
i 
 

THE EFFECTS OF GENETIC AND ENVIRONMENTAL FACTORS ON THE 

REPRODUCTIVE BEHAVIORS OF Drosophila melanogaster

 

A Dissertation  

by 

SEHRESH SALEEM 

 

Submitted to the Office of Graduate and Professional Studies of 
Texas A&M University 

in partial fulfillment of the requirements for the degree of 
 

DOCTOR OF PHILOSOPHY 
 
 
 
 

Chair of Committee,               Ginger E. Carney 
Committee Members,             James Erickson 
                                                Hongmin Qin 
                                                Sarah Bondos 
 Head of Department,             Tom McKnight 
 

 
 
 

December 2014 
 
 
 
 

Major Subject: Biology 
 
 
 

Copyright 2014 Sehresh Saleem 



ii 
 

ABSTRACT 

The behavioral responses to varying environmental conditions and social interactions are 

multifaceted and require the coordination of complex neural circuits. Behaviors in animals 

are continuously affected by varying factors including, but not limited to, environment, 

genetic makeup, physiological state, or experience. Understanding the fundamental 

interactions between genotype, environment and phenotype is essential in understanding how 

evolutionary pressures shape behavior. In this dissertation, I used D. melanogaster to 

investigate various environmental and genetic components regulating the adult male and 

female mating behaviors.  

I explored the genetic components regulating different mating behaviors in adults by 

investigating the role of p24 proteins in male and female mating behaviors. p24 proteins 

comprise a family of type-I transmembrane proteins of ~24kDa that are present in yeast and 

plants as well as metazoans ranging from Drosophila to humans. These proteins are most 

commonly localized to the endoplasmic reticulum (ER)-Golgi interface and are incorporated 

in anterograde and retrograde transport vesicles. Drosophila melanogaster expresses nine 

p24 genes, grouped into four subfamilies. Based upon our mRNA and protein expression 

data, Drosophila p24 family members are expressed in a variety of tissues. To identify 

biological functions for particular Drosophila p24 proteins, we used RNA interference 

(RNAi) to reduce p24 expression. Ubiquitous reduction of most p24 genes resulted in 

complete or partial lethality during development. Reducing p24 levels in adults caused 

defects in female fecundity (egg laying) and reduced male fertility. We showed that reduced 

female fecundity is related to decreased neural p24 expression. These results provide the first 

genetic analysis of all p24 family members in a multi-cellular animal and indicate vital roles 
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for Drosophila p24s in development and reproduction, implicating neural expression of p24s 

in the regulation of female behavior. 

Reproductive behaviors are also modified by social and environmental factors. 

Particularly, optimizing behavioral strategies that increase mating success are important, and 

prior sexual experiences as well as the current social environment can potentially affect an 

animal’s strategy for obtaining mates. Therefore, I investigated two separate scenarios, one 

where adult males were placed in a male-dense environment and their mating behaviors were 

quantified post male-male social interaction, and another scenario where the postmating 

behaviors of males were evaluated after achieving a successful sexual experience.  

Males reared in male-dense environments increased their mating durations with 

females, but do not affect the egg laying behavior or fecundity of the females. I found that 

although majority of the females remated with males within 24 hrs of the first mating, the 

prior social experience of the male did not influence the female remating latency. Males 

exposed to other males during early adulthood also did not have a competitive advantage 

against males raised in isolation. On the other hand, males with prior sexual experience 

changed their courtship dance and out competed sexually naïve males in the same mating 

arena. Females also preferred sexually experienced males by employing their auditory 

abilities to listen to the male’s modified courtship dance and responded positively by mating 

with them. Our findings have helped highlight the different behavioral responses shown by 

flies towards various environmental conditions. 
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NOMENCLATURE 

AC  Accessory glands 

BAI  Baiser, a p24 protein belonging to the δ subfamily 
 
CI Courtship Index, proportion of time spent courting the female out of the total 

time taken to mate  
 
CNS  Central nervous system 
 
CS  Canton-S, Drosophila strain 

cVA 11-cis-vaccenyl acetate, a volatile chemical found on the adult cuticles of D. 

melanogaster 

 

DSX Doublesex 
 
dTRpA1 Heat-activated transient receptor potential family ion channel 
 
ECA  Eclair, a p24 proteins belonging to the α subfamily 
 
ER  Endoplasmic reticulum 

FRU Fruitless  
 
GAL4  Transcription factor adapted from yeast, binds to and activates the UAS            
                         promoter 
 
GAL80ts Temperature dependent mutant allele of yeast GAL80, which binds to the   

GAL4 protein at low temperatures but releases GAL4 at elevated 
temperatures, allowing UAS activation 
 

LH  Drosophila strain 

LOJ  Logjam, a p24 protein belonging to the γ subfamily 
 
MB                  Mushroom body 
  
OAMB Drosophila G-protein-coupled receptor for octopamine 

RNAi  RNA interference, a type of post-transcriptional gene regulation where a  
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                         double stranded RNA targets an endogenous mRNA transcript for     
degredation  

 
VNC  Ventral nerve cord 
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1. INTRODUCTION AND LITERATURE REVIEW 

1.1 Animal behavior 
 

Animals exhibit a variety of behaviors, ranging from a planarian displaying a simple 

behavior such as chemotaxis to humans engaging in complex social interactions. The 

complex nature of behavior complicates understanding behavioral regulation. Behavior is a 

product of the interaction between both the genotype of an animal and its environment, rather 

than being determined by single factor. It is now well understood that many behavioral 

problems observed in humans share environmental and genetic components; therefore, 

lessons from animal behaviors now carry more significance. For example, studying animal 

models in cognitive-behavioral research has led to a better understanding of human 

psychology. Today, animal models exist for practically every human cognition disorder, drug 

addiction and mental problem (Carroll and Overnier, 2001). Studies in mammalian models 

have improved our understanding of communication, language, and emotions (Brothers, 

1990) and have also led to increased awareness of the importance of animal conservation 

(Raez-Luna,1995). However, mammalian model systems are not simple; with approximately 

100 million neurons just in a mouse brain, neuronal and genetic networks mediating complex 

behaviors are difficult to elucidate. Invertebrate model systems like Drosophila melanogaster 

have smaller brains and with many genetic tools available, is the next best system to 

investigate complex phenotypes in.  

 

1.2 Drosophila melanogaster as a genetic model system 

It was Gregor Mendel, the father of genetics, who first demonstrated heritable traits using pea 

plants. However, it was not until the early 1900s when Thomas Hunt Morgan published his 
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findings on heritable traits in the fruit fly D. melanogaster, that understanding of genes and 

chromosomes became more widespread. T. H. Morgan used the white-eye mutation in fruit 

flies to associate genes and inheritance of traits to specific chromosomes. Furthermore, he 

linked chromosomes to sexual orientation, demonstrating for the first time a genetic basis for 

sex determination. Morgan was awarded a Nobel Prize in 1933 for his findings on heritable 

traits, and as a result of his contributions, D. melanogaster is now one of the key genetic 

models being used in scientific research today. Several attributes make fruit flies excellent 

subjects for genetic studies as they: 1) have short life cycles (approx. 10 days at 250C), 2) can 

be easily reared and managed in laboratories, 3) have features which can be easily scored, 4) 

have simple chromosomal organization, and 5) have many tools available that make genetic 

and cellular based studies feasible.  

 

1.3 Genetic approaches to studying behavior in Drosophila 

Initially the biggest advantage of studying Drosophila was the ability of researchers to 

conduct huge mutagenesis screens with relative ease. A large number of mutants can be 

generated by a mutagen-driven screen, also known as a forward genetic screen, where 

aberrations in a phenotype of interest are scored among the several thousand mutants 

generated. C. Nusslein-Volhard and E. Wieschaus conducted a ground-breaking genetic 

screen, which resulted in the discovery of several genes required for proper embryonic 

development (Nusslein-Volhard and Wieschaus, 1980). Today several other tools are 

available, making Drosophila a very genetically tractable organism. Some of the widely 

available tools which can be used to dissect behavioral phenotypes are described as follows:  
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1.3.1 GAL4/UAS system 

Two decades ago Brand and Perrimon first described the use of the yeast-specific 

GAL4/UAS system in Drosophila (Brand and Perrimon, 1993). Since then the GAL4/UAS 

system has been extensively used to manipulate gene expression both temporally and 

spatially. This bi-partite system consists of a yeast-specific transcription factor GAL4, which 

specifically binds to the yeast-specific upstream activating sequence (UAS) promoter and 

initiates transcription of a downstream reporter gene (Figure 1a). The separation of the driver 

and reporter allow for spatially and temporal control over the expression of the reporter. The 

reporter expression is further regulated by the selection of any desired endogenous fruit fly 

promoter whose expression pattern will then be recapitulated by the reporter gene. For 

example, this system has been used to show the importance of FRU-expressing neurons in 

courtship behavior by activating FRU specific neurons using fru
GAL4 and the dTrpA1 reporter 

gene, which is a heat activated ion channel and is used to turn on neuronal activity at 

permissive temperatures (Pan et al., 2012). The GAL4/UAS system was also extensively 

employed throughout the work in this dissertation. cy2-gal4 was used to drive UAS-eca in 

cy2-expressing cells (Figure 9) in animals lacking eca. This expression rescued the egg 

laying defect of eca mutants, highlighting the neuronal requirement of some p24 proteins in 

egg laying behavior (Figure 10). In another instance, whole-body reduction of p24 proteins 

was carried out using a ubiquitous driver and UAS-p24RNAi constructs. This experiment 

showed the important role of most p24 proteins during development (Table 2).   
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1.3.2 GAL80ts 

GAL4 dependent UAS activation can be blocked by GAL80 ts which works as a GAL4 

inhibitor in a temperature-dependent manner. At permissive temperatures, GAL80ts binds to 

GAL4 and prevents GAL4 driven expression of the reporter gene. However, at restrictive  

temperatures, GAL80ts releases GAL4 and allows it to bind to UAS to transcribe downstream 

genes (Figure 1b). This type of regulation has several benefits, as it can be used to express a 

gene of interest in a specific tissue or at a specific age of the animal.  The GAL80 ts  

component can be under the control of an endogenous driver which is either ubiquitously 

expressed or has localized expression. Using different but overlapping drivers for both 

GAL80ts inhibition and GAL4 driven expression of the reporter gene, a narrower and select 

intersectional expression profile can be achieved, which is useful for targeting a smaller 

subset of cells than the original Gal4-driver line (Fujimoto et al., 2011). In this dissertation, I 

used GAL80ts to control temporal expression of p24 proteins. By using tublin-gal80ts, GAL4 

activity was hindered and UAS-p24
RNAi expression was blocked during development (Table 3, 

Figure 7). Moving recently eclosed flies to permissive temperature released the GAL80ts 

block on GAL4, leading to the expression of UAS-p24RNAi in adults. Preventing expression 

strictly during adulthood allowed us to bypass the developmental requirements of p24 

proteins and illustrated the role of p24 proteins in male and female fertility during adulthood. 

 

1.4 Behaviors in Drosophila and their implications 

Like all other animals, fruit flies perform many different behaviors including aggression, 

foraging, mating, learning etc. All of these complex behaviors require the coordination of 

multiple neuronal networks that process various different types of stimuli. In Drosophila,  
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many behavioral paradigms are well defined and have been extensively studied. Many classic 

paradigms have been established to study reproductive behaviors such as courtship 

Figure 1. The bipartite GAL4/UAS system from yeast. (a) GAL4 transcription factors 

drive reporter expression in a pattern similar to that of the genomic enhancer, (b) but 

GAL80 can prevent GAL4 driven UAS-p24RNAi expression at restrictive temperatures 

(Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews Neuroscience. 

Muqit and Feany, copyright 2002). 
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conditioning (Siwicki, 2005), female postmating behavior (Kubli and Bopp, 2012; Rezaval et 

al., 2014), and decision-making paradigms (Gomez-Marin et al., 2011). 

  Fruit flies utilize their multiple sensory modalities, which include vision, olfaction, 

gustation, audition and touch, to judge their environment. Since the majority of  behaviors 

are a form of motor response to external sensory stimuli, a great deal of Drosophila 

behavioral research and focus is placed on understanding how sensory tissues function and 

relay the appropriate messages to other connecting neuronal circuits. A very popular 

behavioral paradigm is olfactory learning in fruit flies (Busto et al., 2010). A classic olfactory 

conditioning experiment involves exposing a group of flies to a particular smell, which is the 

conditioned stimulus, and the flies are trained with either an aversive or appetitive stimulus, 

which serves functions as the unconditioned stimulus. During testing, the flies respond by 

moving towards or away from the odor depending on the nature of the unconditioned 

stimulus, and their performance can be a measure of several attributes. Using these 

behavioral assays in Drosophila several key molecules and cellular components involved in 

learning have been discovered, including the role of cAMP (cyclic adenyl monophosphate) in 

brain structures known as mushroom bodies (MB) (Siwicki and Ladewski, 2003). Our 

understanding of learning and memory has also benefited from other behavioral paradigms in 

Drosophila such as place association, visual- or motor-based learning, and experience-based 

courtship learning in males (Spatz et al., 1974). 

Fruit flies have also served as an excellent model system for studying the genetic 

basis and underlying neural circuitry regulating aggression. Aggression is defined as a hostile 

and negative social interaction with intentions of inflicting harm on the other party, and is a 

commonly observed interaction among the members of many taxa in the animal kingdom. In 
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social animals, aggression is often used as a tactic to establish dominance, which helps in the 

formation of a ranking system. Once a social hierarchy has been established, the role of 

individual members in the society can be easily identified. In invertebrates, where social 

systems are less common, aggression is still used to compete for mates, territory, and niche 

or as a form of defense (Kravitz and Huber, 2003). Studies focusing on aggressive behavior 

in fruit flies have helped highlight the role of several neuropeptides and neural circuits 

responsible for aggressive arousal in both flies and mammals (Asahina et al., 2014). While it 

might be difficult to link aggression in fruit flies to violence and aggressive behavioral 

problems in humans, work on aggressive behavior in Drosophila has, surprisingly, taught us 

a great deal about how aggression might be regulated. The roles of monoamines, such as 

dopamine, octopamine and serotonin influence Drosophila aggressive behavior and also 

regulate many behaviors in higher-order animals (Brune et al., 2006). Studies in Drosophila 

have demonstrated that a small number of neurons control aggression in flies, and expression 

of specific molecules in these neurons promotes aggressive arousal. Furthermore, sexual 

dimorphism of these neurons is also the reason behind the difference in the aggressive 

behaviors of males and females (Asahina et al., 2014). The ability to target a specific subset 

of cells and the availability of genetic tools made these studies feasible. Similar questions can 

be addressed in more complex model systems like mice (Spencer 2002), but the experimental 

procedures are more laborious with greater technical challenges.  

Although fruit flies are small organisms, they partake in many intricate behaviors, one 

of which is the ability to make complicated decisions in their daily routines. Decision-making 

behavior is interesting because, in order to make the appropriate judgment, animals have to 

evaluate and integrate information found in the external environment with the internal 
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requirements of their bodies. Examples of decision-making situations encountered by fruit 

flies are choosing egg deposition sites (Abed-Vieillard et al., 2014; Yang et al., 2008), 

whether to mate or not (Dickson, 2008; Manoli et al., 2006), and with whom to mate (Loyau 

et al., 2012a), as well as making navigation-based decisions (Luo et al., 2010). Drosophila 

research in value-based decision-making has shown that the circuits are partially controlled 

by the dopaminergic system (Zhang et al., 2007).  The role of the dopaminergic system is 

highly conserved evolutionarily and is associated with many phenotypes in animals including 

aggression, olfactory learning, food intake and courtship conditioning (Pfaus et al., 2012; 

Trezza et al., 2010; Volkow et al., 2011). Dopamine neurons innervating the mushroom 

bodies (MBs) are also important in determining a suitable site for egg laying. Flies lay eggs 

on substrates containing optimum concentrations of ethanol, which is a common byproduct 

of rotting food (Azanchi et al., 2013).  Picking the correct site for egg deposition can boost 

larval survivability and eventually boost fitness of the mother, which is determined by the 

total number of offspring she will have during her lifetime. However, this inherent preference 

for the optimum egg-laying site can undergo modification based on different social and 

environmental cues. Females are more likely to lay eggs on a medium which was previously 

used by a demonstrator fly to lay eggs on. The demonstrator flies were taught to prefer one 

medium over another of equivalent nutritional reward (Battesti et al., 2012).  The ability of 

females to alter their choice based on social information highlights the importance of 

experience-based information in decision-making queries, which adds another layer of 

intricacy to an already complex phenotype.  

Another important decision males have to make is to court or not to court a female. 

Courtship is an energy consuming process, and unsuccessful mating attempts can have a high 
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fitness cost, such as affecting the numbers of progeny the animal can have during his or her 

lifetime. Therefore, it is vital for males to quickly recognize and differentiate non-receptive 

females from the receptive ones. Recent studies have revealed a courtship-initiating circuit 

(Kohatsu et al., 2011; von Philipsborn et al., 2011), which involves the reception of 

information through various sensory modalities. Males use gustatory and olfactory stimuli to 

judge the status of the female, and sensory neurons further carry the information to P1 

neurons in a higher-order brain structure located in the lateral protocerebrum of the central 

nervous system (CNS). Activation of these higher-order neurons strongly correlates with 

initiation of vigorous behavioral responses. Interestingly, the presence of the volatile 

chemical 11-cis-vaccenyl acetate (cVA) on female cuticle (Dickson, 2008; Griffith and 

Ejima, 2009), which serves as an aversive compound in that context, suppressed the 

activation of these key neurons in the lateral protocerebrum. This indicates the presence of a 

courtship-based decision-making neuronal circuitry in male flies, which can be modulated 

depending on previous or current social interactions, and can help males locate ideal and 

willing mating partners. 

There are many more examples of behavior-based questions which can be addressed 

using fruit flies. With only 100,000 neurons in Drosophila, compared to 100 million in 

mouse and 100 billion in humans, complex behaviors are much easier to study in flies. Our 

knowledge of molecular and genetic interactions gained from fruit flies can then be applied 

to higher-order animals.  
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1.5 Reproductive behavior of Drosophila 

1.5.1 The Drosophila Sex-determination hierarchy and its regulation of 

behavior 

There are four pairs of chromosomes in the fruit fly including one pair of sex chromosomes 

and three pairs of autosomal chromosomes. Unlike in humans, hormones are not required to 

determine sex in fruit flies. Instead, each cell is responsible for determining its own fate 

based on the X: A ratio, which is the ratio of the X chromosomes to the autosomes. In 

females, the X:A ratio is 1:1, where as in males the ratio is 1:2 (Bridges, 1921). Therefore, a 

strict proportion of the levels of female-specific gene products from the X and male-specific 

gene products on the autosomes determine which set of transcription factors is activated and 

which path the sex-determination hierarchy will follow (Figure 2). However, a competing 

theory suggests that sex in Drosophila is determined directly by the number of X 

chromosomes rather than by the X.A ratio (Erickson and Quintero, 2007). In Drosophila a 

single hierarchy in somatic cells determines the sex of the cells (Cline and Meyer, 1996). In 

males, the Sex-lethal (SXL) protein is not made, which results in the translation of the male- 

specific lethal-2 (msl-2) gene (Bell et al., 1988; Boggs et al., 1987; Kelley et al., 1997; 

Sosnowski et al., 1989). This promotes dosage compensation in males, where the presence of 

a single X chromosome is compensated by increasing the expression of X-specific genes in 

males. The absence of the SXL protein also results in the production of male-specific 

Heinrichs et al., 1998). In males, the absence of SXL also results in alternative splicing of fru 

mRNA from the P1 promoter, producing FRUM, which promotes various male courtship 

behaviors (Pan et al., 2012). In females, the SXL protein is translated (Cline, 1984), which 
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activates the production of transcription factors called Transformer (TRA) and Transformer2 

Doublesex (DSXM), which promotes male somatic sex development (Burtis and Baker, 1989;  

 

 

 

 

 

 

 

 

 (TRA2). The presence of TRA + TRA2 prevents the default production of DSXM and results 

in alternative splicing and production of DSXF, which promotes female somatic sex 

 

a b 

Figure 2. The Drosophila somatic sex-determination hierarchy. (Reprinted by 

permission from Macmillan Publishers Ltd: Nature.  Manoli and Baker, copyright 2004) 
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development (Amrein et al., 1994; Goralski et al., 1989; Hedley and Maniatis, 1991). The 

lack of FRUM in females prevents masculinization of FRUM expressing cells, resulting in 

female-specific sexual behaviors. 

 

1.5.2    The mating behavior of male Drosophila 

FRUM is the master regulator of male sexual behavior in fruit flies. It is necessary and 

sufficient to produce male-specific behaviors (Billeter et al., 2006; Datta et al., 2008; Demir 

and Dickson, 2005; Kimura et al., 2005; Stockinger et al., 2005). Mutations in fru impact 

many courtship related behaviors including wing extensions (Koganezawa et al., 2010; 

Villella et al., 1997), courtship conditioning (Manoli et al., 2005), and partner preference 

(Villella et al., 1997). FRUM is found predominantly in the CNS as well as in some motor and 

sensory neurons in the peripheral nervous system (PNS). 

Olfactory receptor neurons (ORNs) sensitive to sex-pheromones, such as the ORN 

that responds to cVA, are also Fru-expressing neurons (Datta et al., 2008). fru mutants 

perform courtship towards males, which suggests their inability to discriminate between the 

sexes (Nojima et al., 2014). It is possible that Fruitless (FRUM) expression in sensory 

neurons is required for detection and discrimination between males and females. The 

reproductive behavior of Drosophila is multifaceted. Both males and females take part in this 

inherent behavior but have different roles and interests. Although reproductive behavior is 

very costly, i.e. increased reproduction rate results in decreased longevity in Drosophila and 

many other animals (Flatt, 2011), the evolutionary requirement for reproduction is simple: 

one must propagate to increase fitness. However, since the associated costs are high, there 

exists a conflict of sexual interests between the two sexes (Mazzi et al., 2009). In Drosophila,  
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both the male and female have evolved highly specialized reproductive features to protect 

their sexual interests. As described above, in males the expression and production of FRUM 

mediates male courtship behaviors, and the absence of FRUM and presence of SXL in 

females produces female specific behaviors. The courtship behavior performed by the male 

fruit fly is stereotypic and in nature (Figure 3). The purpose of this courtship behavior is to 

Figure 3. Courtship behavior of Drosophila melanogaster. (Reprinted by permission from 

Macmillan Publishers Ltd: Nature Review Genetics. Sokolowski, copyright 2001) 
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prime the female and entice her to mate with the male (Ejima and Griffith, 2007; Griffith and 

Ejima, 2009).  

 

1.5.3   The mating behavior of female Drosophila 

The female also judges the male during the courtship encounter to determine his fitness and 

sexual compatibility. The female responds to the male’s courtship based on her own internal 

state. She is unreceptive to mating advances from other males and does not immediately 

copulate with another male if she has recently mated or if she is not sexually mature. Even 

though a virgin female does not mate, she can learn from her experience of receiving 

courtship and use the information in her subsequent mating rendezvous. Female preference 

for mates can change depending on the size of males she was previously courted by (Dukas, 

2005b), and it can also depend on the nutritional status of males, but her choice is amenable 

to modification based on her experience. In some studies (Loyau et al., 2012a; Mery et al., 

2009) the female preferred the male she previously observed engaged in a mating with 

another female despite the male’s low nutritional status, suggesting the female is using 

different types of information available to her to make her mating decision. Females also 

prefer to mate with males closely related to them over unrelated males (Loyau et al., 2012b), 

which can increase their inclusive fitness in spite of inbreeding costs, demonstrating that a 

variety of factors are in play when a female chooses to mate with a male. 

Apart from controlling other aspects of mating, the female also controls the mating 

latency, which is the time taken to start copulation. She can avoid the male by running away, 

flicking wings at the male and kicking him with her rear legs, or she can halt and accept this 

mating advances (Ferveur, 2010a; Greenspan and Ferveur, 2000; Hall, 1994). Doublesex 
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(Dsx) expressing neurons (Figure 2) control female receptivity; increasing activity of dsx 

neurons increases the female’s propensity to mate, and silencing them reduces her mating 

receptivity (Zhou et al., 2014). Three sets of dsx neurons in the female brain, namely pCd, 

pC1 and pC2 have been identified as the major regulators of female receptivity (Zhou et al., 

2014). These neuronal clusters receive input from sensory neurons, integrate and process the 

received information, and relay it to different motor circuits.     

 Successful copulation can last up to thirty minutes (Chapter 3). At the end of mating, 

both the male and female undergo several changes in their behavior and physiology. In the 

case of males, there is extensive literature demonstrating courtship experience-dependent 

behavioral changes, such as  courtship conditioning (Dukas, 2004; Keleman et al., 2012; 

Kujtan and Dukas, 2009). The females also show postmating behavioral changes, which are 

largely attributed to components of the ejaculate transferred into her reproductive tissues 

during copulation (Yapici et al., 2008). One of the well-studied molecules that causes many 

postmating behavioral changes in females is Sex peptide (also known as Acp70a). Sex 

peptide increases egg-laying behavior in females and causes decreased female receptivity 

towards mating advances from other males. The females also show other sex peptide-

dependent behavioral responses such as increased propensity to feeding (Wong and Wolfner, 

2006) as well as mating-dependent changes such as an increased immune response 

(Lawniczak and Begun, 2004). 

 

1.6 Dissertation objectives 

The aim of this dissertation is to investigate various genetic and environmental factors 

regulating the reproductive behaviors of Drosophila melanogaster. Chapter 2 focuses on a 
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genetic component and its regulation of egg-laying behavior in Drosophila females. I show 

that p24 proteins play a role in female egg-laying behavior and male fertility. More 

importantly, a neuronal role for p24 proteins in egg-laying behavior is elucidated for the first 

time (Saleem et al., 2012). Chapter 3 and Chapter 4 focus on the environmental regulation of 

mating behavior in Drosophila males. The effect on male mating behavior is investigated 

when males are reared with other conspecific males in Chapter 3. I show that males increase 

the duration of their copulation with females when aged with competitor males. Sexual-

experience dependent changes in male courtship behavior are detailed in Chapter 4 (Saleem 

et al., 2014). A positive sexual experience modifies subsequent male courtship behavior, and 

socially naïve, virgin females prefer to mate with sexually experienced males. In the last 

chapter, the implications of these studies are discussed. 
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2 P24 PROTEINS MEDIATE D. melanogaster MALE AND FEMALE 

REPRODUCTIVE BEHAVIORS* 

2.1 Introduction 

Members of the p24 protein family are present in numerous organisms, ranging from single-

celled eukaryotes to plants and mammals. p24 proteins are largely localized to transport 

vesicles at the ER-Golgi interface (Belden and Barlowe, 1996b; Bell et al., 2001; Dominguez 

et al., 1998; Elrod-Erickson and Kaiser, 1996; Gommel et al., 1999; Jenne et al., 2002; 

Kadota et al., 1997; Kuehn et al., 1998; Muniz et al., 2000; Rojo et al., 1997; Schimmoller et 

al., 1995; Sohn et al., 1996; Stamnes et al., 1995). These transmembrane proteins are 

integrated in vesicles coated with COPI- and COPII-coat protein complexes, which transport 

cargo within and between the ER and Golgi membranes (Carney and Bowen, 2004; Strating 

and Martens, 2009). 

 p24 proteins also localize to membranes of other organelles, including peroxisomes 

(Marelli et al., 2004) and secretory granules (Hosaka et al., 2007; Zhang and Volchuk, 2010), 

as well as to the plasma membrane (Blum and Lepier, 2008). There are eleven p24 genes 

in Arabidopsis (Langhans et al., 2008), eight in Saccharomyces cerevisiae (Belden and 

Barlowe, 1996a), nine in Drosophila melanogaster (Carney and Bowen, 2004), ten 

in Xenopus (Rotter et al., 2002) and also ten in mammals (Dominguez et al., 1998; Sohn et  

 

 

*Reprinted with permission from Mechanisms of Development, 129.  Sehresh Saleem, Christoph C. Schwedes, 
Lisa L. Ellis, Stephanie T. Grady, Rachel L. Adams, Natalie Johnson, Julie R. Whittington, Ginger E. Carney. 
Drosophila melanogaster p24 trafficking proteins have vital roles in development and reproduction, 177-
191, Copyright (2012) Elsevier. 
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al., 1996). p24 proteins are grouped into four subfamilies based upon amino acid sequence 

homology. 

 In Drosophila, ECLAIR (ECA) and p24-related-2 (p24-2) belong to the α subfamily. 

CHOp24 and CG9308 are members of the β subfamily, while the γ group is comprised of 

p24-1, LOGJAM (LOJ), CG9053 and CG31787. The last subfamily, δ, contains a single 

protein called BAISER (BAI). Phylogenetic analyses of the various p24 family members 

revealed that the p24α and p24δ subfamilies are more closely related to each other as are the 

p24β and p24γ subfamilies (Carney and Bowen, 2004). Most p24 proteins share similar 

motifs and topology: an N-terminal GOLD (Golgi dynamics) domain that extends into the 

vesicle lumen, a second luminal region containing heptad repeats of hydrophobic amino 

acids which form a coiled-coil domain, a vesicle membrane-spanning region, and an 

approximately 12–18 amino acid C-terminus that extends into the cell cytoplasm (Carney and 

Bowen, 2004). One notable exception is Drosophila p24-2 (formerly known as CG33105), 

which has an extended cytoplasmic region that is approximately 21–28 amino acids longer 

than that of other p24s (Boltz et al., 2007).  

The GOLD domain is predicted to mediate interactions among diverse p24 proteins 

(Anantharaman and Aravind, 2002) and may function as a cargo binding site (Stamnes et al., 

1995). The putative coiled-coil region of the p24 proteins allows intermolecular interactions 

between closely related p24 proteins as well as between members of different subfamilies, 

suggesting the possibility that these proteins function in heteromeric complexes (Fullekrug et 

al., 1999; Jenne et al., 2002; Marzioch et al., 1999). This hypothesis is supported by mRNA 

and protein (current study) expression of p24 family members in the same tissues during 

different developmental stages (Boltz et al., 2007). Further evidence of protein complexes 
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containing more than one p24 protein comes from experiments in mammalian cells or yeast 

where reducing levels of a single p24 decreased expression of other endogenous p24s 

(Belden and Barlowe, 1996b; Denzel et al., 2000; Marzioch et al., 1999; Vetrivel et al., 

2007). For example, yeast lacking emp24 (the p24β gene) also reduced levels of Erv25p 

(p24δ protein) (Belden and Barlowe, 1996b). Another study suggests that p24s function as 

monomers or dimers (Jenne et al., 2002). p24 proteins are also capable interacting with other 

membrane components, such as sphingolipids found in mammalian cells, which are structural 

components for the membrane. These sphingolipid molecules might help the p24 molecules 

to oligomerize with each other and also to other transmembrane proteins (Bjorkholm et al., 

2014; Contreras et al., 2012).   

Despite a variety of studies investigating p24 protein trafficking functions, the exact 

cellular role of these molecules remains unclear (Carney and Bowen, 2004; Strating and 

Martens, 2009). One possibility is that p24s function as cargo receptors for secretory and 

membrane proteins, selecting appropriate cargo for specific subtypes of transport vesicles 

(Stamnes et al., 1995). However, few potential cargo molecules have been identified (Carney 

and Bowen, 2004; Strating and Martens, 2009), and only one has been cross-linked to p24s to 

confirm the association (Muniz et al., 2000). p24s have been postulated to have general 

functions in regulating dynamics and composition of ER membranes (Emery et al., 2003) as 

well as in facilitating vesicle formation and quality control during ER export (Elrod-Erickson 

and Kaiser, 1996). Consistent with a role for p24s in ER-Golgi trafficking, Drosophila and 

yeast p24 mutants activate an ER stress response that may offset a defect in ER quality 

control or protein folding (Belden and Barlowe, 1996b; Boltz and Carney, 2008). 
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p24s are known to have required functions only in a few instances. The slime 

mold Polysphondylium pallidum requires p24 activity for fruiting body formation (Kawabe et 

al., 1999), and deletion of mouse p23δcauses embryonic lethality (Denzel et al., 2000). 

In Drosophila, the loj, eca and bai genes are required for female reproduction (Bartoszewski 

et al., 2004; Carney and Taylor, 2003). p23/TMP21 (a mammalian p24δ) negatively regulates 

trafficking and processing of beta-amyloid proteins associated with Alzheimer’s disease 

(Vetrivel et al., 2007; Vetrivel et al., 2008). In contrast, deletion of one or more 

yeast p24 genes affects anterograde transport of some cargoes with little phenotypic effect 

(Schimmoller et al., 1995; Stamnes et al., 1995). Indeed, S. cerevisiae lacking all 8 of 

their p24 genes are viable (Springer et al., 2000) as are certain Caenorhabditis elegans 

p24 mutants (Wen and Greenwald, 1999). 

To better understand the functions of these molecules, it is necessary to identify a 

multicellular in vivo model system so that p24 proteins can be studied in developmental as 

well as tissue- and cell-specific contexts. Several elegant studies using Xenopus have 

provided important insights into cell-type-specific p24 functions and interactions (Strating et 

al., 2011; Strating et al., 2009; Strating and Martens, 2009), but they are limited by the fact 

that Xenopus is not amenable to mutant analysis. However, D. melanogaster genetic 

approaches can be used to explore spatial and tissue specific p24 expression patterns and 

functions. In this effort, we generated antisera specific to individual p24s and determined the 

adult protein expression profiles of various members of the p24 family, focusing on neural 

and reproductive tissue expression. We also used RNA interference (RNAi) to 

reduce p24 expression during development or adulthood in males and females. Our results 
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indicate a requirement for most p24s during development as well as in female and male 

reproduction and further implicate p24 neural expression in mediating female fecundity. 

 

2.2 Methods 

2.2.1 Drosophila strains 

All strains were maintained on standard cornmeal and sugar media in a 25°C incubator under 

12 h light/dark cycles unless otherwise indicated. Canton-S wild-type flies were used in all 

fertility assays. The UAS-p24RNAi strains ecaKK101388, p24-2KK109179, eca/p24-2GD5843, 

eca/p242GD49749, baiKK100612,CHOp24GD7039, CHOp24GD7038/CyO, CHOp24KK10027  

, CG9053GD10168/TM3, Sb, CG9053GD10168/TM3, Sb, CG9053KK10132/CyO, p24-1GD12196, p24-

1KK100594, CG9308GD6606, CG9308GD6605/TM3, Sb, andCG31787GD6372 were supplied by 

Vienna Drosophila RNAi Center (VDRC). There is not an available RNAi that 

targets loj messages. The loj00898 and loj04026 alleles are described in (Carney and Taylor, 

2003). eca cu sr e and bai cu sr e alleles were provided by Sławomir Bartoszewski. A strain 

containing a deficiency chromosome for eca (Df(3R)GB104, red/TM3, Sb Ser), bai 

(Df(3R)ED6220/TM6C, cu1 Sb1), actin-Gal4/TM6B, Tb and tubulin-GAL80ts; actin-

Gal4/TM6B, Tb were supplied by Bloomington Drosophila Stock Center. The baid09741 allele 

was obtained from the Exelixis Collection at Harvard Medical School. Gal4-expressing 

lines c164-Gal4, ptc-Gal4 (Monastirioti, 2003), and Cy2-Gal4 (Queenan et al., 1997) were 

generously provided by Maria Monastirioti and Trudi Schupbach. c929-Gal4 was provided 

by Randy Hewes.UAS-GFP-mCD8 or UAS-GFP-nls were used to determine expression 

pattern of various drivers. 
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2.2.2 Cloning of pUASp-p24 recue constructs 

The following clones containing cDNA inserts for p24 genes were obtained from 

the Drosophila Genomics Resource Center and verified by 

sequencing: eca (LD23959), bai (RE5241), and CG9308 (IP11573). The inserts were excised 

by restriction digestion, gel purified, and cloned into the pUASp expression vector. Clones 

containing the proper insert were determined by restriction digestion, verified by sequencing, 

and injected by Duke University Model System Genomics into w1118 embryos for germline 

transformation. Multiple independent UASp-p24 strains were established and tested for each 

family member. UAS-loj rescue strains were reported previously (Boltz et al., 2007). 

 

2.2.3 Antibody production and confirmation 

We used unique p24 protein regions to generate peptide antisera specific to the ECA, BAI, 

p24-1, p24-2, or CG9308 proteins. Regions chosen for peptide production are indicated from 

amino to carboxyl terminus, are unique to each protein, and are not present in 

other Drosophila proteins: ECA (HLKSFFEAKKLV), BAI (LRRYFKAKKLIE), p24-1 

(FFTDRKPSQAHYGRL), p24-2 (ALGLINDKINGLPDP), and CG9308 

(RVDDVIEQATVQ). The peptide sequence selected for p24-2 is in the extended C-terminal 

cytoplasmic region that distinguishes p24-2 from other family members (Boltz et al., 2007). 

Peptides were injected into New Zealand White Rabbits by Sigma Genosys using their 

standard 77 day protocol. Sera from the final bleeds were affinity purified with the Sulfolink 

Immunomoblization Kit (Thermo Scientific) and eluted in PBS. 

The ability of each antiserum to detect its target protein was determined by 

comparing immunostaining patterns in control and mutant genotypes and by Western blot 
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analysis performed as described previously (Boltz et al., 2007). BAI, p24-1, p24-2, CG9308 

and ECA were detected at the expected molecular weight of approximately 24kD using their 

respective antibodies. 

Anti-ECA immunostaining was performed by comparing ECA-expressing controls to 

heterozygous eca cu sr e/Df(3R)GB104, red mutants; BAI expression was compared between 

control and baid09741/bai cu sr e genotypes. For anti-p24-1 we compared expression in w; tub-

Gal80ts/+; UAS-p24-1KK100594/act-Gal4 (at non-permissive temperature, which reduced p24-

1) and control males. Expression of CG9308 was compared between control and Cy2-

Gal4/UASp-CG9308 females. In this case Cy2-Gal4 allows CG9308 to be expressed in 

developing eggs, which is a tissue where there is no detectable mRNA (Boltz et al., 2007) or 

protein expression (Fig. 5) in control animals. A LOJ peptide antiserum and its specificity for 

LOJ were reported previously (Boltz et al., 2007). Although peptide antisera were generated 

for the remaining p24s, we were not able to detect a signal or to confirm specificity. 

 

2.2.4 Immunostaining 

Canton-S tissues were dissected in phosphate buffered saline (PBS) and incubated with 

peptide antisera specific to individual p24 proteins. Tissues were fixed in 4% 

paraformaldehyde for 20 min at room temperature followed by 4 washes in PBS + 0.1% 

TritonX-100 (PBST) and blocked for 30–60 min in 5–10% normal goat serum. Tissues were 

incubated over night at room temperature with mouse anti-GFP (1:100) anti-p24-2 (1:400 

dilution), anti-ECA (1:100), anti-p24-1 (1:1000), anti-LOJ (1:5000), anti-CG9308 (1:12) or 

anti-BAI (1:5). The next day tissues were washed 4 times in PBST followed by 1 h 

incubation at room temperature in a 1:500 dilution of Alexa Fluor goat anti-rabbit 594 or 

http://www.sciencedirect.com/science/article/pii/S0925477312000275#f0005
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Alexa Flour goat anti-mouse 488 secondary antibody (Molecular Probes). Tissues were 

washed 4 times in PBST and then mounted in Prolong antifade reagent (Molecular Probes). 

Staining patterns were viewed and images were captured with a Zeiss Axio Imager Z1 

fluorescent microscope. 

 

2.2.5 Ubiquitous p24 RNAi 

yw;; act-Gal4/TM6B, Tb flies were crossed to UAS-p24 RNAi animals to activate RNAi in 

all tissues throughout development. The number and type of progeny were determined for 

each set of crosses. Crosses and assays were carried out at 29 °C, and similar numbers of 

experimental and control flies were expected in each case. 

In most cases, particularly those for which we do not have gene-specific mutations for 

comparison, we tested multiple RNAi alleles that are not fully overlapping in the targeted 

region. These RNAi alleles were designed so that off-target hits are not expected (Dietzl et 

al., 2007). Furthermore, the RNAi targeting individual p24 genes are not likely to affect 

other p24 messages because of the low nucleotide sequence identity among p24s (Carney and 

Bowen, 2004; Carney and Taylor, 2003). Also, the targeted regions do not share nucleotide 

identity. 

Multiple RNAi alleles for CG9053 and CHOp24 resulted in complete lethality, 

although sibling control animals were obtained from the crosses. CG9308GD6605  

or CG9308GD6606 each caused partial developmental lethality, with CG9308GD6605 giving 

consistently stronger phenotypes in all of our assays. p24-1GD12196 also produced slightly 

stronger phenotypes than p24-1KK100594. The small phenotypic differences between RNAi 

alleles targeting the same p24 are likely attributable to differing degrees of RNAi activity. 



25 
 

Therefore, subsequent experimental results are presented only for the RNAi alleles that 

produced the strongest effects although all existing alleles were tested in each case. We also 

used an act-Gal4 on the second chromosome and tubulin-Gal4 on the third to 

activate p24 RNAi. The results obtained with each of these drivers were similar to those 

obtained with the driver reported here. 

 

2.2.6 Adult-specific p24 RNAi 

Adult-specific reduction of p24 expression was carried out by crossing w; tubulin-

Gal80ts; actin-Gal4/TM6B, Tb flies to flies containing different UAS-p24 RNAi. Crosses 

were maintained at 20 °C to prevent GAL4-mediated RNAi activation, and young (within 8–

12 h of eclosion) adult progeny were moved to 29 °C to activate GAL4/UAS-RNAi. Male 

and female progeny (experimental and sibling controls) were aged in same-sex groups at 

29 °C for 5 days for maximum p24 reduction. On the 6th day after eclosion, aged flies were 

crossed with Canton-S flies in a fertility assay. Individual male experimental or control flies 

were crossed with Canton-S female virgins aged 2–5 days, and individual female 

experimental or control flies were crossed with Canton-S males aged 2–5 days. Numbers of 

eggs laid by each female were counted at the same time each day during the 5 day fertility 

assay. The flies were transferred to fresh vials each day and eggs were counted in the 

previous day’s vial. The number of adult progeny from each cross was tallied. Fertility was 

determined as a ratio of number of adults to number of eggs laid. A ratio of 1 suggested 

maximum fertility, whereas a ratio of 0 indicated no fertility. Significant differences in egg 

laying and fertility among genotypes were determined by ANOVA for each p24. 
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2.2.7 Fecundity rescue 

Egg laying in loj or eca mutants was measured as described in section 4.6, but all 

experiments were performed at 25 °C. Cy2-Gal4 was used to rescue egg laying 

in eca mutants (Df(3R)GB104/eca cu sr e). ptc-Gal4 or c929-Gal4 was used to rescue egg 

laying in loj mutants (loj04026/loj00898). 

 

Tests of loj and eca oviposition defects 

loj00898 (N = 20), loj00898/+ (N = 20), eca cu sr e/Df(3R)GB014, red (N = 11) and eca cu sr 

e/+ or Df(3R)GB014, red/+ (N = 12) control females were collected, aged for 3 days at 

25 °C, and placed with two Canton-S males for mating. Twenty-four hours later genital tracts 

were dissected in PBS, the presence of sperm in the reproductive tract was confirmed, and 

the location and numbers of eggs in the ovaries and reproductive tract were determined. Due 

to the developmental lethality of bai mutations, we did not obtain sufficient numbers 

of bai females for similar tests. 

 

 Octopamine and glutamate feeding 

Inactivated yeast paste containing octopamine, glutamate or both chemicals was produced as 

described previously (Cole et al., 2005). Aged, individual virgin loj mutants (loj00898/loj04026), 

eca mutants (eca cu sre/Df (3R)GB104,red) or sibling control females were placed with 

two Canton-S males on standard food containing yeast paste or yeast paste supplemented 

with octopamine, glutamate or both chemicals at concentrations ranging from 12.5 mg/ml to 

100 mg/ml. Previous experiments showed that 10–25 mg/ml octopamine supplement is 

sufficient to rescue the oviposition defects of octopamine biosynthesis mutants (Cole et al., 

http://www.sciencedirect.com/science/article/pii/S0925477312000275#s0110
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2005; Monastirioti et al., 1996). Since there are no reports of glutamate supplement in the 

literature, we tested a broad range of concentrations in our experiments. Blue food dye was 

added to the yeast paste to ensure that the food was being consumed. For 5 days, flies were 

transferred daily to new vials and eggs were counted. Chemical supplement (food dye or 

neurotransmitter) did not negatively impact numbers of eggs laid by control females. 

Regardless of the amount of octopamine or glutamate used, mutant females did not lay eggs. 

 

2.3 Results 

2.3.1 p24 protein expression 

Drosophila p24 transcripts show a variety of spatial, temporal and tissue-specific expression  

 

 

                    

 

 

 

 

Figure 4.  Western blotting of the p24 proteins. Predicted protein molecular weights: BAI, 

23.7 kD; p24-1, 23.5 kD; CG9308, 23.3 kD; ECA, 25.2 kD. The BAI protein consistently ran 

smaller than its predicted molecular weight. 
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patterns and are expressed throughout development and in adults (Boltz et al., 2007; Celniker 

et al., 2009; Chintapalli et al., 2007). In order to examine protein expression patterns of 

various p24s, antisera targeting specific members of the Drosophila p24 family were  

generated (see Section 2.2.3). Each of the antisera detected proteins in the expected 

molecular weight range of ∼23–28 kD on Western blots (Figure 4). To confirm that new 

antisera detected their respective proteins, we compared p24 expression in control animals to 

expression in mutants that lack the gene product of interest or in animals that ectopically 

express the gene product. ECA, BAI and p24-1 proteins were detected in control tissues 

(Figure 5A, C, and E), but expression was eliminated in gene-specific mutants (Figure 5B, D, 

and F). Although CG9308 protein was not detected in wild-type developing eggs (Figure 5G) 

that express other p24s (Table 1), we detected protein when CG9308 was ectopically 

expressed in eggs via the GAL4/UAS system (Figure 5H). An antibody that 

specificallyrecognizes the LOJ protein was described previously (Boltz et al., 2007). 

Mutations in loj, eca or bai result in females that are unable to oviposit (Bartoszewski et al., 

2004; Carney and Taylor, 2003). We also found that eca and bai males have reduced fertility. 

Few or no progeny were produced by matings of eca or bai mutant males to wild-type 

females (data not shown). Since we were primarily interested in these adult reproductive 

phenotypes, we determined the adult protein expression profiles for representative members 

from each of the four p24 subfamilies; tissue- and sex-specific protein expression was 

examined for six of the nine Drosophila p24s (Table 1 and Figure 6). Many Drosophila p24 

proteins examined were expressed in both male and female central nervous system (CNS) 

and reproductive tissues (Table 1 and Figure 6) in the punctate cytoplasmic pattern 

characteristic of vesicle membrane proteins (Figure 5). Generally, the p24s were present in 

http://www.sciencedirect.com/science/article/pii/S0925477312000275#t0005
http://www.sciencedirect.com/science/article/pii/S0925477312000275#t0005
http://www.sciencedirect.com/science/article/pii/S0925477312000275#t0005
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the cytoplasm of cells throughout the tissues examined (Figure 5 and Figure 6). However, 

within a tissue there sometimes existed sub-populations of cells that appeared higher 

expressing. For example, LOJ, ECA, and BAI were expressed throughout the brain, but there 

were prominent, large cells in the central brain that had higher LOJ or ECA levels than 

surrounding cells (Figure 5 and (Boltz et al., 2007); BAI expression was more pronounced in 

the optic lobe region of the brain (data not shown). The p24-2 pattern differed from the 

classic punctate pattern that is distributed throughout the cytoplasm (Figure 6), suggesting 

that p24-2 has a different sub-cellular localization as a consequence of the extended 

cytoplasmic domain present only in this p24. 

 

2.3.2 p24 proteins function during development 

p24 transcripts are expressed throughout development, so we assessed the effects of 

reducing p24 levels in intact animals. P-element or chemically-induced mutant alleles are 

available that dramatically reduce or fully eliminate loj, eca, or bai function (Bartoszewski et 

al., 2004; Carney and Taylor, 2003). loj mutants are viable, although fewer than expected 

mutants reach adulthood. Similarly, we are able to obtain a small number of eca mutants, but 

find that only ∼10% survive to adulthood. On the other hand, we seldom obtain 

viable bai adults using the original alleles described by (Bartoszewski et al., 2004) but were 

able to get a small number (∼0.1% of expected) using a less severe mutant combination (bai 

cu sr e/baid09741). loj mutants with a single copy of eca or bai did not reach adulthood nor 

do eca mutants with a single copy of loj or bai (data not shown).  
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Figure 5. p24 antisera targeted their specific proteins. ECA was expressed in the 

adult Canton-S female brain (A) but was not detected in eca,cu,sr,e/Df(3R)GB104, red 

mutant brains (B). BAI was expressed in Canton-S adult female spermathecae (arrows) 

and female fat body (arrow head) (C) but was absent in baid09741/bai,cu,sr,e mutants (D). 

p24-1 was expressed in wild-type male testes (E) but was reduced when p24-1 

expression was decreased in w; tub-Gal80
ts
/+; UAS-p24-1

KK100594
/act-Gal4 males at the 

non-permissive temperature (F). Insets on top right of panels E and F focus on single-

cell expression. Control eggs did not express CG9308 (G) but overexpression of 

CG9308 in eggs was detected using anti-CG9308 (H). 
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To assess possible developmental roles of p24s for which gene-specific mutations are 

not available, we used the GAL4/UAS system (Brand and Perrimon, 1993) to decrease p24 

expression through RNAi by means of a ubiquitously expressed actin-Gal4 driver (see 

Section 2.2.5). To ensure phenotypes were due to reduction of the desired gene, independent 

RNAi alleles were used to target most p24s (Table 2), and data from the strongest alleles are 

presented in (Table 3).  Globally reducing individual p24s caused developmental lethality in 

Figure 6.  p24 expression patterns. (A) p24-2 expression pattern in spermathecae (sp) and 

accessory glands (Ac). (B) CG9308 in testis. (C) p24-1 in stage 10 eggs and (D) p24-1 in male 

accessory glands. 

 

http://www.sciencedirect.com/science/article/pii/S0925477312000275#t0010


33 
 

the case of CG9053, CHOp24, eca, bai, or p24-1 (Table 2 and Table 3). For eca, this 

lethality was nearly complete since a single adult eclosed. Therefore, the eca and bai RNAi  

 

 

 

 

 

 

 

Table 2. Independent RNAi alleles were used to target transcripts from 8 of the 9 

Drosophila p24 genes.  Whole-body reduction of p24 proteins decreased viability. The 

number of adults eclosing from each set of crosses are shown. 
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Table 3. Whole-animal reduction of p24 expression decreased viability. The numbers of 

adults eclosing from each set of crosses are shown. Complete or nearly complete lethality was 

observed with eca, CHOp24, p24-1, CG9053, or bai RNAi. Partial developmental lethality 

occurred when p24-2 or CG9308 was reduced, while CG31787 transcript reduction did not 

cause statistically significant lethality. Additional RNAi alleles for CG9053 and CHOp24 

caused lethality, so data from a single allele for each are presented.  
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alleles phenocopy their respective mutant phenotypes. The independent RNAi alleles used to 

reduce p24-1 expression gave slightly different results. p24-1GD12196 produced a more severe  

developmental phenotype than p24-1KK100594, and this trend continued throughout the use of 

these strains. Partial developmental lethality occurred when p24-2 or CG9308 levels were 

reduced. However, decreasing the male-specifically expressed CG31787 transcript did not 

affect viability, although the males had reduced fertility (Table 3 and data not shown). 

Therefore, activity of most Drosophila p24 genes is required during development. 

 

2.3.3 p24 proteins function in reproduction 

Females mutant for loj, eca or bai suffer from an oviposition defect, as they produce eggs but  

are unable to lay them (Bartoszewski et al., 2004; Carney and Taylor, 2003). Insect 

oviposition is a multi-step process. Mature eggs are produced in the ovaries, are ovulated and 

travel through the lateral oviduct to the common oviduct, are fertilized, and are moved to the 

uterus from which they are deposited. Therefore, we wanted to identify the specific step(s) of 

the oviposition process affected by reduced p24 activity. To do so, we examined reproductive 

tracts from loj and eca mutant females that had been mated to wild-type males (see 

Section 2.2.7). loj and eca mutants ovulated and moved eggs through the oviduct, but eggs 

were not laid. We found that 85% percent of loj mutant females and 55% of eca mutants had 

an egg lodged in the uterus. Mutant females lacking eggs in the uterus had ovulated, so their 

eggs were present in the oviduct. In contrast, only 35% of loj/+ control females and 8% 

of eca/+ controls had an egg in the uterus when the dissections were performed, and all of 

these females already had laid many eggs. The results indicate that loj and eca mutants are 

capable of ovulating and moving eggs through the reproductive tract to the uterus. Therefore, 

http://www.sciencedirect.com/science/article/pii/S0925477312000275#t0010
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the predominant block in oviposition is an inability of mutants to deposit eggs from the 

uterus. 

 

 

 

 

 

Table 4. Multiple RNAi alleles targeting the same p24 genes in adults resulted in 

similar decreases in female fecundity. The average number of eggs laid per day per 

female is indicated. Numbers of females tested are in brackets. Gal80 ts was used to 

prevent RNAi expression prior to eclosion. ANOVA was conducted to determine 

genotypes that differed significantly. *p ≤ 0.05; **p ≤ 0.01. 
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To determine if other members of the p24 family also function in reproduction, we used 

RNAi to reduce p24 levels post-eclosion by incorporating the temperature sensitive GAL80 ts,  

 

 

 

 

 

 

 

 

 

 

 

Table 5. Adult-specific reduction of female p24 expression decreased fecundity. 

Decreasing adult p24 levels led to reduced egg laying except with p24-2 or CG9308 

RNAi. The average number of eggs laid per day per female is indicated. Numbers of 

females tested are in brackets. Gal80ts was used to prevent RNAi expression prior to 

eclosion. ANOVA was conducted to determine genotypes that differed significantly. *p ≤ 

0.05; **p ≤ 0.01 
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which inhibits GAL4 activity and prevents RNAi activation at low temperatures. Activation 

of p24 RNAi specifically in adults allowed all flies to develop normally, 

since p24 expression levels were not perturbed prior to eclosion. Independent p24 RNAi 

strains were utilized to target most genes, and similar results were obtained repeatedly (Table 

4). Therefore, data from RNAi strains producing the strongest phenotypes are presented 

in (Table 5). RNAi and control females were tested for egg laying and fertility by mating 

them to wild-type males, followed by counting the numbers of eggs laid and subsequent adult 

progeny produced by each female. Egg laying was not affected when  p24-2 or CG9308 was  

reduced in females (Table 3). These results are consistent with the observation that p24-

2 and CG9308 transcript levels are low in adult females (Boltz et al., 2007; Celniker et al., 

2009; Chintapalli et al., 2007; Graveley et al., 2011). However, reducing levels 

of CG9053, p24-1, eca, bai or CHOp24 in adult females decreased egg laying (Table 4 and 

Table 5). Most eggs laid by p24 RNAi females showed physical abnormalities such as 

truncated dorsal appendages and a shorter, fatter shape. We observed similar defects in the 

few eggs that were laid by eca or bai mutant females (data not shown). Despite these 

abnormalities, eggs from experimental females hatched and produced adults, and the viability 

of the eggs laid by these females did not differ from that of controls. Therefore, females with 

reduced expression of CG9053, p24-1, eca, bai, orCHOp24 had decreased fecundity (egg 

laying) compared to controls, although fertility was not affected. The effect of 

adult p24 reduction on male fertility was also measured since eca and bai mutant males 

produced very few offspring (data not shown), and most p24 proteins were expressed in male 

reproductive tissues (Table 1, Figure 5). Males with reduced p24-1, p24-2, eca, CG9053,  

or bai had lower fertility when compared to their respective controls (Figure 

http://www.sciencedirect.com/science/article/pii/S0925477312000275#t0015
http://www.sciencedirect.com/science/article/pii/S0925477312000275#t0015
http://www.sciencedirect.com/science/article/pii/S0925477312000275#t0015
http://www.sciencedirect.com/science/article/pii/S0925477312000275#t0005


39 
 

7).Surprisingly, CHOp24 reduction, which decreased female fecundity, did not affect male 

fertility. Reducing CG9308 did not affect male fertility either (Figure 7), making CG9308 the 

only p24 that is not required for male or female reproduction. 

Work in other model systems has shown that decreasing expression of one p24 can 

reduce levels of other p24 proteins (Belden and Barlowe, 1996b; Denzel et al., 2000; 

Marzioch et al., 1999; Vetrivel et al., 2007), possibly by disrupting multimeric protein 

complexes. Therefore, one possible explanation for the observed effects on fecundity or 

fertility of reducing individual p24s is that the observed phenotype is a consequence of 

reduced expression of another p24 that directly affects these processes. We 

immunostained loj or eca mutants with antisera specifically targeting other subfamily 

members to determine if loss of LOJ or ECA affected the presence of these p24s. loj mutant 

adults do not have detectable LOJ expression (Boltz et al., 2007), but we detected ECA, BAI 

and p24-1 in loj mutants (Figure 8B and F and data not shown). Similarly, e ca mutants did 

not express detectable ECA (Figure 5B) but expressed LOJ, BAI and p24-1 (Figure 8C and D 

and data not shown).   

 

2.3.4 Neural p24 expression is important for egg laying 

Although loj is expressed in many tissues, including the CNS and eggs, prior work in our lab 

established neural loj expression as a major factor regulating female oviposition (Boltz et al., 

2007). Adult loj expression in the loj mutant rescues oviposition whereas larval neural 

expression does not (Boltz et al., 2007; Carney and Taylor, 2003). The Cy2-Gal4 (Queenan 

et al., 1997) (Figure 9) and SG18.1-Gal4 (Shyamala and Chopra, 1999) neural drivers used to 

express loj and rescue the oviposition defect are active in many in many cells in the CNS,  

http://www.sciencedirect.com/science/article/pii/S0925477312000275#b0290
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Figure 7. Adult-specific reduction of p24 expression decreased male fertility. Numbers of 

animals tested are indicted in brackets. Asterisks denote significant variation among 

genotypes as determined by ANOVA. ** p<0.01, *** p <0.001 
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including abdominal ganglion neurons in the vicinity of the octopaminergic and ILP7-

procuding cells octopaminergic and ILP7-producing cells previously shown to regulate egg 

laying (Cole et al., 2005; Monastirioti et al., 1996; Rodriguez-Valentin et al., 2006; Yang et 

al., 2008). Cy2-Gal4 also expresses in developing eggs, but loj expression in the eggs 

of loj mutants is not sufficient to restore egg laying (Boltz et al., 2007). 

Since mutants for loj, eca or bai fail to oviposit (Bartoszewski et al., 2004; Carney 

and Taylor, 2003) and all three gene products are present in the CNS (Table 1; (Boltz et al., 

2007), we hypothesized that these three p24s function in the same cells to regulate 

oviposition. (Bartoszewski et al., 2004) reported that eca mutant egg laying is restored by 

expressing eca in Cy2 cells but did not indicate the extent of rescue.  

Since their UAS-eca and UAS-bai strains are no longer available, we asked if the eca and 

bai egg-laying defects could be rescued by expressing our newly created UASp-

eca and UASp-bai transgenes in Cy2 cells in their respective mutant genetic backgrounds. 

We found that eca cu sr e/Df(3R)GB104, red females expressing UASp-eca under control 

of Cy2-Gal4 laid an average of 8 eggs per day compared to zero eggs laid by ecamutants 

containing either UASp-eca or Cy2-Gal4 transgenes ( Figure 10). Therefore, eca expression 

in Cy2 cells restored egg laying to a similar degree as UAS-loj expression in loj mutants 

(Boltz et al., 2007). Efforts to rescue bai  mutants were not successful; expression of UASp-

bai in Cy2 cells did not overcome bai mutant lethality, so no adults were obtained for testing. 

However, when we expressed UASp-bai throughout development using the ubiquitously 

expressed actin-Gal4, rescued females were able to lay eggs (data not shown). Although this 

result does not help us determine which bai-expressing cells regulate oviposition, it does 

indicate that the new UASp-bai construct can rescue lethality. 

http://www.sciencedirect.com/science/article/pii/S0925477312000275#t0005
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Figure 8. Expression of various p24 proteins in loj or eca mutants. (A) Wild-type expression of 

p24-1 in male accessory glands was similar to p24-1 expression in (B) loj mutants (loj00898/loj04026) or 

(C) eca mutants (Df(3R)GB104/ eca cu sr e). (D) LOJ expression was present in eca mutant 

accessory glands. (E) Wild-type expression of ECA in spermathecae (Sp) or female accessory glands 

(Ac) was also comparable to ECA levels in spermathecae or accessory glands of loj mutant females. 
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Figure 9. Cy2-Gal4 expression profile in CNS. GFP expression driven by Cy2-Gal4 in (A) 

brain and (B) ventral nerve cord (VNC). 

  

 

Since loj (p24γ) and eca (p24α) expression in Cy2 cells restores oviposition, we 

asked if p24s from the remaining two subfamilies function in the Cy2 circuit to regulate egg 

laying. Because the bai rescue experiment did not allow us to determine if BAI (p24δ) 

functions in Cy2 cells, and mutants in the two p24β genes (CHOp24 and CG9308) are not 

available, we used RNAi to reduce p24β or p24δ expression in Cy2 cells and tested for 

effects on fecundity. Females with decreased CHOp24 laid significantly fewer eggs than 

controls. A similar effect was not detected in females when levels of CG9308 or bai were 

reduced in Cy2 cells (data not shown). Therefore, expression of loj, eca, and CHOp24 in Cy2 

cells is important for oviposition. Our results did not indicate an oviposition function 
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for bai in these same cells, but additional experiments are required to eliminate this 

possibility. 

 

 

 

 

Figure 10. eca expression in Cy2 cells of eca mutants restored egg laying. Numbers of 

animals tested are indicated in brackets. ANOVA was conducted to determine significant 

differences among the genotypes. ***p < 0.001 

 

 

2.3.5 LOJ expression in octopaminergic neurons rescues oviposition 

Next we wanted to narrow down the specific cells important for LOJ-mediated oviposition. A 

subset of octopaminergic neurons localized to the abdominal ganglion of the ventral nerve 

cord (VNC) were primary candidate cells since neural projections emanating from this region 
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directly innervate the oviduct muscles (Monastirioti, 2003) and these octopaminergic neurons 

are in the vicinity of a subset of Cy2 cells in the VNC. A failure in LOJ- or ECA-mediated 

signaling to oviduct or uterine muscles may account for the block in oviposition. 

 

 

Figure 11. LOJ co-expression with octopaminergic neurons in VNC. (A) Cytoplasmic 

LOJ expression in the abdominal ganglion of the ventral nerve cord (VNC) (B) overlaps with 

(C) octopamingernic neurons highlighted by nuclear GFP expression driven by ptc-Gal4. 

 

 

LOJ expression in the VNC overlaps with octopamine-producing neurons (Figure 11). To 

determine if loj or eca expression in octopaminergic neurons can rescue egg deposition, we 

expressed loj or eca in these cells in mutant females and counted the numbers of eggs laid. 

Significant rescue was observed when loj was expressed in loj mutant females using either of 

two octopaminergic drivers, ptc-Gal4 or c164-Gal4 (Figure 12 and data not shown). 

Expression of UASp-eca using c164-Gal4 did not restore egg laying in eca mutant females. 
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Therefore, loj (but not eca) expression in octopaminergic cells rescued the loj mutant 

oviposition defect.  

 

 

 

Figure 12. loj expression in octopaminergic neurons of loj mutants rescued the egg-

laying defect. Numbers of animals tested are indicated in brackets. ANOVA was 

conducted to determine significant differences among the genotypes. **p < 0.01. 

 

 

Since we showed that octopaminergic neurons require loj expression for egg laying 

and octopamine is a key regulator of this process, we considered octopamine to be a 

candidate Drosophila p24 cargo molecule. If p24-mediated vesicle transport is required for 
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octopamine secretion, we expected that feeding mutants octopamine would rescue egg 

laying. A similar strategy was used to override defects in the octopamine synthesis pathway 

and restore egg laying to mutants (Cole et al., 2005; Monastirioti et al., 1996). To test our 

hypothesis that octopamine secretion is disrupted in p24 mutants, we fed octopamine 

to loj or eca mutant females to determine if octopamine supplement could overcome the egg 

deposition defects (see Section 4.9). Neither loj nor eca mutants were able to lay eggs when 

fed octopamine. Glutamate, another neurotransmitter that modulates egg laying in insects 

(Rodriguez-Valentin et al., 2006), was also a potential cargo molecule.    

  However, eca and loj mutants also were unable to lay eggs when fed glutamate. 

Control females fed either molecule continued to lay eggs and appeared unaffected by the 

treatment. These results indicate that the egg-laying defects in loj and eca mutants probably 

are not due to failure of octopamine or glutamate release. 

 

2.3.6 Expression of loj in peptidergic neurons rescues the loj oviposition 

defect 

Both LOJ and ECA are cytoplasmically expressed in cells throughout the brain, but 

expression is most prominent in large cells within the central brain (Figure 5A, 

arrows; Figure 13 and (Boltz et al., 2007). The location and size of the p24-expressing cells 

led us to speculate that they were neuropetidergic cells and that neuropeptide release from 

these cells might play a role in egg laying. Co-immunostaining data show that both LOJ and 

ECA are expressed in peptidergic neurons in the CNS, specifically in the OL1 and OL2 

neurons (O'Brien et al., 1991) (Figure 13). To test if expression of loj is required in 

peptidergic neurons for egg laying, we expressed loj under the control of the 
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neuropeptidergic driver c929-Gal4 in loj mutants. Egg laying was significantly rescued 

when loj was expressed in peptidergic neurons (Figure 14), implicating these neurons in 

control of oviposition. 

 

 

 

Figure 13. LOJ and ECA are expressed in peptidergic neurons. (A) LOJ expression (red) 

overlaps with peptidergic neurons (green) indicated by membrane-bound expression of GFP 

driven by c929-Gal4. Co-localization is clearly observed when specific cells are viewed 

under higher magnification of 20X (B) or 40X (C). (E) ECA is also expressed in peptidergic 

neurons as shown by nuclear localization of GFP expressed under the control of c929-Gal4. 

Higher magnification views are shown at 20X (E) or 40X (F). 
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Figure 14. Egg laying is rescued by expressing loj in peptidergic neurons. Numbers of 

animals tested are indicated in brackets. ANOVA was conducted to determine significant 

differences among the genotypes. **p < 0.01 

 

 

2.4 Discussion 

2.4.1 p24 function during development 

p24 protein family members have been studied for over a decade in a variety of model 

systems. Tremendous progress has been made in understanding functional requirements for 

p24s in individual cells, but less is known about how loss of p24 protein activity affects 

multicellular organisms. Removing or reducing p24expression in single cells, such as in yeast 

or in mammalian tissue culture, has minor phenotypic consequences (Schimmoller et al., 

1995; Springer et al., 2000; Stamnes et al., 1995; Takida et al., 2008). Although p24 proteins 
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are expressed in a variety of animal tissues (Boltz et al., 2007; Strating and Martens, 2009; 

Vetrivel et al., 2008), few genetic studies have tested their functions in intact animals. One 

study in mice indicates that loss of p24δ1 results in embryonic lethality and also causes 

reduced levels of other p24 family members (Denzel et al., 2000), and specific Drosophila 

p24s such as eca and bai are required for oviposition as well as embryonic development 

(Bartoszewski et al., 2004; Carney and Taylor, 2003). Elegant transgenic studies 

in Xenopus indicate that p24 family members differentially impact secretory protein 

trafficking and that members of a particular subfamily are functionally non-redundant 

(Strating et al., 2011; Strating et al., 2009; Strating and Martens, 2009). Although Xenopus is 

a valuable vertebrate model for p24 functional studies, it is not amenable to genetic strategies 

for reducing expression. In contrast, D. melanogaster is an ideal genetic system for 

evaluating the phenotypic consequences of decreased p24 function at the level of the whole 

animal or in individual tissues. 

Our current study in D. melanogaster provides the first genetic characterization of 

all p24 members in a multicellular animal. Consistent with their expression throughout 

development (Boltz et al., 2007), many Drosophila p24s are needed for adult viability (Table 

2 and Table 3). A small number of Drosophila eca mutants survive to adulthood, and 

ubiquitous activation of eca RNAi during development caused nearly complete lethality, with 

a few escapers (Table 2 and Table 3). In both cases (RNAi and mutant), eca reduction gives 

∼10% adult survival, so the results from the two strategies are similar. Even though we did 

not detect ECA protein in adult eca mutants (Figure 5B), there may be residual ECA that 

allows some adult survival. Many loj mutants survive to adulthood but do not eclose in the 

expected Mendelian ratio, and reducing p24-2 or CG9308 caused high lethality. In 

http://www.sciencedirect.com/science/article/pii/S0925477312000275#t0010
http://www.sciencedirect.com/science/article/pii/S0925477312000275#t0010
http://www.sciencedirect.com/science/article/pii/S0925477312000275#t0010
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contrast, CG31787 is the only gene that may be dispensable for development since we did 

not find a significant difference among RNAi and control groups in the numbers of eclosing 

adults (Table 2 and Table 3), although male fertility was decreased. This experimental design 

does not allow us to determine the time point during development that the p24s are first 

required. However, given the high-level expression of most p24s during embryonic stages 

(Celniker et al., 2009; Chintapalli et al., 2007; Graveley et al., 2011), it is likely 

that p24 function is required during the earliest phases of development. 

p24 proteins are components of the COPI and COPII transport vesicles that are 

important for maturation of a variety of cellular cargo molecules, so it is not surprising that 

elimination of p24s would have detrimental effects during development. Aberrations in any 

aspect of the secretory pathway that prevent proper coupling, fine tuning or folding of the 

cargo can have detrimental effects on the organism. Indeed, mutations affecting aspects of 

vesicle transport cause a variety of human neurological disorders such as Mucolipidosis type 

I (Bassi et al., 2000) or Maroteaux Lamy syndrome (Bradford et al., 2002), and skeletal 

deformities such as Multiple exostoses syndrome (Quilty and Reithmeier, 2000). Several 

studies show that changes in mammalian p24 expression are correlated with disease, but no 

direct link has been established thus far (Strating and Martens, 2009). 

 

2.4.2 Effects of p24 on male and female reproduction 

Previously characterized mutants in loj, eca, or bai are unable to oviposit (Bartoszewski et 

al., 2004; Carney and Taylor, 2003), and eca and bai males are sterile. We next asked 

whether other p24genes also function in reproduction by assaying the effect of adult-

specific p24 reduction on fecundity and fertility. RNAi data indicate that three p24s (p24-

http://www.sciencedirect.com/science/article/pii/S0925477312000275#t0010
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2, CG9308, CG31787) may not have required functions in egg laying (Table 4 and Table 5), 

whereas two p24s may be dispensable for male fertility (Figure 7). Our results indicate that 

every p24 except CG9308 functions in some aspect of reproduction (Table 6), but that 

individual p24s vary in their effects on these traits. 

 

 

 

Table 6. p24s function in female fecundity and/or male fertility. (+) indicates an effect 

when gene activity is reduced. (–) indicates no effect from decreased p24 expression. (ND) 

not determined. 

http://www.sciencedirect.com/science/article/pii/S0925477312000275#t0015
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Defects in female fecundity were rescued in eca and loj mutants when the respective gene 

products were expressed using Cy2-Gal4 (Figure 10 and Boltz et al., 2007). Interestingly, 

egg-laying rescue in eca mutants was not followed by a fertility rescue. Eggs laid by the 

rescued females were not viable and did not result in adult progeny. Even 

though eca expression in Cy2-expressing cells was sufficient to rescue the egg-laying defect, 

it was insufficient for rescuing developmental lethality. eca transcripts are maternally 

provided to the developing embryo before embryonic transcription begins, so it is possible 

that the inability of Cy2-driven expression of eca to restore fertility is due to a lack of 

maternally provided eca transcripts to embryos. 

 

2.4.3 Expansion of p24 subfamilies allows specialization 

Although most p24s are required for development and reproduction (Table 3, Table 5 

and Figure 7), we also identified subfamily-specific effects. For example, our results do not 

indicate a role for either β member in regulating male fertility. CG9308 does not appear to 

function in reproduction in either sex, although the other p24β, CHOp24, is needed for 

female egg laying. One member from each from the α, β and γ subfamilies (p24-

2, CG9308 and CG31787, respectively) does not function in female fecundity (Table 6), 

suggesting that as each subfamily underwent expansion these three p24s acquired novel 

roles. 

We also observed specialization within the α and γ subfamilies. The Drosophila γ 

family, comprised of four genes, contains more members than other subfamilies (Carney and 

Bowen, 2004). Expansion within this group has allowed p24s to acquire sex-specific 

functions such as for CG31787, which is exclusively expressed in males (Boltz et al., 2007) 

http://www.sciencedirect.com/science/article/pii/S0925477312000275#t0010


54 
 

and is needed for male fertility (data not shown). Similarly, within a 

subfamily, Xenopus p24s function non-redundantly and have different roles in peptide 

maturation and processing (Strating et al., 2011; Strating et al., 2009). 

ECA and p24-2 are α subfamily members, but reducing expression of each gene has 

different phenotypic consequences. eca mutants are poorly viable, females are unable to 

oviposit, and males have reduced fertility (Table 2 and Table 4 and Figure 7). In contrast, 

reducing levels of p24-2 affects male fertility but not female fecundity (Table 3 and Figure 

7). The phenotypic discrepancy may be explained by variation in protein structure. The two 

proteins differ in their predicted cytoplasmic domains (Boltz et al., 2007). The predicted p24-

2 protein lacks the conserved di-hydrophobic motif (typically FF) found in ECA and other 

p24 proteins (Carney and Bowen, 2004). The paired phenylalanine residues located near the 

p24 carboxyl termini are ER export signals and also aid in the formation of the COPII coat 

complex (Fiedler et al., 1996; Kuehn et al., 1998). ECA and p24-2 also have different sub-

cellular localization patterns, possibly as a consequence of the differences in their carboxyl 

termini. Similarly to LOJ and other p24s, ECA is present in small vesicles dispersed 

throughout the cytoplasm whereas p24-2 does not have a similar punctate vesicle staining 

pattern. Since p24-2 lacks the conserved phenylalanine residues and has a different sub-

cellular localization, there may be an alternate export mechanism and function for this 

particular p24. 

 

2.4.4 Mechanisms for p24 function in fecundity 

Different subfamily members are often co-expressed, suggesting that these proteins may 

form heteromeric complexes comprised of one member from each subfamily (Fullekrug et 

http://www.sciencedirect.com/science/article/pii/S0925477312000275#t0010
http://www.sciencedirect.com/science/article/pii/S0925477312000275#t0015
http://www.sciencedirect.com/science/article/pii/S0925477312000275#t0015
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al., 1999; Marzioch et al., 1999). Alternatively, p24s could function as monomers, or p24s 

that are co-expressed may function as homo- or heterodimers (Jenne et al., 2002). Thus, 

monomers or dimers expressed in the same cell type could contribute differentially to the 

same process, possibly in a subcompartment-specific fashion. However, co-expression is not 

necessary for different p24s to regulate the same process. If p24s are not co-expressed, they 

may act in different cells, either through separate signaling pathways or in the same pathway, 

to regulate a particular process. 

Since our work indicates that at least six of the Drosophila p24s impact egg laying, 

we used this behavior to examine potential mechanisms of p24 function. Should the p24 

functional unit for Drosophila egg laying be a heterotetramer consisting of one member from 

each subfamily, then ECA, LOJ, BAI and CHOp24 are the most likely candidates to exist in 

a functional complex. Expression of eca, loj, or CHOp24 in Cy2 cells is important for 

oviposition (Figure 10). CHOp24 reduction in Cy2-expressing cells caused an egg deposition 

defect, and eca or loj expression in Cy2 cells in their respective mutant backgrounds restored 

egg laying. In contrast, neither CG9308 nor p24-1 was required in Cy2 cells for fecundity. 

Although a requirement for BAI could not be confirmed in these same cells, it is the 

only Drosophila protein in the p24δ subfamily. 

Together these results link expression of a subset of p24s (loj, eca, and CHOp24) 

from three subfamilies to female fecundity. In each case, the reduced egg laying could be due 

to the reduction of a single p24 protein or the collapse of p24 complexes due to the absence 

of one its members. Immunostaining experiments showed that loj mutants do not have 

detectable LOJ expression (Boltz et al., 2007) but retain high ECA, BAI and p24-1 

expression, and LOJ, BAI and p24-1 were present in eca mutants with no detectable ECA 
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( Figure 8 and data not shown). Therefore, loss of LOJ or ECA does not eliminate these other 

p24 proteins. ECA either does not interact directly with LOJ, or loss of LOJ protein from 

ECA/LOJ complexes has little effect on ECA stability. Western blot analyses indicate that 

our p24 antisera detect proteins of the expected molecular weight range (∼23–28 kD; Fig. 4), 

and ideally we would use this technique to assess protein levels in p24 mutants. However, the 

antisera work poorly on blots, making it difficult to quantify the amount of various p24 

proteins to determine how loss of particular p24s affects steady-state levels of other family 

members. 

Expression of eca, loj, or CHOp24 in Cy2 cells is important for oviposition, but our 

current antibody reagents were all produced in rabbits and do not allow us to determine if the 

proteins are co-expressed in particular cells or within subcellular compartments (Table 

1). loj expression in a subset of Cy2 octopaminergic neurons rescues the loj oviposition 

defect (Figure 10), while similar expression of eca in an eca mutant background does not. 

This result indicates that the two molecules are more likely to function in different cells 

within the Cy2-expressing neural circuit than within the same cells. However, it is it 

interesting to note that there is some degree of functional redundancy among loj, 

eca and bai. Some loj and eca mutants survive to adulthood, but lethality occurs if another 

p24 (eca, loj or bai) is present in a single copy. Overexpression of LOJ rescues the egg 

deposition defect in eca mutants (data not shown), suggesting that LOJ is able to functionally 

compensate for ECA to some extent. This observation is interesting since we found that a γ 

p24 (LOJ) compensates for an α member (ECA), contrary to previous findings which showed 

that only members within a subfamily were able to substitute for each other (Marzioch et al., 

1999). This functional substitution is not an attribute of all p24 proteins. Neither LOJ nor 

http://www.sciencedirect.com/science/article/pii/S0925477312000275#t0005
http://www.sciencedirect.com/science/article/pii/S0925477312000275#t0005
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BAI compensated for each other when we overexpressed them ubiquitously 

in bai or loj mutants, respectively. Our results show that a functional compensatory 

mechanism exists and is specific to certain members of the p24 family or to particular 

molecular functions of family members. 

 

2.4.5 A p24-expressing neuronal network regulated fecundity 

One of the most striking observations from our work is that we have linked the function of 

specific p24 proteins to neural signaling, specifically in cells that are known to regulate 

female oviposition. The monoamine octopamine, which is considered the invertebrate 

equivalent of epinephrine/norepinephrine, regulates egg laying in flies and other 

invertebrates (Chase and Koelle, 2007; Lange, 2009; Roeder, 1999; Roeder et al., 2003). 

Mutants that do not make octopamine or the octopamine OAMB receptor do not ovulate eggs 

(Kutsukake et al., 2000; Lee et al., 2003; Monastirioti, 2003; Monastirioti et al., 1996), while 

mutants that do not synthesize the octopamine precursor tyramine are able to ovulate, but few 

eggs reach the uterus (Cole et al., 2005). Octopaminergic neurons in the abdominal ganglion 

of the VNC are needed for egg laying and regulate contraction of muscles surrounding the 

oviducts and uterus (Cole et al., 2005; Lee et al., 2003; Middleton et al., 2006; Monastirioti, 

2003; Monastirioti et al., 1996; Rodriguez-Valentin et al., 2006). Recent data support a 

model in which octopamine release induces ovarian contractions to release mature eggs from 

the ovaries and also relaxes oviduct muscles so the eggs can traverse the oviduct to the uterus 

(Middleton et al., 2006). Other molecules regulating oviposition include the neurotransmitter 

glutamate and the neuropeptide proctolin which are involved in egg movement through the 

oviduct, acting antagonistically to octopamine (Rodriguez-Valentin et al., 2006). Also, a 
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group of insulin-like peptide 7 (ILP7)-expressing neurons in the abdominal ganglion is 

involved in choosing egg deposition sites (Yang et al., 2008). 

Since reduced neural p24 expression decreased fecundity, we proposed that some p24 

proteins may function in the octopamine circuit. LOJ- and ECA-expressing cells are present 

in the thoracic and abdominal ganglia of the VNC, an interesting observation since 

abdominal ganglion neurons regulate oviposition. Indeed, our rescue experiments 

link loj expression in octopaminergic VNC neurons to egg laying (Figure 12). 

Because of this link and the proposed role of p24s in the secretory pathway, we predict that 

LOJ, ECA and CHOp24 function in trafficking a molecule in some or all of these cells that is 

required for transmitting or responding to an egg-laying signal. There are several candidate 

molecules, including octopamine and proctolin and the proteins that regulate their 

production, modification, neural release, re-uptake or degradation. Reduced trafficking of 

any of these molecules could negatively impact egg laying. Another possibility is that p24s 

traffic the octopamine or proctolin receptors, including the OAMB receptor. 

Interestingly, oamb transcripts are decreased in loj mutants (Boltz and Carney, 2008), 

possibly due to negative feedback from trafficking defects. Although it is not known where 

OAMB is expressed in the VNC or if it is expressed in the uterus, a failure in 

octopamine/OAMB signaling may underlie the p24-related egg-laying defect. Given 

that loj mutant females fed octopamine or glutamate did not lay eggs, we favor one of two 

modes of function for loj and other p24s in oviposition. One possibility is that 

neurotransmitter re-uptake is affected in mutants so that the reproductive tissues become 

desensitized to signal. Another possibility is that p24 mutations affect the postsynaptic cells, 

rendering them incapable of reacting to the oviposition signal. Since we have not tested the 
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ability of proctolin feeding to rescue egg-laying, it is still an open possibility that one or more 

p24s function in maturation and/or trafficking this neuropeptide. 

LOJ expression in c929-expressing neurons also rescued the loj mutant egg-laying 

defect (Figure 14).The c929-Gal4 P-element disrupts the gene cryptocephal and lies ∼13 kb 

upstream of dim (Hewes et al., 2006). c929-Gal4 drives expression in peptidergic cells, 

which are neurosecretory cells involved in production and secretion of neuropeptides. LOJ 

and ECA expression overlaps with numerous peptidergic neurons specifically the large OL1 

and OL2 neurons (O'Brien et al., 1991) (Figure 13). Since p24 proteins are postulated to 

work as cargo receptors, an intriguing possibility is that proper functioning of loj might be 

required for vesicular transport of neuropeptides in these peptidergic neurons. However, the 

neuropeptides secreted by the c929 cells in adults are not known, making the link between 

these cells and their function in oviposition an open question. 
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3 MALE-MALE INTERACTIONS AFFECT  REPRODUCTIVE BEHAVIORS IN 

D. melanogaster 

3.1 Introduction 

It is well documented that social context can affect behavioral phenotypes in many animals. 

Such phenotypic plasticity is vital for maximizing fitness in the face of rapidly changing 

environments. There are numerous examples where behavior is largely influenced by 

environment and previous social experience. For example, mangrove killifish (Kryptolebias 

marmoratu) males modify their behavior differentially based on if they previously won or 

lost in an aggressive encounter with another male (Lan and Hsu, 2011). Similarly, shoaling 

behavior in Trinidadian guppies is affected by previous exposure to high or low predatory 

environments (Huizinga et al., 2009). Mating behaviors and success are also influenced by 

environmental factors (Dick et al., 2013).  

 Like other organisms, Drosophila can modify their behavior based on social and 

environmental cues (Griffith and Ejima, 2009; Keleman et al., 2012). D. melanogaster use a 

combination of sensory modalities to evaluate their surroundings. These include a tightly 

orchestrated response to olfactory, gustatory, tactile and visual cues. Pheromonal profiles 

carried in the hydrocarbons of different Drosophila species allow for sex as well as species 

differentiation (Dahanukar and Ray, 2011).  Males have the ability to determine the sexual 

status of a female based on her pheromonal bouquet (Ferveur, 2005). During the early days 

of sexual maturation, the pheromonal profiles of males and females are not fully developed. 

This results in vigorous courtship of immature females and  males by older, more mature 

males (Gailey et al., 1982). Visual information also plays a strong role in shaping 

reproductive behaviors in D. melanogaster. Females are more attracted to males that they 
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previously saw mating with other females (Mery et al., 2009). Modification of reproductive 

behavior in Drosophila due to environmental influence, and the ability to genetically 

manipulate such behaviors, makes it a very attractive model to study behavioral plasticity and 

its underlying genetic components. Understanding the basic interaction between genotype 

and environment and their impact on phenotype is fundamental to understanding how 

evolutionary pressures work to shape various phenotypes.  

 In promiscuous species like D. melanogaster, a male’s fitness (number of offspring 

sired during lifetime) increases if he inseminates many females. Evolutionary theory 

forecasts increased sperm production by males as a response to high sperm competition. 

Males can expend more energy in pre-copulatory behaviors, i.e. modify their courtship 

behavior and outcompete other males for matings (Saleem et al., 2014), or increase their 

investment post-copulation (Fedorka et al., 2011). D. melanogaster females mate with 

multiple males, and a single female can produce progeny fathered by several males 

(Marianne Imhof, 1998). The presence of sperms from multiple males presents the 

opportunity for sperm competition. For example, in the female reproductive tract, sperms 

from one male can displace or incapacitate rival sperms (Manier et al., 2010), a process 

which can also be female-mediated (Lupold et al., 2013).  

 Males also can respond to high sperm competition by varying their ejaculate 

composition to potentially affect female behavior and physiology (Fedorka et al., 2011; Sirot 

et al., 2011a). It is also beneficial for the male to prevent the female from remating 

immediately with another male to secure his ejaculatory investment. The male ejaculate is a 

cocktail of many seminal fluid proteins, some are bound to the sperm; some are free floating. 

A majority of the ejaculate proteins also play a part in increasing the male’s fitness by 
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ensuring a longer female remating latency, as well as by influencing her egg-laying 

frequency and fertility rate (Sirot et al., 2011a; Wolfner., 1998). For example, sex peptide is a 

protein made in the male accessory glands and released with the ejaculate. For sex peptide to 

affect the female behavior and physiology, it must be bound to the sperm, and its gradual 

release in the female’s reproductive tract ensures prolonged effects (Avila et al., 2010). Post 

copulation, sex peptide in the female results in multiple physiological and behavioral 

changes. Females are less receptive to mating advances from other males, and their egg 

laying rate also increases (Chapman et al., 2003; Peng et al., 2005).  

 Males that have perceived higher sperm competition levels copulate for a longer 

duration in many species (Baker and Bellis, 1993; Barbosa. 2012;  Bretman et al., 2009; 

Garcia-Gonzalez and Gomendio. 2003;  Lize et al., 2012; Mazzi et al., 2009) and transfer 

more sperms to the females (Mazzi et al., 2009; Garcia-Gonzalez and Gomendio. 2003). 

Therefore, we wondered if Drosophila males would modify their mating behaviors when 

reared in a high sperm competition environment. We investigated several aspects of mating 

behavior, including time to initiation of mating and the duration of copulation, which might 

be affected when males are reared with other conspecific males. The females mated to males 

of different social experiences were also tested for postmating behavioral changes by 

measuring their egg-laying rate, fertility (ratio of adults to laid eggs) and remating latency.   

 

3.2 Methods 

3.2.1 Fly husbandry 

All flies were maintained on standard cornmeal and sugar media in a 25°C incubator with 12 

hr light/dark cycles. Isogenized Canton-S wild-type flies were used in all assays. Males and 
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females were sexed within 3-4 hrs of eclosion. Females were aged in groups of 10-15, and 

males were either aged singly or in groups of 5-10 in food vials. All assays were carried out 

on 5 day old sexually mature flies and were recorded using JVC-HDD Everio cameras. 

Recordings were evaluated by at least two researchers blind to the treatments to avoid bias. 

Flies were aspirated from vials to chambers and not anesthetized on the day of assays. All 

mating assays were carried out in 0.785 cm3 chambers with wetted filter papers. 

 

3.2.2 Isolated, single or grouped males 

Males were aged in one of three environmental conditions. Isolated males were kept 

individually in food vials wrapped in kimwipes, preventing the animals from seeing other 

males kept in neighboring vials. Therefore, isolated males experienced complete sensory 

isolation during their early adult life. Single males are those that were placed individually in 

food vials for aging. Grouped males were aged in sets of 5 males. 

 

3.2.3 Mating latency and copulation duration  

Mating latencies and copulation durations of isolated, single and grouped males were 

evaluated. On test day, one isolated, single or grouped male was allowed to mate with a 

sexually mature virgin female in a mating chamber. Mating latency is the time from 

placement of the male and female together in the chamber to initiation of copulation. 

Copulation duration is defined as the time from the onset of copulation until completion.  
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             3.2.4 Fecundity and Fertility of mated females 

After the female mated with either an isolated, single or grouped male, she was transferred to 

a food vial and allowed to lay eggs. The female was transferred daily to a fresh vial, and the 

numbers of eggs laid were counted for three consecutive days. The number of adults that 

eclosed from the eggs in each vial were also counted. Using this data, the female’s fecundity 

was calculated as the average number of egg laid per day by each female. Fertility is the 

proportion of eclosed adults relative to the number of eggs laid.  

 

3.2.5 Competitive mating assays 

One single and one grouped male were introduced into a courtship chamber followed by a 

virgin female. Males were distinguished by wing markings randomized between the two 

different types of males throughout the assays. The interaction was recorded and the male 

who mated with the female was noted at the end of each competitive mating.  

 

3.2.6    Female remating latency 

After the 5-day aging period, individual virgin females were allowed to mate with a single or 

grouped male. Once mated, each female was transferred into an assay chamber with food and 

a virgin, single male was introduced in a continuously confined environment for 100 hrs. The 

time from exposure to a new male to remating was measured as the female’s remating 

latency. Females that did not remate within the timeframe were removed from the dataset and 

not included in further statistical analysis. 
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3.2.7 Statistical analysis 

Mating latencies, copulation durations, and fecundity were compared using a one-factor 

ANOVA. Post hoc comparisons were carried out using Tukey HSD. The fertility of females 

mated to single or grouped males was compared by means of a Student’s t-test. Remating 

latencies for females mated to single or grouped males were tested using the Kaplan-Meier 

test. A Chi-square test was used to determine significant differences in the proportion of 

matings achieved by single or grouped males in the competitive mating paradigm. In places 

where data was not normal, Wilcoxon sign rank test was used to test for significant 

differences. 

 

3.3 Results 

3.3.1 Previous social experience affects copulation duration 

Work from our lab established that males modify their transcriptomes differently when 

interacting with other males compared to females (Ellis and Carney 2008), and suggested to 

us that the presence of rivals might elicit a specific behavioral or physiological response in 

males. Other groups demonstrated that Drosophila males raised in groups copulate for a 

longer period of time than males that are raised in isolation (Bretman et al., 2009; Lize et al., 

2012; Mazzi et al., 2009; Nandy and Prasad, 2011; Price et al., 2012), and males that 

copulate longer transfer more sperm (Garbaczewska et al., 2013). Together these studies 

suggested to us that exposing males to rivals during early adulthood can result in the 

perception of high sperm competition, which the males can respond to by modifying their 

mating behaviors. We first evaluated our D. melanogaster laboratory strain, Canton-S (CS), 

to determine if males of this strain, similar to those of other Drosophila species and strains 
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(Lize et al., 2012; Price et al., 2012), copulate for longer periods of time if they are raised in 

male-dense environments. Since males detect competition and mating rivals through various 

sensory modalities (Bretman et al., 2011b; Garbaczewska et al., 2013; Kim et al., 2012), we 

also wanted to test the effect of complete sensory deprivation (isolated), partial sensory 

deprivation (single) and grouped (grouped) settings on male mating behaviors. Female  
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Figure 15.  D. melanogaster CS male-male social interactions affect copulation duration.  

Males reared in groups had significantly longer copulation durations compared to isolated or 

single males. The numbers of animals tested for each treatment are displayed in brackets. p < 

0.0001. 
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behavior might also change due to the previous social interactions of her mating partners 

(Billeter et al., 2012), so we quantified the mating latencies as a measure of female 

preference for isolated, single or grouped males.   

There was no significant difference in the mating latencies of isolated, single or 

grouped males (F2, 140 = 0.0954 P = 0.9090). However, copulation duration was significantly 

affected by the prior social experience of males (F2, 136 = 13.212  P < 0.0001) (Figure 15). 

Post hoc comparisons using the Tukey HSD test indicated that grouped males (1515.91 ± 

49.43 s, N = 69) mated for a longer period of time than isolated (1255.38 ± 49.435 s, N = 24) 

or single males (1341.59 ± 35.71 s, N = 46), but isolated and single males did not differ in 

their copulation durations.  

Presence of rival males at the time of mating also influences the length of copulation 

and the number of sperms transferred (Bretman et al., 2009; Garbaczewska et al., 2013). 

Moreover, previous sexual experience can increase the chances of gaining more matings in a 

competitive setting (Saleem et al., 2014). Therefore, we tested the competitive mating ability 

of grouped males against single males in the same mating chamber. Since mating durations 

of isolated males were not different than single males, we only compared single males 

against grouped males in the competitive mating assays. Surprisingly, grouped males did not 

have a competitive advantage over single males (single = 46.2%, grouped = 53.8%, Chi-

square (1, N= 78) = 0.462, P= 0.496), and the rearing environment of the male did not 

significantly affect the mating latency (Mating latency: single= 527±81.262 sec, N = 34; 

grouped = 389 ± 41.052 sec, N = 40, Wilcoxon signed-rank test, Z = 1.448, P=0.1461). 

However, the copulation duration was similarly affected as before; grouped males copulated 

for a longer duration than single males, even in the presence of a rival male (Copulation 
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Duration: single= 1277.324 ± 56.058 sec, N = 34;  grouped = 1416.1 ± 46.246 sec, N = 40, 

Wilcoxon signed-rank test, Z = -2.277, P=0.0227). 

 

3.3.2     Longer copulations do not affect fecundity or fertility of females 

As expected from sperm competition theory (Parker, 1993; Parker et al., 2013), males can 

modify the composition of their ejaculate to influence postmating behaviors in females 

(Fedorka et al., 2011) including the female’s egg laying (fecundity) rate and female fertility. 

D. melanogaster Dahomey females show an increase in fecundity and fertility after mating 

with males raised in a high sperm competition environment (Bretman et al., 2009; Friberg, 

2006), and a similar trend was shown in D. montana (Mazzi et al., 2009). To determine if 

similar changes occur in females of other strains of D. melanogaster, we investigated if CS 

females showed changes in fecundity and fertility depending on the prior social experience of 

the male. Females mated to isolated, single or grouped males did not have any statistically 

significant differences in their fecundity. Over a period of three days, females mated to 

isolated males laid an average of 21.04  ±1.59  (N=9) eggs per day, compared to 22.83 ± 1.7  

(N=19) eggs laid by females mated to single males, while females mated to grouped males 

laid 23.56 ± 1.25 (N=12). On average, single males sired 0.79 ± 0.34 (N=18) adults per day 

and grouped males sired 0.77 ±0.044 (N=12) adults per day (Student’s t-test. P=0.63). 

 

3.3.3   The female’s refractory period is independent of the male’s social     

           experience  

Female remating latency is another behavior which can be affected as a result of the male’s 

previous social environment. Increasing the time taken by the female to remate can increase 
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the male’s fitness (Alonzo and Pizzari, 2013).  Bretman and colleagues (2009) showed that 

D. melanogaster Dahomey females previously mated to grouped males took longer to remate 

compared to females previously mated to single males. Similarly, there is a correlation 

between increased mating duration and increased remating latency in D. montana (Mazzi et 

al., 2009). However, we did not find a significant difference between the remating latencies  

 

 

                         

Figure 16. Females remate at a similar rate after mating with  grouped or single males. 

Female remating latency was observed when once mated females were continuously 

confined with males for 100 hrs.  The remating rate did not differ based on the social 

interaction of the females’ first mating partners. 

 

 

of D. melanoasgter CS females first mated to grouped or single males (Figure 16). On 

average females remated 24 hrs after mating with either grouped or single males (Figure 17). 
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The frequency of remating distributed over 100 hrs shows that nearly 50% of remating took 

place within 24 hrs.  

 

3.4 Discussion 

Mating incurs costs and benefits to both males and females. The extent of the cost is 

dependent on the amount of investment made during mating, which is largely determined by 

environmental and ecological factors. For males, higher numbers of mating partners 

translates into higher fitness (Leman et al., 2009). Based on sperm competition theory, males 

increase investment in sperm allocation when high levels of risk are detected (Engqvist and 

Reinhold, 2005; Parker and Pizzari, 2010). In Drosophila, males react by changing mating 

durations when they perceive an increased number of males in close vicinity (Bretman et al., 

2010; Garbaczewska et al., 2013; Wigby et al., 2009), transfer more sperm into the female 

(Garbaczewska et al., 2013)  and also boost investment in other ejaculatory components 

(Fedorka et al., 2011; Sirot et al., 2011a) which may increase the potency of their  ejaculate. 

Our results confirm that males copulate for longer durations after perceiving high 

sperm competition (Figure 15), but this increase in the length of mating does not affect the 

male’s ability to outcompete other males or sire more offspring  (see section 3.3.1). Time to 

initiate mating was also comparable among isolated, single and grouped males (see section 

3.3.1). This result is in line with work done with D. melanogaster CS (Nandy and Prasad, 

2011). Similar results were shown with another lab strain called LH, where the time taken to 

initiate mating was not affected by male’s prior social experience (Kim et al., 2012; Nandy 

and Prasad, 2011). In contrast  Dahomey males raised in groups initiate mating more rapidly 

(Bretman et al., 2009).  
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Surprisingly, grouped males did not win significantly more matings in the 

competitive mating assays against single males. Previous work in our lab highlighted the 

importance of prior sexual experience in providing a competitive mating advantage (Saleem 

et al., 2014). The competitive advantage of sexually experienced males was attributed to 

changes in the courtship song and increased mating attempts. Modification of copulation 

duration is a postmating behavioral change compared to the outcompeting of a rival male, 

which is a pre-mating behavioral change.  Since the rearing environment does not affect 

mating propensity, our data suggests that males reared in environments where sperm 

competition is high focus more on post-copulatory processes to increase fitness. Therefore, 

longer copulation durations could be an act of male guarding (Neff and Svensson, 2013), 

where the male spends more time around the female he recently mated with or increases the 

time engaged in mating to deter other males and prevent the female from mating with them. 

In support of this hypothesis, when males were previously exposed to rivals, they responded 

by copulated for a longer duration in the presence or absence of another male.  

Surprisingly, there was no evidence that complete sensory deprivation (isolated male 

treatment) decreased copulation duration compared to males that experienced partial sensory 

deprivation (single male treatment).  Isolated males were deprived of all sensory input from 

neighboring males, compared to isolated males who could see neighboring males in other 

vials, or grouped males who could touch, feel, see, smell and taste their neighbors. Similarly 

to single males, we expected isolated males to copulate for a shorter period than grouped 

males but expected a further decrease in copulation durations relative to single males. Since 

there was no evidence for shorter copulation duration in isolated males, it suggested to us that 

merely seeing other males in the vicinity was not sufficient to elicit a behavioral response 



72 
 

(longer mating duration). It is also possible that many sensory modalities are required in 

tandem to produce a behavioral  change in mating duration or entirely other sensory 

modalities might be involved, which were not tested here (Garbaczewska et al., 2013). Our 

results contradict another study, which showed that longer mating durations are dependent on 

visual cues perceived by the focal male (Kim et al., 2012). This difference could be due to 

the physical distance of separation among the single males in our experimental paradigm, as 

the males were kept in neighboring vials, compared to blinded males being kept in the same 

vials in the other study. So, even though males could see each other through the glass vials,     

 

       

 

 

 

 

0 

5 

10 

15 

20 

25 

30 

Single [30] Grouped [32] 

Av
er

ag
e 

fe
m

al
e 

re
m

at
in

g 
la

te
nc

y 
(h

rs
) 

Figure 17. Average number of hrs taken for the female to remate. After an initial 

mating with a grouped or a single male, females remated with males in a similar 

timeframe. The numbers of animals tested for each treatment are displayed in brackets. P = 

0.836 
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there exists a possibility of them not being close enough to elicit a behavioral change. 

 

3.4.1 Female fecundity, fertility and  remating latency 

Since grouped males did not have a competitive advantage against naïve males in a 

competitive mating assay, we investigated mating behaviors that are likely to be affected 

when males perceive high sperm competition. We wondered if CS grouped males, which 

have longer mating durations, would increase the fecundity of their mating partners and also 

sire more offspring, as seen in the Dahomey strain (Bretman et al., 2009) and with two other 

species, D. pseudoobscura (Price et al., 2012) and D. Montana (Mazzi et al., 2009). Here, we 

showed that although grouped males spent more time copulating (Figure 15) with the 

females, the increase in copulation duration did not influence female fecundity or fertility 

(section 3.3.2). We measured the female fecundity and fertility for the first 3 days after initial 

mating,  compared to egg laying measured over 24 hrs by other groups (Bretman et al., 2009; 

Price et al., 2012).  

The rate of female remating can be affected by copulation duration, sperm number or 

ejaculate size (Fox, 1995; Garbaczewska et al., 2013). We also measured female remating 

latency after mating with a single or grouped male. Our results provided no evidence of 

increased female remating latency due to longer copulation durations by grouped males 

(Figure 16).  Bretman and colleagues (2009) showed that males who perceived higher sperm 

competition and copulated for a longer duration, in turn, increased the female’s reluctance to 

remate when the female was exposed to males for a short period of 2 hrs. In these 

experiments females that first mated with grouped males took an average of 10 min longer to 

remate than females mated to single males. Apart from using the Dahomey strain, the 
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researchers also followed a method of periodic exposure, where the female was exposed to a 

male for only 2 hrs, 24 hrs after the initial mating. This method of periodic exposure has also 

been used by other groups (Aluja et al., 2009; Singh, 2004; Solana Abraham, 2011). Based 

on the method of periodic confinement, remating latency for D. melanogaster females is 5 

days, but this timing is dependent on the experimental paradigm being used. In the periodic 

confinement method, after the initial mating, the female is allowed to interact daily with a 

fresh male for a limited period of time, usually for 2 hrs, until the female remates. In 

comparison, another method which can be used to investigate female remating behavior is 

based on continuous confinement, where the females are continuously exposed to potential 

mates until remating. In this paradigm the female is kept in the same chamber with the male. 

Therefore, both sexes are constantly in close proximity to each other. Using this method we 

did not observe any statistical difference in the remating behavior of females mated to 

grouped or single males (Figure 16 and Figure 17). Strikingly, nearly 50% of females 

remated within the first 24 hrs and about 80% had remated within the first 60 hrs. 

The use of two different experimental paradigms to determine female remating 

latency has been controversial. Some groups have advocated the use of periodic confinement 

as more representative of D. melanogaster mating behavior in the field (Gromko et al., 

1984a; Gromko et al., 1984b; Letsinger, 1985; Pyle and Pyle, 1981), but remating 

frequencies are much higher when females are in continuous confinement with males 

(Gromko et al., 1984a; Prout, 1977). Frequent remating by females would suggest that 

females prefer mating with multiple males in a short amount of time, which will increase the 

genetic diversity of her off spring. Therefore  females can take advantage of multiple matings 

by assembling ‘good quality genes’ (Firman, 2011) and increasing their generational fitness 
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(Priest et al., 2008). Indeed, this has been shown for a wild-caught D. melanogaster 

population, where females were inseminated by two or more males (Imhof et al., 1998; 

Kuijper and Morrow, 2009; Ochando et al., 1996). Other groups have also shown high 

remating frequencies of D.melanogaster females under slightly different experimental 

conditions (Kuijper and Morrow, 2009; Scott, 1987). 

Males copulating with non-virgin females produce a cost to the females’ previous 

partners, since their sperms are displaced by the more recent males’ sperms. Indirectly, this is 

beneficial for the later male since he is displacing another male’s sperms, thereby increasing 

his chances of gaining a higher fitness. This possibility is also supported by our results where 

females do not respond to increased sperm investment or ejaculate components by increasing 

their copula duration. There is evidence showing increased sperm defense ability of grouped 

males (Bretman et al., 2009; Mazzi et al., 2009; Nandy and Prasad, 2011). We did not test the 

sperm displacement or defense ability in this work, but it is possible that grouped males that 

copulate for a longer duration also show increased sperm defense ability (Manier et al., 

2010), and sire a higher proportion of progeny when the female has been inseminated by 

multiple males. For future experiments, the sperm defense ability of grouped and single 

males should be examined in D. melanogaster CS animals.  
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4 MALE-FEMALE INTERACTIONS AND SUBSEQUENT BEHAVIORAL 

CHANGES IN D. melanogaster* 

4.1 Introduction 

Animals use contextual information to determine how to behave in a particular situation, and 

behavioral adaptability is key in facing rapidly changing environments. Innate behaviors in 

animals are continuously affected by varying factors including, but not limited to, 

environment, physiological state, or experience (Dussaubat et al., 2013; Giurfa, 2003; Groh 

and Meinertzhagen, 2010; Kikuchi et al., 2012; Tsuji et al., 2013; Wong and Candolin, 

2005). Within a population animals vary in their social experiences, including the number of 

times they have mated, and behavioral adaptations based upon sexual experience carry the 

potential to increase mating opportunities for more experienced animals. Optimizing 

strategies that increase mating success is particularly important, and prior sexual experiences 

as well as the current social environment potentially affect an animal’s strategy for obtaining 

mates. In mammals oxytocin promotes a variety of social behaviors, including sexual 

behavior, and sexually experienced male rats have higher levels of brain oxytocin receptors 

as well as shorter copulation latencies compared to naïve males (Gil et al., 2013).  Prior 

exposure to opposite sex pheromones also can change an animal’s olfactory sensory 

threshold (Anderson et al., 2007; Guerrieri et al., 2012), which may allow more rapid mate 

detection and increase the probability of mating success.  

 

 

*Reprinted with permission from PLoS One.  Saleem S, Ruggles PH, Abbott WK, Carney GE (2014) . Sexual 
Experience Enhances Drosophila melanogaster Male Mating Behavior and Success. 9(5): e96639. 
doi:10.1371/journal.pone.0096639. Copyright 2014 Sehresh Saleem.
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A social environment in which there is competition for mates can have different effects on 

mate choice depending upon the circumstances (Wong and Candolin, 2005), and learning via 

social interactions has the potential to affect sexual selection and speciation (Verzijden et al., 

2012). Understanding the fundamental interactions between genotype and environment and 

their combined effect on phenotype is essential to understanding how evolutionary pressures 

shape various phenotypes, including behaviors. 

 

4.1.1 Experience-dependent behavior in D. melanogaster 

Although reproductive behaviors are genetically programmed and are performed by socially 

naïve individuals, particular aspects of these behaviors are plastic and modified by 

experience.  Male flies inherently perform courtship towards a variety of potential mates, but 

social experience with same-sex or opposite-sex individuals changes subsequent male 

reproductive behaviors (Bretman et al., 2009; Dukas, 2005a; Villella and Hall, 2008). Males 

reared in male-dense environments during early adulthood copulate longer with females and 

have enhanced fecundity and fertility (Bretman et al., 2009), and sexually immature males 

that have been courted by mature males are more sexually aggressive during courtship. Males 

also learn short-term avoidance of non-receptive individuals (Dukas, 2010; Gailey et al., 

1985; Gailey et al., 1982). For example, males that unsuccessfully court non-receptive mated 

females decrease later courtship efforts towards receptive females (Siegel and Hall, 1979), a 

learning process known as courtship conditioning. This learned response was recently linked 

to an enhanced sensitivity to the lipid 11-cis-vaccenyl acetate (cVA), a component of the 

male ejaculate that is transferred to mated females, and the response to cVA is modulated by 

dopaminergic neuron signaling (Keleman et al., 2012). Surprisingly, males that have courted 
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non-receptive females begin courting virgin females more rapidly (Dukas, 2005a). 

Drosophila males also selectively change their behavior based on the nature of their prior 

sexual experiences. For instance, D. melanogaster males experienced at courting non-

receptive, heterospecific Drosophila simulans females suppress courtship toward other D. 

simulans females but not toward receptive D. melanogaster females (Dukas, 2004). This 

learned courtship suppression occurs rapidly since male D. melanogaster reduce their 

courtship efforts towards D. simulans within 5 min of female exposure (Ellis and Carney, 

2009). 

4.1.2 Drosophila mating dance  

D. melanogaster exhibit extensive behavioral plasticity, and the ability to genetically 

manipulate the fly makes Drosophila a very attractive model to study behaviors and their 

underlying genetics (Bretman et al., 2011a; Griffith and Ejima, 2009; Hirsch and Tompkins, 

1994). Like other animals, fruit flies have complex behavioral repertoires and sensory 

systems that inform the decision making processes for various behaviors including egg laying 

(Miller et al., 2011; Sarin and Dukas, 2009; Yang et al., 2008) and mate choice (Dickson, 

2008; Greenspan and Ferveur, 2000). To woo a female, a D. melanogaster male performs a 

stereotypical suite of courtship behaviors, including following, orientation towards the 

female, tapping, unilateral wing extension and vibration, and licking, which ultimately 

culminate in mounting for copulation (Fig. 3) (Greenspan and Ferveur, 2000). The potential 

for these elaborate male courtship behaviors is set genetically through the actions of male-

specific protein products of the fruitless (fru) and doublesex (dsx) genes (Dickson, 2008), and 

individual steps in the courting process occur in a precise order. Males use olfactory and 

gustatory information to determine female sexual maturity and species identity (Greenspan 
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and Ferveur, 2000), and males unable to smell during courtship have drastically reduced 

mating success (Trott et al., 2012). During wing vibration, Drosophila males produce an 

acoustic signal (or “love song”) that functions in species recognition (Kyriacou and Hall, 

1982). The song is composed of pulse and sine components, each of which plays a distinct 

role in mate choice (Gleason, 2005; Tauber and Eberl, 2001).  The sine song primes the 

female for copulation, even when simulated songs are played before a courting male is 

present (Schilcher, 1976). Wingless males lacking the ability to emit acoustic signals are less 

likely to mate with females than their winged counterparts, demonstrating the importance of 

wing vibrations to mating success (Rybak et al., 2002). The female’s willingness to mate is 

affected by her perception of male signals and is indicated by her decreased locomotory 

movement to allow the male to gain physical contact for copulation (Ferveur, 2010b; 

Greenspan and Ferveur, 2000). 

Most of the previously described paradigms investigated behavioral effects of social 

experiences that did not culminate in mating, but little attention has been directed to 

understanding how the presumably positive experience of mating affects later courtship 

behaviors and copulation encounters. Previously mated D. mercatorum males have shorter 

courtship latencies, and the amount of time a male spends courting increases between the 

first and second matings (Polejack and Tidon, 2007). In contrast, Kujitan and Dukas (Kujtan 

and Dukas, 2009) demonstrated that D. persimilis males that have mated with a 

heterospecific female do not have greater heterospecific mating success or altered courtship 

compared to naïve males or males that previously mated with conspecifics. A more recent 

study shows males that mate with conspecific females subsequently decrease courtship 

towards heterospecifics (Dukas et al., 2012). However, a detailed analysis of male courtship 
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behavior and mating propensity towards conspecifics after a successful bout of mating is still 

lacking. Since males show behavioral modification based on their current and previous social 

experiences, including changes in courtship effort that may provide a mating advantage 

(Polejack and Tidon, 2007), we hypothesized that D. melanogaster males with prior mating 

experience would modify their courtship behaviors towards receptive females. One 

possibility is that sexually experienced males may have decreased mating latencies. To 

identify potential changes in behavior, we examined overall courtship effort of males and 

then quantified specific parameters of courtship performance. Matings are highly competitive 

in the wild, so we also asked if sexual experience provides males with a competitive 

advantage against males that lack such experience.  

 

4.2   Methods 

4.2.1 Fly husbandry and Drosophila strains 

All strains were maintained on standard cornmeal and sugar media in a 25°C incubator with 

12 hr light/dark cycles. Canton-S wild-type flies that were backcrossed for 10 generations 

were used in all assays. Flies were sexed within 2 hrs of eclosion. Males were aged 

individually in food vials, while females were aged in groups of 10-15. All assays were 

carried out on 5 day old sexually mature flies and were recorded using JVC-HDD Everio 

cameras. Behaviors were analyzed by at least two researchers to avoid bias. All observations 

were conducted by observers blind to the treatment. Anesthesia was avoided on the day of 

the behavioral assays and flies were aspirated from one chamber to another. Courtship assays 

were carried out in 0.785 cm3 chambers with wetted filter papers. For every experiment 
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described below, assays were performed over multiple days, and control and experimental 

animals were tested on the same day. 

 

4.2.2 Single pair mating assays 

One sexually naïve male was placed in a courtship chamber with one virgin receptive female  

 

Figure 18. Experimental paradigm for sexually experienced and naïve males. Naive or 

sexually experienced males (Exp) were mated a) individually to females or b) in a 

competitive assay.  Similarly aged, five day old, sexually mature virgins were used 

throughout these experiments.  
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and the pair was video recorded until the completion of mating so that male behaviors could 

be evaluated. To obtain a sexually experienced male, a 5 day old sexually naïve male was  

mated to a virgin female followed by a 30-45 min recuperation time at 25oC. This 

recuperation time was selected because in other learning paradigms where males 

demonstrated behavioral modifications due to social experiences, changes in behavior were 

quite rapid, beginning as early as 2 min after the training period, and lasting up to 24 hrs 

(Burke et al., 2012; Dukas, 2004; Dukas, 2005a; Liu et al., 2012). The experienced male was 

then transferred to a new mating chamber with a virgin female and the pair was videoed until 

the completion of mating. In tests with sexually naïve or sexually experienced males, flies 

that did not mate within 2 hrs were discarded. Approximately 15% of animals tested (naïve 

as well as experienced) fell into this category, i.e. 85% of experienced or naïve males 

successfully mated and similar rates were detected throughout our experiments, indicating 

there was no significant difference in the mating success of naïve or sexually experienced 

males (Figure 18a).  

Courtship index (CI) is a common measure of a male fly’s sexual enthusiasm towards 

a female. Throughout this study, CI was calculated as the proportion of time a male spent 

courting (orientation, following, wing vibrations and abdomen bends) relative to the mating 

latency. Frequency and percent duration of wing extensions performed towards the female 

were calculated relative to the total male courting time. Abdomen bends included partial to 

full abdomen curvature when the male was oriented behind the female. Frequency of 

abdomen bends was calculated by recording the number of abdomen bends performed by the 

male and standardizing to courting time (N=15-38). 
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4.2.3 Competitive mating assays 

One naïve and one sexually experienced fly were introduced into a courtship chamber 

followed by a virgin female. Males were distinguished by wing markings randomized 

between the two different types of males throughout the assays (Figure 18b). Marking flies 

did not affect males in the competition assay as there was no significant difference in mating 

success between marked and unmarked males (Chi-square (1, N = 49) = 1.00, P = 0.3173). 

Behaviors were recorded for 2 hrs or until completion of a mating by the winning male. A CI 

for each male in the assay was calculated relative to the latency to copulation of the winner. 

Individual courtship behaviors were measured as described above. 

As a measure of male-male aggressive behavior during the competitive mating 

assays, we quantified the number of lunges, instances of males rearing up on their back legs 

followed by attacking an opponent with the forelegs (Certel and Kravitz, 2012; Fernandez et 

al., 2010), performed by each male prior to initiation of copulation by the winning male. 

 

4.2.4 Female preference in competitive mating assays 

The contribution of different sensory systems to female preference in a competitive assay 

was measured by ridding the virgin female of various sensory modalities that are involved in 

mate selection. Females were either blinded by application of black acrylic paint over their 

eyes a day prior to testing, or competitive assays were run in red light. Deaf females were 

obtained by surgically removing aristae (Murthy, 2010). Removing the aristae together with 

the 3rd antennal segment affects both hearing and olfaction (Ebbs and Amrein, 2007). 
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4.2.5 Courtship experienced or incompletely mated rival 

To obtain a courtship experienced male fly, we allowed a naïve male to court a non-mateable 

sexually mature virgin female for 13 min, which was determined to be the average mating 

latency for naïve males (N= 85). Non-mateable females were produced by super gluing their 

genitalia 24 hrs prior to the assay. After training with the female, the courtship experienced 

male was isolated in a food vial and allowed to recuperate for 30-45 min at 25oC. After the 

rest period, a courtship experienced male was competed against a naïve male for a mating 

with a virgin female as described above. The winner of each competition assay was noted. 

Individual courtship behaviors were measured as described above (N= 40-42). 

In a separate assay, males were allowed to complete courtship by mounting the 

female, but the copulation was interrupted within the first 30-45 sec when the pair was 

separated by gently tapping on the courtship chambers. The male then recuperated for 30-45 

min at 25oC. An incompletely mated male was then placed in a competition assay with a 

naïve male and the winner of each competition assay was noted. We examined fertility of 21 

of the mated females and found that only 14% sired any progeny, indicating there was little 

sperm transfer during this period. 

 

4.2.6 Statistical analysis 

Courtship parameter data were arcsine-transformed and significant differences in individual 

courtship parameters between experienced and naïve males in single pair or competitive 

mating assays were tested by means of Student’s t-tests. Paired t-tests were carried out to test 

for differences in courtship behaviors of the same fly before and after gaining sexual 

experience. Figures display mean ± s.e.m. values for CI, wing extension frequency and 
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duration, and abdomen bend frequency. Two-factor ANOVA was used to test for an 

interaction between assay type and sexual experience for each evaluated courtship parameter. 

(Table 7) shows two-factor ANOVA results and indicates any significant effects. There were  

 

 

Figure 19. Sexually experienced males behave differently than naïve males towards 

receptive females. (a) Courtship index, proportion of time the male spends courting the 

female, (b) wing extension frequency, proportion of time male spends extending his wings, 

(c) wing extension duration, percentage of time spent singing to the female, and (d) abdomen 

bending frequency defined as copulation attempts. Significance was determined by Student’s 

t-test. ** p <0.001. Error bars denote mean ± s.e.m. values. 
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no changes in the results after controlling for false discovery rate (α= 0.05) (Benjamini and 

Hochberg, 1995). The Wilcoxon sign rank test was used to determine differences in 

aggression levels between naïve and experienced males in competitive mating assays. 

 

4.3   Results 

4.3.1 Sexual experience and behavior 

We examined the effects of prior mating experience on subsequent male behaviors by asking  

whether D. melanogaster males that had mated once previously (referred to here as sexually 

experienced males) alter their courtship and mating behaviors towards receptive females. We 

determined courtship performance of individual sexually experienced or naïve males that 

were placed with a receptive female (single pair mating assays). First, we calculated a 

composite behavioral index, the courtship index (CI), which reflects a male fly’s overall 

courtship efforts. In single pair assays, naive males spent significantly more time courting 

than sexually experienced males (Figure 19), but there was no effect of sexual experience on 

time to courtship initiation (courtship latency), time to mating (mating latency), or copulation 

duration (values indicate mean ±  s.e.m. Courtship latency: naïve= 122.31± 92.63 sec, N= 36, 

experienced= 145.43± 190.63 sec, N= 28, t-test P=0.737; Mating latency: naïve= 947± 

105.15 sec, N= 36, experienced= 732.54± 95.31 sec, N= 28, t-test P= 0.135; Copulation 

duration: naïve= 1427± 35.31 sec, N= 36, experienced= 1484± 68.68 sec, N= 28, t-test P= 

0.460).  

Since sexually experienced males had lower CIs, we determined if these males 

differed from naïve males in the performance of component courtship behaviors. In single 

pair assays sexually experienced males had higher abdomen bend (mounting attempt) 

frequencies (Figure 19d). We detected a non-significant trend towards increased wing  
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extension frequency by experienced males, but wing extension duration did not differ 

between the two types of males in single pair assays. To confirm that males change their  

behavior as a consequence of sexual experience, we also compared the behaviors of a male 

both before and after he gained sexual experience. Individual males spent less time courting a 

virgin female after gaining sexual experience (CI: naïve= 1.036± 0.030, experienced= 0.632± 

0.093, N= 27, t-test P= 3.21 x 10-8), but they increased their efforts in other courtship 

parameters (Wing extension frequency: naïve= 0.237± 0.005, experienced= 0.308± 0.004 , 

N= 12, t-test P= 0.0001; Wing extension duration: naïve= 100 ± 0.04, experienced= 99.01± 

Figure 20. Sexually experienced males out-perform naive rivals. In competitive assays, 

the behaviors of each male were quantified. Significance was determined by Student’s t-

test. *p<0.01. Error bars denote mean ± s.e.m. values. 
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0.017 %, N= 12, t-test P= 0.794; Abdomen bend frequency: naïve= 0.0861± 0.005, 

experienced= 0.141± 0.003, N= 26, t-test P= 0.0004). 

In the second set of experiments, we assessed behaviors of a sexually experienced 

male and a naïve male that were placed together in a courtship chamber with a receptive 

female (competitive mating assays). In contrast to single pair assays, when males were in 

direct competition for a mating, sexually experienced and naïve males performed similar 

overall levels of courtship (Figure 20a, t-test, P= 0.5614). However, sexually experienced 

males outperformed naïve males in each of the three component behaviors (Figure 20b-d).    

We used two-factor ANOVA to test for an interaction between sexual experience and 

presence of a rival (Table 7). Sexual experience had a significant effect on CI (F1, 142 = 12.93, 

P=0.0004), wing extension frequency (F1, 114 = 6.089, P=0.0151), and frequency of  

abdomen bends performed towards females (F1, 116 = 23.604, P<0.0001). In contrast, wing 

extension duration was not affected by sexual experience. There was a significant effect of 

the assay type on wing extension duration (F1, 108 = 53.12, P<0.0001) and abdomen bend 

frequency (F1, 116 = 16.41, P<0.0001). Amongst the parameters evaluated, CI was the only 

one for which we detected an interaction between presence of a rival and sexual experience 

(F2, 142 = 19.435, P<0.0001). The CIs of naïve males were reduced in the competitive mating 

assays, while sexually experienced male CIs were not affected by the assay type (Figure 19a 

and Table 7) in wing extension and abdomen bending frequency in sexually experienced 

males suggested to us that experienced males were more sexually aggressive. We wondered 

if this aggression was limited to sexual behavior or if experienced males were generally more 

aggressive. As a measure of aggression we quantified the number of lunges performed by 

each male prior to copulation in competitive mating assays. Naive and sexually experienced  
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Parameter Source              LS means ± SE 
D
F 

F 
ratio Sig. 

Courtship Index 
      

 
Type of assay SP=0.81± 0.035, C= 0.734± 0.0307 1 2.591    0.109 

 
Sexual experience N= 0.857±0.032, E= 0.687± 0.034 1 12.93 

 
0.0004* 

 

Type of assay* Sexual 
experience 

SP, N= 0.99± 0.047, SP, E= 
0.621±0.053 1 

19.43
5 

< 
0.0001* 

  

C, N= 0.715± 0.043, C, E= 
0.753±0.043 

   Wing Ext. 
Frequency 

     

 
Type of assay SP=0.226± 0.017, C= 0.231± 0.011 1 

0.041
5 0.8390 

 
Sexual experience 

N= 0.203±0.0146, E= 0.254± 
0.00146 1 6.089 

<0.015
1* 

 

Type of assay* Sexual 
experience 

SP, N= 0.207± 0.024, SP, E= 
0.246±0.024 1 0.325 0.5537 

  

C, N= 0.199± 0.0166, C, E= 
0.262±0.016 

   Wing Ext. 
Duration 

      

 
Type of assay SP=0.772± 0.045, C= 0.368± 0.031 1 53.12 

< 
0.0001* 

 
Sexual experience N= 0.54±0.0391, E= 0.6± 0.039 1 1.105  0.2953 

 

Type of assay* Sexual 
experience 

SP, N= 0.775± 0.064, SP, E= 
0.770±0.064 1 1.32  0.2528 

  

C, N= 0.307± 0.044, C, E= 
0.429±0.044 

   Abdomen bends 
      

 
Type of assay 

SP=0.116± 0.007, C= 0.0751± 
0.0065 1 16.41 

< 
0.0001* 

 
Sexual experience N= 0.071±0.007, E= 0.120± 0.0073 1 

23.60
4 

< 
0.0001* 

 

Type of assay* Sexual 
experience 

SP, N= 0.090± 0.0105, SP, E= 
0.142±0.011 1 

0.061
0  0.8053 

  

C, N= 0.0517± 0.009, C, E= 
0.0986±0.009 

   

Table 7. Results from the two-factor ANOVA are shown, where assay type and sexual 

experience were the two dependent variables.  The measured parameters are bolded. LS mean 

represents the least square mean values ± Standard Error (SE) values. SP= single pair mating; 

C= competitive mating assay; N=naïve; E= sexually experienced. 
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assays. Males with prior mating experience achieved significantly more matings than naïve 

males when competing for females (Chi-square (1, N=49) = 4.592, P=0.032.) (Figure 21a). 

males did not differ in levels of aggressive behavior towards each other (lunges: naïve= 2.07 

± 2.75, experienced= 2.02 ± 2.39, N= 42, Wilcoxon signed-rank test, Z = -0.24239, 

P=0.8085). Mated males are experienced in both courtship and the act of copulation. To 

identify the aspect of sexual experience that is important in providing a competitive mating  

 

 

 

 

 

 

 

 

 

advantage, we asked whether courtship experience alone was sufficient to provide this 

advantage. We restricted experience to only courtship by allowing a naïve male to court a 

Figure 21. Sexually experienced males out-compete naïve rivals for matings. (a) 

Sexually experienced males out-competed naïve rivals for matings with receptive 

females. (b) Courtship experience followed by an incomplete mating did not provide a 

competitive advantage to sexually experienced males. 
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non-mateable virgin female whose genitalia had been glued to prevent intromission. These 

courtship experienced males were then competed against naïve males for mating. Courtship 

experience with glued females was not sufficient in providing a mating advantage since there 

was not a significant effect on the number whose genitalia had been glued to prevent 

intromission. These courtship experienced males were then competed against naïve males for 

mating. Courtship experience with glued females was not sufficient in providing a mating 

advantage since there was not a significant effect on the number of matings (courtship 

experienced = 37%, naïve = 63%, Chi-square (1, N= 30) = 2.133, P= 0.144). In order to 

reduce a possible negative association from courtship experience with glued females due to 

their inability to mate, we allowed males to court and copulate with non-glued receptive 

females but gently interrupted the matings within 30-45 sec to ameliorate effects of mating. 

Neither overall courtship nor any of the individually evaluated behaviors of these courtship 

experienced males were different from those of naïve male competitors (data not shown), and 

males that successfully courted but had their matings disrupted did not have a  

competitive mating advantage against naïve males (Chi-square (1, N= 38) = 0.421, P= 0.516) 

(Figure 21b). 

 

4.3.2 Female choice between competing males 

Since sexually experienced males changed their courting behavior and were more successful 

in competing for mates (Figure 20a and Table 7), we wanted to identify the sensory 

modalities females used to distinguish between males of varying experience. Therefore, we 

selectively abrogated female sensory systems to determine the effect on competitive mating. 

We first tested for an effect of eyesight on female mate choice using two common paradigms 
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to reduce female vision. We either covered both eyes of the female with black paint or 

performed the competitive mating experiments in dim red light. When black paint was 

applied to the eyes of focal females, sexually experienced males won significantly more 

matings (sexually experienced = 70%, naïve = 30%, Chi-square (1, N= 40) = 6.4, P= 0.0114). 

When competitive assays were carried out in red light, a situation in which individuals of 

both sexes have reduced vision, there was no effect of sexual experience on mating success 

(sexually experienced = 54.7%, naïve = 45.3 %, Chi-square (1, N= 42) = 0.381, P= 0.5371). 

Naïve and experienced males did not differ significantly in attaining matings when 

the focal female was deafened by removal of aristae (sexually experienced = 60.5%, naïve = 

39.5%, Chi-square (1, N= 43) = 1.884, P= 0.1699) or when both aristae and the 3rd antennal 

segments were removed from the females to reduce their ability to detect olfactory as well as 

auditory signals (sexually experienced = 57.3%, naïve = 42.7%, Chi-square (1, N= 38) = 

0.105, P= 0.7456). 

 

4.4   Discussion 

Our results demonstrate for the first time that a successful conspecific mating experience 

enhances a D. melanogaster male’s ability to compete for new mates, and we show that the 

male’s success is linked to changes in courtship behavior. Ability to survive and successfully 

face changing environments is often accompanied by variation in behavioral tactics (Etnier 

and Vogel, 2000; Grant and Halliday, 2010), and such changes in behavior due to experience 

meet common definitions of learning (Carew and Sahley, 1986). Being able to learn from 

previous situations and apply these newly refined behaviors to future tasks lies at the heart of 

adaptation. Sexual experience provides animals the opportunity to hone their skills and 
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improve courtship towards future mates, gaining advantage over naïve individuals who lack 

such experience. 

Our understanding of how and why fruit flies modify their behavior after exposure to 

various sexual encounters has come a long way since the seminal study by Siegel and Hall 

(1979)  demonstrating courtship learning in D. melanogaster. Our current study shows that 

sexually experienced males reduce the total amount of courtship they perform towards 

females prior to copulation but increase efforts directed to individual courtship parameters 

(Figs.19 and Figure 20 and Table 7). Prior sexual experience also provides male flies with a 

competitive advantage against naïve flies (Figure 21a). When sexually experienced males 

compete against a naïve rival in the same mating arena, experienced males increase each of 

their component courtship behaviors towards females (Figure 20b-d). Experience has a 

significant effect on CI, wing extension frequency and abdomen bend frequency (Table 7). 

Interestingly, being in a competitive environment affects male behavior as well. In 

competitive situations, naïve males drastically decrease their overall courtship in the presence 

of an experienced rival. Males also spend less time extending their wings in competitive 

mating assays, an effect that was detected previously (Tauber and Eberl, 2001). Although the 

overall wing extension duration is decreased for naïve and experienced males when they are 

competing, we find that experienced males only have a significantly longer duration than 

naïve males when they are competing for females. Drosophila males regularly exhibit 

aggression towards other males to display territorial behavior over food and mates (Tauber 

and Eberl, 2001).  However, when a sexually experienced and naïve male are given a female 

in a mating chamber, their attention is primarily focused on courting the female, and they 

display little and comparable levels of aggressive behavior towards each other. 
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 The observation that sexually experienced males devote less overall effort to 

courtship differs somewhat from results described by (Dukas et al., 2012), which indicated 

that males do not change their total courtship effort towards a new conspecific female after a 

single round of mating. However, the researchers did not provide measurements of individual 

courtship parameters, so it is not known if the sexually experienced males in their 

experiments showed similar increases in wing extension and abdomen bend frequency as the 

males in our study. Our study also provides an interesting comparison with observations in 

D. persimilis, a distant relative of D. melanogaster. In this member of the D. obscura 

subgroup, prior mating also provides an advantage to males by decreasing the mating 

latencies of more experienced males (Polejack and Tidon, 2007), but the researchers did not 

ask if the changes in behavior affected competitive mating success. In contrast, we did not 

detect shortened mating latencies for experienced males. These differences between D. 

melanogaster and D. persimilis highlight the fact that although mating experience can 

provide advantages to the male, ecological and evolutionary history may influence the 

specific experienced-based changes in behavior that occur.   

 

4.4.1 Signal Evaluation 

D. melanogaster evaluate visual, tactile, olfactory, gustatory, and auditory information before 

choosing a mate.  For males, no single sensory system is required for successful mating, and 

there is a complex interaction between the sensory systems that affects courtship and mating 

success (Krstic et al., 2009). Less is known about how the female makes her choice using the 

social/sexual information that she collects, but male cuticular hydrocarbons and song are 

strongly implicated (Ferveur, 2005, 2010b; Greenspan and Ferveur, 2000). Since sexually 
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experienced males are more likely to attain matings in competitive mating situations where 

females ultimately are making the choice between males of differing experience, we 

wondered what male features the females evaluate to make their choices. Experienced males 

change their courtship, particularly in relation to song performance and copulation attempts 

(Figure 19 and Figure 20 and Table 7). In both cases the female could be using visual cues as 

a means of identifying differences in male performance to inform her choice. The potential 

impact of vision on female mate choice in Drosophila has been demonstrated in the context 

of mate copying. D. melanogaster females given a choice between two virgin males 

preferentially mate with virgin males of the phenotype that they previously observed 

copulating rather than males of another phenotype that they saw being rejected (Mery et al., 

2009). Discrimination does not occur when females do not see which type of male mates, 

demonstrating that visual cues can influence female mate choice. In D. serrata mate-choice 

copying does not appear to occur (Auld et al., 2009), and a more recent study of D. 

melanogaster contradicts the findings of Mery et al. (2009) by showing that females avoid 

mating with the specific males that they observe mating with a different female (Loyau et al., 

2012a). This effect is lost if the females do not witness the matings. The authors attribute this 

avoidance to females preferring to mate with males that do not have a depleted ejaculate 

(Loyau et al., 2012a). Despite the differences in the findings, it is clear that visual 

information was important in the female decision making process.  

The females in our study did not watch the sexually experienced males mate and 

therefore did not have this type of public information available to aid in making their 

decisions. Instead, they must assess a suitor based upon traits that can be directly evaluated 

during the courtship interaction, including behavioral and chemical cues. We tested the 
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contribution of eyesight to mating success when two novel males (one naïve and one sexually 

experienced) are presented to a virgin female who cannot see. We show that experienced 

males achieve significantly more matings than naïve males when only the female is blinded. 

This result suggests that sight is not critical to females in distinguishing the males. Instead 

females may rely more heavily on an alternate sensory modality such as hearing, gustation or 

olfaction in their selection of a mate. In our red light study, which also removes sight as a 

potential recognition mechanism, there is no significant effect of experience on mating 

success. This observation appears to contradict our results with blinded females in white light 

conditions. However, neither males nor females are able to see in red light, and visual cues 

are important for male courtship and mating efficiency (Dow and von Schilcher, 1975), so 

we are likely detecting an effect on mating due to the males being unable to see.  

Given the importance of song to female mate choice (Ferveur, 2010b), the female 

may be responding to acoustic changes in song production by experienced males that make 

them more appealing. Indeed, we find no significant effect of sexual experience on mating 

success with females lacking aristae, which renders them incapable of hearing. Similarly, 

females that can neither hear nor smell no longer prefer experienced males. Both sets of 

experiments implicate hearing as an important female determinate of experienced male 

mating success and are consistent with the observed changes in male wing extension 

frequency and duration. However, our findings do not allow us to definitively rule out 

olfaction as a modality involved in female mate choice in the competitive mating assays. One 

hint that olfaction may have a role in female choice in our studies is the observation that the 

proportion of naïve males that achieve matings increases when both hearing and smell are 

reduced in females. 
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Another likely influence in female mate choice is the male cuticular hydrocarbon 

bouquet. Indeed, females perceive the dominant male cuticular hydrocarbon, 7-tricosene 

(7T), as an attractant (Grillet et al., 2006). Less is known about how females respond to 

female-specific cuticular hydrocarbons, which may transferred to the male during mating 

(Yew et al., 2009). A recent report contradicts these earlier studies on hydrocarbon transfer 

(Farine et al., 2012).  Most cuticular hydrocarbons are believed to be detected via gustatory 

receptors present on a variety of external tissues (Amrein and Thorne, 2005; Murthy, 2010), 

although the olfactory system is also implicated in 7T detection by females (Grillet et al., 

2006).  It is plausible that the female detects a difference in the hydrocarbon profile between 

experienced and naïve males via her gustatory system and considers this information when 

making her choice between the two males that are vying for the mating. Testing a role for 

gustation in choice requires genetic rather than physical manipulations since gustatory 

receptors are widely distributed across the insect body, including tissues such as legs 

(Amrein and Thorne, 2005; Murthy, 2010) that are vital for locomotion during mating 

interactions.  

 

4.4.2 Male Experience 

To understand which aspect of sexual experience provides male flies with a competitive 

advantage, sexually mature males were allowed to court sexually mature virgin females that 

were incapable of mating because we glued their genitalia. In this assay courtship experience 

alone is not sufficient in providing males with a competitive advantage against naïve males. 

We noted a strong trend toward naïve males outcompeting males experienced only with 

courting, giving rise to the possibility that the courtship experienced males had a negative 
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association between failure to mate and courtship. Other work has demonstrated that males 

perform lower levels of courtship after being rejected in their earlier courtship efforts toward 

non-receptive females (Dukas, 2005a) and a recent study confirmed that males perceive 

failure to mate as a negative experience (Keleman et al., 2012). In contrast, the sexually 

experienced males in our initial competitive mating assays had both a successful courtship 

and a successful mating. When we allow males to court and copulate briefly (30-45 sec) with 

receptive females, courtship experienced males still do not have a competitive advantage 

against naïve males (Figure 21b) and do not behave differently than naïve males in any of the 

measured courtship behaviors. It remains possible that an interrupted mating is perceived 

negatively by the male and does not provide the same type of positive, reinforcing stimulus 

that is required to elicit a behavioral change. Despite this potential caveat, we conclude that a 

longer copulation period is important for providing sexually experienced males with a 

competitive advantage in subsequent matings. This advantage may be derived from 

mechanosensory stimulation of the male or may be associated with transfer of one or more 

ejaculate components. Since mating in Drosophila is always preceded by courtship, it is not 

possible to independently assess the contribution of copulation to this courtship learning 

process. 

The changes in behavior of sexually experienced males also could be attributed to 

increased sexual arousal, which is generally defined by decreased courtship latency and 

increased CI towards the female (Andretic et al., 2005) and an increase in erratic courtship 

performance. It is unlikely that the sexually experienced males in our study are generally 

sexually aroused since these males have lower CIs than naïve males (Figure 19a) and similar 

courtship latencies. Later steps in the courtship ritual may require higher activation 
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thresholds (Manoli and Baker, 2004; Pan et al., 2011), so another possibility is that these 

thresholds are reduced in sexually experienced males. We consider this possibility unlikely 

since courtship, abdomen bend, and mating latencies do not differ significantly between 

naïve and experienced males. It appears that experienced males are not generally sexually 

aroused, but have instead learned from their prior experience and are applying this newly 

learned knowledge in the next mating encounter.  

Our results indicate that males with prior mating experience are more adept at 

courting and obtaining mates than naïve males. The males we tested had only one prior 

mating, which is sufficient to provide a competitive advantage and improve courtship 

performance. In contrast, an earlier Drosophila study found that younger males that had 

mated previously were less preferred by females, implying that female Drosophila sense that 

multiply-mated males have a depleted ejaculate (Loyau et al., 2012a; Markow et al., 1978) or 

are less attractive as mates because they carry female-specific pheromones due to physical 

contact during copulation. Indeed, the presence of the female cuticular hydrocarbon, 7,11-

heptacosadiene, on male cuticles leads to a dose-dependent reduction in male mating (Scott 

et al., 1988). Our study appears to contradict the results of these earlier studies of multiply-

mated males, but there are variations in the experimental design among the studies that could 

account for the observed behavioral differences, including age of the test flies (3 days old 

compared to 5 days in our study), rearing conditions, and the amount of time between trials. 

However we consider the most likely explanation to be the degree of male sexual experience, 

which may affect behavior as well as the male’s chemical profile. Interestingly, the number 

of prior male ejaculations affects female prairie vole mate choice, with naïve and singly 

mated males being equally preferred, whereas thrice mated males are much less preferred. 
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Therefore, the results from our work and those of Markow et al. (1978) are consistent with 

the observations in the vole study system and support the idea that female mating preferences 

are affected by the extent of male mating experience. In one study, naïve males were kept in 

groups prior to being given a mating experience (Loyau et al., 2012a), and it is known that 

males raised in groups copulate longer than those that are kept isolated until mating (Figure 

15) (Bretman et al., 2009; Nandy and Prasad, 2011). Increased copulation time may affect 

males in several ways including by allowing greater transfer of female pheromones that 

could make males that mate longer less appealing as mates. Our work suggests that sexual 

experience has a positive effect on male competitive ability, at least initially. However, 

females are also adapting to males they encounter and, after multiple matings by the male, 

female preference for males with less sexual experience appears to play a stronger role in 

determining male Drosophila mating success. Since pheromonal signal detection is an 

important determinant in Drosophila mate choice (Jallon, 1984), a likely explanation for 

female aversion to multiply-mated males is that the males have an odor that is displeasing. 

Adult males have detectable cVA on the tip of the ejaculatory bulb (Yew et al., 2009), and a 

mating increases male cuticular cVA (Everaerts et al., 2010). Both sexes respond to cVA via 

the Or67d receptor, with females finding cVA appealing in the context of mating whereas 

males respond negatively to cVA (Kurtovic et al., 2007). It is possible that multiple 

ejaculations further increase male cuticlar cVA levels, and that females find higher doses of 

cVA aversive in the context of the male cuticular bouquet. Alternatively, there may be other 

aversive signals that increase in concentration on males due to multiple matings or longer 

mating durations. One candidate is the female pheromone 7,11-heptacosadiene, which is 

present on mated male cuticles(Scott et al., 1988) and may increase with multiple matings. 
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Changes in concentration of either or both of these cues may serve females as an indirect 

measure of the amount of male ejaculate available to fertilize their eggs. Therefore, 

increasing their concentration as a consequence of multiple matings may abrogate any 

advantage the male has gained due to changes in courtship performance. 

The observed changes in courtship strategy by sexually experienced males may 

provide them a mating advantage over sexually naïve males in natural competitive situations, 

thereby increasing the fecundity of sexually experienced males. An explanation for enhanced 

courtship performance by singly mated males is that the positive experience of copulation 

increases “sexual confidence” by decreasing male sensitivity to cVA (Ejima, 2012). 

However, the signaling mechanisms contributing to enhanced courtship performance remain 

to be determined as do the mechanisms underlying increased female aversiveness to 

multiply-mated males. Coupled with the behavioral paradigm described here, the availability 

of genetic tools makes it possible, as a next step, to identify the loci and brain regions, such 

as dopaminergic reward systems (Blum et al., 2009; Davis, 2011), which modulate male 

behavioral changes associated with a positive sexual experience. 
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5 SUMMARY AND CONCLUSIONS 

 

In these studies, we focused on multiple factors regulating the reproductive behaviors in D. 

melanogaster. We identified genetic components, namely the p24 protein family, and two 

different environmental factors which can modify different aspects of the reproductive 

behavior. We delineated the neuronal requirements of some p24 proteins in female egg 

laying behavior. We also showed that male mating behavior is not only modified by a 

positive sexual experience but also by simply being around other males. These studies serve 

as an excellent platform to further investigate how the two major factors investigated here, 

genotype and environment, interact to influence mating behavior in Drosophila. 

Interestingly, one of the p24 proteins, CHOp24 was one of the differentially expressed genes 

in the head tissues of males interacting with other males (Ellis and Carney, 2009). Interaction 

of males with other conspecific males during early adulthood results in longer copulations 

with females (Figure 15). Increased expression of CHOp24 in brain tissues of males who 

have experienced high sperm competition might help with increasing the duration of mating. 

What might even be more interesting is the cargo that CHOp24 molecules are helping 

transport through brain cells when a male experiences high sperm competition. Moreover, it 

would be interesting to investigate how p24 protein expression is altered due to a positive 

sexual experience, and if their differential expression is directly involved in mediating some 

of the behavioral changes observed in these studies.   

To summarize, before our work, little was known about how disruption of p24 

signaling affects individual tissue function or whole animals. D. melanogaster expresses nine 

p24 genes, grouped into four subfamilies. Based on mRNA expression and protein data, p24 
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family members are expressed in a variety of tissues. In order to delineate the roles of 

particular p24 proteins in Drosophila, we reduced p24 expression using RNAi by means of 

the Gal4/UAS system. Ubiquitous reduction of most p24 genes resulted in complete or partial 

lethality during development. No developmental lethality was observed when CG31787, a 

male specifically-expressed p24, was reduced. 

  Mutants for logjam (loj), eclair (eca) or baiser (bai), which each belong to a different 

p24 subfamily, prevent oviposition by adult females. To determine if mutations in other p24 

proteins produced similar oviposition defects, we used RNAi to reduce the levels of p24-2, 

eca, CG9308, CHOp24, p24-1, CG9053, or bai in whole bodies of female adults. With the 

exception of p24-2 and CG9308, ubiquitous reduction of each gene resulted in reduced egg 

laying by adult females. We expressed p24 genes in candidate sets of neurons and egg tissues 

to identify  subset of cells that require p24 function to regulate egg deposition. Expression of 

eca in the central nervous system (CNS) and eggs in an eca mutant background rescued the 

egg deposition phenotype. Reduction of CHOp24, a β family member, in CNS and eggs 

resulted in reduced egg laying. Furthermore, a subset of octopamine-producing neurons in 

the abdominal ganglion of the ventral nerve cord rescued the egg-jamming defect observed in 

loj mutants. p24-2, eca, p24-1 or bai is also required for proper male fertility, since whole 

body reduction of these p24 proteins resulted in reduced male fertility. These results indicate 

a neuronal control of reproductive phenotypes mediated by p24 proteins in D. melanogaster. 

Studying genetic-based regulation of behavior is an important aspect of understanding 

how complex behaviors ensue, but one must also focus on non-genetic factors to appreciate 

behavioral modification in its entirety. Behaviors are multifaceted phenotypes mediated by a 

complex integration of genotypic and environmental information. Experience-based 
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behavioral adaptation has been documented throughout the animal kingdom. Such 

phenotypic plasticity is vital for increasing fitness of animals in the face of rapidly changing 

environments. Several abiotic and biotic factors in the environment separately or collectively 

influence complex behaviors.  

Our goal was to understand how different social interactions can modify reproductive 

behaviors. Competition for mates is a wide-spread environmental factor which can influence 

reproductive success by modifying reproductive behavior. D. melanogaster males compete 

with one another for matings with females and can modify their reproductive behaviors based 

on prior social interactions. Males can also modify post-copulatory behaviors to maximize 

fitness. However, it remained to be determined how male social experience that culminates in 

mating with a female impacted subsequent male reproductive behaviors and mating success. 

We also quantified the influence of male rearing environment on male copulation duration 

and other mating behaviors. Here we showed that sexual experience enhanced future mating 

success (Figure 21a). Previously mated D. melanogaster males adjusted their courtship 

behaviors and out-competed sexually inexperienced males for copulations. Interestingly, 

courtship experience alone was not sufficient in providing this competitive advantage, 

indicating that copulation plays a role in reinforcing this social learning (Figure 21b). We 

also showed that females can use auditory-based information to show preference towards 

experienced males and mate with them when given a choice.  

Males change their overall courtship performance after the positive sexual experience 

of mating, but also alter the time spent on individual aspects of the courtship behavior. One 

of the courtship components that was modified was the courtship song, which was quantified 

by the frequency of wing extensions and the duration of wing extensions. Although, these 
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measurements do not help elucidate the quality of the courtship song, they are an excellent 

indicator of the song quantity. As described in (section 4.3.2), the courtship song is a very 

important component of the mating dance by Drosophila males. We showed that sexually 

experienced males spent more time singing than naïve males in a competitive mating assay 

(Figure 20b,c). An early study (Ewing and Bennet-Clark, 1968) demonstrated the complexity 

of the courtship song and its different components, and laid the framework for investigations 

targeting the importance of these different song components. The sine song primes the 

female and increases her receptivity to courtship (Tomaru et al., 1995; Von Schilcher, 1976). 

However, this priming aspect of the song is abolished in memory mutants such as dunce 

(phosphodiesterase), rutabaga (adenylate cyclase) and amnesiac (amn) (neuropeptide) 

(Kyriacou and Hall, 1982). Two aspects of this study are very interesting: Firstly, the sine 

component and thus its priming effect have a learning and memory basis, and secondly a 

modified sine component may increase female receptivity towards the male. In our paradigm 

sexually experienced males who outcompeted naïve males (Figure 20b,c and Figure 21a), 

sang for a longer duration towards the females. There exists an intriguing possibility that the 

experienced males might have a modified sine component in the courtship song, which in 

turn would increase female receptivity and thus her preference for sexually experienced 

males. The change in male mating behavior before and after a positive sexual experience 

(Figure 19 and Figure 20, respectively) is also indicative of a learning and memory 

component. Therefore, a positive sexual experience may provide animals the opportunity to 

hone their skills and improve courtship towards future mates, gaining an advantage over 

naïve individuals who lack such experience. 
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Learning is defined as an adaptive response to change in environment, which results 

in the formation of memory due to molecular changes in neurons. Mushroom Bodies (MB) in 

D. melanogaster are the primary location for memory formation, including associative 

learning (Tempel et al., 1983). Dopaminergic neurons have also been associated with various 

reward-seeking behaviors in multiple taxa, including Drosophila (Fiorino et al., 1997). In 

Drosophila, 15 dopamine neuronal (DAN) clusters project throughout the brain, out of which 

3 clusters PAM, PPL1 and PPL2a heavily innervate the MBs (Mao and Davis, 2009). 

Interestingly some of these neurons have been implicated in learning and memory (Aso et al., 

2012; Liu et al., 2012). DAN-associated learning responses are mediated through DopR 

(dDA1) (Sugamori et al., 1995) and DopR2 (DAMB) (Han et al., 1996) dopamine receptors 

that are highly enriched in the MB and interact with the cAMP signaling pathway involved in 

learning (Kim et al., 2007; Kim et al., 2003; Selcho et al., 2009). Interestingly, copulation in 

mammals causes increased dopamine release (Fiorino et al., 1997). It is likely that DANs 

innervating MBs are the primary location of memory formation for rewarding behaviors like 

copulation. 

Our work also suggests the importance of copulation in providing sexually 

experienced males with a competitive advantage against naïve males. Pseudo-experienced 

males, which courted but did not mate with receptive females, did not have a mating 

advantage over naïve males in a competitive mating assay (Figure 20b). Male ejaculate is a 

combination of sperm and seminal proteins destined for the female reproductive tract. 

Various ejaculatory proteins transferred during mating produce behavioral and physiological 

changes in female (Sirot et al., 2011b; Wolfner., 1998), but how these proteins affect male 

physiology or behavior is not known. It is possible that release of the male ejaculate or one of 
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its components helps males form a positive association with sex. Therefore, males may 

modify their courtship behavior when the prospect of sex is encountered again in the form of 

receptive female. On the other hand, males may learn from the mechanosensory stimulation 

received during the act of copulation.  

In contrast to the results from male-female interactions, male-male interactions 

modified male mating behavior but did not provide a mating advantage in a competitive 

setting. Males aged in groups with other males changed their behavior towards females. 

Grouped males copulated with females for a significantly longer time compared with males 

raised in isolation. Interestingly, an increase in the copulation duration did not influence the 

fecundity or fertility of the mated female, suggesting an alternative function for longer 

matings, such as mate guarding (Mazzi et al., 2009; Neff and Svensson, 2013). It is also 

possible that increased copulation durations affect sperm defense ability (Bretman et al., 

2009; Nandy and Prasad, 2011) against rival sperms from other males, which was not tested 

in our study. Surprisingly, female remating latency is not affected by copulation duration 

either; females that experienced longer initial copulations do not have longer latencies to re-

mating. 

Our results demonstrated the ability of males with prior social (Chapter 3) or sexual 

experience (Chapter 4) to learn from their interactions and adjust their behaviors accordingly 

to maximize their fitness. These experienced-based changes in behavior reveal strategies that 

animals likely use to increase their fecundity in natural competitive environments.   
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