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Abstract 
 

A series of recent studies using Drosophila melanogaster suggest that while 

males may benefit from having access to many partners, female fitness is reduced by 

extended cohabitation and sexual interaction with males. Yet, even if repeated sexual 

interactions are harmful to females, limited male exposure will ultimately be detrimental 

due to sperm-depletion and infertility. Females are therefore expected to balance mating 

opportunities and sperm storage capacity to maximize lifetime reproductive success. I 

introduced extended mating deprivation as a selective pressure to experimentally evolve 

lines of D. melanogaster for characters related to mating and postcopulatory sexual 

selection. Evolution of the mate-deprived lines over several dozen generations 

demonstrated that restricted sexual access was indeed a potent selective pressure. I 

consistently found that when males were removed for an extended time period, female 

fitness declined substantially, suggesting that mate-deprivation over nine days was 

harmful. Under these conditions, selected-line males responded to mate-reduced 

conditions and demonstrated a 13% increase in reproductive success compared to 

controls. Experimental females had a 15% increase in fertility compared to controls. I 

investigated a series of developmental characteristics that may have been altered by the 

selection regime, and while there was some evidence of evolved change, these results 

were not consistent. Although the data at hand do not substantiate a detailed 

characterization, both sexes in the experimental populations demonstrated increased 

fitness after extended mate-deprivation, thus evolutionary change appears to have 

occurred via selection on one or both relevant male ejaculate characteristics: sperm 

number and survival, and factors affecting female late-life fertility. 
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Chapter 1: Introduction  

The history of sexual coevolution 
 

Although the idea that the sexes coevolve as a direct result of their interactions 

with one another is widely accepted today, sexually integrated explanations for 

reproductive diversity have only recently been investigated. Historically, the details of 

fertilization have been difficult to study for both cultural and technical reasons, but 

another strong hindrance was the focus on determining the biology of one sex in isolation 

from the other. In particular, the majority of early biological and reproductive 

investigations (from a European and Western perspective) concentrated on variation in 

the contributions made by males or their competitive interactions with other males, 

whereas females were believed to be relatively passive or inert (Darwin, 1871; Bateman, 

1948). 

An androcentric view of fertilization was established at least 2300 years ago, after 

Greek philosopher Aristotle began to investigate reproductive biology (Birkhead, 2000). 

Despite making many advances, such as the observation of semen, embryos and even 

(indirectly) sperm competition (thus substantiating the existence of non-monogamous 

females), Aristotle could not fully describe the reproductive mechanisms that produced 

offspring. Furthermore, Aristotle’s male-oriented view of reproduction prevailed for 

centuries and halted the progress of a more balanced perspective of sexual evolution 

(Birkhead, 2000).  

It would be one and a half millennia before science would begin to grapple with 

the interconnections between the sexes, and the ensuing discoveries were punctuated with 

large gaps of time between discoveries. For example, between the 16th and 18th 
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centuries, major advances included the recognition that the ovary produces eggs by 

Fabricius ab Aquapendente, the discovery of sperm in human ejaculates by Anton 

Leeuwenhoek in 1677, and the connection between eggs and sperm and the subsequent 

production of progeny by Lazzaro Spallanzani in 1780 (reviewed in Birkhead, 2000). In 

the 19th century, George Newport and Oscar Hertwig discovered key additional 

processes such as the fusion between the sperm and the egg cell and how the 

amalgamation of the genetic material of each gamete led to the formation of a new being 

(Birkhead, 2000). The advances made in this time period greatly clarified the properties 

of male and female reproductive cells and fertilization that contributed to the production 

of offspring.  

Almost in parallel to the advances being made in understanding the mechanisms 

of fertilization, Charles Darwin and Alfred Russell Wallace in 1858, simultaneously 

proposed natural selection as the major evolutionary mechanism shaping biodiversity. 

Their observations suggested that heritable variation and the differential survival and 

reproduction of organisms drive the adaptation of organisms to their environments, and 

hence the divergence of species. Later Darwin proposed that an analogous process he 

called sexual selection, distinguished by how inequalities in mating success contribute to 

fitness, was also influencing the diversity of morphological traits and sexual dimorphism 

(Darwin, 1871). While Darwin discussed males competing vigorously for access to 

mates, he noted that females were relatively passive in this process; a perspective that 

endured for several decades. Yet, Darwin also noted that as males sought to attract 

females and entice them into mating, females were actively making deliberate selections 

based on variation in male beauty. The importance of female choice would not be further 



 3 

emphasized for many years. Nonetheless, Darwin developed a viewpoint that would 

persist in the study of sexual selection for over a century; that males were promiscuous 

and females were monogamous, insinuating that male-male competition for access to 

mates is the primary force of sexual selection. 

By the middle of the 20th century, it was becoming more and more evident that in 

many species neither gender was monogamous and that female preferences may be more 

than arbitrary inclinations towards display traits such as ornamentation or strength. But 

the male-oriented view of evolution by sexual selection would only be seriously 

challenged in the last few decades of the 20th century. Bateman’s (1948) influential 

experiment with fruit flies revealed multiple mating in both sexes, but he, and later 

Trivers (1972), failed to consider potential benefits to polyandry. They suggested that 

promiscuity had quite different effects on each of the sexes: supernumerary copulations 

seemed to be beneficial for males alone. Since the ubiquitous nature of multiple 

inseminations was now recognized, this lead to the significant discovery that within the 

female reproductive tract the sperm deposited by various males competed for maximal 

fertilization success. This key finding, dubbed ‘sperm competition’ by Parker (1979) also 

followed an androcentric trajectory as it was viewed to be another application of sexual 

selection by the male-male competition paradigm, with male gametes actively competing 

inside the passive female reproductive tract, inducing sperm cells alone to evolve 

adaptations to ensure fertilization success.  

This male-oriented view of post-copulatory sexual selection was tempered over 

the next few decades by evidence suggesting that female choice greatly influenced 

evolutionary outcomes, even after mating (Eberhard, 1996). Eberhard (1996) termed this 
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process ‘cryptic female choice’ and though this exact mechanism has not been fully 

elucidated, the “selection” process may have profound consequences on the evolution of 

gametic traits and reproductive structures. Studies have indicated that the reproductive 

structures of males and females are closely co-adapted suggesting that co-sexual interests 

affect the evolution of these characteristics (Briskie et al. 1997; Miller and Pitnick, 2002). 

Thus, over the last several decades it has become clear that the reproductive behaviour of 

both sexes and the interaction between sperm and the internal mechanisms of the female 

reproductive tract all factor into fertilization and gene transmission. Furthermore, 

Eberhard emphasized females had evolved reproductive mechanisms to preferentially 

“select” sperm from various males because they were in fact promiscuous. Observational 

and molecular studies have revealed that multiple mating is prominent in both males and 

females of most sexual species, an observation with coevolutionary benefits and 

consequences that are presently the subject of much controversy.   

Why are females promiscuous? 
 

It has been widely accepted that taking several partners is beneficial to the 

reproductive success of males in almost all species, but the impact of multiple mating for 

female fitness is less understood. Females may be the passive recipients of sperm, with 

little to gain or lose from mating, or there may be other real consequences, positive or 

negative, to mating frequently. Current opinion seems to be quite divided on those 

consequences. On the one hand, the “antagonistic seduction” view of chase-away sexual 

selection holds that males may be coercive and injurious to their mates, causing harm 

through direct injury or inopportune timing of mating (Holland and Rice, 1998). On the 

other hand, there are a variety of potential direct benefits to females who engage in 
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multiple copulations, which include: enhanced nutritional resources, better nesting sites, 

protection, reduced harassment, initial fertility assurance or sperm replenishment 

(Birkhead and Pizzari, 2002; Simmons, 2001). Multiply mated females may also gain 

indirect benefits such as increased genetic diversity in their offspring, avoidance of 

genetic incompatibilities in the progeny, assuring viable offspring, having the ability to 

‘trade-up’ for higher-quality sperm or to obtain ‘sexy sperm’ (Birkhead, 2000; Singh et 

al. 2002). Overall, it is plausible that females who mate with different males over their 

reproductive lifespan may also have increased reproductive success and accrue several 

adaptive advantages. Which of these scenarios applies may depend not only on overall 

species biology, but also upon details of the population’s optimal life-history and 

ecological considerations. Though it is now generally recognized that females of many 

species copulate with multiple males, the factors that stimulate female promiscuity still 

requires further investigation. 

Why do Drosophila melanogaster females remate? 
 

Multiple mating in Drosophila melanogaster females occurs in both natural 

(Milkmann and Zeitler, 1974) and laboratory populations (Gromko and Pyle, 1978) of 

this model organism. Exactly what females in this species gain or lose from extensive 

sexual interactions has yet to be firmly established. It has been demonstrated that, in lab 

populations, females may mate simply to replenish sperm stores (Gromko and Pyle, 

1978), but even this basic aspect of reproductive biology has been controversial. For 

example, high levels of sperm mortality and the expulsion of a large proportion of sperm 

have been reported in D. melanogaster (Snook and Hosken, 2004), which could make 

frequent mating important to the maintenance of viable sperm in the female. These 
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specific results have been disputed (Stewart et al. 2007), leading back to the conclusion 

that females in the laboratory appear to remate well before viable sperm stores are 

depleted (Manning, 1962). The reproductive morphology of D. melanogaster females, 

which includes a seminal receptacle (SR) as well as paired spermathecae, allows the 

long-term storage of sperm (Pitnick, 1999). In the lab, enough sperm is transferred and 

stored from a single mating to fertilize several hundred eggs, which would take 5 to 30 or 

more days to lay, depending upon the nourishment available to a female. Assuming 50% 

level of inefficiency in fertilization (see Stewart et al. 2007) this implies on the order of 

1x103 sperm are stored, a number congruous with direct estimates from dissected 

females, and presumably allows for considerable longevity in the female reproductive 

tract. Females can also lay eggs for weeks following mating, proving that stored sperm 

can survive a long time (Pischedda and Kundapur, unpublished data). Despite this, 50-

87% of D. melanogaster females from laboratory populations mate again within 7d  

(reviewed by Singh et al. 2002,) suggesting that females may not be remating solely to 

replenish sperm supplies.   

It has been noted that in natural populations of D. melanogaster, female remating 

frequencies can be quite high and have been reported at ranges between 15 and 84% 

(reviewed by Singh et al. 2001). A study using microsatellite analyses in wild-caught D. 

melanogaster (thus the fertilization period could not be ascertained) revealed that every 

female produced offspring sired by 4-6 different male genotypes (Imhoff et al. 1998). 

The increased number of various paternal genes in the offspring suggests that females 

could be remating to acquire genetic benefits in addition to supplemental sperm. Clark et 

al. (1999) demonstrated that post-copulatory fertilization success was dependent on both 
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male and female genotypes. Therefore polyandry may have evolved in D. melanogaster 

species to reduce the costs associated with fertilization from genetically incompatible 

sperm (Zeh and Zeh, 1996; Treganza and Wedell, 2000). Females may also be remating 

to obtain higher quality mates or sperm (Birkhead and MØller, 1998). Yet, Byrne and 

Rice (2005) found evidence that female remating was dependent on genotypes, but not 

related to higher genetic quality genotypes. Procurement of sperm with enhanced sperm 

competition characteristics, also known as ‘sexy sperm’, may also be influencing rates of 

female promiscuity since it has been demonstrated that increased sperm length was an 

important factor in enhanced reproductive success in D. melanogaster (Miller and 

Pitnick, 2002).  

Despite all of these possibilities and research, there is little compelling evidence 

for a benefit to polyandry in fruit flies. Ironically, a rare example of a possible polyandry 

benefit comes from Bateman himself. From his famous experiment, Bateman (1948) and 

later Trivers (1972) concluded that the fitness of males increased with each successive 

partner, but that the reproductive success of females is not augmented by additional 

copulations. However, closer examination of the entire data set reveals that both Bateman 

and Trivers selectively focused on only half of the data (Birkhead, 2000). In the 

overlooked experiment, female fitness did increase with additional partners, a result 

Bateman considered an artifact produced by the fact that males in the assay were stressed 

and may have been sperm-limited (Birkhead, 2000). This introduces the possibility that 

males are sperm-limited, or sperm die in storage, under some environmental conditions 

(e.g., high heat or low humidity) and, if those conditions are common in nature, then 

remating behaviour in the laboratory may be vestigial to an adaptive process. 
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The costs of extended mating interactions 
 

Although females could profit from increased sexual activity through either direct 

(sperm replenishment and/or nutritive value of the ejaculate) or indirect benefits, there 

are a variety of negative consequences potentially associated with increased exposure to 

males (Parker, 1979). A detrimental effect of males on females has been well 

documented in D. melanogaster through both manipulative (Chapman, 1995; Linder and 

Rice, 2005) and selection experiments (Rice 1996; Holland and Rice, 1999; Wigby and 

Chapman, 2004). Females who copulated more frequently had reduced lifespans (Fowler 

and Partridge, 1989) and even the presence of courting males can cause an overall 

reduction in female survival  (Partridge and Fowler, 1990). With both of these studies, 

harm to females induced by continuous exposure with males was mainly quantified using 

female lifespan, and though daily female fecundity was measured, minimal differences 

were observed. 

Multi-generation selection experiments in which males and females were housed 

together in varying ratios indicate that females experience increased mortality when 

mated to males that had evolved under male-biased (3:1) conditions. Furthermore, 

females adapted to the male-biased conditions were more resistant to the negative effects 

of males (Holland and Rice, 1999; Wigby and Chapman, 2004). Together these results 

suggest that there is substantial standing genetic variation for traits mediating harm by 

males and resistance to harm in females in laboratory populations of Drosophila. They 

also provide evidence that sexual conflict can lead to sexually antagonistic co-evolution, 

where males evolve traits that increase their own fitness at the expense of female fitness 

(Rice, 1996).  As a result, females evolve counter-adaptations to reduce the impact of the 
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harmful male adaptations (Parker, 1979; Holland and Rice, 1999), potentially driving 

repeated cycles of adaptation and counter-adaptation. These studies also confirm that 

sexual interactions can negatively affect female longevity through either pre-copulatory 

harassment or through the post-copulatory effects of seminal proteins, as shown in single-

generation manipulative experiments (Partridge and Fowler, 1990; Chapman et al. 1995). 

Although there is abundant evidence that interaction with males reduces female 

longevity, this may or may not decrease female fitness. Little is known about Drosophila 

longevity in the field, and many laboratory protocols maintain fly populations with very 

early reproduction (within a few days post eclosion) where death beyond a few days of 

eclosion may be irrelevant to fitness. However, studies using populations with 

overlapping generations have shown that continuous interaction with males decreases 

female survival (Fowler and Partridge, 1989) and that male contact (Partridge and 

Fowler, 1990) and receiving seminal fluids (Chapman et al. 1995) were all implicated. 

Because the length of female reproductive life was open-ended in these populations, a 

reduction in lifespan may decrease lifetime reproductive success. Measurement of 

components of female fitness, rather than total fitness, and the use of novel experimental 

conditions that the study populations were not adapted to are the main criticisms of these 

empirical studies of sexually antagonistic coevolution (Orteiza et al. 2005).  

In response to these concerns, Linder and Rice (2005) and Lew et al. (2005) used 

populations of D. melanogaster with discrete generation cycles that could easily be 

recreated in experiments measuring total fitness of females. Both studies demonstrated a 

substantial reduction in female fitness after continuous interaction with males, relative to 

singly-mated controls, and additive genetic variation for female resistance to mating 
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harm. Despite the differences in stock maintenance, all these studies suggest that repeated 

mating reduces female fitness, and laboratory populations possess the requisite genetic 

variation to evolve in a sexually antagonistic manner. 

Despite the fitness cost, not engaging in multiple copulations may induce its’ own 

reproductive loss. If sperm rapidly die in storage, then to avoid infertility females may be 

forced to mate despite the risk of shortening their lifespan. Thus, depending upon the 

optimal life-history of a population, consorting and mating with males may involve 

complicated tradeoffs. Evolutionarily, it is possible to imagine a wide variety of changes 

in the female behavioural and physical phenotype to optimize lifetime reproductive 

success, including changes in mating frequency, fecundity, the number of sperm retained 

and the conditions of storage. In addition, the sexual strategies utilized by males and even 

the properties of male gametes such as number and longevity may also be strongly 

influenced by changes in mating frequency and sperm handling by females.  

Experimental rationale 
 

I manipulated the social environment and demography of laboratory Drosophila 

populations to investigate adaptation through changes in reproductive strategies and 

gamete survival. Total male removal and extended celibacy prior to reproduction may be 

a powerful selective pressure, inducing evolutionary responses and altering the 

reproductive mechanisms in both sexes. In most laboratory populations, access to sexual 

partners is guaranteed, but in ecological situations finding a mate at the right time is not 

always feasible. I used mating-deprivation, reinforced each generation, to experimentally 

evolve large, replicated populations of D. melanogaster adapted to laying fertile eggs 

long after their last exposure to males. The protocol I used simulated early mating 
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opportunities followed by dispersal to a new environment where there were no 

subsequent opportunities for females to mate, an ecologically-relevant scenario for an 

organism of ephemeral habitats. Based on literature and evidence that there is genetic 

variation in the duration of fertility in D. melanogaster after male removal in the base 

population used (Pischedda and Kundapur, unpublished data.), I predicted that limited 

sexual access would result in a selection response for post-copulatory sperm survival and 

sperm storage capabilities in these populations. But since this was a ‘laboratory natural 

selection’ experiment, adaptation might occur through any number of mechanisms. The 

first task was therefore to establish that fitness had increased in these selected 

populations, in the environment of selection. 

I determined that the limitation on mating interactions imposed was harmful to the 

populations, resulting in strong differences in fecundity that were dependent on the 

presence or absence of males.  After multiple generations of experimentally-enforced 

mating-deprivation, both females and males in the selected populations had substantially 

increased reproductive success in mate deprived conditions. I also investigated 

developmental characteristics that may have changed under selection as a possible 

explanation for how the populations adapted to reduced mating conditions. 
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Chapter 2: Methods 

Creation of the selected and control populations 
 

The selected and control lines were created in November 2004 from the LHM 

population, a large, outbred, wild-type population from California that had been 

maintained under standardized culture conditions for more than 600 generations. The 

LHM population was used to create three sets of populations with red-eyes. The LHM-bw 

population, which is genetically virtually identical to LHM other than carrying a benign 

recessive brown-eye marker, was utilized to derive three sets of brown-eyed populations. 

Each of the two eye-colour sets had three replicate populations with experimentally 

enforced mate-deprived conditions (S1, S2, S3) and three replicates of control 

populations with continued access to mates (C1, C2, C3). It is important to note that the 

replicates in the selected and control populations are not numerically matched up in any 

way, neither by ancestry nor during the routine handling of these lines. While generating 

and experimenting upon these populations, the selected and control sets were 

affectionately called the “Desperate Housewives” in the lab. But for purposes of 

simplicity and clarity, the selected lines will herein be referred to as the Male Absent 

(MA) populations and the control lines are the Male Present (MP) populations. Both the 

MA and MP sets have populations with the red-eye marker (MAR, MPR) and the other 

set with the brown-eye marker will be referred to as MAB, MPB.  

Selection protocol 
 

The first 12 days of the culture regime is illustrated in Figure 1 and the selection 

protocol from Day 12 until 21 is displayed in Figure 2. Each generation was initiated by  
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Figure 1. The timeline of the selection protocol for both the control and selected 
populations during the first 12 days. Days 0-12 reflect the incubation period during 
which the eggs hatch and the larvae grow, pupate and emerge as adults. Shortly after 
emergence, the flies in all populations begin courtship rituals and mating. 
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Figure 2. The timeline of the selection protocol for both the control and selected 
populations during Days 12-21. On Day12, all the males in the selected populations 
are removed from the vials and only females are placed in population cages and have 
no further access to males or sperm, yet in the control populations both the females 
and males are placed into the cages. The flies remain in the cages until Day 21 (food 
plates are replaced every 48 hours). On Day 20 the females are given an oviposition 
substrate and after an 18h interval on Day 21, these eggs are collected, placed in vials 
and incubated to breed the next generation. 
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collecting eggs from each of the three replicates from both the selected and control 

populations at the end of the selection regime. To standardize the population size between 

the treatments and to control larval density, approximately 150 eggs were each deposited 

in each vial. Twenty vials were created for each replicate group.  Therefore, the selected 

and control populations each consisted of 120 vials. The eggs from the selected and 

control vials were incubated in a 25°C humidity-controlled incubator. Within a period of 

12d the larva developed, pupated and emerged as adults. Because development to a 

sexually-mature adult takes about 10d, the males and females had a sexual interaction 

period of approximately 48h. Mating deprivation was applied on the 12th day in the 

selected (MA) populations. During this process, the flies were lightly anesthetized with 

CO2, the sexes were separated and all of the males were discarded. The females in the 

selected populations were housed in 20 x 20 x 14 cm3 Plexiglas cages, without further 

interactions with males. In the control lines, the flies were also lightly anesthetized with 

CO2 in a sham handling treatment. However approximately equal numbers of males and 

females were then housed together in the cages enabling them with continued access to 

mating opportunities. Each replicate population, which was made up of 20 vials was split 

into 2 cages (10 vials/cage) as the second cage could serve as a potential backup should 

any complication occur.  Both the selected populations residing in female-only cages 

(n=750/cage) and the cohabitation cages (n=1500/cage) from the control populations 

remained in a 25°C room with 12h diurnal cycle for an additional 9d (21d total lifecycle). 

Research by Snook and Hosken (2004) suggested that this would create substantial 

decrease of stored sperm.   

I am aware that there was a substantial imbalance in the census population sizes 
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between the selection treatments because of the inclusion or exclusion of males; a 

potential confound of this experimental design that was impossible to overcome. Under 

the conditions employed, density variation during the larval stages is likely to be most 

influential and hence must be tightly regulated to ensure adequate growth and viability. 

Therefore, the population size during the developmental phase of the fly lifecycle was 

kept exactly the same between the control and selected populations Furthermore, after 

male removal the flies were placed into very large cages with ad lib feeding, where I did 

not expect density or nutritional differences between the treatments to strongly shape the 

evolutionary response. I expected the qualitative difference (males or no males) to have a 

much stronger impact than the quantitative differences in space or food availability. I 

cannot, however, rule out selection resulting from these environmental differences. 

Circular food plates (90mm diameter) made with standard cornmeal-molasses 

medium were placed in each cage on Day 12, 14, 16. The food plates have the dual 

purpose of being nutritive and providing oviposition substrates. On the 18th day of the 

extended life-cycle, food plates coated with 2.5g of yeast paste (30g live yeast in 40mL 

water) are placed in all of the cages and used to further stimulate egg-laying ability. 

Before the last day of selection, fresh egg-laying sites were placed within each cage. 

After approximately 18h of oviposition opportunity, egg collection occurred by excising 

sections of the substrate with approximately 150 eggs and placing the pieces into vials. 

These were used to breed the next generation for all the populations. This 18h egg-laying 

interval at the end of this reproductive phase interval is a crucial time period for these 

populations.  Only the eggs that are produced in this time span will be used to breed the 

next generation. And, in the selected populations, only the females who maintained or 
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retained live sperm for that long will be represented in the subsequent generation. 

Concurrently, only the males that produced sperm that remained viable until the end of 

the selection regime will also be the ones to leave descendants. Finally, the fixed 18h 

oviposition time frame at the end of the 21d lifecycle serves as a discrete time period to 

assess fitness in these populations. Twenty vials were created from every replicate 

population in the control and selected sets. The entire stock is maintained with 240 vials. 

Furthermore, since the eggs are obtained from 2 separate cages within each replicate, to 

avoid the potential creation of distinct ‘cage’ populations, the eggs collected from both 

cages within the same replicate were mixed together to homogenize that replicate 

population.  

‘Relaxed’ selection protocol 
 

Before any assays were performed, both the control and selected populations were 

subjected to one generation of relaxed selection to remove any maternal effects. The 

protocol for the relaxed selection consisted of housing both males and females in all 

populations in cages for 5d. Thus, the total cycle was intermediate at 17d, and mating 

deprivation was not imposed. Food plates with yeast (consistent with the regular selection 

protocol) were added on Day 15. After 18h of oviposition opportunity on Day 17, the 

eggs were collected to generate the flies that were used for the experiments. 

Approximately 150 eggs were placed in vials with standard cornmeal-molasses medium. 

The number of eggs was standardized across the populations to control larval density and 

to mimic the conditions of the normal selection regime. These flies were reared in a 25° 

C incubator with a 12h diurnal light-dark cycle.  



 18 

All of the flies generated for experimental purposes were put through one 

generation of relaxed selection to standardize both the selected and control populations. 

Additional factors were controlled so that every population was equalized. For every 

experiment, the larval density was regulated by having approximately 150 eggs in every 

vial to establish adequate growth conditions across all of the populations. The offspring 

in all of the populations were always reared in the exact same conditions which included 

being incubated in 25° C humidity-controlled environment with a 12h light-dark cycle. 

All of the adults in the populations were also maintained in these same conditions.  

Measuring the effect of cohabitation with males 
 

I investigated the influence of continual housing with males on female 

reproduction several times and with both eye-colour sets. The outcome of mating 

deprivation on female fecundity was assessed in both the control and selected populations 

in a crossed design: the control and selected population flies were subjected either to 

limited (MA treatment) or unlimited (MP treatment) sexual interaction time treatments to 

compare the effect of long-term cohabitation on female fitness.  

 
After 15 generations of selection, 10 vials with approximately 150 eggs/vial were 

collected from each of three replicate MAR, MPR, MAB, MPB populations. During a 

12d incubation period, the flies emerged and mated.  On Day 12, the selected and control 

groups were placed in both a ‘male-absent and ‘male-present’ treatments. The continual 

housing (MP) treatment had an equal number of males as females (n=200 of each sex) in 

the population cages, and the second treatment was female-only (n=200). As in the 

normal culture regime, female fecundity was measured between the 20th and 21st day. 
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Females from all treatment types were aspirated out of the cages and into vials with three 

females/vial and ten vials were produced from each treatment cage (240 vials). No males 

were present during this oviposition time period in either treatment. The females laid 

eggs in the vials for 16h and were removed at this time point to prevent larval 

overcrowding. The vials were incubated for at least 11d, when all of the progeny had 

emerged and were then counted. Female fitness was assessed as progeny/female. 

 
The effect on female fitness in response to limiting exposure to males was also 

examined in the MAR and MPR populations after 33 generations of selection. Consistent 

with previous assays, both control and selected flies were subjected to two treatments. 

However, there were some differences in the experimental protocol including assessing 

larger populations. The continual housing treatment had an equal number of males as 

females (total n=1500) in the population cages, and the second treatment was a female-

only one (n=750) to more closely simulate the actual mate-deprivation regime. Female 

flies were not aspirated out, but were collected directly from the cage using light CO2 

anesthesia and placed into vials to oviposit. Twenty vials were collected from each 

replicate population for both treatments (240 vials total). In this experiment, males in the 

continual housing treatment were also present when the females were ovipositing. Lastly, 

the fecundity differences between the treatments were measured during the specific egg-

laying time frame at the end of the 21d life cycle, however, in this assay there was a 2h 

increase in oviposition time to ensure that a sufficient number of eggs were produced for 

assessment.  

 
The fertility outcome as a result of long-term exposure to both “evolved” and 
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“standard” males was examined in both “evolved” and “standard” females. After 17 

generations of selection, 10 vials with approximately 150 eggs/vial were collected from 

each replicate MAB and MPB population. After eclosing approximately 9d later, virgin 

females and ‘non-virgin’ males (mating history unknown) were concurrently collected. 

The MAB, MPB females were housed with standard LHM-bw males for 18h.  

Simultaneously, the MAB, MPB males interacted with standard LHM-bw females for the 

same amount of time. I utilized standard LHM-bw stocks because those lines evolved with 

the typical 14d laboratory life-cycle and had not been reared under the extended 

reproductive treatment conditions. Evolutionary changes accrued by either the MAB 

males or females that were not dependent on the genotype of their mate might be detected 

using the “unevolved” stock. For example, if MAB males evolved longer-lived sperm, I 

would see this effect in the progeny counts and would be able to distinguish it from 

females evolving to nurture the sperm.  

After the brief sexual interaction interval, the MAB, MPB and LHM-bw female 

flies were transferred to the population cages. Each female type was subjected to either a 

treatment involving continued sexual access to an equal number of males (n=300) or 

complete male removal (n=150). Food/oviposition plate replacement and yeast 

provisioning followed the schedule of the normal culture regime. At the end of treatment 

cycle, the MAB, MPB and LHM-bw females were aspirated from the cages into vials (3 

females/vial), where they oviposited for 18h. Ten vials were collected from each replicate 

population in every treatment for a total of 240 vials. In this assay, the females in the 

male interaction treatment also had an equal number or males present (n=6/vial) while 

they were laying eggs, which more closely simulate the culture conditions. After 18h of 
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egg-laying opportunity, the adult flies were discarded and the progeny were reared for 

11d at which point, the adult progeny were counted. Fecundity was assessed as 

progeny/female produced in an 18h time-frame. 

Interaction time assay 
 

After 22 generations of selection, I derived experimental populations from the 

stocks and varied the interaction time between MAR, MPR females and standard LHM 

males to examine their effect on female fecundity. From each of the selected and control 

populations with the red-eye marker, 20 vials at standard larval density were collected 

and incubated for approximately 8d. Virgin female flies were collected as they eclosed 

over the successive day. ‘Non-virgin’ (mating history not controlled) LHM males were 

concurrently collected and these stock males were utilized to assess female fitness after 

differing interaction times. Since ancestral males were used, any differences observed in 

female reproductive success would be attributed to the evolution of the MAR, MPR 

females. On Day 11, the virgin females from the selected and control populations were 

placed in 360 food vials (8 females/vial) and interacted with an equal number of the LHM 

males for 18h. I selected this male-female ratio and this time interval to resemble the 

normal culture protocol and to ensure that each female was fertilized. On Day 12, after 

this initial 18h interaction period (during which females also lay eggs) all of the flies 

were transferred onto fresh food vials. The 360 ‘used’ vials, now devoid of any flies, 

were placed in incubators to cultivate the eggs, which had been laid during that 18h 

interval. Another key element to this interaction experiment was to immediately lightly 

anesthetize the flies and remove the males in a set of 60 vials. These females in all sets 

(total 360) continued to be transferred onto new food vials on Day 14, Day 16, and into 
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yeast supplemented vials on Day 18. Males were subsequently removed from the other 

sets of interaction vials on Day 14, Day 16, Day 18, and on Day 20. Though males were 

removed at differing time points, females were still transferred every other day onto fresh 

food vials until Day 20 to assess how their fertility changed with males or without males 

after certain periods of time. It is important to note that every time the females were 

transferred (Day 12, 14, 16, 18 and 20) into new vials, the ‘old’ vials were incubated 

since eggs were always laid in each interval. On Day 20, all of the sets of females (each 

set having had different interaction time with males) were transferred onto fresh food 

vials and given 18h to oviposit. In order to control the number of eggs produced, each 

vial with 8 females was split into 2 vials with only 3 females (the 2 extra females were 

discarded). Furthermore, in one of these sets, 3 males remained present during the 

oviposition time frame to examine their influence (presumably negative due to 

interference) on female fertility. All vials were incubated for 11d, after which the 

progeny were counted. On Days 12, 14, 16, 18 and 20, 360 vials were transferred, thus 

producing 1800 vials and an additional 720 vials were created on Day 21. In total there 

were 6 male-female interaction time intervals: 18h, 66h, 114h, 162h, 210h, and 228h. 

Female fertility was estimated as the number of offspring produced/female in an 18h time 

frame. 

Assessing male fitness 
 

The assessment of male fitness in the control and selected populations followed 

standard culture conditions as closely as possible. At generation 31 after the relaxed 

selection regime (described above), 2.5cm plates with food medium were placed in each 

of the cages of all of the MAR, MPR populations for oviposition opportunity for nine 
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hours. Concurrently, eggs were collected from the LHM-bw population to generate a 

standard competitor stock. This population is a genetically-marked copy of the ancestor 

(LHM), making it an ideal tester population to assess the differences between the control 

and selected groups. Moreover, the progeny produced by the recessive-marked LHM-bw 

females will be indicative of the fitness of the experimental population’s males, relative 

to competing LHM-bw males. Corresponding precisely with the evolved sets, the flies of 

LHM-bw population were the equivalent age, and they were given identical oviposition 

sites and egg-laying time. Exactly 75 eggs from the competitor stock were collected and 

placed in 100 vials (10 vials/replicate population) with the standard cornmeal-molasses 

medium. An additional 75 eggs from either the selected and control populations were 

combined with the vials containing the competitor eggs and were reared in identical 

conditions for 12d.   

On Day 12, all of the MAR, MPR and LHM-bw flies were removed from the vials, 

mimicking the protocols used during the normal selection regime. Eye-colour and sex of 

all flies were recorded to assess total and sex-specific survivorship. Furthermore, the 

proportion of MAR, MPR males were measured to ascertain the expected proportion of 

sired progeny, presuming equal mating success of adult males. Since the selected-line 

males are discarded and the selective pressure is exerted heavily on the males to mate 

before this time point, I examined the fitness differences between the selected and control 

males on Day 12. Tester females were collected on Day 12, allowed to oviposit 

individually in 600 test-tubes (100 test-tubes/replicate population) for 18 hours, and were 

then discarded. The progeny were counted at least 11d later.  Reproductive success was 

measured as the difference between the proportion of red-eyed offspring observed and the 
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proportion of red-eyed offspring that was expected. Thus the competitive ability to 

fertilize females against standardized males was compared between the males of the 

selected populations and the control populations.  

To test for differences that might relate to sperm survival or senescence, 

differences in male fitness were also assessed at Day 21, nine days after females had last 

interacted with mates. Thus, another set of LHM-bw females were collected on Day 12, 

lightly anesthetized with CO2 and transferred to new vials with fresh food.  In order to 

mimic the rest of the culture regime, females were transferred onto fresh food every 48h 

to and on the 18th day the food medium was supplemented with 10mg of live yeast. On 

Day 20, LHM-bw females were collected and allowed to oviposit individually in test tubes 

(total of 600 test-tubes) for 18h. Offspring were reared and counted, and fitness estimated 

as outlined above for the Day 12 male fitness assessment. 

Assessing female fitness 
 

At generation 39, another assay of female fitness was conducted.  As in the 

previous experiments, virgin female flies were collected from a separate, derived set of 

stocks after a generation of relaxed selection. Again, the ancestor population, LHM, was 

used to supply males. The females interacted with equal numbers of LHM males for 

approximately 40h, consistent with the normal selection regime.  On Day 12, interaction 

between males and females was stopped. Males and females were lightly anesthetized 

with CO2, males were discarded and females were placed into ‘mini cages’ (64oz. clear 

plastic containers sealed with nylon). From each population, approximately 200 females 

were housed in the cages, and there were five replicates of these cages for a total of 1000 

females per population. Following culture protocol, fresh oviposition/food plates were 
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replaced every 48h and yeast-supplemented plates added on Day 18. On Day 20, the flies 

were removed from the cages directly, lightly anesthetized with CO2 and 3 females were 

transferred to each of 100 vials / population (total 600 vials were generated). Females 

oviposited for 18h and the offspring were incubated for 11d. The reproductive success of 

females was measured as total number of offspring produced per female within an 18h 

time period. 

Measuring pre-adult development time  
 

Imposing a regime of mandatory early mating on the MA lines could lead to 

differences in the pre-adult developmental pattern of these populations compared to their 

controls. To investigate this possibility, a development time assay was set up after 22 

generations of selection. MAR and MPR flies were given 18h to oviposit on standard 

food medium. This time frame was used to simulate the typical egg-laying conditions 

used in the normal culture regime. To further replicate culture treatment and to 

standardize larval conditions across all populations, approximately 150 eggs were 

collected and placed in 42 vials (7 vials/replicate population). Between Day 8 and Day 

18, the number and the sex of every emerged fly were recorded 3 times a day at 9:30am, 

3:30pm and 9:30pm. It is important to note that in the culture regime normally used, the 

juveniles in all of the populations, must reach adulthood within 12d since that is when the 

adult flies are removed from the vials and selective pressure is applied. Therefore, any 

adult emerging past Day 12 will not have the opportunity to be represented in the next 

generation and will be ‘evolutionarily dead’. For the MA populations, the added pressure 

is that the adults must be both sexually mature and sexually experienced by Day 12.  

Pre-adult development time was again assessed after 38 generations of selection, 
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however there were a few changes made to the protocol to more effectively standardize 

the juvenile conditions across all of the populations. At the end of the relaxed generation 

interval, the flies were given only 4h to oviposit on 2.5cm diameter plates with standard-

cornmeal-molasses medium. The time interval was reduced compared to the first 

experiment to rule out the possibility that differences in adult emergence time arose due 

to changes in developmental characters, rather than the egg-laying habits of the adult 

females used to initiate the experiment. In this assay, exactly 150 eggs were placed in 

vials and 10 vials were made per replicate population. The flies were incubated and as in 

the previous experiment, the number and the sex of every of fly that emerged were 

recorded at specific time periods for a total of 18d. 

Measuring weight at eclosion 
 
The flies that had emerged from the Generation 22 and 38 pre-adult development time 

assays were collected to assess the average weight/fly between the control and selected 

population. Generation 22 consisted of  7 vials/replicate population and 10 vials/ replicate 

were used in Generation 38. As the flies emerged in each vial, they were collected and 

frozen in a -20°C freezer. Before weighing, the flies were separated according to sex, and 

groups of five flies were each placed in 2 Eppendorf test-tubes. The test- tubes were 

placed in a Yamato Drying DX400 oven at 65°C for 36h. Each group of 5 flies was 

weighed using a Cahn C-33 microbalance.  The average weight of each fly was 

calculated by dividing the total weight of the flies divided by the number of flies in each 

tube.  Furthermore, the average weight/fly in both tubes were also averaged together.  

Measuring pre-adult growth rate 
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The growth rate was calculated by dividing the average weight per fly by the 

development time (hours). This measurement was calculated for both the selected and 

control populations from the flies collected at Generation 22 and 38. 

Measuring juvenile survivorship 
 
After 31 and 38 generations of selection the juvenile survivorship of the MAR, MPR 

populations were examined. Survivorship was measured as the number of flies that 

emerged as adults on Day 12. In Generation 31, exactly 150 eggs were collected and 

placed into 42 vials (7 vials/replicate population) and in Generation 38 exactly 150 eggs 

were put into 60 vials (10 vials/replicate population). As the flies emerged as adults, the 

number and the sex of the adult flies that eclosed by Day 12 were counted. Larval 

viability was assessed only up until this time point because, as noted above, Day 12 is the 

latest time a fly can emerge from pupa if it is to contribute to the next generation. Thus, 

any fly emerging after Day 12 would be effectively dead from the standpoint of selection.  

It is important to note that in the Generation 31 assay, I also measured competitive and 

relative juvenile survivorship and in each vial, 75 eggs from a given MAR or MPR 

population was added along with 75 eggs from the ancestral LHM population (10 

vials/replicate population). In the Generation 38 assay, flies were only reared in 

monoculture.  

Statistical analysis 
 
All of the data was analyzed using analysis of variance (ANOVA). The three replicate 

populations were treated as a nested variable within each selection treatment (control and 

selected) and were considered as a random factor since the replicate populations were not 
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matched. It is important to note that the values generated from each of the replicate 

populations were not homogenized prior to analysis, and the variance between each 

population within both the control and selected sets was examined and considered. Any 

obvious outlier was removed before analysis. All of the analyses were performed using 

JMP 5.0.1 
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Chapter 3: Results 

Co-habitation with males 
 

Long-term sexual interaction, as defined by cohabitation with males over the nine 

day period from d12 – d21 of the lifecycle, had positive effects on female fitness in every 

individual experiment, both selection treatments, and an unselected ancestor population. 

The benefit to females from having males present throughout their adult lives ranged 

from a few percent to over 30% (Tables 1 and 2). 

Females from the control (MP) populations, which had evolved with males 

present at all times, showed statistically significant increases in progeny production after 

interacting with males continuously, compared to females with brief interactions with 

males (Table 1). This effect was observed at different generational time points (Table 1a, 

b, c) and in both eye-colour variants of MP (Table 1a,c). Furthermore, the positive effect 

of males on female fitness was observed even when MPB-line females interacted with 

standard LHM-bw males. Conversely, extended interaction with MPB males also 

increased the fecundity of standard LHM-bw females (Table 1b).  

The same trend was observed in females from the selected populations, but not as 

robustly as seen in the controls (Table 2a,b,c). After continuous exposure to coevolved 

MAB males, the MAB females did produce significantly more offspring compared to 

females with limited encounters, but no significant difference was found in the MAR 

treatment (Table 2a). Similarly, the beneficial effect of males on female fitness was 

demonstrated after standard LHM-bw females had long-term exposure with ‘evolved’ 

MAB males, but higher female fecundity was not observed when LHM-bw males were 

combined with ‘evolved’ MAB females (Table 2b). Lastly, after 33 generations of  
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Table 1. Mating deprivation reduced the fitness of females evolving in male-present 
conditions. Fitness was compared at the end of a 9d period where males were either 
present or absent. Female fitness was measured as the mean number of progeny produced 
per female at: a) Generation 15 within a 16h period and no males were present during the 
16h egg-laying period in either treatment, b) Generation 17 in an 18h period, and c) 
Generation 33 within an 18h period. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Female Male Progeny/female Progeny/female % d.f. F P

Type Type Males Present Males Absent Change

a) MPR MPR 45 37 21.4 1,58 23.82 <.0001

MPB MPB 40 36 10.2 1,59 4.43 0.0397

b) MPB LHM-bw 42 33 27.4 1,57 22.97 <.0001

LHM-bw MPB 36 31 13.5 1,59 4.21 0.0449

c) MPR MPR 39 32 18 1,119 25.04 <.0001
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Table 2. Mating deprivation reduced the fitness of females evolving in male-absent 
conditions. Fitness was compared at the end of a 9d period where males were either 
present or absent. Female fitness was measured as the mean number of progeny produced 
per female at: a) Generation 15 within a 16h period b) Generation 17 in an 18h period, 
and c) Generation 33 within an 18h period. 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

Female Male Progeny/female Progeny/female % d.f. F P

Type Type Males Present Males Absent Change

a) MAR MAR 40 39 2.6 1,59 10.89 0.027

MAB MAB 40 30 33.3 1,58 0.42 <.0001

b) MAB LHM-bw 37 33 12.1 1,59 2.87 0.0233

LHM-bw MAB 40 34 17.6 1,59 3.83 0.0036

c) MAR MAR 39 35 11.4 1,119 2.86 0.0215
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selection, when MAR females from the selected populations were constantly exposed to 

MAR males from the same set, they produced significantly more progeny compared to 

females who only had a brief interaction time (Table 2c).  

These data, from both control and MA–selected treatments suggest that the mate-

deprivation treatment reduces female fertility, compared to continuous exposure. 

Examining the data from the various experiments, however, it is not clear that selection 

countered this fertility reduction. Results accumulated between generations 15 and 33 

show no clear pattern in fitness differences between MP and MA selection treatments 

throughout time.  

When examining the effect of cohabitation with males at the different 

generational time points, significant heterogeneity was sometimes detected among the 

three replicate populations in both control (Table 3) and selected treatments (Table 4). 

Overall, this variation did not affect how the entire selection treatment responded to 

continuous interaction with males, but it does signal some inconsistencies that cannot 

easily be attributed to the handling of the populations or their derivation. 

Interaction time 
 

Throughout the entire 9d period and comprising all of the male interaction times, 

females in the male-absent (MA) selected populations produced slightly more offspring 

than the control females did. The selected females produced an average of 13.01 

offspring per 18h after each interaction period across the nine days surveyed, 0.7% higher 

than the females in the control populations which averaged 12.92 offspring per egg-

laying bout (F1,1227=6.52, P<0.0001). Yet, regardless of the selection regime under which 

the flies had evolved, the length of the male exposure time significantly influenced  
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Table 3. The variation among the three replicate populations within the control sets 
(Male-Present conditions) on female fitness after 9d of either male presence or 
absence. Female fitness was measured as the mean number of progeny produced per 
female at: a) within a 16h period, and b,c) in an 18h period. There was a significant 
difference only between the replicates in offspring production with the Male-Present 
Brown (MPB) populations at Generation 15. 
 
 Female Male Generation d.f. F P 
a) MPR MPR 15 2,57 2.05 0.1388 
 MPB MPB 15 2,58 4.01 0.0235 
b) MPB LHM-bw 17 2,56 1.44 0.2456 
 LHM-bw MPB 17 2,58 2.17 0.1239 
c) MPR MPR 33 2,118 2.74 0.0685 
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Table 4. The variation among the three replicate populations within the selected sets 
(Male-Absent conditions) on female fitness after 9d of either male presence or 
absence. Female fitness was measured as the mean number of progeny produced per 
female at: a) within a 16h period, and b,c) in an 18h period. There were significant 
differences in offspring production between the replicates with the Male-Absent Red 
(MAR) at Generation 15, the standard LHM-bw females when paired Male-Absent Brown 
(MAB) at Generation 17 and the MAR set at Generation 33.  
 
 Female Male Generation d.f. F P 
a) MAR MAR 15 2,58 10.89 0.0001 
 MAB MAB 15 2,57 0.42 0.6569 
b) MAB LHM-bw 17 2,58 2.87 0.0653 
 LHM-bw MAB 17 2,58 3.83 0.0278 
c) MAR MAR 33 2,118 2.86 0.0001 
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offspring production that occurred within 18h after every interaction interval 

(F5,1223=560.92, P<0.0001). Furthermore, there was a significant selection*interaction 

time effect (Fig. 3; F11,1217=6.52, P<0.0001). However, the only time point where the 

selected females produce a significantly greater number of offspring within an 18h time 

frame was only after 210h of co-habitation with males, and this strong difference may 

explain the significance of the interaction term in the ANOVA. 

During the normal selection regime, the only offspring that will constitute the 

next generation are produced in an 18h period at the end of the 21d lifecycle. Hence, this 

18h time frame is crucial for determining the fitness of these populations. Overall, the 

selected females produced an average of 30.56 progeny, an 8.6% increase compared to 

the progeny produced by control females despite the differing male exposure times  

(F1,576=7.08, P<0.001). Yet, regardless of the female selection type, the varying 

interaction times did significantly influence the number of progeny produced in the final 

18h time interval (F5,572= 2.77, P=0.02). Lastly, when offspring production was 

compared between the control and selected females with all the various interaction times 

during the 18h time period on Day 21, no significant selection*interaction time difference 

was observed (Fig 4; F11,566=1.97, P=0.08). Since it had previously been established that 

the different interaction times did significantly influence the number of progeny produced 

in the final 18h time period, a post-hoc analysis was done to determine if there were 

differences in the number of progeny produced between the control and selected females 

at specific time points.  The post-hoc analysis revealed that the selected females had 

increased progeny production compared to controls after 114h of interaction on Day 16 

(Fig. 4; F1,99=12.70, P=0.0006) and after 162h of male-cohabitation on Day 18 (Fig 4;  
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Figure 3. The effects of male co-habitation on selected and control female offspring 
production in the 18h that followed each interaction time period. The MAR 
(selected) and MPR (control) females were housed with an equal number of LHM males. 
The effect of increasing interaction time with males was assessed after 22 generations of 
mate-deprived selection. Fertility declined steadily after Day 12 in the new environment 
until the addition of yeast at 162h. Selected populations showed a small but significant 
overall advantage, and there was a significant selection by interaction time effect, 
presumably owing to the large differential seen at 210h (marked by the asterisk).  
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Figure 4. The effects on selected and control female offspring production assessed in 
18h at the end of the 9d period after increasing male co-habitation time periods. The 
MAR (selected) and MPR (control) females were housed with an equal number of LHM 
males. The effect of differing interaction times with males was assessed after 22 
generations of mate-deprivation selection. Female fitness was measured as mean 
offspring production in an 18h time period. There was no significant selection by 
interaction time effect. The asterisks denote that post-hoc analysis indicated significant 
differences in progeny production between the control and selected populations after 
114h and 162h of male interaction. Error bars indicate standard error. 
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F1,98=5.65, P=0.019). 

Male Fitness 
 

After 31 generations of experimentally enforced mate-deprivation, the fitness of 

the MAR and the MPR males was compared at Day 12 and Day 21 in male-absent 

conditions. During the normal selection regime, Day 12 was a critical phase for selected 

males since at this time point they are permanently removed from the females and only 

achieve fertilizations posthumously. The selected males did not have higher reproductive 

success at Day 12 compared to controls (Fig. 5; F1,559=2.56, P=0.19). Day 21 was the 

most crucial time point for determining the fitness of the populations because it is only 

during this 18h time interval at the end of the mate-deprivation selection regime when the 

eggs were collected to create the subsequent generations. The selected-line males had a 

significant increase in reproductive success compared to control populations at Day 21 

(Fig. 6; F1,552=18.34, P=0.01). Males in the selected populations had increased paternity 

success and sired 11.86% more offspring than expected, and the control-line males 

produced 1.00% less proportion of offspring than expected.  Therefore, males evolving 

under sex-limited conditions did sire more offspring posthumously even after a nine-day 

period. Mate-deprivation is detrimental to the selected populations and the selected line 

males appeared to have adapted to these mate-reduced conditions. 

Female Fitness 
 

After 38 generations of selection, I found that the MAR females had a significant 

increase in fitness in mate-reduced conditions compared to MPR females (Fig. 7; 

F1,596=20.3, P=0.01). This difference in fecundity was measured at Day 21, after 9d of  
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Figure 5. The differences in mean paternity success on Day 12 between the males in 
the control populations and the males in the selected populations. Male reproductive 
success was assessed using the MPR (control) and MAR (selected) populations after 31 
generations of experimentally-enforced mate-deprivation.  Expected values were based 
on the assumption of equal mating success of control and selected males to the marked 
tester stock employed. There was no significant difference in reproductive success 
between the control and selected males. The box-plots indicate the 25th and 75th 
percentiles with the box, the full range with the whiskers, and both the mean (solid 
square) and median (horizontal line) inside the box. Sample sizes were 284 for the 
control set and 278 for the selected set. 
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Figure 6. The differences in mean paternity success between the males in the control 
populations and the males in the selected populations assessed on Day 21 after 9d in 
male-absent conditions. Male reproductive success was assessed using the MPR 
(control) and MAR (selected) populations after 31 generations of experimentally-
enforced mate-deprivation. Expected values were based on the assumption of equal 
mating success of control and selected males to the marked tester stock employed. The 
box-plots illustrate the variance among the replicate populations, the squares represent 
the means and the line within the box-plot reflects the median. The box-plots indicate the 
25th and 75th percentiles with the box, the full range with the whiskers, and both the mean 
(solid square) and median (horizontal line) inside the box. Sample sizes were n=275 for 
the control set and n=278 for the selected set. 
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Figure 7. Mean offspring production between the females in the control and selected 
populations when assessed after 9d in male-absent conditions. Female reproductive 
success was assessed using the MPR (control) and MAR (selected) populations after 38 
generations of experimentally-enforced mate-deprivation.   Female fitness was measured 
as mean offspring per female produced in an 18h time period on Day 21 and there was a 
significant difference in offspring production between the control and selected females. 
The box-plots indicate the 25th and 75th percentiles with the box, the full range with the 
whiskers, and both the mean (solid square) and median (horizontal line) inside the box. 
Sample sizes were n=299 for the control set and n=299 for the selected set. 
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deprivation from further mating opportunities. Selected line females produced an average 

of 45 offspring per female within an 18h time interval, which is a 15% increase in 

fertility compared to females in the control populations. There was a significant 

difference in the number of offspring produced per female between the replicate 

populations (F5,592=5.23, P=0.0004), yet this variation did not affect the overall results. 

Females evolving under selected conditions have responded to mate-deprivation. 

Developmental traits 
 

Several juvenile life-history traits were examined using the MAR, MPR 

populations at different generations to determine if the use of mating deprivation as a 

selective pressure altered growth and developmental characteristics.  In generation 22 the 

selected populations took an average of 225.5h to eclose, whereas the control populations 

emerged an average of 4.2h later and this change was statistically significant (Fig. 8; 

F1,82=9.9, P=0.03). However there were no differences in the time until eclosion between 

the selected and control populations observed at generation 38 (Fig. 8; F1,119=0.9, P=0.4). 

An unfortunate reduction in incubator temperature is likely to have been responsible for 

the elongation of development time and the absence of a significant difference in the 

second experiment. It is therefore impossible to rule out the possibility that differences in 

egg-laying pattern between the selected and control adults explain the differences in 

development time observed in the first experiment, although I consider this an unlikely 

explanation. 
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Figure 8. The differences in pre-adult development time between the selected and 
control populations after 22 and 38 generations of experimentally-enforced mating 
deprivation. Pre-adult development time was assessed using the MPR (control) and 
MAR (selected) populations. Male deprivation resulted in accelerated pre-adult 
development in the selected population compared to controls at Generation 22, but no 
significant difference was detected after 38 generations of experimentally-enforced 
selection. These results are not sex-specific. The box-plots indicate the 25th and 75th 
percentiles with the box, the full range with the whiskers, and both the mean (solid 
square) and median (horizontal line) inside the box. Sample sizes for the control set were 
n=41 (Generation 22) and n=60 (Generation 38) and the sample sizes for the selected set 
were n=42 (Generation 22) and n=60 (Generation 38). 
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There was no difference in the average weight/fly at eclosion between the selected 

and control populations at generation 22 (Fig. 9; F1,82=1.7, P=0.3) or at generation  

38 (Fig. 9; F1,119=1.2, p=0.3). There was also no difference in growth rate between the 

selected and control populations in either generation 22 (Fig. 10; F1,82=3.3, P=0.1) or at 

38 (Fig. 10; F1,119=0.9, P=0.4). A trend was observed in the differences between juvenile 

survivorship at Generation 31 and the viability within the control populations was 87.8%, 

but the selected populations had a 3.0% reduction in survivorship (Fig. 11; F1,39 =6.0, 

P=0.07). However, there was no change in juvenile survivorship in the subsequent 

examination at generation 38 (Fig. 11; F1,59=0.03, P=0.9). Nevertheless, a difference was 

detected with relative juvenile survivorship assessed at generation 31 between the control 

and selected populations when they were both reared with a common standard LHM-bw 

stock. It was observed that the selected had 48.5% viability when reared with the LHM-

bw stock, which is 2.7% less than from the control populations reared with the LHM-bw 

stock (F1,58=22.0, P=0.009). Furthermore, some significant differences were observed 

between the replicate populations within the control and selected sets when examining 

juvenile life-history traits (Table 5). These differences in the replicate populations explain 

some of the inconsistencies observed between the life-history traits at different 

generational time-points. In addition, sex-specific differentiation between the 

experimental and control populations in various life-history components such as 

development time, weight at eclosion, growth rate, and survivorship were also examined 

and only the pre-adult development time differed significantly (Tables 6,7) between the 

different selection regimes. 
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Figure 9. The differences in the average weight per fly between the selected and 
control populations after 22 and 38 generations of experimentally-enforced mating 
deprivation. Average weight was time was assessed using the MPR (control) and MAR 
(selected) populations. There were no significant differences observed in the average 
weight/fly at eclosion between the control and selected lines (males and females) at either 
Generation 22 or Generation 38. These results are not sex-specific. The box-plots indicate 
the 25th and 75th percentiles with the box, the full range with the whiskers, and both the 
mean (solid square) and median (horizontal line) inside the box. Sample sizes for the 
control set were n=41 (Generation 22) and n=60 (Generation 38) and the sample sizes for 
the selected set were n=42 (Generation 22) and n=60 (Generation 38). 
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Figure 10. The differences in juvenile growth rate between the selected and control 
populations after 22 and 38 generations of experimentally-enforced mating 
deprivation. Growth rates were assessed using the MPR (control) and MAR (selected) 
populations. There were no significant differences observed in the mean growth rate 
between the control and selected lines (males and females) at either Generation 22 or 
Generation 38. These results are not sex-specific. The box-plots indicate the 25th and 75th 
percentiles with the box, the full range with the whiskers, and both the mean (solid 
square) and median (horizontal line) inside the box. Sample sizes for the control set were 
n=41 (Generation 22) and n=60 (Generation 38) and the sample sizes for the selected set 
were n=42 (Generation 22) and n=60 (Generation 38). 
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Figure 11. The differences in juvenile survivorship between the selected and control 
populations after 31 and 38 generations of experimentally-enforced mating 
deprivation. Survivorship was assessed using the MPR (control) and MAR (selected) 
populations. There were no significant differences observed in the mean juvenile 
survivorship (calculated as percent offspring eclosed by Day 12) between the control and 
selected lines at either Generation 31 or Generation 38. These results are not sex-specific. 
The box-plots indicate the 25th and 75th percentiles with the box, the full range with the 
whiskers, and both the mean (solid square) and median (horizontal line) inside the box. 
Sample sizes for the control set were n=20 (Generation 22) and n=60 (Generation 38) and 
the sample sizes for the selected set were n=20 (Generation 22) and n=60 (Generation 
38). 
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Table 5. The effects of replicate population variation on juvenile life-history trait 
assessment. These traits were assessed using the MPR (control) and MAR (selected) 
populations. Inconsistencies were found among the replicate populations at different 
generation time points when assaying for changes in juvenile life-history characteristics: 
a) pre-adult development time, b) average weight/fly at eclosion, and c) pre-adult growth 
rate. The significant effects due to the variation among the replicates are denoted by the 
bold p-values. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Trait Generation d.f F P
a) Pre-adult development time (h) 22 5,78 1.71 0.1573

Pre-adult development time (h) 38 5,115 25.47 <.0001
b) Average weight/fly at eclosion (mg) 22 5,78 3.3 0.0152

Average weight/fly at eclosion (mg) 38 5,115 3.89 0.0076
c) 22 5,78 2.49 0.05

38 5,115 3.63 0.0108
d) Relative pre-adult survivorship (%) 31 5,54 0.53 0.7109

Pre-adult survivorship (%) 31 5,45 0.59 0.6697
Pre-adult survivorship (%) 38 5,55 1.87 0.1296
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Table 6. The differences between the selected and control males for various juvenile 
life-history characteristics. The MPR (control) and MAR (selected) populations were 
used to assess the following traits: a) pre-adult development time b) average weight/fly at 
eclosion, and c) pre-adult growth rate. These traits were measured at various generation 
time points. The only sex-specific difference detected was during pre-adult development 
time at Generation 22. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Trait Generation Selected Control d.f F P
a) Pre-adult development time (h) 22 226.46 230.64 1,41 8.81 0.0412

Pre-adult development time (h) 38 244.37 246.99 1,59 0.7984 0.4221
b) Average weight/fly at eclosion (mg) 22 0.2271 0.2162 1,41 1.1213 0.3494

Average weight/fly at eclosion (mg) 38 0.2164 0.2224 1,59 0.8844 0.4003
c) 22 1.004 0.939 1,41 2.01 0.2294

38 0.886 0.901 1,59 0.3432 0.5895
d) Relative pre-adult survivorship (%) 31 24.8 24.2 1,58 0.228 0.6579

Pre-adult survivorship (%) 31 77.9 83.9 1,39 2.7985 0.1693
Pre-adult survivorship (%) 38 82 81 1,29 0.0255 0.8808
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Table 7. The differences between the selected and control females for various 
juvenile life-history characteristics. The MPR (control) and MAR (selected) 
populations were used to assess the following traits: a) pre-adult development time b) 
average weight/fly at eclosion, and c) pre-adult growth rate. These traits were measured 
at various generation time points. The only sex-specific difference detected was during 
pre-adult development time at Generation 22. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Trait Generation Selected Control d.f F P
a) Pre-adult development time (h) 22 224.45 228.57 1,40 9.36 0.0374

Pre-adult development time (h) 38 241.21 244.26 1,59 1.04 0.365
b) Average weight/fly at eclosion (mg) 22 0.2853 0.2756 1,40 1.21 0.3336

Average weight/fly at eclosion (mg) 38 0.2653 0.2734 1,59 1.13 0.3479
c) 22 1.273 1.208 1,40 2.94 0.1614

38 1.1 1.119 1,59 1.08 0.3581
d) Relative pre-adult survivorship (%) 31 24.3 26.4 1,58 2.37 0.1981

Pre-adult survivorship (%) 31 91.7 92 1,39 0.0164 0.9043
Pre-adult survivorship (%) 38 83.3 84.5 1,29 0.2028 0.6758
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Chapter 4: Discussion 
 
The positive effect of male presence on female fitness 
 

I found evidence that the presence of males was beneficial for female fitness over 

a nine day period (Tables 1, 2) and a lack of males consistently resulted in decreased 

fertility. This effect was observed when males and females from the cage-adapted Male-

Present (MP) and Male-Absent (MA) populations interacted for an extended time (Tables 

1a,c; 2a,c) and when combinations from the ancestral and selected populations were used 

(Tables1b, 2b). These results suggest that the experimental male-removal procedure 

introduced a substantial pressure on the reproductive physiology of laboratory 

Drosophila. This is perhaps not surprising, as laboratory flies are accustomed to constant 

exposure to mates in confined conditions.  

One possibility is that the positive effect of male presence is the result of 

polyandry benefits, rather than temporal changes in fertility under enforced celibacy. One 

study using laboratory-adapted D. melanogaster demonstrated that multiply mated 

females produce more offspring compared singly mated females (Pyle and Gromko, 

1978). However that result has proven difficult to replicate, as studies looking for 

benefits to polyandry in Drosophila have been generally equivocal (Brown et al. 2004). 

At first glance, our evidence indicating that mating-deprivation was actually harmful for 

female fitness seems to contradict a multitude of other studies. Holland and Rice (1999) 

and Wigby and Chapman (2004) both utilized multi-generation selection experiments 

with D. melanogaster and both concluded that constant male presence had a negative 

effect on females by reducing their longevity. Direct investigations of female fitness have 

also demonstrated that continuous sexual interactions substantially decreased female 



 52 

fitness (Linder and Rice, 2005; Lew et al. 2006). Despite these findings, our results 

almost always show the opposite effects. I found evidence that in populations evolving in 

conditions where additional copulation opportunities were non-existent, the females still 

had increased fitness after extended co-habitation with males, compared to females with 

limited interactions (Table 2). This suggests that these ‘MA’ females did not become less 

resistant to male harassment than females accustomed to extended interaction (MP), as 

would be the case if there were a tradeoff involved in resistance to male-induced harm. 

A possible explanation for the discrepancy between our results and those 

documenting harm from interaction with males is that short-term abstinence (e.g., the two 

days used in Linder and Rice, 2005) is beneficial, but, at some point in time, interaction 

with males becomes better than no males at all. In other words, these results differ not 

because of a qualitative difference among studies but due to the quantitative details of 

mate removal; the present treatment may be past the optimum level of removal from 

males. Finding the optimum male exposure time was the objective of the Interaction 

Time assay, in which males were subtracted at evenly spaced intervals prior to female 

egg laying. This experiment failed to show an inflection point at which male removal 

went from being harmful (males taken away too early and females having reduced 

reproduction) to being beneficial (adequate sperm and less harassment) and then back to 

being harming again with no removal. It did, however, reveal a peculiar difference 

between selection treatments: females evolved in the absence of males after Day 12 were 

equal or superior to controls at all ages, a result discussed later when the effects of 

selection, rather than immediate environment, are considered.  
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The effects of mating-deprivation  
 

The absence of males was proven to be detrimental to the fertility of the ancestor 

populations, and these have been shown to house abundant genetic variation for 

reproductive traits. I therefore expected the selective pressure of mating-deprivation to 

cause an evolutionary response in these populations of D. melanogaster. The evidence 

suggests that there was adaptation by both sexes, unrelated to the genotype of their sex 

partners, to limited sexual access. In males, good evidence for differentiation was 

obtained at 31 generations. An assessment of paternity success at Day 12 (just after male 

removal in the selection protocol) revealed the suggestive, but not statistically significant 

result, that the selected-line males exhibited slightly higher reproductive success 

compared to controls (Figure 5). This difference, if real, could be due to greater mating 

success, success in sperm competition, or sperm placement with respect to the 

fertilization site. The advantage to MA males was substantially amplified at Day 21 as 

males evolved under selected conditions had a considerable increase in reproductive 

success compared to controls (Figure 6). Considering that differential paternity success 

was observed in standardized females that had not coadapted to mate-deprivation, this 

change is even more dramatic. Furthermore, this difference between the reproductive 

success between the selected and control population was detected after a full nine-day 

period during which the tester female had no access to males. The expanding advantage 

of selected-line males suggests that they adapted to mate-reduced conditions through 

some property of the ejaculate, and possibly through increased early mating success. The 

mechanism by which this difference came about cannot be deduced from the data with 

certainty, although I discuss some candidate mechanisms below.  
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Female fitness differences between the selected and control populations were 

slow to emerge, fluctuating and even reversing in earlier experiments (compare Table 1 

vs. Table 2), but at generation 22 (interaction time experiment) the MAR females were 

generically superior, with or without males present, at generation 33 differences were 

slight but in favour of the MAR females, and after 38 generations of experimentally-

enforced mate-deprivation, the selected-line females produced significantly more 

offspring compared to controls under male-deprived conditions (Figure 7). This 

difference in female fitness was even more striking given that both the selected and 

control females were mated to standardized ancestral males in the final assay that had not 

coevolved with the MA females. These males should transfer sperm in numbers and 

quality similar to the ancestral LHM population, and the experiment therefore tested for 

effects relating to the female reproductive tracts. Overall, these results suggest a slow or 

delayed response to selection by females. The mechanism remains to be deduced but 

could involve changes in mating pattern, sperm retention or maintenance, sperm usage 

prior to Day 21, or a diminution of reliance on male signals to initiate egg-laying. These 

potential mechanisms are discussed further on. 

The data are quite clear on one point, however, that the selected females did not 

become more susceptible to male antagonism, as predicted by the ‘Chase Away’ sexual 

selection model (Holland and Rice, 1998). Under this model, if female resistance to male 

sexually antagonistic traits is costly, then relaxing selection for resistance should lead to 

greater susceptibility to male harm. However, the detrimental effect of males on female 

fertility was not observed in this system. 
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Changes in juvenile life-history traits 
 
To investigate the mechanisms by which each sex adapted to the novel selection 

regimes imposed upon them, I first conducted an analysis of development, growth and 

body size. Since adult males are excluded from further interaction with adult females at 

Day 12 in the MA selection treatment, I hypothesized that males were under intense 

pressure to develop faster to mature early and maximize their sexual access time. And if 

males were responding to selection for faster development time, then they might also 

exhibit trade-offs associated with accelerated juvenile maturation, which could include 

decreased body size or reduced survivorship (Roff, 1992).   

There was evidence that selected males emerged early compared to control-line 

males after 22 generations of selection (Table 6), but this effect was not found in a later 

experiment, at generation 38. There were no differences detected in weight at eclosion, 

growth rate, relative pre-adult survivorship or pre-adult survivorship between the selected 

males and the control males.  

I hypothesized that mate-deprivation may also be selecting females to develop 

faster to maximize their interaction time with males. It was observed that the females in 

the selected populations emerged earlier compared to control females, although 

significantly so only in the earlier assay (Table 7).  Females may be eclosing earlier to 

maximize their access to males and sperm supplies. However, this faster emergence into 

adulthood was not observed in subsequent generations; potential reasons for these 

inconsistent trends are discussed below. There were no other changes observed in 

juvenile life-history characteristics such as weight at eclosion, growth rate, relative pre-

adult survivorship or pre-adult survivorship between the selected females and the control 
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females.  

Whether the failure to show continuing or sustained differentiation in 

developmental characters from generation 22 to 38 was due to a real evolutionary 

transience or technical differences between experiments cannot be deduced with 

certainty. Problems attaining a clear finding at the selection treatment level were partly 

due to large differences between the replicate populations within treatments. The source 

of this variation is not known, but because the replicate numbers are not matched in 

ancestry or selection (e.g., MAR3 and MPR3 are not specially related or handled together 

during routine selection) it is likely to reflect experimental error or lack of power, as 

numbered populations were handled together in experiments. These issues were further 

compounded by a substantial delay in the developmental time period that occurred when 

these populations were assessed at generation 38. I do not know the reasons causing 

postponed emergence, since the protocol and equipment used were identical to those used 

in previous assays. Incubator malfunction is a likely source of delayed development and 

reduced viability, both of which were observed. The other main suspect would be poorly 

prepared food medium. If the medium lacked nutrition (e.g., too little yeast or sugar) or 

was excessively hard (e.g., too much agar or too little water) it could also produce the 

observed differences. But poor food would also likely lead to reduced body mass, which 

was not observed in generation 38 compared to 22, so the source of the anomaly remains 

a mystery. Nonetheless, accelerated development time was the most regularly observed 

trend between the selected and control populations suggesting that the males and females 

in the selected populations were emerging faster to optimize their adult copulatory 

strategies. Yet, at this point I do not have clear and consistent evidence that changes in 
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juvenile life histories contributed to the greater reproductive success of the males and 

females in the selected populations. 

Evolution of mating strategies 
 

Mating-deprivation, in addition to altering juvenile life-history profiles, may also 

induce changes in adult mating behaviour. In the selected populations, the interaction 

time post-eclosion and prior to total male removal is relatively brief, and this is the only 

opportunity that the males and females have to ensure their reproductive success. 

Therefore, it is possible that both males and females in the mate-deprived regime were 

selected to mate more frequently compared to control populations. Facing long-term 

mating-deprivation, females in the selected populations may have adopted the strategy of 

being more sexually receptive and increasing the total number of sperm transferred. Since 

there is evidence of a correlation between continuous confinement and a high frequency 

of female remating (Bundgaard and Christiansen, 1972), it is likely that the MP 

populations are under relaxed selection for early mating thus enhancing the differences 

observed between the control and selected populations.  Overall, limited and limitless 

sexual access may be altering copulation strategies and perhaps mate-deprived males and 

females are maximizing their opportunities mating period by eclosing earlier and mating 

more.  

Possible mechanisms of sperm evolution 
 

In addition to altering pre-copulatory strategies, applying extended mating-

deprivation over many generations may also change post-copulatory properties such as 

sperm characteristics. Male reproductive traits are known to undergo rapid divergence 
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(Swanson and Vacquier, 2002) suggesting considerable evolutionary lability. In addition, 

certain sperm properties, such as size, are known to be heritable and to respond to 

artificial selection (Miller and Pitnick, 2002). And while their data are currently being 

held up to scrutiny (Stewart et al. 2007), Snook and Hosken (2004) presented evidence 

for heavy sperm loss and death within four days in this species. Hence, I expected sperm-

limitation to be a central feature of this selection regime. Therefore, the traits that are 

most likely to evolve are the number of sperm transferred, sperm competitive ability and 

sperm longevity. Some evidence for changes in these characters was apparent in the male 

fitness assay at generation 31 (Figure 6), because the use of females from the ancestral 

selection treatment should have isolated male-specific evolved effects.   

If females in the selected populations have been exposed to sperm-limited 

conditions, it is possible that selected males have evolved mechanisms to transfer a larger 

number of sperm. D. melanogaster females have been reported to experience massive 

sperm-depletion post-copulation due to sperm aging and death, or female-induced 

‘dumping’ (Snook and Hosken, 2003). Although there is currently evidence (Stewart et 

al. 2007) that sperm diminution is not as severe as these other studies suggest, in our 

selection conditions sperm use was inevitable as viable offspring were continuously 

produced throughout the mate-deprived period, and this period was long in comparison to 

these other studies. It seems likely that experimental males would have produced 

ejaculate to contain more sperm early in life. After all, males can alter their ejaculate load 

based on a variety of immediate ecological cues and sperm competition intensity 

(reviewed by Wedell et al. 2002) and there is evidence for heritable genetic variation in 

sperm number in the study population I used (Miller and Pitnick, 2002).  
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The relation between sperm production rates, sperm competition and testes size 

has been demonstrated across several different taxa (reviewed in Birkhead, 2000). In 

Drosophila, testis length has been shown to be both heritable and subject to selection, yet 

it has not been proven to correlate with the number of sperm produced or transferred to 

females (Pitnick and Miller, 2000). Bangham et al. (2002) dissected the testes and 

accessory gland of D. melanogaster males and demonstrated that increased testis size was 

linked with higher mating rates, but not with enhanced post-copulatory success. Though 

the evidence is not clear if testis’ size affects sperm characteristics in D. melanogaster, 

dissection of the testis could elucidate the mechanism for the higher post-copulatory 

reproductive success that was observed in the selected males either by manufacturing 

larger or longer-lasting sperm or by increasing sperm production.  

A more direct approach to these questions would be to count the transferred 

sperm directly. Direct visualization and counting of sperm has been achieved in a variety 

of different ways, such as chemical staining (Pitnick and Markow, 1994), Green 

Fluorescent Protein labeling (Civetta, 1999) and a live-dead sperm cell stain (Snook and 

Hosken, 2004). However, Stewart et al. (2007) suggest that these cytological methods are 

inherently detrimental to the sperm cells themselves and may not be completely accurate. 

Our experience using the live-dead sperm staining approach supports this assertion, as 

there were numerous difficulties during this process including the dissection of delicate 

seminal receptacle tissues and properly administering the stain without damaging the 

sperm. Different strategies may need to be employed to obtain accurate counts.  

In addition to altering the amount of sperm transferred to the females, extended 

mating-deprivation may have also influenced sperm competitive ability. Sperm 
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competition may have been intensified in the selected populations due to the brief sexual 

interaction time allowed.  Successful fertilization in a multiply mated female requires that 

sperm has ‘defensive’ capabilities to deter remating by the female and withstand removal 

by other sperm and accessory proteins in the ejaculate. ‘Offensive capabilities’ include 

the displacement of sperm previously deposited by other males. There is genetic variation 

in both sperm defense and offense abilities (Clark et al. 1995). In addition traits such as 

mobility (Birkhead et al. 1999), speed (Gomendio and Roldan, 1991), shape (Snook et al. 

1994) and size (Miller and Pitnick, 2002) have been implicated in differential fertilization 

success. Furthermore, sperm size is heritable and subject to selection (Miller and Pitnick, 

2002). Direct cytological investigations comparing the sperm of the selected and control 

males may reveal if changes to sperm morphology contributed to the differences 

observed with fertilization success. 

A characteristic of sperm that is often overlooked is sperm longevity. Assuming 

that there is genetic variation for this trait, I expected this property to be influenced by 

long-term selection under sperm-limitation.  Sperm viability and the proportion of living 

sperm in the female reproductive tract have been related to the intensity of sperm 

competition in several Drosophila species (Hunter and Birkhead, 2002). The ability to 

produce sperm that are viable for long periods of time may be an important adaptation for 

many organisms that face long-term separations from the opposite sex. Yet, despite it’s 

potential importance, the longevity of sperm is a factor that has not been thoroughly 

investigated. Other studies have utilized a LIVE/DEAD sperm stain in order to measure 

temporal sperm longevity (Hunter and Birkhead 2002; Snook and Hosken, 2004). It is 

clear that sperm longevity and the changes in the proportion of live sperm inside the 



 61 

female reproductive tract need to be investigated in order to determine if sperm longevity 

was altered due to long-term mating-deprivation. 

Lastly, it is important to note to consider the ejaculate itself. Drosophila semen is 

a noteworthy substance comprising of both spermatozoa and specialized Accessory 

Gland Proteins (ACP’s) which trigger dramatic changes in female physiology, and 

although I did not directly examine the semen of these lines, I cannot disregard the 

potential impact that ACP’s may have had on both the Male-Absent and in particular the 

Male-Present populations. Shortly after copulation these seminal proteins increase 

oogenesis, ovulation and oviposition (Wolfner, 1997), assist with sperm storage  

(Neubaum and Wolfner, 1999), may aid in sperm competition (Clark, 1995) and decrease 

a female’s receptivity to additional male courtship (Wolfner, 1997). Though many of 

these particular physiological effects augment the immediate fertility of both males and 

females for a few days, the general consensus is that they are ultimately harming to 

female lifetime fitness, particularly because increased exposure to seminal fluid proteins 

results in a decrease in female lifespan (Chapman et al. 1995). It is believed that this 

harm is an adverse side-effect of male-male competition (Rice, 1996). The effects on 

female death rates induced by ACP exposure can be altered by selection, both by 

allowing males to adapt to non-evolving ‘target’ females where more harm evolves (Rice, 

1996), and by experimentally-enforced monogamy where less harm evolves (Holland and 

Rice, 1999). Since the effects of ACP’s are short-lived, they cannot explain the long-term 

reproductive success of the selected lines that was observed. But the females evolving in 

male-present conditions would have been continuously exposed to ACP’s and fitness was 

assessed after 9d in male-absent conditions, and the lack of these chemical cues may 
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explain why the control females produced less offspring compared to the selected 

females.   

Sperm storage 
 
  Sperm must remain viable until they are used for fertilization, and sperm survival 

after copulation is largely dependent on a female’s ability to store sperm. Females in the 

selected lines may have evolved an enhanced capacity to store and maintain sperm during 

a nine-day period with no males, enhancing their fertility at the end of the extended 

lifecycle. Females in this species have two storage organs, the primary one being the 

seminal receptacle (SR), while paired spermathecae may serve as long-term sperm 

maintenance sites. Genetic variation in sperm storage capacity has been observed in 

Drosophila (DeVries, 1964). Furthermore, it has been shown that variation in the length 

of the seminal receptacle (primary sperm storage organ) is heritable (Miller et al. 2001) 

and the size of SR can be altered by several generations of selection (Miller and Pitnick, 

2002). It is therefore possible that seminal receptacle length increased to accommodate 

larger sperm, or that the long-term storage potential of the spermathecae evolved to 

accept larger amounts of sperm, or to nourish them somehow and maintain the sperm 

cells for longer period of time.  Investigating the SR size in these populations would be a 

worthwhile endeavour to pursue, and so would measuring the temporal longevity of 

sperm inside the female reproductive tract of the control and selected lines. 
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Summary 
 

In contrast with most other research using Drosophila melanogaster, I found that 

cohabitation with males was beneficial for female fitness. I consistently found that 

depriving females of access to males and fresh sperm stores was detrimental to female 

reproductive success over the time period used for selection. I also found no evidence for 

mate harm over shorter time periods in an experiment with graded exposure times.  

Mating deprivation was successfully used as a selective pressure to experimentally 

evolve populations of D. melanogaster. Although the response appears to have been 

slow, reflecting either weak selection or limited genetic variation, after several dozen 

generations, both males and females were shown to have adapted to extended mate-

limitation, and both of the sexes had increased reproductive success compared to 

controls.  

Unfortunately, the exact life-history, behavioural or morphological mechanisms 

that changed in response to the selection treatment and conferred the experimental 

populations with a reproductive advantage were not determined with strong certainty. I 

expected selection to accelerate development and early mating in the male-absent 

selected populations, and the data do point in this direction. It is also the case that 

controls had greatly extended opportunities for mating compared to their ancestors and 

may have been under relaxed selection for early eclosion and mating as a result. This was 

a natural selection experiment, and so these various possibilities are the primary source of 

interest. What is provocative about the outcomes that I observed is that, given the recent 

attention focusing on drastic mate harm and substantial post-insemination sperm 

mortality, this massive and well-conducted selection experiment did not produce starker 
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results that are more inline with these popular high profile findings.  
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