 1999; Baer et al., 2001; 

Birkhead and Pizzari, 2002). Sperm storage may also promote an intermediate optimal 
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female mating rate whereby females benefit from polyandry because of an increase in 

fertility. By storing sperm, females also do not need to copulate as frequently, and 

therefore they do not lose much with respect to longevity in species where copulation is 

costly (bean weevils in Arnqvist and Nilsson, 2000; fruit flies in Morrow et al., 2003; 

Arnqvist et al., 2005; seed beetles in Ronn et al., 2006). On the other hand, sperm storage 

can produce immunity costs (Baer, et al., 2006). 

 From an evolutionary perspective, sperm storage can generate strong selective 

pressures on both sexes by creating an arena for both male-male competition (Birkhead 

and Møller, 1998; Parker, 1998; Simmons, 2002) and female choice (Eberhard, 1996). 

The functional and evolutionary implications of sperm storage are well described in 

several species (Suarez, 2002; Bloch Qazi et al., 2003; Adams and Wolfner, 2007; 

Rodriguez- Martinez, 2007; Birkhead and Møller 1998; Parker, 1998; Simmons, 2002; 

Cameron et al., 2007). The question remains as to how females are capable of storing 

sperm, and in the process extending sperm lifespan and functionality. 

 

Internally fertilizing females can delay sperm senescence  

Like all other cells, sperm cells senesce (Reinhardt et al., 2009; Reinhardt and Ribou, 

2013). Senescence can be defined as the deterioration of performance caused by a decline 

in vital processes with age (Møller et al., 2008). Sperm cells are especially susceptible to 

aging (White et al., 2008) because of their highly concentrated nucleic DNA and reduced 

cytoplasm (Vishwanath and Shannon, 1997). DNA damage in spermatozoa is more likely 

to accumulate without repair than DNA in ‘normal’ cells (Vishwanath and Shannon, 

1997). In externally fertilizing animals, sperm usually live only for a few seconds to 
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minutes after ejaculation (Cosson et al., 2008). By storing sperm, internally fertilizing 

females can delay this cellular senescence and thereby can increase sperm longevity after 

ejaculation (Breque et al., 2003; Cosson et al., 2008; Heifetz and Rivlin, 2010; Holt and 

Lloyd, 2010; Ribou et al., 2012). Depending on the species, sperm can be stored and 

remain functional from a few days (mammals in Suarez and Osman, 1987; Rodriguez-

Martinez 2007; Suarez, 2008; Holt and Llyod 2010; Heifetz and Rivlin 2010; Holt, 

2011), to weeks (fruit flies in Bloch Qazi et al., 2003; birds in Breque et al., 2003), to 

years (ants in Holldobler and Wilson, 1990; honeybees in Collins et al., 2004). Sperm 

function is known to deteriorate with oxidative damage (Ramalho-Santos et al., 2009; 

Storey, 2008; Fulle et al., 2012). Therefore, when selection favours long-term storage, 

both males and females have evolved mechanisms that slow down the sperm-aging 

process. 

 From the beginning of spermatogenesis, sperm cells in internal fertilizers begin to 

accumulate damage likely due to oxidative, osmotic, and temperature stressors (Reinhardt 

et al., 2009; den Boer et al., 2009). However, once sperm are stored in female storage 

organs, they may be protected from these stressors. It has been suggested, for example, 

that tightly packing sperm into storage organs provides protection from damage due to 

respiration and osmotic stress (Reinhardt et al., 2009).  

 Sperm cells are subject to oxidative stress, which is an imbalance in the production 

and removal of reactive oxygen species (ROS). Oxidative stress is thought to contribute 

to aging (Ribou and Reinhardt, 2012), so anti-oxidant production may be a way females 

and ejaculate components slow down sperm aging (but see Speakman and Garratt, 2013). 

A recent study that looked at the relationship between sperm metabolic rate and sperm 
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ROS production in crickets, Gryllus bimaculatus (Ribou and Reinhardt, 2012) suggested 

that a reduction in sperm metabolic rate may extend stored sperm lifespan and 

functionality.	  Therefore, in order to decrease ROS production and presumably delay 

sperm aging, females may reduce the metabolic rate of sperm in their storage organs. 

However, it has also been shown that when mitochondria are metabolically active, they 

have high ATP production and low membrane potential, which should produce very few 

ROS (St. Pierre et al., 2002; Balaban et al., 2005; Van Voorhies, 2004; Murphy, 2009; 

Lapointe and Hekimi, 2010). To conclusde, there appear to be multiple mechanisms 

through which sperm survive storage in females. It has also been considered that females 

nourish the sperm that are stored within their reproductive tract (Heifetz and Rivlin, 

2010; Holt and Lloyd, 2010).  

 

Drosophila as study organism for sperm storage 

Flies in the genus Drosophila are not only excellent model organisms for many 

experimental fields, they also have very interesting reproductive adaptations such as 

extended female sperm storage and sperm giganticism. They are currently the multi-

cellular organism of choice with many developmental processes parallel to those in 

humans (see Beckingham et al., 2005 for review). They have also made substantial 

contributions to our understanding of cell and organismal biology (see Beckingham et al., 

2005 for review).  

 

Sperm diversity in Drosophila 

 There is greater sperm length variation in Drosophila compared to all animal 
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genera, presumably due to sexual selection (Joly and Lachaise, 1994; Birkhead et al., 

1993; 2010; Bressac and HaunschteckJunge, 1996). In Drosophila, sperm are very long 

but are usually produced in small numbers per ejaculate. In D. bifurca, for example, the 

spermatozoa are 58 mm long, 20X the length of their body. D. melanogaster sperm are 

almost 2X the length of their entire body, 100X longer than a human spermatozoon 

(Pitnick et al., 1995). The length of sperm is impressive but so is the variation in length 

within this genus (Table 1). Such variation in sperm length may be reflective of the 

complexity of sperm storage mechanisms in the females or the intensity of sperm 

competition.  
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Table 1. Male sperm length, and female seminal receptacle and thorax length of different 
Drosophila species. Note the strong relationship between sperm and seminal receptacle 
lengths, and the absence of such a correlation with body size. Information taken from 
(Pitnick et al., 1995; 1999) and unpublished measurements of FAST, BASELINE and 
SLOW lines from the present study. Errors are 95% confidence intervals.   
Species Sperm length (mm) Seminal receptacle 

length (mm) 
Female thorax length 

(mm) 

D. busckii 1.18 ± 0.01 1.75 ± 0.10 0.90 ± 0.01 

D. bifurca 58.29 ± 0.67 81.67 ± 1.06 1.65 ± 0.00 

D. hydei 23.32 ± 0.51 45.30 ± 0.69 1.44 ± 0.01 
D. simulans 1.14 ± 0.01 1.46 ± 0.04 0.97 ± 0.01 
D. texana 5.08 ± 0.04 6.84 ± 0.07 1.36 ± 0.01 
D. americana 5.22 ± 0.02 7.56 ± 0.10 1.40 ± 0.00 
D. lummei 7.79 ± 0.02 14.04 ± 0.20 1.40 ± 0.00 
D. virilis 5.70 ± 0.16 8.21 ± 0.26 1.33 ± 0.00 

D. pseudoobscura 0.36 ± 0.00 0.41 ± 0.00 1.09 ± 0.01 

D. borealis 7.54 ± 0.05 13.78 ± 0.26 1.30 ± 0.01 
D. lacicola 2.52 ± 0.00 3.07 ± 0.10 1.27 ± 0.01 
D. montana 3.34 ± 0.02 3.43 ± 0.04 1.48 ± 0.01 
D. muttleri 2.79 ± 0.01 4.41 ± 0.09 1.27 ± 0.01 
D. wassermani 4.52 ± 0.03 2.63 ± 0.09 1.16 ± 0.02 
D. pachea 16.53 ± 0.29 19.87 ± 0.49 1.12 ± 0.01 
D. littoralis 7.72 ± 0.08 9.34 ± 0.25 1.44 ± 0.01 
D. straubae 2.46 ± 0.00 3.31 ± 0.06 1.06 ± 0.00 
D. parisiena 2.10 ± 0.01 3.16 ± 0.06 1.12 ± 0.01 
D. melanica 4.93 ± 0.09 8.23 ± 0.23 1.23 ± 0.01 
D. pachea 16.53 ± 0.29 19.87 ± 0.49 1.12 ± 0.01 
D. arizonae 1.52 ± 0.01 4.24 ± 0.05 1.03 ± 0.00 
D. acanthoptera 5.83 ± 0.09 7.84 ± 0.31 1.21 ± 0.01 
D. nannoptera 15.74 ± 0.30 20.89 ± 0.55 1.08 ± 0.01 
D. guttifera 10.29 ± 0.14 17.77 ± 0.38 0.99 ± 0.01 
D. subpalustris 5.96 ± 0.15 12.38 ± 0.47 1.29 ± 0.01 
D. recens 7.55 ± 0.21 14.49 ± 0.22 1.09 ± 0.01 
D. melanogaster 1.91 ± 0.01 2.08 ± 0.08 0.99 ± 0.01 

FAST 1.67 ± 0.03 2.27 ± 0.08 0.80 ± 0.01 
BASELINE 1.82 ± 0.02 2.35 ± 0.07 0.81 ± 0.01 
SLOW 1.84 ± 0.03 2.50 ± 0.07 0.85 ± 0.01 
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 Pitnick et al. (1995) found a strong positive relationship between sperm length and 

body size in Drosophila, as well as between sperm length and the level of sperm 

competition. They concluded that longer sperm are more energetically expensive because 

species with relatively long sperm-tail length had testes that constituted 8-11% of the 

total dry mass of the fly body versus 1-5% in species with relatively short sperm (Pitnick 

et al., 1995). Because longer sperm are found in polyandrous species as a probable result 

of high sperm competition levels, they suggested that the fertilization benefits of 

producing longer sperm must outweigh the costs: high testis investment and low numbers 

of sperm per ejaculate (Pitnick et al.,1995). It was becoming clear that Drosophila do not 

play the rules of sperm competition being a numbers game.  

 Sperm length has been suggested to be positively linked to maximum sperm 

swimming velocity and the ability of spermatozoa to fertilize ova (Bressac et al., 1991; 

Pitnick and Markow, 1994; Briskie et al., 1997; Miller and Pitnick, 2002; Pitnick et al., 

1999). It is possible, however, that, instead of giving a velocity advantage for fertilization 

among polyandrous species, sperm length may give an advantage as sperm compete for 

limited storage sites in females (Briskie and Montgomerie, 1992; 1993). Longer sperm 

tails may also physically prevent access to female storage organs by rival males, and may 

also help resist displacement caused by female contractions by serving as anchors.  

 D. melanogaster males also have a highly complex ejaculate possibly the result of 

sperm competition (Manier et al., 2010). In this species, males produce hundreds of 

Accessory gland proteins (Acps) that increase the probability of sperm being stored, as 

well as assisting in maintenance of sperm within storage organs (Neubaum and Wolfner, 

1999; Tram and Wolfner, 1999; Bloch Qazi and Wolfner, 2006; Ravi Ram and Wolfner, 
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2007a; 2007b). Acp36DE, for example, is a large glycoprotein that influences amount of 

sperm that can be stored (Bloch Qazi and Wolfner, 2006; Wong et al., 2008), and thus 

enhances sperm competitiveness (Clark et al., 1995; Chapman et al., 2000). Following 

copulation, Acp29AB localizes to the female sperm storage organs, indicating a specific 

role in sperm storage (Wong, et al., 2008). Also, the Acp29AB locus influences a male’s 

sperm competitive ability, with different alleles increasing or decreasing the 

spermatozoa’s effectiveness (Clark et al., 1995; Fiumera et al., 2010). There are many 

amino acid substitutions at the Acp29AB locus between D. melanogaster and D. 

simulans, close sibling species, suggesting rapid positive-selection possibly affecting 

post-copulatory mechanisms (Aguadé, 1999).  

 While the male’s ability to get sperm into storage is important, it is also important 

that sperm be released from storage to actually fertilize ova. It has recently been shown 

that four Acps: lectins CG1652 and CG1656, protein CG9997, and protease CG17575 are 

all responsible for successful sperm release from female storage (Ravi Ram and Wolfner, 

2007a; 2007b). These studies suggest that Acps are powerful in mediating female-male 

effects of sperm storage and release from storage.  

 

Female sperm storage in D. melanogaster	  

Female D. melanogaster have long been known to store sperm for extended periods, 

involving five processes: sperm receipt into the bursa copulatrix, sperm ejection by the 

female, movement of sperm into the storage organs, maintenance within the storage 

organs and release from storage (Bloch Qazi et al., 2003).  Sperm storage is 

accomplished by the retention of sperm within a system composed of two reproductive 
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organs: the seminal receptacle and the paired spermathecae (Figure 1; Bloch Qazi et al., 

2003; Bloch Qazi and Wolfner, 2006).  

 
 Figure 1. A cartoon of the female D. melanogaster reproductive tract with  
 storage organs: seminal receptacle and the paired spermathecae.  
 
 The seminal receptacle (SR) is a long tube-like organ that coevolves with the length 

of the sperm and is thought to be specialized for short-term sperm storage (Bloch Qazi et 

al., 2003; Bloch Qazi and Wolfner, 2006). For example, in D. pseudoobscura the sperm 

are small and the seminal receptacle is small; while in D. bifurca, the sperm are gigantic, 

and the seminal receptacle are long (Table 1).  

 The spermathecae (ST) are spherical storage organs thought to be used for long-

term sperm storage (Bloch Qazi et al., 2003; Bloch Qazi and Wolfner, 2006). It has been 

suggested that female Drosophila originally had just the spermathecae for sperm storage. 

As such, the seminal receptacle might have evolved after the spermathecae, for short-

term sperm storage (Pitnick et al., 1999). 	  

 The bursa copulatrix is similar to the uterus in mammals, and is where the egg is 
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held before fertilization and oviposition. The site of fertilization is at the top of the bursa, 

around the proximal region of the seminal receptacle, suggesting that sperm at the 

proximal seminal receptacle directly compete to fertilize the eggs (Pitnick, et al., 1999).  

 Together, these sperm storage organs and the bursa copulatrix house hundreds of 

sperm in D. melanogaster, with the paired spermathecae storing a maximum of 400 

sperm and the seminal receptacle storing up to 450 sperm one day after copulation 

(Manier et al., 2010). Female D. melanogaster can store sperm for up to 30 d following 

copulation. It has been thought that the sperm right at the opening of the seminal 

receptacle are the first to fertilize the incoming egg but direct observation of sperm 

behavior has been limited so far. 

 

GFP technology lights up the female reproductive tract 

John Belote at Syracuse University recently developed a way to make live sperm easily 

visible within in the female’s reproductive tract. To make transgenic flies whose sperm 

heads express a fluorescent tag, they labeled Mst35Ba and Mst35Bb that encode 

chromosomal proteins specific to sperm (Manier et al., 2010). During the late stages of 

spermiogenesis, sperm nuclei elongate into long structures where some of the histones 

are replaced by these chromosomal proteins, known as protamines. As a result, Belote 

created transgenic lines of D. melanogaster that had glowing green sperm heads visible 

under fluorescent light. This procedure allows for direct observation of sperm behaviour 

within female’s reproductive storage organs, following mating. Green Fluorescent Protein 

(GFP) biotechnology in D. melanogaster thus made it possible to directly assess sperm 

numbers, behaviours and morphology within the female reproductive organs. 
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Life history traits and energy allocation 

Life history traits—like age to reproductive maturity and senescence—are strongly 

shaped by natural selection. Michael Rose and colleagues were among the first to use 

laboratory natural selection on Drosophila life history as a tool for understanding how 

life histories evolve and what kinds of genetic factors underlie life history traits (Rose 

and Charlesworth, 1981; Rose, 1984). 	  

	   D. melanogaster populations selected for divergent life cycles thus offer an 

excellent opportunity to analyze sexual selection in the context of life history traits. To	  

study reproductive investment strategies, 10 laboratory stock populations were selected 

for either rapid reproductive maturity (FAST) or late-life reproductive fitness (SLOW) to 

compare to a baseline, ancestral population (BASELINE) that has an intermediate life 

cycle. After hundreds of generations of selection, FAST and SLOW populations have 

diverged dramatically in body size, sperm length and age to maturity compared to the 

BASELINE population. Thus it is now possible to study the mechanisms of sperm 

senescence and behaviour within populations of the same species having different life 

history strategies to see how these life histories may have influenced male allocation to 

sperm and ejaculate traits.  

 I hypothesize that due to dramatically divergent life history strategies, FAST and 

SLOW lines will differ in ejaculate tailoring and sperm storage. Specifically, I think 

FAST males will produce and transfer much less sperm compared to SLOW males. 

Additionally, I think SLOW females will store more sperm initially and for longer 

periods of time than FAST females.  
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CHAPTER 2. MATERIALS AND METHODS  

BASELINE, SLOW, FAST stock histories and maintenance of stocks 

The founding D. melanogaster laboratorystock, IV (here referred to as BASELINE), was 

a large outbred stock maintained on a 14-day discrete generation time since 1981 (Rose 

and Charlesworth, 1981). The IV laboratorystock was originally established in 1975 from 

a wild population of fruit flies in South Amherst, Massachusetts (Rose and Charlesworth, 

1981). This laboratorystock had been maintained on a relatively constant life cycle and 

stable laboratory conditions for approximately 612 generations until 2002 (Rose and 

Charlesworth 1981; Rose 1984), when the flies were switched from constant lighting to a 

12h:12h (light:dark) cycle. In 2004, the BASELINE populations were brought to the 

Chippindale Laboratory at Queen’s University, Kingston, Ontario, Canada.  

 Except for the change in light cycle, fly vials in the IV (BASELINE) population 

have been mixed within population treatment on day 14, subjected to CO2 anesthesia, 

divided into 10 vials with fresh medium and allowed to oviposit until 100 eggs per vial 

are reached (Rose, 1984). Then, adult flies are discarded and the new vials are kept to 

start the next discrete generation (Figure 2b). In 1989-1991, the IV population was used 

to establish ACO and CO populations, here referred to as FAST and SLOW, respectively 

(Table 2). 
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Table 2. A record and source of IV (BASELINE), O, CO (SLOW) and ACO (FAST) 
treatment lines. 

Name of line Source Year founded Number of sub-
populations 
 

Number of replicates 
per sub-population 

Selected for net fertility at: 

IV (BASELINE) WILD 1975 1 4 2 weeks 
O BASELINE 1980 5 2 10 weeks 
CO (SLOW) O 1989 5 2 4 weeks 
ACO (FAST) SLOW 1991 5 2 9 d 

BASELINE GFP BASELINE 2011 1 2 2 weeks 
SLOW GFP SLOW-1 2011 1 2 4 weeks 
FAST GFP FAST-1 2011 1 2 9 d 

 

Dr. Rose tested for a causal relationship between longevity and reproductive 

lifespan in D. melanogaster, by creating a line (O) selected for late reproductive fitness at 

10 weeks age (d after oviposition). He found that through selection for late reproductive 

fitness from 1981 until 1989, longevity increased, and physiological mechanisms evolved 

that increased stress tolerance, including resistance to starvation and desiccation in the O 

line (Rose, 1984; Service et al., 1985; Service, 1987; Service et al., 1988; Hutchinson and 

Rose, 1991; Chippindale et al., 1998). This supports the idea that alleles which increase 

stress resistance may also increase longevity and that postponing aging is beneficial to 

the physiology of D. melanogaster. The O stocks also differ in morphology (Rose and 

Charlesworth, 1984), flight duration (Graves et al., 2004), and caloric reserves (Service, 

1987; Graves et al., 2004) compared to their ancestral stock.  

In 1989, Dr. Rose started to develop the CO line from the O population during a 

starvation experiment (Table 2). The five CO subpopulations were control lines for the 

starvation experiment derived from the five O subpopulations.  The CO line was selected 

for reproductive fitness at 4 weeks from oviposition and has been maintained on a 4-week 

discrete generation time since 1989. I refer to the CO line as the SLOW line because of 
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their slow development (Chippindale et al., 1994; Chippindale et al., 1997) and longer 

life cycle. This selection treatment is made up of five populations (SLOW 1-5), each with 

a population size of approximately 2 000 animals per generation. These are split into two 

subpopulations that are mixed after each successful generation of selection. They are 

maintained in vials for the first 14 d of their lives, then transferred into cages with Petri 

dishes containing approximately 400 ml of banana medium. The flies are kept in these 

cages for 14 d with fresh medium regularly introduced. At the end of the cycle, the plates 

are supplemented with ≈ 50 ml of yeast paste to stimulate oviposition. Approximately 2-3 

h later after they are given the last plate of fresh medium, the food plates are taken from 

each cage and 1000 eggs are collected and evenly distributed into 10 new vials. The 

population size of these cage subpopulations is thus approximately 2 000 per generation. 

The parental flies are discarded, and the next generation begins (Figure 2c).  

In 1991, Dr. Chippindale established the ACO selection treatment, here referred 

to as the FAST populations, by applying constant selection for early-life reproductive 

maturity on derivatives of the SLOW populations (Table 2). Specifically, Dr. Chippindale 

only transferred the first 15-25% of emerging adult flies to population cages. By 

collecting only the first eggs laid by these flies, he also selected for early fertility 

(Chippindale 1997). A generation time of just under 8 d was achieved by generation 125, 

however a standard protocol of 10 d was applied between 1995 and 2007.  In 2007, FAST 

lines were sent to the Chippindale laboratoryand then maintained on a strict 9-day life 

cycle (Chippindale et al., 1997). They are kept in vials for most of their life and on the 

9th day of their life cycle, the subpopulations are mixed before transferred into cages 

with food plates with 50 ml of yeast paste. Approximately 2-3 h later, the food plates are 
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taken from the cages, 1000 eggs are collected from each food plate and evenly distributed 

into 10 new vials. The parental flies are discarded, and the next generation begins (Figure 

2a). 

 
 

 
Figure 2. A brief overview of selection protocols and divergent measurements for three 
D. melanogaster populations- a) FAST, b) BASELINE, and c) SLOW. Note that after 
hundreds of generations, the SLOW and FAST lines have diverged from the BASELINE 
lines in thorax, sperm, and seminal receptacle length. 
 
   All laboratory stock flies are reared in 95 mm x 25 mm vials that contain about 

10mL of banana fly food. Each vial contains approximately 100 eggs. All experimental 

flies have been kept in an incubator controlled for 50% humidity and 25 °C, with a 

12h:12h (light:dark) cycle. As of May 2013 the FAST, BASELINE and SLOW 
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laboratorystocks have been through approximately 759, 876 and 288 generations, 

respectively.  

 

GFP backcrossing into laboratory stocks FAST, BASELINE and SLOW 

Green Fluorescent Protein (GFP) is a dominant protamine marker that has been inserted 

into the D. melanogaster genome and is expressed in sperm heads. Flies with GFP-

labelled sperm were developed in Scott Pitnick’s laboratory at Syracuse University with 

help from John Belote (Manier et al., 2010). John Belote used Mst35Ba and Mst35Bb to 

encode chromosomal proteins specific to sperm, which replace some histones during 

spermiogenesis (Manier, et al., 2010).  

 The GFP marker not only causes the sperm of the males to fluoresce, but also the 

cuticle of both male and female carriers to glow under fluorescent light. GFP 

homozygous males were mated to virgin females from FAST1 treatment line, the 

SLOW1 treatment line, and the BASELINE treatment line (Figure 2) to insert the GFP 

label into each of these lines, as follows.  

First, I mated males from each FAST 1, BASELINE and SLOW 1 lines to 

females from the GFP line, thus ensuring that the new populations had the appropriate Y 

chromosomes. After 14 d I collected the progeny from these vials.  A Leica MZ 16FA 

fluorescent microscope and nitrogen gas was used to score GFP presence here and 

throughout the experiments reported upon herein. I saved the GFP progeny for the next 

backcrossing step. The F1 fluorescing males from each of the three treatments were 

mated with virgin females from the FAST1, BASELINE and SLOW 1 treatment line, 

respectively. This continued for five generations to ensure the FAST, BASELINE and 
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SLOW life history traits were well represented in these new lines (i.e., estimated 

98.375% of the treatment genome for autosomes). At F6, the fluorescing GFP males were 

mated with fluorescing GFP females in each of the three treatment types and the progeny 

were checked for the GFP marker, as above.  

Then, homozygous (GG) and heterozygous (G+) GFP males were mated with 

wild type (++) females in individual pairs, and the progeny were checked for the GFP 

marker. In a sample of 6-10 offspring, if the progeny cuticles were all fluorescing GFP 

then the male was scored as homozygous (GG) at this locus for the GFP marker. If <50% 

of the progeny were fluorescing, then the parental male was discarded. Then, 

homozygous (GG) and heterozygous (G+) virgin females were first mated with GG 

males, and then mated with wild type males 2 d later. The combined progeny resulting 

from these copulations were checked under the fluorescent scope and, if the progeny 

were all fluorescing, then the female was deemed homozygous for the GFP marker at this 

locus. If the combined progeny of these copulations were about 50% fluorescing, then the 

female was scored as heterozygous for the GFP marker and the fluorescing offspring 

were discarded. Homozygous dominant males and females were mated to each other and 

checked every generation for non-fluorescing cuticles, to maintain the GFP purity of 

these population lines.  

 

Full factorial experiment (2013): Ejaculate assay, sperm storage and progeny counts 

I set up a full-factorial experiment to tease apart male and female effects of sperm storage 

in these three different lines. I numbered all vials and recorded the type of male and 

female in each vial. I mated homozygous dominant males from FAST1, BASELINE and 
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SLOW1 lines to a treatment female and observed the sperm in storage. To do this, I 

mated the females once with an experimental male and then observed differences in 

sperm storage by dissections. All of the vials containing mated flies were placed into 

coloured boxes depending on their female type, to ensure that all future dissections were 

equally distributed across weeks and dissectors. We dissected a portion of the females 

every week for 30 d.  

 

Experimental set-up 

I had previously shown that the GFP marker was detrimental to male fitness in its 

homozygous form (GG)- especially to FAST males- but it did not affect male fitness in 

the heterozygous form (Duszczyszyn, 2012). This identified a potential problem working 

with the GFP marker in its homozygous state (GG), so I implemented crosses to use the 

marker in its heterozygous state. I did this by mating GG males from FAST, BASELINE 

and SLOW lines to females without the GFP marker within each line. All of the progeny 

were thus heterozygous (G / +) for the GFP marker but their sperm still glowed because 

GFP is a dominant marker.  

 

Mating day (Day 0) 

I collected virgin GFP-marked males and females from each of the three lines and housed 

them singly for 2 d. On day 0 of the experiment, I paired virgin 2-day-old males and 

females, numbered the vials, and recorded male and female type. A team of laboratory 

helpers observed all matings. Within 5 minutes of a male dismounting a female, I froze 

about 1/9th of the mated pairs using liquid nitrogen. These females were stored in a –5°C 
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freezer until I dissected each of the females 8-12 d later. I put a coverslip over the 

dissection and sealed it using liquid cement. To improve accuracy, only the females who 

were frozen within 5 minutes of finishing copulation were used for sperm counts per 

ejaculate. For those counts all of the sperm were in the bursa copulatrix of the female 

(Table 3).  

 For the other 7/9th of the mated pairs, I separated males and females within 10 min 

of the male dismounting the female. This was to ensure that the pairs only mated once. I 

used an aspirator to discard the males from these vials to minimize behaviour effects of 

removing the male with an anesthetic. All of these vials were placed into coloured boxes 

depending on their female type to ensure that all future dissections were equally 

distributed across weeks and dissectors. The coloured boxes were randomly moved 

around in the 25°C, 50% RH incubator every 24 h to control for environmental effects 

within the incubator.  

 

Female dissections 

Exactly 24 h after each copulation, a portion of each of the 9 treatment females were 

dissected in 5µl	  Grace’s solution (live insect solution), and the sperm in the distal and 

proximal seminal receptacle videotaped (Table 3). I then sealed the slide with liquid 

cement and kept in the freezer until I counted the sperm. I used superfine Dumont #5SF 

Forceps (with 0.025 x 0.005mm tip dimensions) for all dissections.  

 On dissection d, I took a female from the vial (using superfine forceps), to control 

for possible sperm or female behaviour effects of using CO2. I performed a live 

dissection of the female reproductive tract, preserving the bursa copulatrix, spermethecae, 
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spermathecal ducts and seminal receptacle. The seminal receptacle was uncoiled using a 

dull pin to allow for more accurate counts of the sperm in this translucent sperm storage 

organ (Figure 1). After the seminal receptacle was uncoiled, a cover slip was used to keep 

the dissection in place and the seminal receptacle was immediately videotaped under a 

fluorescent microscope. Using an Axioplan 2 fluorescent microscope, I videotaped the 

distal and proximal seminal receptacle, each for 10 seconds, to get a record of sperm 

motility and velocity. These data were not used because it was difficult to tease apart the 

images of individual spermatozoa swimming in a group. Also, the coverslip did not 

always allow for free sperm movement into and around all parts of the female storage 

organs.   

 To limit variation, any dissection that had a ruptured spermatheca, seminal 

receptacle, or bursa was not included in the sperm counts. The dissections were all done 

from 18:00 to 23:00 local time. The treatment samples divided equally and randomly 

between the two dissectors. This full-factorial blind experiment was repeated twice to 

ensure at least 20 good dissections per treatment, for every dissection day (Figure 3). 

Dissectors used the same Grace’s solution from the stock solution, and pipetted 5µl onto 

each slide. All double-sealed dissection slides were kept in a -5 °C freezer until sperm 

were counted. 

 

Sperm counts 

 It is best to measure sperm allocation by directly looking at sperm number, instead 

of inferring from copulation duration (Gilchrist and Partridge, 2000) this is because most 

sperm are transferred 6-10 minutes into insemination but copulation lasts for 20-30 
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minutes (Gilchrist and Partridge, 2000). So, I used an Axio Imager Z1 fluorescent 

microscope to count sperm transferred in these three life history lines. To reduce 

variation in sperm counts, I counted all sperm and I double-checked my sperm counts. 

For every slide box (~150 slides) I would randomly select and count 40 slides over again 

and compare counts. Numerous spot-checks on counts were never more than ±	  3 sperm 

from prior counts. I counted sperm in every female reproductive organ and summed the 

total amount of sperm in the dissection (Figure 1). When a dissection had a lot of sperm 

in the spermathecae, I would count the seminal receptacle and bursa copulatrix first and 

then gently burst the spermathecae using pressure on the coverslip, and then recount the 

sperm in each spermatheca. 

Table 3. Full factorial experimental design used to tease apart male and female effects of 
sperm tailoring and storage. Yellow- FAST life history type, purple- BASELINE life 
history type, teal- SLOW life history type. Shaded regions are standard population 
crosses. Letters code for dissection day. This experiment was repeated twice. 
Full factorial experiment 

Life history type FAST female BASELINE female SLOW female 

FAST GFP male A B C D E F G H I A B C D E F G H I A B C D E F G H I 

BASELINE GFP 
male 

A B C D E F G H I A B C D E F G H I A B C D E F G H I 

SLOW GFP male A B C D E F G H I A B C D E F G H I A B C D E F G H I 

Label Dissection day (n=20 per treatment, per dissection day) x 2 

A 1/9th of mated females frozen 5 min after copulation. 

B 1/9th of mated females dissected 24 h after copulation. 

C 1/9th of mated females dissected 7 d after copulation. 

D 1/9th of mated females dissected 14 d after copulation. 

E 1/9th of mated females dissected 15 d after copulation. 

F 1/9th of mated females dissected 21 d after copulation. 

G 1/9th of mated females dissected 22 d after copulation. 

H 1/9th of mated females dissected 28 d after copulation. 

I 1/9th of mated females dissected 29 d after copulation. 
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Figure 3. Cartoon timeline of dissections over 30 d. Note that 5 min after male 
copulation all sperm is present in the bursa copulatrix. After 24 h, all sperm is stored in 
the seminal receptacle or the paired spermathecae.  
 
 
STATISTICAL ANALYSES 

For the majority of my analyses, I used JMP 11.0 and Microsoft Excel.  

 

 

Ejaculate tailoring and female sperm storage 24 h after copulation 

This dataset summarizes the mean male ejaculate size and the mean number of sperm 

stored 24h after copulation for each of the 9 treatments (Appendix 1A). I compared 

dissectors and replicates within each cross at each time period (with outliers). There were 

no significant differences so I pooled data over replicates and dissectors. This also helped 

avoid over-parameterization given the fairly small sample sizes. 

 Using the Shapiro-Wilk W test, I found a significant departure from normality in 

the 5-min data. To correct this I took out 6 outliers below 600 sperm, two of these are in 

the BASELINE-female x SLOW-male cross, two in the FAST-female x BASELINE-

male cross, and two others in the SLOW-female x BASELINE-male cross. Without 

outliers, the data were normally distributed under the Shapiro-Wilk W test.  

 Using the Shapiro-Wilk W test, I found a significant departure from normality in 

the 24-h data. To correct this, I took out 3 outliers below 300 sperm, one from an FAST-



   30 

female x FAST-male cross, FAST-female x SLOW-male, and SLOW-female x SLOW-

male cross. Without outliers, the data was normal under the Shapiro-Wilk W test.  

 To calculate confidence intervals for the proportion of sperm stored at 24 h as a 

proportion of sperm transferred 5 min after copulation, I used Fieller's theorem because it 

allows the calculation of a confidence interval for the ratio of two means. To calculate 

these CLs I used a web app (http://www.graphpad.com/quickcalcs/ErrorProp1.cfm). I 

reported the 95% CIs in square brackets after means.	   

 

Sperm maintenance, use and loss for 30 d 

This dataset summarizes the mean number of sperm stored 24 h to 30 d after copulation 

for each of the 9 treatments (Appendix 1B). Initially, I ran an ANOVA to analyze 

differences between replicates and dissectors. There was no effect of replicate so these 

data were pooled. The effect of dissector was non-significant but close, and the difference 

between dissectors (LSmeans) was considerable (>10%). The main problem would seem 

to be several very large values, most of which were in the 1 d sample. I ran all models 

with and without dissector and replicate as predictors. I log-transformed the data 

including 1 d data, because it gave similar results with replicate still significant, dissector 

non-significant, and the residuals more normal-looking.  

 I did a full analysis on log-transformed sperm numbers, including Dissector, Block 

and Cross*StorageDay interaction term to see if the pattern across storage d differs 

among crosses. I log-transformed the sperm numbers over 30 d to normalize the 

residuals. I made the storage day a nominal variable instead of continuous so that it did 

not assume a linear relationship between the log of total sperm in storage and storage day. 
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To plot the 30 d sperm storage charts, I used Least Square Means rather than actual 

means because those Least Square Means take into account the other variables in the 

model, including the interaction term. 
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CHAPTER 3. RESULTS 

 
Male ejaculate tailoring  

There was significant variation in male ejaculate size (data from females dissected 5 

minutes post copulation) depending on the selection history (FAST, SLOW, or 

BASELINE) of the female with whom he mated (Table 4, Figure 4). The data from 

different dissectors and replicates were pooled because these factors did not significantly 

affect the estimates of the amount sperm transferred (effect of dissectors F1,24= 1.28, P= 

0.26) (effect of replicates F1,24=0.01, P= 0.91).  

 Post hoc contrasts showed that ejaculate size was not significantly different among 

male life history types (Table 4). After removing 6 outliers with exceptionally small 

ejaculates (<600 sperm), the distribution of ejaculate sizes was not significantly different 

from normal (W = 0.99, P = 0.29) and pattern in the results was the same (See Appendix, 

Table A1). Thus, on average, FAST males ejaculated significantly less sperm into the 

FAST females than into the BASELINE females (Table 4). Although the difference was 

not significant, FAST males ejaculated 22% fewer sperm into FAST females than SLOW 

males.  

 FAST males transferred more sperm to FAST females than did the other two types 

of males (See Appendix Table 5); the amount of FAST-male sperm transferred to FAST 

females was 1.70x [1.40-2.20] the amount of SLOW-male sperm transferred to FAST 

females, and 1.50x [1.20-2.00] the amount of BASELINE-male sperm transferred to 

FAST females. 

 SLOW males showed evidence of ejaculate tailoring, transferring significantly 

more sperm to SLOW females than BASELINE females (Table 4). On average SLOW 
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males transferred 822 (66.2%) more sperm to SLOW females than to FAST females (See 

Appendix Table 5 and Table 8). For SLOW females, SLOW males provided significantly 

larger ejaculates (27% more) than FAST males (Table 4). 

 BASELINE males transferred significantly less sperm to FAST females than they 

did to BASELINE or SLOW females (Table 4), and nearly identical amounts of sperm to 

BASELINE and SLOW females (Table 4). For males copulating with BASELINE 

females, there was no significant difference among mean male ejaculates (Table 4). 

 BASELINE and SLOW males differed in their patterns of ejaculate tailoring. The 

amount of SLOW-male sperm transferred to BASELINE females was 0.86x [0.76-0.98] 

the amount of BASELINE-male sperm transferred to BASELINE females. The amount 

of SLOW-male sperm transferred to SLOW females was 1.20x [1.00-1.30] the amount of 

BASELINE-male sperm transferred to SLOW females. 

 
Figure 4. Mean number of sperm transferred in relation to male and female life history 
type. Error bars represent 95% confidence intervals. 
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Table 4. The Tukey HSD chart for ejaculate size 5 minutes after copulation 
depending on male and female life history type.  
Female type x Male type compared 

to… 
Female type x Male type Tukey HSD test 

FAST FAST  SLOW FAST NS 
FAST BASELINE FAST FAST NS 

FAST SLOW FAST BASELINE NS 
BASELINE FAST BASELINE SLOW NS 
BASELINE BASELINE BASELINE FAST NS 
BASELINE SLOW BASELINE BASELINE NS 

SLOW SLOW SLOW FAST P<0.05 
FAST SLOW SLOW  FAST P<0.05 
FAST BASELINE SLOW FAST P<0.05 
FAST SLOW SLOW SLOW P<0.05 

FAST BASELINE SLOW SLOW P<0.05 

FAST FAST SLOW SLOW P<0.05 

BASELINE SLOW SLOW SLOW P<0.05 

FAST FAST FAST SLOW P<0.05 

BASELINE SLOW FAST SLOW P<0.05 

BASELINE FAST FAST SLOW P<0.05 

BASELINE BASELINE  FAST SLOW P<0.05 

SLOW BASELINE  FAST SLOW P<0.05 

 
 
Female sperm storage  
 
The number of sperm in storage 24 h after copulation varied significantly in relation to 

female selection history (FAST, SLOW or BASELINE; Figure 5, Table 6). As above, for 

this analysis the data for different dissectors and replicates were pooled (effect of 

dissectors F1,17= 5.40, P= 0.06) (effect of replicates F1,17=0.05, P= 0.82) because they did 

not significantly affect the amount of sperm transferred at 24 h (See Appendix, Table 7). 

Post hoc contrasts showed that there was significant variation in total sperm stored due to 

the life history type of the female receiving sperm, but total sperm stored was not 

significantly different among male life history types (Table 6). After I removed 6 outliers 

with very little sperm stored in the female (<300 sperm), the distribution of total sperm 
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stored was normal (W=0.99, Prob<W= 0.75). The removal of these outliers did not 

change ejaculate patterns: there was significant variation in total sperm stored due to the 

life history type of the female receiving sperm, and total sperm stored did not differ 

significantly depending on male life history type (Table 6).  

 Post hoc contrasts show that there was significantly less SLOW-male sperm moved 

into storage in FAST females than in SLOW females within 24 h after copulation (Table 

6). Although not significant, there was 44% less FAST-male sperm moved into storage in 

FAST females than into BASELINE females, and 58% less moved into storage in SLOW 

females. There was 35% less BASELINE-male sperm moved into storage in FAST 

females than in SLOW females, although the difference is not significant (Table 6). 

Similar amounts of SLOW-male sperm and BASELINE-male sperm stored in 

BASELINE and FAST females (Figure 5).  

 There were no significant differences in the amount of sperm stored from each male 

type in any of the female types (Table 6), even though there were large differences. 

FAST females stored 1.18x [0.93-1.50] more SLOW-male sperm than BASELINE-male 

sperm. SLOW females stored 1.20x [1.02-1.43] more SLOW-male sperm than 

BASELINE-male sperm. SLOW females stored 1.2535x [1.05-1.51] more FAST-male 

sperm than BASELINE-male sperm. BASELINE females stored 1.1927x [1.00-1.42] 

more SLOW-male sperm than BASELINE-male sperm. 
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Figure 5. Mean sperm stored 24 h after copulation in relation to male and female life 
history type. Error bars represent 95% confidence intervals. 
 
 
Table 6. The Tukey HSD chart for ejaculate size 24 h after copulation depending 
on male and female life history type.  
Female type x Male type compared 

to… 
Female type x Male type Tukey HSD test 

FAST FAST  SLOW FAST P<0.05 
FAST BASELINE FAST FAST NS 

FAST SLOW FAST BASELINE NS 
BASELINE FAST BASELINE SLOW NS 
BASELINE BASELINE BASELINE FAST NS 
BASELINE SLOW BASELINE BASELINE NS 

SLOW FAST SLOW BASELINE NS 
SLOW BASELINE SLOW SLOW NS 
SLOW SLOW SLOW FAST NS 
FAST SLOW SLOW  FAST P<0.05 

BASELINE BASELINE SLOW FAST P<0.05 

FAST BASELINE SLOW FAST P<0.05 

FAST SLOW SLOW SLOW P<0.05 

BASELINE BASELINE SLOW SLOW P<0.05 

FAST BASELINE SLOW SLOW P<0.05 

FAST FAST SLOW SLOW P<0.05 
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Proportion of sperm stored from ejaculate 

The proportion of sperm stored from ejaculates was highly variable (Figure 6). On 

average, there was more FAST-male sperm ejaculated into females, but less was stored 

compared with SLOW-male and BASELINE-male sperm (Figure 6). FAST females 

stored on average 25% [15-32%] of the total FAST-male sperm transferred to them, 46% 

[35-62%] of the total BASELINE-male sperm, and 60% [47-80%] of the total SLOW-

male sperm.  

 BASELINE females stored on average 30% [25-35%] of the total FAST-male 

sperm transferred to them, 31% [27-36%] of the total SLOW-male sperm. The 

BASELINE females stored on average 23% [19-26%] of the total BASELINE-male 

sperm transferred to them. 

 SLOW females stored on average 46% [40-52%] of the total FAST sperm 

transferred to them. The SLOW females stored on average 32% [28-36%] of the total 

SLOW sperm transferred to them. The SLOW females stored on average 31% [26-36%] 

of the total BASELINE sperm transferred to them.  
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Figure 6. Estimated percentage of sperm transferred by males that was stored after 
copulation, based upon 5 min and 24 h dissections and counts. Error bars are 95% 
confidence intervals.  
 

Total sperm stored in females over 30 d 

There were significant differences in the amount of sperm stored across female life 

history types over 30 d, but few significant differences among male life history types 

(Figures 7-9). I log-transformed the sperm numbers stored over 30 d to normalize 

residuals. For analysis, I made the storage day a nominal variable instead of continuous 

so that it did not assume a linear relationship between the log of total sperm in storage 

and storage day.  

 Overall, FAST females store similar amounts of sperm from each male type, with 

the exception of FAST-male and BASELINE-male sperm stored until day 22, which is 

probably an anomaly due to multiple tests of the same data making it significant. There 
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were no significant differences within days except a difference between FAST-male and 

BASELINE-male sperm on days 22 and 23, which is also a probable anomaly. SLOW 

females stored and used sperm from all three male types in a similar pattern.  

 There were significant differences in the type of female storing sperm (See 

Appendix Table 9). SLOW females store more sperm from all of the male types at later 

ages than the BASELINE and FAST females store (Figure 7-9). This pattern is most 

evident after day 20. 

 

Figure 7. Least square means of total FAST-male sperm in storage in different female 
life history types over 30 d. Error bars represent 95% confidence intervals.  
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Figure 8. Least square means of total BASELINE-male sperm in storage in different 
female life history types over 30 d. Error bars represent 95% confidence intervals. 
 

 
Figure 9. Least square means of total SLOW-male sperm in storage in different female 
life history types over 30 d. Error bars represent 95% confidence intervals. 
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Proportion of sperm stored in spermathecae 

Regardless of male life history type with whom they mated, FAST and SLOW females 

stored a higher proportion of total sperm in the spermatheca organs (Figures 10-12) than 

did BASELINE females (See Appendix Table 10). This was evident at almost every 

interval after copulation, with sperm from every male type. The differences in proportion 

of sperm stored in the spermatheca were significant with FAST-male sperm (Figure 10) 

and SLOW-male sperm (Figure 12). 

 

 
Figure 10. Mean proportion of FAST-male sperm in stored spermathecae of different 
females over 30 d. Error bars represent 95% confidence intervals. 
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Figure 11. Mean proportion of BASELINE-male sperm stored in spermathecae of 
different females over 30 d. Error bars represent 95% confidence intervals. 

 

 
Figure 12. Mean proportion of SLOW-male sperm stored in spermathecae of different 
females over 30 d. Error bars represent 95% confidence intervals. 
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CHAPTER 4. DISCUSSION 
 
My results revealed significant differences in how much sperm will be ejaculated based 

on male and female life history type. Female life history type appeared to dictate how 

sperm will be stored (Figure 5) and maintained over 30 d (Figures 7-9). In all three 

stocks, males ejaculate significantly more sperm into the bigger SLOW females. SLOW 

females store more SLOW sperm than BASELINE or FAST sperm. Also, FAST females 

store a higher proportion of SLOW and BASELINE sperm than FAST male sperm. And 

overall, FAST sperm disappear from the female reproductive tract more rapidly than 

other sperm types over 30 d of storage. My results also suggest that the spermathecal 

organs are responsible for long-term sperm storage.  

 
Ejaculate size 

Evidence for ejaculate catering  

Drosophila melanogaster males have previously been found to tailor their copulation 

duration and ejaculate composition depending on female quality (Friberg, 2006; Sirot et 

al., 2011). For example, males benefit from copulating for longer durations when mating 

with females they perceive as being non-virgin (Friberg, 2006; Perez-Staples et al., 

2014). Males can even exploit previous males that mate with a female, by adjusting their 

ejaculate composition to save on proteins that the female has already received from 

another male (Sirot et al., 2011). For example, during copulation fruit fly males transfer 

ovulin in their ejaculate to stimulate fecundity in the female (Sirot et al., 2009; 2011). 

During a single mating with a female in this study, males typically transferred 

~900 sperm and females stored ~300 of them within 24 h. These estimates compare 

favourably with work on a different population from those investigated here using the 
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GFP approach (Manier et al., 2010, Lüpold et al., 2011), but are lower than some others 

(e.g., Gilbert 1981) (Table 7). One possible reason for a smaller ejaculate size relates to 

mating status of the female: From the male’s perspective, it makes little sense to transfer 

many sperm to a virgin female if she is going to eject 2/3 of them (Lüpold et al., 2011). In 

contrast, mated females have resident sperm and therefore transferring large numbers of 

sperm will help in sperm competition (Lüpold et al., 2011). If sperm are costly in 

Drosophila, males should adjust the amount of sperm transferred depending on the 

female they are copulating with (Lüpold et al., 2011). In work from Scott Pitnick’s lab, 

D. melanogaster males transferred about 15% more sperm to mated females: an average 

of 835 (± 30) sperm to non-virgin females, compared to 729 (± 31) to virgin females 

(Lüpold et al., 2011).  

Table 7. Variation in sperm number transferred in male ejaculate, in relation to D. 
melanogaster line and female mating status. 

Name of D. melanogaster 
line 
 

Year 
recorded 

Number of sperm 
ejaculated into 
female 

Female status- 
Mated (M) or  
Virgin (V) 

Source 

Oregon R 1981 ~4000-6000 M (Gilbert et al.) 

LHm 2010 ~1400 M (Manier et al.) 

LHm 2013 ~730 V (Lüpold et al.) 

LHm 2013 ~840 M (Lüpold et al.) 

Canton-S 2013 ~1500 M (Garbaczewska et al.) 

FAST GFP ♂ x F ♀ 2014 ~716 V (this study) 

BASELINE GFP ♂ x B ♀ 2014 ~1064 V (this study) 

SLOW GFP ♂ x S ♀ 2014 ~1242 V (this study) 

 

My experiments revealed significant differences in total sperm ejaculated due to 

the life history type of the female receiving sperm, but no differences in ejaculate sizes 

among the male life history types for a given female type. This was an exciting result 

because it suggests that males may be catering their ejaculate based upon some perceived 
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quality related to the female. Specifically, it appears that long-term selection for early 

reproductive maturity in the FAST selection treatment produced females that elicit low 

ejaculate investment from males as males from each life history treatment (FAST, 

BASELINE and SLOW) transferred lower numbers of sperm to FAST females during 

copulation. SLOW females received the largest ejaculate sizes while BASELINE females 

received an intermediate ejaculate size. In D. melanogaster, body size is a strong 

predictor of female fitness as typically larger females are more fecund than smaller 

females are (Pitnick, 1991; Lüpold et al., 2011; Perez-Staples et al., 2014). Lüpold et al. 

(2011) found that male D. melanogaster delivered 15-18% more sperm to large females 

than to small females, and that small females had lower lifetime fecundity. The presently 

observed differences in the number of sperm transferred correspond in rank order to the 

speed of development, the body sizes, and the early fecundity of the three different kinds 

of female (F < B < S; Chippindale et al. 1997; unpublished data). These data suggest that 

here too males are adjusting ejaculate allocation to reflect perceived female fecundity 

(Figure 12). 

 
Figure 13. A fluorescence photomicrograph of GFP sperm heads  
glowing under fluorescent light, in the bursa copulatrix of the female 
D. melanogaster from a 5 min dissection. 
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Self-reference in ejaculate catering 

While there was a strong signal from female selection history, probably related to size, 

there was also an interesting interaction between female and male selection history. Most 

strikingly, the FAST males delivered more sperm to their own female type than the other 

two male types did. This might be explained by self-referrent size-matching, whereby the 

small FAST males do not perceive FAST females as unusually small. Accordingly, FAST 

males transferred 1.7x as many sperm to FAST females as did SLOW males. SLOW 

males were capable of transferring 3x more sperm than this, as gauged from the number 

transferred to their own female type; FAST males, in contrast, could only increase the 

number of sperm delivered by 25 – 30% when they encountered the larger SLOW 

female. The reduced plasticity of the FAST males may be reflective of energetic 

constraints on sperm production. There was evidence of a general self-recognition 

phenomenon, wherein the “homotypic” cross in each case resulted in the greatest number 

of sperm transferred during mating, although the differences were not significant for 

BASELINE male x female pairs, and this effect cannot be disentangled from a body-size 

effect. 

  

Female selection-history determines sperm storage 

Females do not simply provide a vessel in which sperm competition can take place 

(Lüpold et al., 2013). Rather, they play an active and pivotal role in post-copulatory 

sexual selection (Eberhard, 1997; Lüpold, 2013; Perez-Staples et al., 2014; Laturney and 

Billeter, 2014).  

 In my experiments, it appears that females selectively stored sperm based on their 

own and the male’s life history type. If we assume that the BASELINE females are at a 
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quasi-equilibrium from long-term maintenance under the same regime, then my data 

suggest that selection for early reproductive maturity has led to reduced sperm storage 

capacity 24 h after copulation in the FAST females. Also, long-term selection for late-

reproductive fitness led to an increased storage capacity in the SLOW females; 

BASELINE females stored an intermediate amount of sperm at 24 h after copulation.  

 Reduced sperm storage in FAST females could be (1) adaptive, (2) due to 

vestigialization of the sperm storage system and genetic drift, (3) or a genetic correlate of 

overall body size. Due to the selection protocol, FAST females are only able to mate and 

reproduce for 24 h following eclosion in the normal population cycle. Therefore, sperm 

storage is not needed in these FAST females for fertility assurance—they have a constant 

access to males and only the eggs that they lay within the first 24 h after eclosion 

contribute to their reproductive fitness. If sperm storage is costly, then it would be 

expected that selection will actively eliminate it in these populations where it is presumed 

to be irrelevant to fitness. By the same token, they may store sperm because they were 

selected for it historically and the trait has become a vestigial character, like the human 

appendix; reduced but not absent. Third, reduced storage capacity could be a correlated 

response to FAST females having a smaller seminal receptacle than SLOW or 

BASELINE females (Table 1). One might ask why sperm storage has not been lost 

altogether, given the constant presence of males in laboratory culture. One answer might 

be that these organs are important to female fitness because they create the potential for 

cryptic female choice, and extended storage is a by-product. We do not know the answer 

at this juncture, however the simplest explanation for variation in sperm storage capacity 

is certainly that larger females store more sperm because they have more room to store 
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them in a longer seminal receptacle and possibly larger spermathecae. However, at this 

point in time seminal receptacle length has only been related to sperm length, rather than 

number of sperm stored.  

 

Female and male life-history determine proportion of sperm stored 

Females of Drosophila species expel a large mass of sperm from their bursa copulatrix 

within 24 h after mating (Wheeler, 1947), storing only about 25% of the sperm 

transferred to them during copulation (Lefevre and Jonsson, 1962; Gilbert, 1981). It is 

believed that females bias paternity by manipulating the number of sperm stored/expelled 

during this first day post-mating (Snook and Hosken, 2004). This is highly suggestive of 

cryptic female choice because the female nervous system controls sperm storage (Arthur 

et al., 1998). 

My results show that there was large variation (23%-60%) in the proportion of 

sperm stored, depending both on male type and female type with respect to their history 

of selection. Unraveling the male versus female components of female ejection behavior 

is complicated. So, while FAST males showed apparent non-discrimination against their 

coevolved FAST females by transferring many sperm, FAST females showed evidence of 

discrimination against FAST males’ sperm, or FAST-male sperm had an impaired ability 

to move into storage organs, as reflected by the proportion of sperm stored. Additionally, 

FAST females stored a higher proportion of BASELINE-male and SLOW-male sperm 

than the BASELINE and SLOW females did. Perhaps BASELINE-male and SLOW-

male sperm are preferred by females; these are larger sperm than the FAST males supply. 

Many studies have shown evidence for biasing offspring paternity through sperm storage 
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in a variety of insects (LaMunyon and Eisner, 1993; Siva Jothy and Hooper, 1995; 

Otronen, 1997; Ward, 1998; Taylor and Yuval, 1999), and female D. melanogaster may 

be able to do this as well.  

Long-term sperm storage 

Females affect long term sperm storage- regardless of male life history type 
 
My experiments show that female D. melanogaster are able to store viable sperm for up 

to 30 d after insemination. This finding extends previous records of sperm storage in this 

species by weeks (Lefevre and Jonsson, 1962; Neubaum and Wolfner, 1999). In a recent 

study in D. melanogaster it was suggested that females do not influence sperm viability 

(Radhakrishnan and Fedorka, 2011). However, my results suggest that the life history 

type of the female may enhance or reduce sperm longevity, therefore affecting sperm 

viability (Figure 13).  

 

Figure 14. A fluorescence photomicrograph of GFP sperm in the distal seminal 
receptacle of a BASELINE female, 16 d after copulation.   

Selection for early reproductive maturity in FAST lines may have additionally 
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reduced the female’s capacity to maintain sperm over 30 d. It is possible that FAST 

females eject more sperm as both sperm and females age (Snook and Hosken, 2004) to 

save on energy needed to nourish sperm in storage, as might benefit the extremely early 

reproduction enforced in this selection treatment. My results show that SLOW females 

store more sperm over 30 d than females from other selection treatments, regardless of 

male life history type. The adaptive significance of female sperm storage is currently 

under investigation in the Chippindale –Montgomerie Lab. 

Sperm survival within the female storage organs likely plays a central role in the 

evolution of mating systems and life history tactics (Snook and Hosken, 2004; 

Radhakrishnan and Fedorka, 2011). FAST females may adaptively choose not to store 

many sperm over 30 d since they have not been selected for sperm storage past 24 h. It 

makes sense that they lost this ability to store sperm for longer periods, because sperm 

storage is energetically costly. Also, FAST females may actively eject sperm because 

sperm quality deteriorates as sperm age and that would negatively impact female fitness. 

In black-legged kittiwakes Rissa tridactyla, females eject their mate’s sperm to prevent 

fertilization of old and degraded sperm (White et al., 2008). In that species, there was 

evidence that suggested sperm senescence negatively impacted potential for fertilization, 

rate of embryonic development, embryonic mortality and chick condition (White et al., 

2008). Therefore, without the adequate nourishment to slow down sperm senescence, 

FAST females may use post-copulatory sperm ejection to save on energy.   

Sperm, accessory peptides and other ejaculate components over the long term 

Ejaculate Accessory gland proteins (Acps) mediate a variety of effects that benefit males 

and may indirectly harm or benefit females by stimulating egg production (Chapman et 
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al., 2000; Liu and Kubli, 2003). For example, Acp70A promotes male success in the face 

of high sperm competition by reducing female remating frequency (Cirera and Aguadé, 

1997; Chapman et al., 2000; Wigby and Chapman, 2005). A null mutation in an 

accessory gland protein, Acp36DE, for example has been found to severely compromise 

sperm storage and use without affecting sperm number, motility or morphology 

(Neubaum and Wolfner, 1999). Differences in ejaculate components may be important in 

influencing the dynamics of sperm storage. Additionally, I found that FAST-male sperm 

is not as effective at fertilization after 14 d in sperm storage, regardless of female type. 

The spermathecae as long-term sperm storage organs 

In D. melanogaster, the paired spermathecae have been described as ancient sperm 

storage organs, secondary to the seminal receptacle, which is the primary storage organ, 

(Snook and Hosken, 2004). Regardless of male life history type, FAST and SLOW 

females store a high proportion of their total sperm stored in the spermathecal organs 

over 30 day period following copulation. There is much evidence that sperm are 

nourished and protected in the spermathecae, which suggests that these organs are ideal 

for long-term sperm storage (Wheeler and Krutzch, 1994; Voordouw and Koela, 2007; 

Rogers et al., 2008; Sirot et al., 2011). It has been suggested that the reproductive success 

of males and females depends on conditions in the spermathecal lumen (Collins et al., 

2004; Klenk et al., 2004). Females have adapted ways of nourishing sperm in storage to 

maintain long term sperm viability. For example, in the mosquito Anopheles aquasalis, 

females have three spermathecae, each lined with exocrine glandular cells (Pascini et al., 

2012; 2013). These exocrine cells secrete nourishing proteins that maintain sperm 

viability during female sperm storage (Pascini et al., 2012; 2013).  
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It has been suggested that the spermathecae are responsible for the long-term 

protection of sperm from oxidative stress (Weirich et al., 2002; Klenk et al., 2004; 

Collins et al., 2004). Thus, in the honey bee Apis melliflera the activity of antioxidant 

enzymes, Catalase (CAT) and glutathione S-transferase (GST), has been found to be 

higher in the spermatheca of mated queens compared to virgins (Weirich et al., 2002). 

This suggests that the spermatheca organs have a protective role against aging in long-

term sperm storage. For divergent life history types that stretch the reproductive potential 

of females (FAST and SLOW), it may be advantageous to store sperm in spermathecae 

where they will receive antioxidant enzymes that may aid them energetically.  

 It makes sense that SLOW females use spermathecae for long-term sperm storage 

because the selection protocol that was applied to that lineage allows for long-term sperm 

storage. However, it is puzzling that FAST females also make use of the spermathecae, 

since their selection protocol means they are only alive for 24 h. I would think that if they 

did not need long-term sperm storage, they would lose the use of the spermathecae. It is 

possible that spermathecal storage in FAST females is a vestigial trait, because the FAST 

selection lines were selected from the parental SLOW selection lines. Additionally, the 

spermathecae could provide more protection and better nourishment than the seminal 

receptacle, so FAST sperm may actively move into these organs. It is clear that further 

research is needed to understand how FAST females use and manipulate sperm stored.  

 
Sperm storage and tailoring in relation to life history  
 
Reproduction is energetically costly (Chapman et al., 1995; Johnstone and Keller, 2000). 

Because there is evidence that longevity is promoted at the cost of fecundity (Stearns, 

1989; Barnes and Partridge, 2003; Flatt and Promislow, 2007; Harshman and Zera, 2007; 
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Tatar, 2010; Kenyon, 2010; Murphy et al., 2011), it has been argued that there is an 

energy tradeoff between reproduction and longevity (see Flatt, 2011 for review). For 

decades, evolutionary biologists have used Drosophila to perform selection experiments 

to test the idea that increased lifespan results in reproductive costs (Stearns and Partridge, 

2001), and results are generally consistent with the concept of antagonistic pleiotropy 

(Williams, 1957).  

 Such an energy tradeoff may be present in SLOW and FAST life history types. 

Given that the FAST and SLOW lines are raised on a surplus of high quality food, it is 

possible that FAST lines invest energy into early reproductive maturity, at the cost of 

longevity. Indeed, FAST males have significantly shorter sperm length and smaller body 

size compared to BASELINE and SLOW males (Table 1). Likewise, SLOW lines may 

invest energy into reproductive longevity at the cost of early reproductive maturity. This 

may be why SLOW males have bigger bodies than BASELINE and FAST males (Table 

1).  

 Perhaps there is an energy tradeoff between development time and reproduction. 

For example, for FAST males and females to be fertile at eight d, there could be an 

energy constraint as to the size or how well their reproductive apparatuses can develop. 

These costs may include fecundity, sperm storage, length, number, motility, velocity and 

Acp composition. Both SLOW males and females are selected for late-life reproductive 

fitness and, as a consequence, have plenty of time to develop their reproductive 

apparatuses. Benefits could be manifest in fecundity, sperm storage, length, number, 

motility velocity and Acp composition. In my experiment, it was evident that 

reproductive apparatuses greatly varied with respect to short and long-term sperm 
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storage. However, the underlying mechanisms involved in the reproduction-longevity 

tradeoff are largely unknown (Burger and Promislow, 2004; Magwere et al., 2004; Leroi 

et al., 2005; Kenyon, 2005; Partridge and Farquhar, 1981; see Flatt, 2011 for review). 

 The basic principle of life history tradeoffs is that resources are limited. So, 

increased resource allocation in one trait at the expense of other traits requiring that 

resource. As a result, greater investment in reproduction can be achieved only at a cost to 

other life history traits– traits requiring a lot of energy (Stearns, 1989; Murphy et al., 

2011). My results with respect to ejaculate tailoring, preferential short- and long-term 

sperm storage may be evidence of these reproductive-longevity tradeoffs. However, in 

order to establish this life history tradeoff, we need to establish a direct effect on lifespan 

with a measured increase in reproductive effort (Metcalfe and Monaghan, 2003).  

 

Future directions  

My results from this experiment provide evidence for male ejaculate tailoring and 

selective female sperm storage in D. melanogaster. Importantly, these results refute 

original hypotheses of female evolutionary ‘idleness’ (Darwin, 1871), by suggesting that 

females play a large role in post-copulatory sexual selection. Therefore, it would be 

advantageous to study other aspects of post-copulatory sexual selection in these three 

life-history lines, as follows.  

 First, to convincingly demonstrate cryptic female choice in FAST, BASELINE 

and SLOW females, it is necessary to show variation in paternity attributable to male 

quality and at least some of this variation must be attributable to variation in female 

sperm use (Birkhead, 1998). Additionally, while many studies focus on sperm storage 
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and the arrangement of sperm within the storage organs (Filosi and Perotti, 1975; Hihara 

and Hihara, 1993), less is known about the physiological processes used by female sperm 

storage organs to extend sperm longevity. In a recent study, it was found that overall 

sperm death in D. melanogaster female sperm storage was minimal, (8.7%; 

Radhakrishnan and Fedorka, 2011). Using live sperm staining techniques it would be 

interesting to look for differences in sperm death, depending on the female life history 

type. For example, there may be a higher percentage of sperm death in FAST females and 

a much lower percentage in SLOW females. It is also possibly that FAST females are 

poor at storing sperm because of a heightened immune response to incoming sperm 

(McGraw et al., 2004; Winterhalter and Fedorka, 2009; Radhakrishnan and Fedorka, 

2011).   

 Second, to further support the extraordinarily sophisticated mechanism of male 

ejaculate tailoring, it would be useful to look at ejaculate composition, beyond simply 

counting sperm numbers. For example, it is possible that males tailor sex peptides to the 

female with whom they are mating (Cameron E et al., 2007; Wigby and Chapman, 2005; 

Cornwallis and O’Connor, 2009; Perry and Rowe, 2010; Sirot et al., 2011). Similarly, 

relatively few studies have identified the biochemicals important for sperm transfer, 

storage and usage (Neubaum and Wolfner, 1999). Specifically, it would be beneficial to 

identify these molecules as products of female- or male-driven post-copulatory sexual 

selection.  

 Lastly, despite much recent progress, there is limited knowledge of the proximate 

basis of longevity and reproductive costs supporting life-history tradeoffs. The clear life 

history differences in FAST and SLOW lines cause significant differences in mechanisms 
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of post-copulatory sexual selection, including ejaculate tailoring and sperm storage. This 

obvious involvement in post-copulatory processes can drive rapid coevolution of 

ejaculates and female reproductive tracts among life history lines, perhaps eventually 

becoming the basis for speciation (Manier et al., 2013). Future work should focus on the 

genetics and physiology of such tradeoffs to reveal proximate causes. 
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SUMMARY 

1. My results revealed significant differences in total sperm ejaculated by males 

due to the life history type of the female receiving sperm. Most notably, I show 

that male fruit flies transfer less sperm to the smaller, FAST females than to the 

bigger BASELINE or SLOW females. 

2. I also show evidence for preferential sperm storage depending on female life 

history type. For example, in FAST females there is reduced capacity to store 

sperm, which may be adaptive to their selection history.  

3. There was large variation (23%-60%) in the proportion of sperm still in storage 

in the females after 24 h, depending both on male type and female type. 

Specifically, FAST females showed evidence of discrimination against FAST-

male sperm and/or FAST-male sperm had a poor ability to get into storage 

organs. 

4. The life history selection protocol affects the female ability for long-term sperm 

storage. Thus, FAST females may not store many sperm for 30 d because they 

have not been selected for sperm storage past 24 h. 

5. My results suggest the spermathecae evolved as a long-term sperm storage 

organ in FAST and SLOW females.  

6. The evidence presented here for ejaculate tailoring and selective sperm storage 

may be evidence of reproduction-longevity tradeoffs, where FAST females put 

energy into early reproductive maturity but as a consequence cannot fully 

develop sperm storage processes. 
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APPENDIX 

Table 5. Tukey HSD results from 5 mins ejaculate sperm counts, with outliers.  
Female type x Male type compared 

to… 
Female type x Male type Tukey HSD test 

FAST FAST  SLOW FAST NS 
FAST BASELINE FAST FAST NS 

FAST SLOW FAST BASELINE NS 
BASELINE FAST BASELINE SLOW NS 
BASELINE BASELINE BASELINE FAST NS 
BASELINE SLOW BASELINE BASELINE NS 

SLOW SLOW SLOW FAST P<0.05 
FAST SLOW SLOW  FAST P<0.05 
FAST BASELINE SLOW FAST P<0.05 
FAST SLOW SLOW SLOW P<0.05 

FAST BASELINE SLOW SLOW P<0.05 

FAST FAST SLOW SLOW P<0.05 

BASELINE SLOW SLOW SLOW P<0.05 

FAST FAST FAST SLOW P<0.05 

BASELINE SLOW FAST SLOW P<0.05 

BASELINE FAST FAST SLOW P<0.05 

BASELINE BASELINE  FAST SLOW P<0.05 

SLOW BASELINE  FAST SLOW P<0.05 

 
Table 7. Tukey HSD results from 24 h sperm storage counts, with outliers.  
Female type x Male type compared 

to… 
Female type x Male type Tukey HSD test 

FAST FAST  SLOW FAST P<0.05 
FAST BASELINE FAST FAST NS 

FAST SLOW FAST BASELINE NS 
BASELINE FAST BASELINE SLOW NS 
BASELINE BASELINE BASELINE FAST NS 
BASELINE SLOW BASELINE BASELINE NS 

SLOW FAST SLOW BASELINE NS 
SLOW BASELINE SLOW SLOW NS 
SLOW SLOW SLOW FAST NS 
FAST SLOW SLOW  FAST P<0.05 

BASELINE BASELINE SLOW FAST P<0.05 

FAST BASELINE SLOW FAST P<0.05 

FAST SLOW SLOW SLOW P<0.05 

BASELINE BASELINE SLOW SLOW P<0.05 

FAST BASELINE SLOW SLOW P<0.05 

FAST FAST SLOW SLOW P<0.05 
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Table 8. Least Square Means (LSM) of ejaculate size 5 minutes after copulation 
in relation to male and female life history type. 
 
Female 
type 

Male type LSM Std Error Lower 95% Upper 95% 

FAST FAST 716.10 54.02 609.51 822.69 
FAST BASELINE 464.89 55.42 355.54 574.25 
FAST SLOW 420.43 50.37 321.04 519.83 
BASELINE FAST 1050.36 51.51 948.74 1151.99 
BASELINE BASELINE 1064.00 50.37 964.61 1163.39 
BASELINE SLOW 919.74 55.42 810.38 1029.09 
SLOW FAST 908.62 52.72 804.60 1012.64 
SLOW BASELINE 1074.91 50.37 975.52 1174.31 
SLOW SLOW 1242.90 54.02 1136.31 1349.49 
 

Table 9. Least Square Means (LSM) of ejaculate size 24 h after copulation in relation to 
male and female type. 

Female 
type 

Male type LSM Std Error Lower 95% Upper 95% 

FAST FAST 175.18 28.99 117.98 232.38 
FAST BASELINE 215.43 28.36 159.49 271.38 
FAST SLOW 253.90 29.68 195.36 312.45 
BASELINE FAST 314.75 30.41 254.76 374.74 
BASELINE BASELINE 241.24 29.68 182.69 299.79 
BASELINE SLOW 287.71 29.68 229.18 346.26 
SLOW FAST 416.05 28.99 358.84 473.25 
SLOW BASELINE 331.90 29.68 273.36 390.45 
SLOW SLOW 399.13 28.36 343.19 455.08 
 
 

Table 10. The proportion sperm stored at 24 h from sperm ejaculated. 

 Male type 
Female 
type 

FAST BASELINE SLOW 

 % Stored        95% CI % Stored      95% CI % Stored      95% CI 

FAST 24.46 0.17 to 0.32 46.34 0.35 to 0.62 60.39 0.47 to 0.80 
BASELINE 29.97 0.25 to 0.35 22.67 0.19 to 0.26 31.28 0.27 to 0.36 
SLOW 45.78 0.40 to 0.52 30.88 0.26 to 0.36 32.11 0.28 to 0.36 
 


