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Abstract 

 

Reproductive genes are known to be among the fastest evolving category of genes within the 

genome, and males’ reproductive genes show a high divergence between species. A class of genes 

expressed in the male’s reproductive tract, the Seminal Fluid Protein genes (SFPs), have been 

shown to be the most rapidly evolving male genes. The fast evolution and divergence of these 

genes were first attributed to forms of postcopulatory sexual selection and sexual conflict. 

However, a recent study that analyzed the molecular evolution of SFPs among different species of 

Drosophila at the coding sequence level found that the responsible force driving the rapid 

evolution of SFPs was relaxed selection, with only a small proportion evolving by positive 

selection. In this thesis, I focus on analyzing the molecular evolution of SFP genes at the gene 

expression level, rather than at the coding sequence level, and on understanding whether changes 

at the gene expression level can trigger the evolution of reproductive barriers. From my analysis, 

it emerged that SFP genes show a higher divergence in expression compared to the average 

accessory gland gene, but do not show a higher polymorphism. Moreover, after knocking down 

four genes under positive selection, that have been previously shown to affect intraspecific sperm 

competition, and after performing mating experiments both at the intra and interspecific level 

between D. melanogaster and D. simulans, we find no difference in the ability of the D. 

melanogaster knockdowns to outcompete heterospecific D. simulans males. These results suggest 

that genes influencing forms of postcopulatory sexual selection (i.e., sperm competition) and those 

influencing reproductive barriers (i.e., conspecific sperm precedence) do not share a common 

genetic basis. This hints to the possibility that, while intraspecific sperm competition can be 
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affected by the perturbation of a single gene, the perturbation of more than one gene at the same 

time might be needed to affect conspecific sperm precedence.  
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1.0 Introduction 

 

1.1 Speciation and Reproductive Isolation 

 

One of the primary leading evolutionary biologists of the 20th century, Ernst Mayr, defined 

species as “groups of actually or potentially interbreeding natural populations, which are 

reproductively isolated from other such groups” (Mayr, 1942), establishing the “biological species 

concept”. Another important evolutionary biologist of the same period, Theodosius Dobzhansky, 

stated that “the biological species is the largest and most inclusive Mendelian population”, where 

a “Mendelian population is a reproductive community of sexual cross-fertilizing individuals which 

share in a common gene pool” (Dobzhansky, 1950). Today, most people associate the term 

“species” to “the basic category of biological classification” (Flexner and Hauck, 1993). The 

definition of species presented by Mayr, commonly referred to as the biological species concept, 

has, throughout the years, gone through different critiques, and alternative definitions have been 

proposed (Simpson, 1951; Simpson, 1961). For the purpose of sexually reproducing organisms, 

the biological species concept serves as a useful definition of species, that emphasizes mechanisms 

that prevent gene flow between organisms as the key isolating factor. Given the central role of 

species in systematics and evolutionary biology, identifying the driving mechanisms of speciation 

is essential to understand biodiversity.  

A major interest in speciation studies is directed towards identifying reproductive isolation 

barriers. Once identified, several questions follow such as understanding mechanisms involved in 

the establishment of reproductive isolation, deciphering patterns and mode of evolution of isolation 

mechanisms, and teasing apart the genetic basis behind such mechanisms. For example, 

Dobzhansky stated that an in depth understanding of the mechanisms of speciation could not be 
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reached without fully comprehending the genetics of reproductive isolating barriers (Dobzhansky, 

1937).  

 Traditionally, mechanisms of speciation have been classified based on geographic 

relationship between diverging populations and nascent species (Coyne and Orr 2004). Allopatric 

speciation, in which geographical barriers cause a large population to split causing the genetic 

exchange between them to stop, is considered the most common geographic mechanism promoting 

divergence and speciation (Coyne and Orr, 2004). Under allopatric speciation, several genetic 

differences between the two, now physically isolated, populations will accumulate leading to the 

evolution of reproductive incompatibilities between them. These incompatibilities will eventually 

cause biological incompatibilities upon contact between individuals from different locations 

(Palumbi, 1994). Understanding what biological changes contribute to the evolution of 

reproductive isolation is essential to fully comprehend the origin of the species. 

 

1.2 Biological modes of reproductive isolation: pre-mating and post-mating barriers 

 

Genetic differences that accumulate between populations contribute to changes in 

reproductive traits, and they can have profound implications in the establishment of biological 

barriers to reproduction, which will, eventually, lead to the establishment of reproductive isolation. 

Evolutionary biologists have broadly classified biological mechanisms of reproductive isolation 

into pre-mating and post-mating reproductive barriers (Coyne and Orr, 2004). 

Pre-mating reproductive barrier occur before copulation, and they can arise due to 

ecological, behavioral and even anatomical incompatibilities. An interesting and curious example 

of a pre-mating reproductive barrier, with behavioral basis, is found in birds, where songs are used 
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to choose and attract individuals to mate with. A study conducted on passerine birds (Freeman et 

al., 2022) revealed that in two closely related geographically isolated populations (allopatric 

populations), birds responded strongly to their local song, while completely ignoring the allopatric 

one, confirming the hypothesis that song in birds represents a powerful pre-mating reproductive 

barrier. Another example comes from mimicry in butterflies, a trait of critical importance in 

survival that is also very important in mating behaviour.  The study found that closely related 

Heliconius species, which show different mimicry patterns, tend to approach and mate with 

individuals that express the same colour pattern, rather than choosing an individual with a different 

pattern of mimicry (Jiggins et al., 2001). 

Post-mating reproductive barriers happen after copulation and can additionally be 

differentiated into two other categories: post-mating prezygotic reproductive barriers, and post-

mating postzygotic reproductive barriers (Coyne and Orr, 2004). Post-mating pre-zygotic (PMPZ) 

barriers happen after copulation, but before a zygote is formed. The complex interactions between 

the reproductive traits of males and females can lead to several difficulties and impediments, 

especially in heterospecific crosses, and they are major factors in the establishment of PMPZ 

reproductive barriers. A widely known form of post-mating prezygotic barrier is conspecific sperm 

precedence (CSP). This reproductive barrier is particularly noticeable in polyandrous species such 

as insects and birds, where females mate with more than one male, which creates opportunities for 

competition between sperm and for female cryptic choice of sperm for fertilization. CSP occurs 

when a female successfully mates with both a conspecific and a heterospecific male, but most of 

the progeny is fathered by the conspecific male, regardless of the mating order (Price, 1997). This 

creates a barrier to gene flow between related species that are still not completely reproductively 

isolated from each other (Price, 1997; Price et al., 2000). Conspecific sperm precedence has been 
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observed in a wide variety of species, both terrestrial (Price, 1997; Robinson et al., 1994; Howard 

et al., 2002) and marine (Geyer and Palumbi, 2005), and it has also been detected in plant species 

(Cruzan and Arnold, 1993), where is known as conspecific pollen precedence. When 

heterospecific pollen and conspecific pollen are found in the same stigmas, hybrid seeds are 

produced in much lower quantities (Howard, 1999). 

Post-mating post-zygotic barriers happen after copulation and after the zygote formation. 

These barriers usually result in hybrid inviability or in the production of viable but sterile offspring. 

One of the most well-known examples of hybrid sterility is the mule, the F1 progeny from the 

mating of a horse and a donkey, which is marked by a deficiency of males, all sterile (Short, 1975). 

 Studies that have compared the amount of genetic divergence with the origin of different 

modes of isolation have established that, on average, pre-mating barriers evolve faster than post-

mating ones (Coyne and Orr, 1989; Turissini et al., 2018). However, this does not exclude post-

mating barriers from having an important role in speciation. For example, a study conducted on 

three distinct populations of Drosophila montana revealed that premating barriers were stronger 

among geographically distant populations. However, PMPZ barriers showed no association with 

distance, suggesting a critical role in preventing hybridization among individuals from nearby 

distinct populations (Garlovski and Snook, 2018). Another example supporting an important role 

of post-mating barriers in early stages of speciation comes from a study performed on two 

Drosophila subspecies, D. w. willistoni (North America, Central America, and northern Caribbean 

islands) and D.w. winge (South America and southern Caribbean islands). The study detected 

significant levels of premating isolation between geographically distant populations, but not 

between geographically closer populations of the same subspecies. This result shows that 

premating barriers can have a fast rate of evolution between species.  However, it also suggests a 



 

 5 

more prevalent role of post-mating isolation in the early stages of speciation. When the two 

subspecies are crossed, the male offspring derived from one direction of the crosses is sterile. 

These sterile hybrids, when mating, manage to transfer the ejaculate to the female’s reproductive 

tract, causing an elongation and expansion of the uterus. However, due to a morphological atrophy 

at the basal end of the testes, their ejaculate lacks sperm, as it is not properly transferred to the 

sperm pump (Davis et al., 2020).  

 Natural selection can, by favouring different adaptations to different environments, lead to 

reproductive isolation between diverging populations (Schluter, 2000; Coyne and Orr 2004; Nosil, 

2012). However, another force that has been suggested having an important influence on the 

establishment of reproductive isolation is sexual selection. Sexual selection would lead to 

reproductive isolation by causing significant divergence in reproductive traits, such as male 

reproductive traits contributing to male success and female preference (Lande, 1981; Maan and 

Seehausen, 2011). Because of its role in driving phenotypic diversification and increasing genetic 

divergence, some studies are highly supportive of the idea of sexual selection being a powerful 

driver of speciation (Panhuis et al., 2001; Boughman, 2001; Mendelson and Safran 2021). 

However, because of the lack of proof of sexual selection directly driving reproductive isolation, 

others have argued that it is unlikely for sexual selection to act on its own and have rather suggested 

that it must act as a secondary force alongside other selective forces as, for example, natural and 

ecological selection (Maan and Seehausen, 2011; Langerhans et al., 2013; Safran et al., 2013).  

 It is for this reason that finding commonalities between mechanisms of sexual selection 

and reproductive isolation, as well as common genetics underpinning, would provide grounds for 

a link between sexual selection and speciation. 

 



 

 6 

1.3 Mechanisms of sperm competition 

 

The idea of sexual selection being a process able to exclusively act before copulation 

remained solid until Geoff Parker’s work on insects suggested that sexual selection could continue 

after copulation (Parker, 1970). Parker observed a pattern of polyandry across different species of 

insects. Polyandry is expected to favour male – male competition and female choice among sperm 

in the storage organs of the females after copulation and even during fertilization. In fact, females 

can store sperm from different males for several days after mating (Neubaum and Wolfner, 1999; 

Neubaum and Wolfner, 1999; Perotti, 1973). This characteristic sets the stage for a form of post 

copulatory sexual selection (PCSS) known as sperm competition. Sperm competition was defined 

by Parker as “the competition within a single female between the sperm from two or more males 

for the fertilization of the ova” (Parker, G. 1970).  

PCSS includes selection via sperm competition and cryptic female choice, which refers to 

the ability of the female to bias sperm from different males to be used for fertilization 

(Thornhill,1983). Since Parker’s discoveries, sperm competition has been shown to occur in a wide 

variety of species. It has been observed in mammals, such as in a species of sheep (Preston et al., 

2003), squirrels (Boellstroff et al., 1994) and mice (Firman and Simmons, 2008) and it also proved 

to occur in birds (Birkhead, 1998), insects (Parker, 1970; Simmons, 2001) and nematodes 

(LaMunyon and Ward, 1999).  

Parker’s work on different classes of insects showed that in most, the last male to mate 

fathers most of the offspring, with a fertilization success of 75%-100% compared to the male that 

mated first. This phenomenon is known as last male sperm precedence (Parker, 1970). The 

fertilization success of a male that has mated last to a female suggests the involvement of different 
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possible mechanisms, such as sperm stratification favouring the last male sperm in fertilization, a 

mechanism often referred to as “first in last out” or last male sperm displacement of stored sperm. 

While mechanisms can be inferred from paternity scores in competitive settings (Simmons, 2001; 

Simmons, 2002), the use of transgenic Drosophila melanogaster that expressed green-fluorescent 

sperm has facilitated the resolution of mechanisms of sperm competition. When Drosophila 

females were firstly crossed to a GFP-male and then crossed to a second male, which did not 

express GFP-sperm, the amount of fluorescent sperm in her storage organs was much lower when 

compared to females who were single-mated to GFP-males, suggesting that sperm from the second 

male had the ability to displace rival stored sperm (Civetta, 1999). After copulation, the transferred 

ejaculate follows a specific pathway within the female’s reproductive tract. Sperm are deposited 

into the uterus (bursa), before entering the storage organs (a seminal receptacle - SR and two 

spermathecae - ST), which will make them accessible for fertilization (Nonidez, 1920). A study 

has allowed for the visualization of sperm competition in vivo, by using both GFP and RFP-

transgenic (red fluorescent protein) lines of Drosophila, which could be easily differentiated within 

the female’s reproductive tract (Manier et al., 2010). Their results showed the involvement of two 

mechanisms by which resident sperm was being displaced. The first one was a female-mediated 

mechanism that did not involve second male’s sperm, while the second one did. The female 

mediated mechanism of sperm ejection confirmed the active role of females in sperm competition 

that had been previously inferred from work that competed the same two male genotypes using 

different female genotypes and observed extensive variation in paternity success depending on the 

female’s genotype (Clark et al., 1999). The second mechanism confirmed competition between 

the different sperm sources. They observed that as second male’s sperm entered the female’s 

reproductive tract, resident sperm was being displaced from the SR and the ST back to the bursa, 
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allowing for the second male’s sperm to be the first one used in fertilization and, therefore, for last 

male precedence (Manier et al., 2010).   

Mechanistically, we have some understanding of how males manage to displace sperm 

from rivals. The displacement of a stored sperm is often due to a physical manipulation of the 

resident sperm by the second male. Sperm displacement can be achieved by the influence of 

specific components of the seminal fluid (i.e., seminal proteins). Seminal fluid can have major 

effects on resident sperm, and it can even affect rival sperm motility (Liberti et al., 2018). A study 

conducted on a species of polyandrous ant (A. echinatior) compared sperm motility parameters 

between sperm who were exposed only to own seminal fluid and sperm exposed to mixed seminal 

fluid (both own and rival). Their results showed an increase by 50% in sperm motility in mixed 

ejaculates, suggesting that enhancing sperm motility is costly to males (Liberti et al., 2018). Early 

studies in Drosophila have suggested that the second male seminal fluids could incapacitate and 

even kill resident sperm (Harshaman and Prout, 1994; Price et al., 2000). The idea of sperm 

incapacitation has been more recently disproved and there has been evidence of a beneficial role 

of seminal fluid proteins on rival sperm (Holman, 2009; Simmons, 2011; Misra and Wolfner, 

2020). However, in ants (Atta colombica), sperm viability was shown to be affected by rival 

seminal fluid (Dosselli et al., 2019).  

Specialized structures on the males’ genitalia confer them the ability to physically remove 

rival sperm form the female’s storage organs, giving them the chance to replace it with their own 

(Waage, 1986). The mechanism by which second male’s sperm replaces rival sperm from the 

storage organs of the female is known as sperm offense, while the one by which a stored sperm 

resists this displacement is known as sperm defense. Both the processes of sperm offense and 

sperm defense act as selective pressures on males which lead to the evolution of new reproductive 



 

 9 

traits and mechanisms that can increase the male’s reproductive fitness. These mechanisms can be 

grouped based on their goals. The first one is to promote sperm success in direct competition, 

while the second serves to prevent competition from happening. An important adaptive mechanism 

that prevents competition is known as “mate guarding”. Mate guarding refers to a situation where 

copulation continues even after insemination has been completed, preventing females to remate 

with any other male until all the eggs have been laid (Grafen and Ridley, 1983; Alcock, 1994). In 

some species of insects, copulation was observed to last up to 11 days (Carroll, 1991). Mate 

guarding can persist even when the male is not physically present. This happens when anti-

aphrodisiac pheromones are transferred to the female, which makes her unattractive to other males 

(Mozuraitis et al., 2019).  A similar process is the formation of a mating plug, which is the result 

of the coagulated male’s ejaculate that blocks the female’s reproductive tract and prevents sperm 

from rival males to enter the sperm storage organs (Polak et al., 2001). Seminal fluid’s components 

(i.e., seminal fluid proteins) can also have direct effects in lowering the chances of competition 

between rival sperm. An example is the Drosophila melanogaster sex-peptide (SP) seminal fluid 

protein, which is known to have a role in lowering female’s receptivity to remate. Studies have 

demonstrated that females which mated with knock-down males for SP had a higher receptivity to 

remate, allowing for a second copulation with a different male to happen at a faster rate (Chapman 

et al., 2003). 

Parker predicted that, at each copulation, the amount of sperm produced by males will 

depend on the level of sperm competition risk they faced (Parker, 1990). In direct competition, 

when the risk of competition is high, males can produce a larger amount of sperm to increase their 

reproductive success (Wigby and Chapman, 2004). A previously mentioned study (Manier et al., 

2010) also reported that, in competitive settings, the ejaculate size of the second male was highly 
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correlated to the amount of resident stored sperm that was being displaced. Moreover, a study 

conducted on different species of Cephalopods (i.e., squid) showed that, in some species, an 

increased risk of sperm competition resulted in a greater sperm allocation in the female’s storage 

organs (Iwata et al., 2021).  

Theory also predicts that with increased levels of sperm competition risk, an increased 

testis investment is also expected (Parker, 1998). This prediction has already been confirmed by 

studies on both vertebrates and invertebrates (Rowley et al., 2019; Simmons and García-González, 

2008), and further research has supported the hypothesis that a greater testis investment increases 

a male’s reproductive success (Satoshi et al., 2006). A greater testis investment would allow to 

produce bigger or more sperm, which could have higher chances in sperm competitive settings. In 

Drosophila, males with larger accessory glands transferred a greater amount of sex-peptide, 

suggesting that, in competitive settings, variation in the production of specific seminal fluid 

proteins could also have essential roles in increasing reproductive success in males (Wigby et al., 

2009).  

 

1.4 The genetic basis of sperm competition  

The use of paternity assay experiments has contributed to the understanding of the 

phenotypic effects of sperm competition. However, the genetic basis underlying this process are 

still to be fully uncovered. The identification of genes and molecular pathways associated with 

sperm competition has been a major challenge due to the polygenic nature of the process, the 

complex genetic variance inheritance, and the lack of availability of transcriptomic and genomic 

data (Civetta and Ranz, 2019). Elucidating the genetic processes underlying sperm competition 

would identify specific genes that play major roles in this form of sexual selection, and therefore, 



 

 11 

in driving the evolution of sexual traits. In addition, expanding knowledge on these genes could 

serve as a tool to test whether sperm competition plays a role in speciation.  

 The different approaches that have attempted to identify the genetic basis of sperm 

competition have been recently reviewed (Civetta and Ranz, 2019). Quantitative Trait Loci (QTL) 

mapping studies have failed in identifying specific genes with major roles in sperm competition, 

suggesting, instead, the involvement of multiple genes and genetic factors (Hughes, 1997; 

Lawniczak and Begun, 2005; Hughes and Leips, 2006). A QTL mapping study conducted in 

different species of Peromyscus mice has, however, managed to identify a specific gene of large 

effect, the protein kinase cAMP-dependent regulatory type I alpha or Prkar1a (Fisher et al., 2016). 

The gene was shown to be correlated with the phenotypic difference in the sperm midpiece length 

between species which influences sperm swimming velocity. Their results suggested that allelic 

variation at this locus can impact male’s fitness (Fisher et al., 2016).  

 Another approach is to conduct gene-phenotype association studies that are used to identify 

genetic variants (i.e., single-nucleotide polymorphisms) at candidate genes, with known functions 

in non-competitive reproductive functions, that associate with differences in sperm competitive 

abilities. Some of these candidates include those that are known to have functions in sperm storage, 

sperm release or in regulating receptivity in females. Gene-phenotype association studies 

identified a role for ACPs (accessory gland proteins) alleles in sperm competition (Clark et al., 

1995; Fiumera et al., 2005; Fiumera et al., 2007; Wong et al., 2008; Greenspan and Clark, 2011; 

Zhang et al., 2013). However, this approach suffers from several limitations. The results could be 

different depending on population-specific genomic backgrounds, and the level of stringency used 

might produce different associations and even false positives. Ultimately, the results of association 

studies should be validated by follow-up functional assays, which include gene-perturbation 
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experiments such as gene knockouts, knockdowns and gene editing.  The use of these type of gene 

manipulation assays has highlighted important role of SFPs in reproduction. 

 

1.5 Functions of seminal fluid proteins (SFPs) 

 

A particular class of reproductive genes are those contained in the seminal fluid of the 

males, which encode a group of proteins that are transferred to the females after copulation, known 

as seminal fluid proteins (SFPs). SFPs are produced in the male’s reproductive tract, mostly by the 

secretory cells of the accessory glands (AGs), and it is now known that, in Drosophila, the seminal 

fluid is enriched with as many as 300 different seminal fluid proteins (Findlay et al,. 2008; Ravi 

Ram and Wolfner 2007; Wigby et al., 2020; Hurtado et al., 2022). Males transfer both sperm and 

seminal fluids during copulation, and the seminal fluid triggers a series of physiological response 

in females (Wolfner, 1997). The seminal fluid is known to be a cocktail of different substances, 

such as water, lipids, proteins, carbohydrates, hormones and microbes (Hopkins et al., 2017).  

Drosophila melanogaster has been a powerful genetic tool to study the effects of SFPs in 

females after mating. Many SFP functions are still unknown, however, molecular and genetic 

techniques that allowed for the identification and characterization of some of them, have proved 

the essential role of these proteins in pre- and post-mating fitness. One of the first seminal fluid 

proteins to be identified is known as SP (Chen and Bühler, 1970). SP binds to sperm when the 

seminal fluid is transferred to the female’s reproductive tract, which allows SP to stay in the 

female’s reproductive tract for a continued period (Saudan et al., 2002; Peng et al., 2005). 

Normally, females that mate with normal males become unreceptive for 5 days after the first 

mating (Manning, 1962). However, females that mate with spermless males become reluctant to 

remate only for 1-2 days (Manning, 1967). This suggests that the long-term response of SP is 
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provided by its binding to the sperm, and absence of this bound only generates a short-term 

response. More recent studies have identified that the binding between SP and sperm is 

accomplished by the interaction of several different proteins that form the “Sex-peptide network” 

(Ravi Ram et a., 2009; Findlay et al., 2014). CG1652 and CG1656 (C-type lectins), Sems and 

CG9997 (serine proteases) and two cysteine rich secretory proteins (CG17575, Antares) were 

found to be part of the sex peptide network and observed to be binding to sperm in the female’s 

reproductive tract within the first two hours after mating (Findlay et al., 2014; LaFlamme et al., 

2012; Ravi Ram and Wolfner, 2009). These SFPs work together to facilitate the binding of sex-

peptide to the sperm, and the absence of any of these proteins results in an incorrect retainment of 

sex-peptide in the female’s reproductive tract, which, in return, does not trigger the post-mating 

responses it is involved in (Findlay et al., 2014; Peng et al., 2005; Pilpel et al., 2008; Ravi Ram 

and Wolfner, 2007, 2009). 

One of the most important processes seminal fluid proteins are involved in is, however, 

sperm competition. Shortly after mating, the sperm transferred to the female is stored in her storage 

organs, where it can stay for a long period of time (Manning, 1962; Civetta, 1999). Sperm storage 

therefore provides the grounds for the competition between sperm from different males, within the 

female’s reproductive tract. Acps were identified as essential factors in sperm storage mechanisms 

(Tram and Wolfner, 1999). An example of an accessory gland protein with a crucial function in 

sperm storage is Acp36DE (Neubaum & Wolfner 1999). Acp36DE is found in the anterior part of 

the mating plug, and it helps the sperm move close to the storage organs by tightly associating 

with the sperm mass and by entering the sperm storage organs (Bertram et al., 1996; Neubaum & 

Wolfner 1999; Avila and Wolfner, 2009). Studies have demonstrated the involvement of Acp36DE 

in sperm competition by using Acp36DE-deficient males in competitive mating experiments 
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(Chapman et al., 2000). By using Acp36DE mutant males as second to mate, it was shown that the 

alteration of sperm storage affects the outcome of sperm competition. In fact, null males were 

showing much lower P2 (proportion of progeny fathered by the second male to mate) values 

compared to control males, suggesting an involvement of Acp36DE in rival sperm displacement 

(Chapman et al., 2000). Moreover, another study has confirmed the role of Acp36DE in sperm 

competition in heterospecific crosses, suggesting its role in reproductive isolating barriers (Castillo 

and Moyle, 2014). Their results reported that Acp36DE-deficient males, when used as second 

males in heterospecific crosses, would achieve much lower amount of progeny compared to 

control males. The same study has, in addition, investigated the roles in sperm competition of two 

other accessory gland proteins, sex-peptide and CG9997 (Castillo and Moyle, 2014). Apart from 

being an essential player in the regulation of egg production and female receptivity, sex-peptide 

also functions in the mechanism of sperm release from female storage (Avila et al., 2010). On the 

other hand, CG9997 is involved in the sex peptide network where it transfers three other Acps 

required for sex-peptide to bind to sperm, and studies have demonstrated that a perturbation of this 

gene affects the sperm release from the female storage organs (Ram and Wolfner, 2007). By using 

sperm competition assays in both heterospecific (conspecific sperm precedence) and conspecific 

crossings (intraspecific sperm competition), the study confirmed an offensive role in sperm 

competition both for sex-peptide and CG9997. Moreover, CG9997 resulted to have a phenotypic 

effect on CSP. In heterospecific crosses where null mutant males for CG9997 were crossed as 

second males, the proportion of the first heterospecific male’s progeny would increase, suggesting 

a common genetic basis between mechanisms of sperm competition and reproductive barriers 

(Castillo and Moyle, 2014).  
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A recent review has identified 33 genes in flies affecting sperm competition based on 

studies that have used a combination of approaches (Civetta and Ranz, 2019). Among the 33 genes 

identified, 10 were genes expressed in the male accessory glands that produce the seminal fluid. 

Moreover, the review also identifies genes with roles in sperm competition in other species. For 

example, the amount of protein produced by the seminal vesicle protein 2 (SVS2) gene was 

demonstrated to be positively correlated to the risk of sperm competition in mice (Ramm et al., 

2015; Kawano et al., 2014). Furthermore, absence of this gene’s product would cause sperm 

fracture and death (Ramm et al., 2015; Kawano et al., 2014). 

 

1.6 SFPs can modulate a wide variety of post-mating physiological responses in females  

The transfer of accessory gland proteins (Acps) to the female’s reproductive tract can also 

have an impact on different aspects of the female’s physiology. It was observed that females with 

a higher mating rate show a much lower lifespan compared to those that didn’t mate, or that mated 

at a lower frequency (Chapman et al., 1995). Specifically, females who mated to males lacking 

Acps were showing a much lower mortality compared to those who mated to normal males, 

confirming the hypothesis that these proteins are the main factor in the cost of mating in females 

(Chapman et al., 1995). Moreover, a survey of males from 51 chromosome-extracted D. 

melanogaster lines found significant differences in longevity of females mated to males of 

different genotypes. Females’ mortality was found to significantly correlate with the proportion of 

progeny sired by the first male to mate relative to tester males, supporting the hypothesis of a 

tradeoff between defensive sperm-competitive ability of males and life-history parameters of 

mated females (Civetta and Clark, 2000). The mechanisms by which Acps cause a decreased 

longevity in female could be explained by the fact that they can enter the female’s circulatory 
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system. Some Acps have been shown to be able to enter the female’s hemolymph shortly after 

mating (Lung and Wolfner, 1999). Here, these proteins can interfere with biochemical processes 

which can affect female’s physiology (Wolfner, 1997; Monsma et al., 1990). 

Other effects that SFPs can have on broader aspects on female’s physiology include 

immunity and abnormal feeding behaviour (Avila et al., 2011). Gene expression studies have 

demonstrated that the Acps can upregulate the expression of different antimicrobial genes 

(McGraw et al., 2004). Moreover, three specific Acps (CG6168, CG9334, and CG10284) were 

proved to help reduce a bacterial infection of infected females after mating (Mueller et al., 2006). 

Mated females were also observed to feed at higher rates than virgin females (Carvalho et al., 

2006). Their results revealed an essential involvement of SP in this post-mating response. The 

change in feeding behaviour and stimulation of food intake would not happen in females mated to 

males who lacked the expression of SP (Carvalho et al., 2006). 

 

1.7 The evolution of SFPs  

 Reproductive genes are known to be one of the fastest evolving categories of genes in the 

entire genome (Swanson et al., 2001; Swanson and Vacquier, 2002; Haerty et al., 2007). Because 

of their rapid evolutionary rate, specific classes of reproductive genes are used to try to understand 

the evolution of reproductive traits (Wigby and Chapman, 2005; Bono et al., 2015). Moreover, the 

rapid evolution of reproductive genes is interesting as it could contribute to the establishment of 

reproductive isolation between species (Martin and Hosken, 2003; Orr, 2005; Nakadera et al., 

2020; Garlovsky et al., 2020). 

The rapid evolutionary rate that characterizes changes in the coding sequence of seminal 

fluid proteins has been frequently attributed to forms of strong directional, positive selection 
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(Civetta and Singh 1998; Begun et al., 2000; Holloway and Begun 2004; Haerty et al., 2007). Most 

studies have tested the evolutionary forces driving the evolution of SFPs by comparing the ratio 

of nonsynonymous substitutions (dN) to synonymous ones (dS) between species or in a 

phylogenetic context without examination of patterns of polymorphism within species. Analyses 

that combine information on both polymorphism within species and divergence between species 

could provide different views on the evolution of these reproductive genes. In fact, a recent review 

has shown that by incorporating polymorphisms into the analysis, the pattern of rapid evolution of 

many reproductive genes can be explained by relaxed purifying selection (Dapper and Wade 

2020). A more recent study (Patlar et al., 2021) has used a population genetics approach that 

incorporated polymorphism information from both ancestral and derived populations of 

Drosophila melanogaster, along with sequence data information from its close relative D. 

simulans, to evaluate the mode of evolution of 317 SFPs, most of them known to be transferred to 

the females after mating (Wigby et al., 2020).  By including in their statistical analyses both 

polymorphism within species and divergence between species data, their results confirmed the 

faster evolution of most SFP genes compared to the rest of the genome but showed that a 

significantly high portion of SFP genes evolve rapidly under relaxed selection (50-57%), with only 

a smaller percentage under positive selection (7-12%) (Patlar et al., 2021).  

The finding of relaxed selection being the main force in driving the rapid divergence of 

SFPs is intriguing, giving their important role in reproductive fitness (Ravi Ram and Wolfner 2007; 

Avila et al., 2011; Sirot et al., 2014; Schjenken and Robertson 2020; Wigby et al., 2020). This 

result has led us to speculate (Patlar and Civetta, 2021) that changes at the gene regulation and 

expression level could be perhaps responsible for adaptive molecular and phenotypic differences 

in reproductive strategies between species  
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1.8 Mechanisms of conspecific sperm precedence  

Conspecific sperm precedence is, as previously mentioned, a widespread form of post-

mating pre-zygotic reproductive barrier (Price, 1997; Price, 2000). However, the molecular and 

genetic mechanisms underlying this process have remained mostly unknown due to the difficulties 

in visualizing the female’s reproductive tract, where the conspecific sperm is favoured against the 

heterospecific one. By using differently labeled sperm heads, a study in particular has contributed 

to our current understanding of the mechanisms of CSP (Manier, et al., 2013). The study found 

that the amount of sperm transferred by a conspecific male drop significantly when preceded by a 

heterospecific male. However, when D. simulans males and D. mauritiana males were crossed 

with a D. simulans female, the D. simulans sperm was shown to have a better displacing ability 

compared to the heterospecific male, even when mated second and despite transferring a reduced 

number of sperm.  Moreover, females were shown to play an active role in favouring conspecific 

sperm. In crosses where the heterospecific males were mated as second, their ejaculate was being 

ejected by the females within the first hour after mating. However, when conspecific males were 

used as second to mate, females would retain their ejaculate for a long time (Manier, et al., 2013). 

It is also known that storage organs in the female’s reproductive tract are first or second-male 

biased (Manier et al., 2013). Specifically, the SR is biased toward the first-male sperm, while the 

spermathecae has a second-male sperm biased. In addition, in Drosophila, the organ responsible 

for the short-term sperm storage is the SR, while the spermathecae are responsible for the long-

term storage (Neubaum and Wolfner, 1999; Pitnick et al., 1999). Females who mated first with an 

heterospecific males were observed to favour the spermathecae, while in crosses where the 
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conspecific male was first, females favoured the SR. In both these situations, females were actively 

favouring the conspecific sperm for the fertilization success (Manier, et al., 2013).  

All these highlighted mechanisms suggest an interaction between males and females’ 

reproductive traits, hinting at a strong possibility of post-copulatory sexual selection being 

involved in the establishment of reproductive isolation and speciation.  
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2.0 Objectives and hypotheses 

 

The rapid coding sequence evolution of SFP genes has been recently attributed to relaxed 

selection (Patlar et al., 2021). However, evolutionary patterns of SFP genes at their gene 

expression level have not been investigated yet, and the rapid evolution of this class of genes could 

depend on changes in gene regulation and expression. The two main objectives of my thesis are to 

test the mode of evolution of SFP gene expression and to test whether experimental manipulation 

of positively selected SFP genes can break down barriers of interspecies post-mating prezygotic 

isolation.  

 The first approach of my thesis was to identify genes that showed major differences in gene 

expression between the two closely related species D. melanogaster and D. simulans. Specifically, 

I tried to identify genes that lacked orthologs in D. simulans, to perform a genetic manipulation of 

these in D. melanogaster and observe any differences in the P1 and P2 ability of the knockdowns 

in heterospecific settings (CSP).  

The second approach was to use published male-accessory gland transcriptomic data 

obtained from different strains of Drosophila melanogaster and its close relative Drosophila 

simulans (Cridland et al., 2020), to identify the mode of evolution of accessory gland expressed 

genes. I hypothesized that, given their important role in reproduction, most SFP genes should show 

either rapid divergence between species driven by positive directional selection or conserved levels 

of expression between species maintained by negative purifying selection. Previous studies have 

proposed that postcopulatory sexual selection could drive the rapid evolution of SFP genes leading 

to the establishment of post-mating prezygotic barriers to reproductive isolation between species. 

Genes under positive directional selection fueling differences in expression between species, and 
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those with evidence for a role in sperm competition, a form of post-copulatory sexual selection, 

are likely candidates to test for effects of gene expression manipulations on post-mating 

reproductive isolation. Therefore, I focused my gene perturbation assays on specific genes under 

positive selection that have been previously shown to have roles in intraspecific sperm competition 

(Civetta and Ranz, 2019; Patlar and Civetta, 2022) and performed sperm competition assays at the 

interspecific level.   
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3.0 Methods 

 

 

3.1 In silico search for D. melanogaster SFP genes without D. simulans orthologs  

 

In order to identify, from a list of 292 SFPs known to be transferred to females during mating 

(Wigby et al., 2020), genes with the largest difference in the amount of gene expression between 

two closely related species of Drosophila, D. melanogaster and D. simulans, I searched for those 

that lacked orthologs (i.e., genes that evolved from a common ancestral gene by speciation) in D. 

simulans. The Batch Download tool available on Flybase (https://flybase.org), a database of 

Drosophila genes and genomes, was used to query the 292 SFPs for orthologs in other species of 

Drosophila. The Batch Download tool retrieves gene orthologs across Drosophila species via the 

Orthodb database (www.orthodb.org/v9.1/) a catalog of orthologs that uses sequence homology 

and gene functional annotations to recover gene orthologies. SFP genes that were not annotated in 

the D. simulans species were selected as candidates.   

 

3.2 Experimental test of D. simulans lack of orthology  

 

To test the actual absence of expression in D. simulans of the genes identified as lacking 

orthologs in this species, a PCR was performed. For each gene, the FASTA transcript sequence of 

D. melanogaster was downloaded from Flybase, and the BLAST tool within GenBank was used 

to identify similar D. simulans sequences. The Primer3Plus tool (https://www.primer3plus.com) 

was used to design primers that could amplify “genes” with sequence similarities between the two 

species. The selected primers were ordered from Integrated DNA Technologies 

(https://www.idtdna.com/pages), diluted with distilled water upon arrival into 100 nmol stocks and 

http://www.orthodb.org/v9.1/
https://www.primer3plus.com/
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kept at -20°C. Before PCR reactions were performed, the primers were diluted into 10 nmol 

working stocks. 

To test the target-specificity of each primer for each gene sequence, a PCR using samples of 

DNA extracted from both D. melanogaster and D. simulans was performed. DNA was extracted 

from 10 flies of each species (5 males and 5 females) following a standard lab protocol 

(Supplementary Protocol 1.0 and 2.0). In the PCR reaction, the templates were denatured for 5 

min at 95° C. This step was followed by the primer annealing step, where primers were kept at 57 

°C for 30 s. The extension was performed at 72° C for 45 s and 34 cycles of amplification were 

repeated. PCR products were later visualized on a gel imaging machine (iBright Imaging System 

– ThermoFisher) after running an electrophoresis on a 1.5% agarose gel. Stained nucleic acid 

bands on the gel could be visualized due to the SYBR Green stain utilized during the PCR reaction 

(DreamTaq Hot start green PCR MIX, K9021). A 100 bp ladder (GeneDireX, Cat. #DM001-R500) 

was used as a reference capture the DNA band’s size.  

Once the primers were validated, RNA was extracted from the reproductive tract of both 

species to test whether the SFP genes predicted to be unique to D. melanogaster truly lacked 

expression in the reproductive tract of D. simulans males. The reproductive tract of 10 adult males 

(4-5 days old) from each species was dissected, under a dissecting microscope using fine pins and 

forceps (Fine Science Tools) in a 1X PBS drop (ThermoFisher Scientific, Cat. #SH30256.01). The 

tissue was then placed in a lysis solution and RNA was extracted using the Aurum Total RNA 

mini kit (BioRad, Cat. #7326820) following the manufacturer protocol (Supplementary Protocol 

3.0). The RNA concentration and purity were then checked under the Nanodrop by examining the 

ratio of absorbance at 230, 260 nm and 280 nm. The 230/260 ratio indicates how pure the sample 
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is from salts, while the 260/280 indicates any protein contamination. The optimal values for these 

ratios are respectively 2 for the 260/280 ratio (for RNA samples) and 2 to 2.2 for the 230/260 ratio. 

RNA extractions were performed on a Winnipeg (Wpg02) strain of D. melanogaster and on a wild-

type strain (DSSC 14021-0251.269) of D. simulans, purchased from the National Drosophila 

Species Stock Centre (https://www.drosophilaspecies.com/). The extracted RNA was then stored 

at -80°C. cDNA was synthetized using reverse transcriptase, included in the cDNA synthesis kit 

(BioRad iScript Select cDNA synthesis, Cat. #1708897) following the manufacturer protocol 

(Supplementary Protocol 4.0). A PCR was performed, following the protocol described above. I 

tested for presence of transcripts (gene expression) in both D. melanogaster and D. simulans by 

gel electrophoresis and staining as described above.  

3.3 SFP genes with differential expression between D. melanogaster and D. simulans 

A transcriptomic analysis was performed to identify genes with large changes in the amount 

of expression between the two species. Available transcriptomic data (Cridland et al., 2020) 

obtained from the accessory gland of 6 D. melanogaster DGRP lines (Raleigh: SRR10253134, 

SRR10253145, SRR10253156, SRR10253167, SRR10253178 and SRR10253179) and 1 D. 

simulans strain (LARA: SRR10253130). D. melanogaster and D. simulans sequence reads were 

uploaded onto Galaxy (galaxy.org) using the “Download and Extract Reads in FASTA/Q format 

from NCBI SRA” tool Version 2.11.0+galaxy0), along with the reference genomes for both species. 

The D. melanogaster (release version r6.42) and the D. simulans (release version 2.02) reference 

genome annotation files (FASTA files) were downloaded from the FlyBase repository 

(http://ftp.flybase.net/genomes/).  

https://www.drosophilaspecies.com/
http://ftp.flybase.net/genomes/
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To align the sequence reads of the transcriptomic data to the reference genomes, the HiSat2 

tool (Kim et al., 2015) was used with default parameters. In order to assemble the RNA-seq 

alignments into potential transcripts, the StringTie tool (Pertea et al., 2015), with the “reference 

transcript only” option, was used and the normalized estimates of expression for each gene were 

obtained as transcript per million (TPM). A list of 317 accessory gland expressed genes that were 

previously analyzed for patterns of evolution at their coding sequence level (Patlar et al., 2021), 

was subtracted from the transcriptomic data, and only genes with 1:1 orthology, based on Flybase 

orthology assignments (Thurmond et al., 2019) and with a TPM greater than 1 in at least one of 

the two species were considered for further analyses.  

After log2 transforming the expression values (Khodursky et al., 2020), ANOVA was used to 

calculate the mean sum of squares between species (MSbw) and the mean sum of squares between 

strains within species (MSw). The MSbw was used as a term of quantification for interspecific 

divergence, while the MSw was used as a term for intraspecific variability in gene expression 

(Nuzhdin et al 2004; Khodursky et al., 2020). Different amounts of divergence and polymorphism 

in expression are expected under different modes of evolution (Table 1) (Nuzhdin et al., 2004). 

Genes under positive and negative selection will show a high MSbw and a low MSw, and a low 

MSbw and low MSw, respectively. Patterns of balancing selection are detected by a high variation 

within species and a low divergence between species, while genes under relaxed selection are 

expected to show a high variation within species and a high divergence between species (Table 1) 

(Nuzhdin et al., 2004) 
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Table 1. Mode of evolution of Sfp gene expression based on MSw and MSbw estimates. 

 To determine whether the MSbw and the MSw was high or low for each gene in our gene set, 

the MSbw and the MSw estimates of each gene was compared to the estimates obtained from 

random gene samples of equal size to the sample of interest drawn from the rest of the 

transcriptome. After repeating the random sampling 10,000 times with replacement, medians were 

computed for MSw and MSbw (Khodursky et al., 2020). A high stringency and a low stringency 

threshold were used as criteria to assign SFP genes into different modes of evolution. For the low 

stringency analysis, an estimate was considered high or low depending on whether it positioned 

itself above or below the genome sample midpoint, while with the high stringency analysis, 

estimates were considered high or low only if they were found above or below the 5% tail of the 

distribution (Figure 1). 

Mode of evolution Polymophism (MSw) Divergence (MSbw)

Positive Selection Low High

Negative Selection Low Low

Relaxed Selection High High

Balancing Selection High Low
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Figure 1. Low and high stringency criteria used for SFP genes classification into different 

modes of evolution.  

 

3.4 Fly maintenance and stocks 

All flies were maintained in either 50 ml bottles or vials containing 6-8 ml of a cornmeal-yeast-

agar-molasses (CYAM) food media and kept on a 12-hour light-dark cycle at 22 ± 1°C. Flies were 

anesthetized with CO2 for collections, but CO2 was avoided 24 hours prior to experiments, as it 

was shown to increase copulation latency (Barron, 2000). To ensure virginity, females were 

collected every 5-7 hours. Both D. melanogaster and D. simulans flies were left to age 4-6 days 

prior the mating experiments.  

 Wild-type flies were from an isofemale line of flies collected in Winnipeg, Manitoba 

(Canada). Gene-specific UAS-RNAi lines were purchased from the Bloomington Drosophila 

Stock Centre (BDSC-77372, BDSC-56994, BDSC-41618, BDSC- 56016). To generate 

Low        High

Low                                                          High

Low stringency High stringency High stringency 

genome sample midpoint

5%5%
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knockdowns, a tubulin-Gal4/TM3, Sb driver stock was kindly provided by Dr. G. Findlay. As D. 

melanogaster females hardly remate to heterospecific males, we used a D. simulans pickpocket 

(ppk23) mutant stock (∆ppk) (kindly provided by V. Rutta). These mutants strongly pursue D. 

melanogaster females (Seeholzer et al., 2018). Moreover, a D. simulans curly wing stock, 

purchased from the National Drosophila Stock Centre (14021-0251.079), was used to introduce a 

dominant curly wing mutation into the D. simulans ppk mutant stock, by a series of backcrosses 

(done by Dr. A. Civetta). The resulting flies showed a curly-wing phenotype (∆ppk; Cy), which 

facilitated the recognition of progeny sired by the D. simulans males. 

3.5 Generation of KD males 

To obtain gene-specific knockdown males, UAS-RNAi gene-target males were crossed to the 

tubulin-Gal4 driver females. The tubulin promoter drives ubiquitous expression of Gal4. However, 

the selected genes are highly tissue specific (accessory gland specific), allowing for the activation 

of the Gal4 system only in those tissues where the genes are highly expressed. The tubulin-Gal4 

driver is on a balancer chromosome, TM3, that has a dominant marker for the expression of the 

stubble bristles phenotype (Sb). Experimental knock-down males were identified in the F1 by the 

absence of this specific phenotype. F1 males that expressed the Sb phenotype do not undergo 

RNAi knockdown and were used as sibling controls in the mating experiments with a common 

and more similar genetic background relative to the knockdown males (Figure 2). 
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Figure 2. Crossing scheme for the generation of RNAi flies using the Tubulin-Gal4 driver. 

F1 progeny that lacks the stubble (Sb) phenotype has the gene-target expression knocked down 

via RNAi.  

 

 

3.6 Confirmation of RNAi knockdowns  

3.6.1 RNA extraction and cDNA synthesis  

After collecting the progeny obtained from the tubulin-Gal4 – UAS-RNAi crosses, knockdown 

males and stubble control males were left to age 3-6 days before dissections. RNA extraction and 

cDNA synthesis were performed as described in the previous sections. For each gene-specific 

knockdown and stubble control, three biological replicates were obtained, with each sample 

containing RNA from 10 males. The RNA concentration and purity were then checked under the 

Nanodrop (ThermoFisher Scientific). Complementary DNA (cDNA) was synthetized using the 

iScript Select cDNA synthesis kit (Bio-Rad) from the extracted RNA.  

 

Parental genotype: 

F1 genotype: 

F1 phenotype: 

Tubulin-Gal4/TM3;Sb UAS-TG

Tubulin-Gal4/+;UAS-TG Sb/+;UAS-TG

Wild-type Short bristles (stubble)

♀ ♂

♂♂ TM3,Sb/+;UAS-TG 
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3.6.2 Primer efficiencies and knockdown gene expression 

All primers were designed using the PrimerQuest Tool available in the IDT webpage 

(https://www.idtdna.com/pages/tools/primerquest?returnurl=%2FPrimerquest%2FHome%2FInd

ex). All the primer sequences were selected to amplify products shorter than a 120 bp. To ensure 

the specificity of the primers, three 3-fold series dilutions were prepared from each cDNA 

biological replicate for each gene. A quantitative PCR (qPCR) was then performed to check the 

primer efficiencies. For each primer set, four reactions were prepared, one for the undiluted primer 

pair solution, one for the 1/3 dilution, one for the 1/9 dilution and one for the 1/27 dilution. The 

reactions were performed using the PowerTrack SYBR Green Master Mix (ThermoFisher) and 

reaction volumes were set at 20 μl, containing 10 μl of PowerTrack SYBR Green Master Mix, 1 

μl of each primer pair, 6.5 μl of nuclease-free water and 2 μl of cDNA. Thermal cycling conditions 

were set for the first cycle at 95 °C for 2 min, followed by 40 cycles of denaturation at 95 °C for 

5 s and annealing at 60 °C for 30 s. A linear equation was fit to the average quantification cycle 

(Cq) in relation to the dilution factor and the following equations were used to obtain primer 

efficiencies:  

E = 31/slope 

% Efficiency = (E-1) x 100 

Two reference genes were used to normalize gene expression, Rps18 and eEF1α1. Rps18 was 

previously shown to have the highest consistent expression and the least variability in expression 

among different genes (Grewal, 2021). The expression level of the target genes in each sample 

was determined by calculating ∆Cq (Cycle quantification) as the Cq of the reference gene minus 

https://www.idtdna.com/pages/tools/primerquest?returnurl=%2FPrimerquest%2FHome%2FIndex
https://www.idtdna.com/pages/tools/primerquest?returnurl=%2FPrimerquest%2FHome%2FIndex
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the Cq of the target gene. Fold differences in relative expression were calculated using the 2-∆∆Ct 

equation, where ΔΔCq = ΔCq (control) - ΔCq (knockdown).  

3.7 Sperm competition assays  

Sperm competition assays at the interspecific level were performed by mating D. melanogaster 

females to a D. melanogaster experimental male (gene-specific knock down and control strains) 

and a reference D. simulans male. The order of mating depended on which competitive ability was 

being tested (sperm defense - P1 or sperm offense - P2).  

For CSP assays that tested the sperm defense ability (P1) of the experimental males, the 

following protocol was used:  

(i) Day 0: ∼ 30 D. melanogaster virgin females and ∼ 30 D. melanogaster experimental 

males (gene-specific knock down strain) were anesthetized using CO2 and placed in a 

single bottle containing fly media to allow for mass mating. For each gene, a separate 

bottle with the same number of females and males was set up but by using siblings of 

the knockdown males with the Sb phenotype (non-knockdown controls). Flies were 

allowed to mate for ∼ 24 hours.  

(ii) Day 1: Flies were lightly anesthetized with CO2 to separate males and females. Males 

were discarded and females were moved individually to single vials (vial 1) using an 

aspirator (no anesthesia).  

(iii) Day 4: D. melanogaster females were moved individually to single vials (vial 2) using 

an aspirator and single D. simulans (∆ppk; Cy) males were added to each vial to allow 
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for the second mating to occur. Flies were allowed to mate for 3 days before discarding 

the males.  

(iv) Day 7: D. simulans males were discarded and D. melanogaster females were moved 

individually to single vials (vial 3) using an aspirator.  

For CSP assays that tested the sperm offense ability (P2) of the experimental males, the following 

protocol was used:  

(i) Day 0: ∼ 30 D. melanogaster virgin females and ∼ 30 D. simulans (∆ppk; Cy) males 

were anesthetized using CO2 and placed in a single bottle containing fly media to allow 

for mass mating. For each gene, a separate bottle with the same number of females and 

males was set up to be used for the control mating experiments. Flies were allowed to 

mate for ∼ 24 hours. 

(ii) Day 1: Flies were lightly anesthetized with CO2 to separate males and females. Males 

were discarded and females were moved individually to single vials (vial 1) using an 

aspirator (no anesthesia).  

(iii) Day 3: D. melanogaster females were moved individually to single vials (vial 2) using 

an aspirator and single D. melanogaster experimental males (gene-specific 

knockdowns) were added to each vial to allow for the second mating to occur. For each 

gene, the females from the control bottle were offered a single D. melanogaster control 

male (Sb) for mating. 

(iv) Day 4: D. melanogaster experimental males (gene-specific knockdowns and controls) 

were discarded.  
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(v) Day 7: D. melanogaster females were moved individually to single vials (vial 3) using 

an aspirator. 

Progeny was counted 21 days after the set-up of each vial (v1 – v2 – v3). Absence of progeny from 

vial 1 was used as an indication of no first mating and the vials were discarded. Absence of second 

male progeny from vials 2 and 3 was used as indicator of no second mating and the vials were 

used only for estimates of proportion of rematings. The proportion of straight-wing and curly-wing 

progeny was counted to estimate either P1 or P2. 

3.8 Statistical analyses  

All data was analyzed using RStudio (v. 4.1.1; R Core Team 2021). For every single gene, we 

fit an ANOVA model with expression∼species + strain. Strain was taken to be a random effect. 

The knockdown effect on gene expression and sperm competitiveness (P1 and P2) were assessed 

using a one-tail Welch's t-test (H0: μknockdown < μcontrol). Refractoriness and remating were 

tested using 2×2 Fisher Exact tests with KD or control as rows and mated or non-mated as columns. 

P-values were adjusted when needed to control for false positives, given multiple tests, using the 

Benjamini-Hochberg procedure (threshold α = 0.05). 
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4.0 Results 

 

4.1 In silico search for D. melanogaster SFP genes without D. simulans orthologs 

Out of a list of 292 SFPs transferred to females during mating (Wigby et al., 2020), only 

20 did not have annotated orthologs in D. simulans (Table 2).  

 

Gene ID Gene symbol Gene name  

FBgn0004414 msopa  male-specific opa containing gene 

FBgn0004426 LysC Lysozyme C 

FBgn0010357 betaTry βTrypsin 

FBgn0011668 Mst57Da Male-specific RNA 57Da 

FBgn0011669 Mst57Db Male-specific RNA 57Db 

FBgn0011670 Mst57Dc Male-specific transcript 57Dc 

FBgn0011694 EbpII Ejaculatory bulb protein II 

FBgn0023197  Jon74E Jonah 74E 

FBgn0031276 CG12506 - 

FBgn0034010 CG8157 - 

FBgn0051704 CG31704 - 

FBgn0083936 Acp54A1 Accessory gland protein 54A1 

FBgn0259963  Sfp33A2 Seminal fluid protein 33A2 

FBgn0259973 Sfp79B Seminal fluid protein 79 

FBgn0261057 Sfp36F Seminal fluid protein 36F 

FBgn0261853 CG42782 - 
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FBgn0262623 CG43147 - 

FBgn0263237 CG43319 - 

FBgn0263597  Acp98AB Accessory gland protein 98AB 

FBgn0265349 Sfp33A4 Seminal fluid protein 33A4 

Table 2. List of genes that show no annotated orthologs in D. simulans on FlyBase. 

 

4.2 Gel assays for confirmation of missing orthologs in Drosophila simulans  

To confirm the actual absence of SFP gene orthologs in D. simulans, RNA was extracted 

from the reproductive tract of both D. melanogaster and D. simulans males, and a PCR reaction 

followed by gel electrophoresis was used to visualize the presence of transcripts. Before 

running the PCR with cDNA to visualize any substantial difference in gene expression between 

the two species, the amplification ability of the primers was tested by running a PCR on 

extracted DNA from both D. melanogaster and D. simulans. Out of the 20 candidate genes, 

one set of primers (CG8157) did not show any amplification in the two species, while another 

one (Acp98AB) showed faint bands in both D. melanogaster and D. simulans. Three of them 

(Sfp36F, betaTry, Mst57Da) showed faint bands in D. simulans. While two of them (Sfp33A2, 

Sfp33A4) showed no bands in D. simulans (Figure S1). For the gene for which the primer set 

did not show any amplification in the two species (CG8157), and for two of the genes which 

showed no bands in D. simulans (Sfp33A2, Sfp33A4), the PCR with cDNA was not performed. 

Out of the remaining 17 genes, only 5 showed a significant difference/lack in expression 

between the two species (Figure 3). However, Mst57Da’s lower expression in D. simulans is 

likely a consequence of the low efficiency of the primers to amplify the target (see Figure S1). 

The others showed either no expression in any of the two species, a not substantial difference 

in expression, or a lower expression in D. melanogaster (Figure S2). Genes that showed a 
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lower expression in D. melanogaster were automatically out of our interest, as one of the 

methods to test the hypothesis of this thesis was to perform gene perturbation on D. 

melanogaster genes to visualize any phenotypic effect caused by the induced lower expression 

of the genes. Because of the small number of genes that were proved to be missing in the 

reproductive tract of D. simulans, or that have noticeable lower expression in D. simulans, I 

decided to follow a different approach for the search of genes with major differences in gene 

expression between the two related species.  

 

Figure 3. Electrophoresis on agarose gel with D. melanogaster and D. simulans cDNA 

samples to visualize differences in gene expression. For each gene, the D. melanogaster 

bands are the ones on the left, while the D. simulans bands are the ones on the right. For each 

of these 5 genes, the D. simulans band is missing, or appears significantly fainter than the D. 

melanogaster one, confirming the lower gene expression in D. simulans; except for Mst57Da 

due to the poor efficiency of the primers (Figure S1).  

 

 

4.3 Transcriptomic analysis: evolutionary patterns of accessory gland genes and 

selection of SFPs for interspecific mating experiments  

After subtracting, from the transcriptomic data, the 317 SFP genes that had previously been 

tested for evolutionary patterns at their coding sequence level (Patlar et al., 2021), and after 

removing genes that lack 1:1 orthology and that did not show a TPM > 1 in at least one of the 

two species, 255 genes were left to analyze. Estimated of interest (MSbw, MSw and MSbw/ MSw), 
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obtained from the genome samples, and the SFP genes were compared. P-values were obtained 

by comparing the median value of the SFP estimates to the 10,000 random genome samples 

median value, each of equal size to the SFP sample (Khodursky et al., 2020). The results 

showed that, overall, the divergence between species (MSbw) in SFP genes is higher compared 

to the rest of the genome (P = 0.012). However, both polymorphism (P= 0.203) and the 

divergence to polymorphism ratio (P=0.101) ratios of SFP genes compared to the rest of the 

genome showed non-significant differences (Figure 4). When only considering genes that 

encode for protein products that are known to be transferred to females during mating (Wigby 

et al., 2020), consistent results were obtained (MSbw: P=0.010; MSw: P= 0.350; and MSbw/ 

MSw: P= 0.101).  

 

 

Figure 4. Divergence (interspecific), polymorphism (intraspecific) and divergence to 

polymorphism ratio (interspecific to intraspecific variability) ratios in gene expression in 

the male accessory gland transcriptome. SFP genes are compared to the estimates of the rest 

of the genome. (* P-value < 0.05).  

 

In order to obtain a SFP gene classification based on their mode of evolution, two 

different criteria were used to establish whether each SFP gene was following a pattern of high 
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or low variation within species and high or low divergence between species. The first criterion 

assigned the gene estimate a high or low value based on whether the estimate was lower or 

higher than the midpoint estimate obtained from the genome random sampling. The other 

criterion used a more stringent method of classification. Genes were classified based on the 

position of the gene estimate compared to the 5% tail of the genome distribution (Figure 5). 

 

 

 

Figure 5. Mode of evolution of SFP genes. Figure A is showing the genome mean square of 

estimates of polymorphism within species (MSw), while figure B is showing the mean square 

of estimates of divergence between species (MSbw). The low stringency classification that 

identified an estimate value as low or high was based on the median as threshold, indicated by 

the blue solid line, while the red dashed lines indicate the upper and lower 5% tails thresholds 

used in the high stringency classification. Figure C shows the counts of SFP genes under the 

four different modes of evolution. (Neg= negative selection - low variation, low divergence; 

Pos= Positive selection - low variation, high divergence; Bal= Balancing selection - high 

variation, low divergence; Rel= Relaxed selection - high variation, high divergence). 

 

The results of this classification identified a larger proportion of SFP genes as highly 

diverged between species (57% vs. 43%; χ2= 6.94; P= 0.0084), while showing no difference 

in the proportion of SFP genes displaying low variation vs high variation in expression (47% 
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vs 53%; χ2= 1.15; P= 0.2831). When the less stringent cut off was used, the results were 

consistent (χ2= 6.15; P= 0.0132; χ2= 1.54; P= 0.215; respectively).  

 Patlar et al. (2021), found that 57% of their list of 317 SFP genes from the Raleigh 

population, analyzed for patterns of evolution at their coding sequence levels, were under 

relaxed selection, with only ~7% of genes being under positive selection, and 36% under 

selective constraints. My expression data results, irrespective of the used criterion, showed that 

38.4 - 40.0% of SFP genes are relaxed. However, compared to coding sequence analysis results, 

there was a significant increase in the proportion of positive selected genes (17%) (6.6% to 

17%; χ2= 10.7, P = 0.0011), with no difference in the proportion of negative selected genes 

(29.8 - 30.5%) (36% to 30%; χ2= 1.3, P = 0.2525). These results show that, similar to coding 

sequence data (Patlar et al., 2021), the high divergence in expression between species in SFP 

genes is attributable to relaxed selection.  

Genes under positive selection that affect ISC are prime candidates for cases of post 

copulatory sexual selection driving speciation. In the classification obtained from the 

transcriptomic analysis, four genes that resulted to be under positive selection (Table 3) had 

been previously tested and confirmed to have a role in ISC (Patlar and Civetta, 2022, Civetta 

and Ranz, 2019).  
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Table 3. Candidate genes for interspecific mating experiments known to have roles in 

intraspecific sperm competition.  

* “Role in P1” indicates that the gene’s protein product was shown to have a role in the 

sperm defense mechanism, allowing stored sperm to resist displacement from rival sperm 

in sperm competition settings. 

 

Moreover, these four genes form a network of interaction, with Acp29AB being the central 

hub (Figure 6).  

  

Gene name Mode of Evolution ISC Role

Acp29AB Positive directional YES P1*, sperm storage (Findley et al., 2008;

Mueller et al., 2005; Wong et al., 2008;

Patlar and Civetta, 2022)

Acp62F Positive directional YES P1 (Findley et al., 2008; Mueller et al.,

2005; Mueller et al., 2008 Wong et al.,

2008; Civetta and Ranz, 2019)

lectin-46Ca Positive directional YES P1, female receptivity (Ram and

Wolfner, 2007; Avila and Wolfner, 2009;

Civetta and Ranz, 2019)

CG9168 Positive directional YES P1 (Patlar and Civetta, 2019)
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Figure 6. Protein-protein interaction (PPI) network for genes under positive selection 

known to affect ISC. The PPI was generated using STRING (https://string-db.org/). On the 

left, the figure shows the network with high confidence interaction scores, while on the right, 

medium confidence interaction scores were used. The four genes known to affect ISC are 

highlighted using an Asterix, with CG1656 being lectin-46Ca.  

 

It is known that interactions between seminal fluid proteins are required to generate long 

term post-mating responses (Chapman et al., 2003; Liu and Kubli, 2003). An example is the 

“sex-peptide network”, which shapes female’s remating, egg production and mating 

behaviours. The induction of the post-mating responses relies on the interaction of sex-peptide 

with other conserved seminal fluid proteins, and it was shown that lack of some of these 

proteins would result in the absence of parts of the post-mating responses (Ravi Ram and 

Wolfner, 2007).  For this reason, I hypothesize that the knockdown of the four positively 

selected genes will decrease the male’s ability to outcompete a heterospecific rival in mating 

experiments. Therefore, I focused on these four genes to perform mating experiments to test 

the male paternity success in sperm competition at the interspecific level, between D. 

melanogaster KD males and D. simulans males. This allows to test whether these genes have 

a role in CSP, which would provide evidence of a common genetic basis between forms of 

post-copulatory sexual selection and reproductive isolation.  

 

4.4 Genomic and functional features as predictors of SFP gene expression 

evolution  

 In order to get a better understanding of SFP genes’ mode of evolution, an analysis of 

association between assigned selection categories and genomic or functional features (i.e., sex 

vs autosomal location, tissue of expression, post mating effects, immunity, proteases – Data 

from Patlar et al., (2021)) was performed. I performed the association analysis using the more 

stringent criteria for classification but results under less stringent analysis are shown when in 

disagreement. The results showed a non-random association between chromosome location 

https://string-db.org/


 

 42 

and SFP gene mode of evolution, with a marginal underrepresentation of genes under relaxed 

selection on the X-chromosome (P= 0.067) (Table 4). The results become significant under a 

less stringent criterion (Padj=0.047; Odds ratio= 0.230). Moreover, the association analysis 

showed an enrichment of positively and negatively selected genes among genes with specificity 

of expression in the male’s reproductive tract, with an underrepresentation of relaxed genes 

(Table 4). Among genes with reproductive tissue-specificity, AG-SFP genes had an excess of 

genes under positive and negative selection (Table 5).  However, when a less stringent criterion 

was used, negative selected genes were not enriched among genes with specificity of 

expression in reproductive tissues (Padj=0.140; Odds ratio= 1.675), or they showed only a 

marginal effect for AG-SFP (Padj=0.058; Odds ratio= 1.888) (Table 5). Instead, genes with 

other tissue-specificity of expression or non-tissue specific were under relaxed selection (Table 

5).  

Among genes that had previously been shown to affect intraspecific sperm competition via 

gene knockdown, the most represented mode of evolution was found to be negative selection 

(FET: P= 0.0573, Table 6). Testing of gene-knockdown on both intraspecific and interspecific 

sperm competition has only been done for three genes (SP, CG9997, Acp36DE) (Castillo and 

Moyle, 2014). Interestingly, the two genes that showed to affect both ISC and CSP appear to 

be under negative selection, while SP, which was only found to affect ISC, shows a pattern of 

relaxed selection (Table 6). My results identify four genes (Table 6) whose changes in 

expression appear to be driven by positive selection. 
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Table 4. Patterns of non-random association for six genomic or functional features and 

different gene categories based on their mode of molecular evolution. 

* For each feature, genes are split into two categories. The P-value is bolded if significant. The 

arrow identifies the excess or deficit for the first category listed. For the alternative category 

the pattern is the opposite (e.g., reproductive SFPs are underrepresented, while nonreproductive 

are enriched, in the relaxed selection group). † Post hoc 2x2 FETs to test for significant excess 

(odds ratio>1) or deficit (odds ratio<1) between any selective regime and the others. P-values 

are FDR corrected.  

 

 

 
Table 5. Pattern of non-random association of accessory gland tissue-specific genes with 

different modes of evolution. * For each comparison, genes are split into two categories. A 

2x4 Fischer Exact Test (FET) is used to evaluate the differential association with the four 

modes of evolution.  † Post hoc 2x2 FETs is used to test for significant excess (odds ratio>1) 

or deficit (odds ratio<1) between any selective regime and the others. P-values are FDR 

corrected. The P-value is bolded if significant. The arrow identifies the excess or deficit for the 

first category listed in the comparison. For the alternative category, the pattern is the opposite. 

 

 

Selection Regime

Negative
Positive

Balancing Relaxed

Feature
P-value * Odds Ratio P-adj † Odds Ratio P-adj † Odds Ratio P-adj † Odds Ratio P-adj †

Transferred vs. non-transferred 0.232 0.802 0.849 4.866 0.376 0.482 0.376 1.041 1.000

X vs. Autosomes 0.030 1.255 0.728 3.093 0.102 1.219 0.728 0.239 0.067↓

Reproductive vs. non-reproductive 6.6E-4 2.151↑ 0.035 3.442↑ 0.020 0.676 0.383 0.362↓ 0.004

Post-mating vs. unknown 0.114 1.340 0.509 0.656 0.509 0.239 0.193 1.520 0.482

Immunity vs. unknown 0.887 0.849 1.000 0.487 1.000 0.667 1.000 1.856 1.000

Proteases vs. non-proteases 0.407 0.786 0.822 1.916 0.645 0.283 0.645 1.174 0.822

Selection Regime

Negative Positive Balancing Relaxed

Comparison P-value * Odds Ratio P-adj † Odds Ratio P-adj † Odds Ratio P-adj † Odds Ratio P-adj †

High 

stringency

AG-specific vs. 

others

2.4E-5 2.519↑ 0.010 4.035↑ 0.007 0.634 0.390 0.293↓ 2.1E-4

Low stringency

AG-specific vs. 

others

8.7E-5 1.888↑ 0.058 3.372↑ 0.006 0.995 1.000 0.322↓ 1.7E-4
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Table 6. Variation and divergence in expression for SFP genes involved in sperm 

competition.  * Arrows identifies a value lower (down) or higher (up) than the genome sample 

midpoint.  † Under a stringent classification, only genes with estimates beyond the lower or 

upper 5% tail of the genome distribution are classified. ˄ Data from Civetta and Ranz 2019; 

and Patlar and Civetta 2022. NA= not available.     

 

 

4.5 Gene knock-down confirmation  

4.5.1 Primer efficiencies  

Primers for the four genes of interest and the two reference genes used to normalize the 

data (Rps18, eEF1α1) were designed and tested for efficiency before performing a qPCR to 

confirm the downregulation of gene expression in the knockdown flies. After plotting a linear 

regression curve and calculating the slope of the trend line (Figure 7), all primers showed 

adequate efficiency to perform qPCR analysis (Table 7). Ideally, all the primers should have 

an efficiency that ranges from 90% to a 100%. However, an efficiency that slightly exceeds 

100% (~ 110%) can also be accepted.  

 

Gene Tissue MSw* MSbw* Mode evolution† 

(stringent)

Mode evolution

(relaxed)

ISC˄ CSP˄

CG11598 AG 0.0427↓ 0.0003↓ negative negative yes NA

Acp76A AG 0.0629↓ 0.0345↓ negative negative yes NA

Qsox4 AG 0.0231↓ 0.0115↓ negative negative yes NA

aqrs AG 0.0359↓ 0.0018↓ negative negative yes NA

CG9997 AG 0.0259↓ 0.1007↓ negative negative yes yes

CG17575 AG 0.0528↓ 3.0E-05↓ negative negative yes NA

Acp26Aa AG 0.0420↓ 0.0085↓ negative negative yes NA

Acp36DE AG 0.0754↓ 0.0419↓ NA negative yes yes

lectin-46Cb AG 0.0433↓ 0.2017↓ NA negative yes NA

CG9168 AG 0.0157↓ 0.4902↑ positive positive yes NA

Acp29AB AG 0.0492↓ 1.0734↑ positive positive yes NA

Acp62F AG 0.0207↓ 0.8912↑ positive positive yes NA

lectin-46Ca AG 0.0215↓ 0.3100↑ NA positive yes NA

Acp53Ea AG 0.0888↑ 0.0010↓ NA balancing yes NA

Acp33A AG 0.1445↑ 2.5503↑ relax relax yes NA

Semp1 AG 3.6580↑ 2.4887↑ relax relax yes NA

CG17242 AG 0.1624↑ 5.2904↑ relax relax yes NA

Est-6 ED 0.1179↑ 0.3460↑ relax relax yes NA

SP AG 0.1058↑ 0.5718↑ NA relax yes no
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Table 7. Primer sequences and primer efficiency for the four genes of interest (Acp29AB, 

Acp62F, CG9168, lectin-46Ca) and the reference genes (RpS18 and eEF1α1) used to test the 

effectiveness of the GAL4 system in the downregulation of gene expression in the 

accessory glands of D. melanogaster males.  

 

 

Gene Primer sequence Amplicon 

size

Primer efficiency (%)

Acp29AB R: TGGAGTTTAAGGCCCAGATG

F: GATGTTGGATGCATGGTGTC

98 94

Acp62F R: TGATAACATATCCCGGCTTAC

F: GTCCTGTAGCATGTCCTGAAA

99 93

CG9168 R: GGACTGAAATCCGCCATAGAA

F: ACCTGAAGATCAACCAGAATCG

103 112

lectin-46Ca
R: TGATGCCCACATAGAAGCAC

F: CGGAAAGAAGCAGAGCAAA

95 112

RpS18 R: GATCGACATCGGCCTTCTTC

F: CAGCACATCCTGCGTATCAT

127 103

eEF1α1 R: GCTGCTGTTGCTGGTATTATTG

F: TAGCTGGTTTGCTTCCACTC

120 91
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Figure 7. Slope of linear regression fit for primer efficiency.  

 

 

 

4.5.2 Gene knockdown verification 

The four selected genes (Acp29AB, CG9168, Acp62F, lectin-46Ca) were knocked down by 

using the tubulin-Gal4 system. As previously mentioned, this system also generates a sibling 

control of the knockdowns, that is visible due to the stubble bristle phenotype (Sb). Sb control 

flies lack the Gal4 driver and are not expected to experience a knock down of the targeted gene 

expression. To verify the correct functioning of the tubulin-Gal4 system, a qPCR was 

performed by comparing the expression of the gene-specific knockdown flies to the expression 

of their specific Sb sibling controls. qPCR was normalized using both the housekeeping genes 

Rps18 and eEF1α1. The results showed that all the KDs had a significant reduction of 

expression for the four genes in comparison to their sibling Sb controls (Figure 8).  

 

  



 

 47 

 

  

 

Figure 8. RNAi knockdown efficacy. To compare the average relative gene expression of the 

knockdowns compared to their sibling Sb controls, a one-tailed two samples Welch’s test was 

performed. on the left, the relative gene’s expression is normalized with Rps18. On the right, 

the relative gene expression in normalized with eEF1α1. For CG9168, the knockdown’s gene 

expression was non- detectable, when normalized with both housekeeping genes. However, as 

the sibling control’s gene expression resulted normal, it indicated a nearly complete down-

regulation of the gene. 

 

4.6 Sperm competition  

Both the offensive and defensive ability of the knockdown males were measured by 

counting the amount of progeny sired by the D. melanogaster KD males and the heterospecific 

D. simulans curly wing males. To test the P1 ability of the knockdowns, KD males were used 
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for the first mating, while D. simulans males were used in the second mating. To test the P2 

ability of the knockdowns, D. simulans males were used in the first mating, while the KD males 

were used in the second mating. Because in these heterospecific crosses, only female offspring 

is viable, female-only progeny was used to calculate the estimates for P1 and P2. The resulting 

values of P1 and P2 of the experimental conditions were compared to the P1 and P2 values that 

resulted from the control mating experiments.  

Mating experiments that tested the defensive ability (P1) of the KD males showed that none 

of the gene-specific knockdowns affected the conspecific KD males ability to outcompete their 

heterospecific rivals (Table 8) (Figure 9). Similarly, mating experiments that tested the 

offensive ability (P2) of the knockdown males showed that the ability to sire progeny was not 

affected by the gene-specific knockdowns when the KD males were mated second (Table 9) 

(Figure 9). The results are consistent when both male and female progeny are included in the 

estimates of P1 and P2 (Tables 8 and 9). 

 

 

Figure 9. Proportion of progeny sired by each gene’s KD males when first (P1) and second 

(P2) to mate with a D. melanogaster female, compared to their sibling Sb control males 
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(P1c and P2c). In all the tests, the competitor is a D. simulans male. Each point represents 

mean ± s.e. of the mean. 

 

 

 

 
Table 8. Conspecific sperm defense ability (P1) of knockdown (KD) versus Sb sibling 

control (no-KD) males. One-tailed Welch's t-tests were performed to test mean differences 

for the proportion of offspring sired by knockdown and control males. Only female progeny 

from the heterospecific cross is viable so we used females-only progeny for our estimates. 

Results are consistent if males are also included in the analysis (All). N= Total number of males 

tested, P1= Mean ± Standard deviation of the sample mean. 

 

 
 

Table 9. Conspecific sperm offense ability (P2) of knockdown (KD) versus Sb sibling 

control (no-KD) males. One-tailed Welch's t-tests were performed to test mean differences 

for the proportion of offspring sired by knockdown and control males. Only female progeny 

from the heterospecific cross is viable so we used females-only progeny for our estimates. 

Results are consistent if males are also included in the analysis (All). N= Total number of males 

tested, P1= Mean ± Standard deviation of the sample mean. 

 

 

4.7 Female refractoriness and remating  

Females only All

Gene Treatment N P1 t P N P1 t P

Acp29AB Control 14 0.49±0.33 1.23 0.1159 14 0.56±0.32 1.61 0.1159

KD 11 0.67±0.37 11 0.76±0.29

Acp62F Control 16 0.51±0.35 1.15 0.1299 16 0.59±0.32 1.06 0.1491

KD 17 0.38±0.29 17 0.48±0.28

CG9168 Control 12 0.50±0.30 0.67 0.2561 12 0.61±0.26 1.15 0.1311

KD 16 0.60±0.27 16 0.72±0.23

lectin-46Ca Control 26 0.45±0.35 0.60 0.2742 26 0.53±0.35 0.73 0.2355

KD 31 0.39±0.34 31 0.46±0.34

Females only All

Gene Treatment N P2 t P N P2 t P

Acp29AB Control 16 0.84±0.23 -1.54 0.0709 16 0.89±0.24 -1.31 0.1056

KD 21 0.94±0.08 21 0.97±0.04

Acp62F Control 33 0.93±0.08 0.61 0.2708 33 0.59±0.32 0.70 0.2444

KD 35 0.91±0.17 35 0.48±0.28

CG9168 Control 19 0.95±0.06 1.22 0.1193 19 0.97±0.03 1.10 0.1433

KD 18 0.88±0.22 18 0.91±0.22

lectin-46Ca Control 16 0.93±0.09 0.17 0.4338 16 0.96±0.06 0.15 0.4399

KD 15 0.93±0.07 15 0.96±0.05
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Drosophila melanogaster is a polyandrous species, and females accept to mate with more 

than one male in a short period of time. However, females of this species have a refractory 

period after mating with the first male where they refuse to mate to a second male. Some 

seminal fluid proteins (e.g. SP) are known to extend the female’s refractory period in order to 

prevent a second mating to occur and sire most of the progeny (Chapman et al., 2003; Liu and 

Kubli, 2003). The genetic manipulation of these proteins can induce a female to remate with a 

second male more quickly, and increases the chances of sperm competition (Leiblich, Marsden, 

Gandy et al., 2012; Hopkins, Sepil et al., 2019). For this reason, it was assumed that some of 

the four genes of interest might have a role in female’s refractoriness and female’s remating.   

The results of the heterospecific mating experiments, however, showed that when females 

mated first with the KD males for each of the four genes, they were not less reluctant to remate 

to the D. simulans males compared to their sibling controls, suggesting a non-involvement of 

these genes in the female’s refractory period. Moreover, the results of the offensive tests 

showed that, for all the four genes, KD males did not have a decreased ability to mate to females 

after they had already mated to the D. simulans heterospecific males (Table 10).  

 

 

 

Refractoriness Remating

Gene Treatment N Odds P N Odds P

Acp29AB Control 14/23 1.38 0.75 16/19 1.94 0.64

KD 13/19 21/23

Acp62F Control 16/27 1.06 1.00 33/37 2.10 0.67

KD 17/28 35/37

CG9168 Control 12/25 1.43 0.59 19/22 1.41 1.00

KD 16/28 18/20

lectin-46Ca Control 26/35 2.65 0.22 16/18 0.94 1.00

KD 31/35 15/17
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Table 10. Females’ refractoriness (P1) and remating (P2). Fisher Exact tests were 

performed to compare knockdown and control males for female refractoriness to remate to an 

heterospecific male after mating to a conspecific male. Remating compares knockdown and 

control males for the proportion of females that mate to conspecifics after a first mating to an 

heterospecific male. (N: Number of females remated / Number of females that did not 

remate).  
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5.0 Discussion 

 

 After performing PCR experiments to confirm the lack of orthology between SFP genes 

between D. melanogaster and D. simulans, as predicted by the Flybase database, we found that 

only four out of the 20 selected genes were lacking or had reduced expression in D. simulans.  

Orthologous genes share a common genetic ancestor as they are inherited copies of a single 

gene after a speciation event. Online databases use sequence similarity, segment synteny 

(shared location within the chromosome between different species) and functional domains to 

determine orthologous genes (Vallender et al., 2009). However, bioinformatic tools are not 

infallible, and the finding of false negatives and positives has often occurred (Vallender et al., 

2009). In this thesis, false negatives (16 out of 20) seem to be the most probable explanation. 

There are different scenarios that could explain errors in the identification of orthologs when 

using bioinformatic tools. They could be a consequence of difficulties in genome annotations, 

errors in de novo gene predictions, identification of false transcripts and sequencing errors 

(Vallender, 2009).  

 Interestingly, among the 20 genes surveyed, is a cluster of three genes (Mst57Dc, 

Mst57Da and Mst57Db). These three genes produce RNA transcripts specific to the D. 

melanogaster male’s accessory gland, and they are encoded within genome proximity 

(Simmerl et al., 1995). In D. melanogaster, all these gene protein products are transferred to 

the females during mating (Wigby et al., 2020). One of these genes (Mst57Dc) was confirmed 

to lack an ortholog with expression in the D. simulans reproductive tract. Mst57Da’s lower 

expression in D. simulans appears to be a consequence of the lower efficiency of the primers 

to amplify the gene in that species, while Mst57Db was a false negative, and showed normal 

expression in the reproductive tract of D. simulans. Gene products often interact with others 

forming networks, and they work together in order to generate a molecular response. To 
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understand whether this cluster of genes acts in a network or has any kind of relationship 

between them, I used data from a functional protein association networks database (STRING). 

Data available on predicted interactions showed, under both a medium and a high confidence 

interaction score, a co-expression level of 0.840 for only two of them (Mst57Da and Mst57Dc), 

while not showing any level of interaction with Mst57Db. In D. melanogaster, the Mst57Db’s 

transcript is the most abundant of the three genes (Simmerl et al., 1995). A possible explanation 

for the absence of Mst57 orthologs in D. simulans is that Mst57Db, in this species, has acquired 

the functions of the three genes with the two other transcript sequences being lost. Gene loss 

can be beneficial to adapt to different environmental conditions (Helsen et al., 2020). However, 

another possible explanation of why Mst57Db is the only ortholog that has been retained in D. 

simulans, is that Mst57Da and Mst57Dc are newly evolved genes in D. melanogaster. De novo 

genes can arise from ancestrally non-coding genomic regions, and they were shown to 

commonly have male-biased specificity of expression, such as testis or accessory gland-

specificity of expression (Levine et al., 2006; Begun et al., 2007; Palmieri et al., 2014). To try 

to understand which of these two explanations might be correct, I looked at whether the closest 

species to D. melanogaster and D. simulans had orthologs of these genes. The closest species 

to D. melanogaster and D. simulans, by looking at the phylogenetic tree of Drosophila, are, 

respectively, D. yakuba, D. mauritiana and D. sechellia (Figure 10). After searching for 

orthologs (via orthoDB), Mst57Da does not show any annotated orthologs in neither D. yakuba, 

D. mauritiana nor D. sechellia, suggesting that this gene might be the result of a gene gain in 

D. melanogaster. However, Mst57Dc shows an ortholog in both D. mauritiana and D. 

sechellia, suggesting that this gene might have been lost in D. simulans.  
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Figure 10. Phylogenetic tree of the melanogaster subgroup of Drosophila (Ambrosi et al., 

2013).  

 

Future research and genetic manipulation of these genes in D. melanogaster might provide 

important insights on the evolution of SFP genes between closely related species and how gene 

loss/gene gain might be involved in establishing genetic and phenotypic variations between 

species.  

 Similarly to what was found in the recent study conducted on protein coding sequences 

(Patlar et al., 2021), the results of the transcriptomic analysis showed that SFP gene expression 

has a higher divergence between species compared to the rest of the genome. This result agrees 

with many studies that have previously observed that male-biased genes show faster 

interspecies expression divergence (Meiklejohn et al., 2003; Parisi et al., 2004; Ellegren and 

Parsch 2007; Brawand et al., 2011; Assis et al., 2012; Cridland et al., 2020). The high 

interspecific expression divergence of male-biased genes has also been observed in other 

species, such as between humans and chimpanzee and mouse species (Khaitovich et al., 2005; 

Voolstra et al., 2007). Because of their high interspecific divergence, these genes were thought 

to evolve under adaptive selection. However, our results show that the high expression 

divergence of SFP genes has been mainly driven by the relaxation of selective pressures. 
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Relaxed selection can be an accurate explanation of the fast expression divergence of these 

genes, as sex-biased genes experience a much lower selection in the sex where they are not 

expressed in, which is about half of the population (Pröschel et al., 2006; Dapper and Wade 

2020). Moreover, spatial and temporal fluctuation in the induction of gene expression were 

shown to favour relaxed selection (Kawecki et al., 1997; Van Dyken and Wade 2010). The 

amount in expression of some SFPs, in fact, was observed to depend on the social environment 

conditions in D. melanogaster males, in response to the intensity of male-male competition 

(Fedorka et al., 2011).  

 Phenotypic evolution is affected by mutation at both the protein coding sequence level 

and at the gene expression level. While agreeing with the high expression divergence result 

and relaxed selection being the main driver of evolution of SFP genes, the results of our 

transcriptomic analysis reported a significantly greater number of genes evolving under 

positive selection, in comparison to coding sequence results (Patlar et al., 2021). Interestingly, 

only three of these genes (Acp29AB, CG2111 and Ggt-1) were under positive selection for both 

the analysis at the gene expression level and at the coding sequence level. This limited overlap 

agrees on one hand, with previous evidence that suggests that mutations at the coding sequence 

level and at the gene expression level are responsible for the evolution of different types of 

genes (Wray, 2007; Haygood et al., 2010; Liao et al., 2010). For example, mutations at the 

coding sequence level have been found to mainly shape the evolution of genes involved in 

physiological changes, while those at the gene expression level primarily affect the evolution 

of genes involved in morphological traits (Wray, 2007; Haygood et al., 2010; Liao et al., 2010). 

On the other hand, however, several studies have reported a positive correlation between gene 

expression divergence and protein sequence evolution (Nuzhdin et al., 2004; Lemos et al., 

2005; Khaitovich et al., 2005; Sartor et al., 2006; Artieri et al., 2007; Hunt et al., 2013; 

Warnefors and Kaessmann 2013; Hodgins et al., 2016; Go and Civetta 2020; Zhong, Lundberg, 
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and Råberg 2021). If the gene expression divergence and protein sequence divergence are not 

correlated, this might provide positive selection with more opportunities to drive species-

specific adaptations through changes at the gene expression and protein coding level. 

 The results of our analysis of association between the mode of evolution of SFP genes’ 

evolution and genomic or functional features indicated that male-biased genes were enriched 

with genes under both positive and negative selection. This is not in agreement with the results 

obtained from the coding sequence analysis, where genes with male-specific tissue of 

expression were, instead, mostly under relaxed selection (Patlar et al., 2021). The narrow 

expression of sex-biased genes could imply that they are less pleiotropic than non-sex-biased 

genes, and as they have a lower number of functional constraints, one would expect them to be 

evolving at a faster rate due to relaxed purifying selection (Mank et al., 2008). Weakened 

selection on such genes could increase the segregation of slightly deleterious variation, which 

will cause an increase in polymorphism and a faster evolution of the genes (Van Dyken and 

Wade 2010; Purandare et al., 2014) There have been contradictive results in terms of the effect 

of pleiotropy on selection efficacy (Jordan et al., 2003; Hahn et al., 2004; Hahn and Kern 2005; 

Papakostas et al., 2014; Vedanayagam and Garrigan 2015; Huber et al., 2017; Josephs et al., 

2017), and without a direct test on fitness effects, breadth of expression cannot be directly 

associated with true pleiotropy. Hence, it is possible that genes with tissue-specific expression 

might be enriched for positive and negative selection, given their essential functions in 

reproduction (Ravi Ram and Wolfner 2007; Civetta and Ranz 2019; Patlar and Civetta 2022). 

 Interestingly, we also found an underrepresentation of relaxed selected genes on the X-

chromosome. In Drosophila, as in many other species, males are the hemizygous sex. 

Hemizygosity allows for recessive mutations to fix on the X chromosome more easily than on 

the autosomes. For this reason, in males, X-linked alleles will be more exposed to selection, 

and the effect of both positive and negative selection will be enhanced on them (Charlesworth 
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et al., 1987). In addition, it was shown that in Drosophila melanogaster, male-biased genes 

were underrepresented on the X-chromosome. Indeed, only 10% of genes on the X 

chromosome were male-biased, with this percentage increasing to 14-17% in autosomes (Parisi 

et al., 2003). Because of this, an underrepresentation of relaxed selected genes on the X-

chromosome might be expected, as the low number of male-biased genes present on the X-

chromosome will be more likely to be under negative or positive selection.  

 The rapid divergence of SFP genes (Haerty et al., 2007; Wilburn and Swanson 2016; 

Rowe et al., 2020; Patlar et al.,  2021) and their essential roles in postcopulatory processes 

(Ravi Ram and Wolfner 2007; Avila et al., 2011; Sirot et al., 2014; Schjenken and Robertson 

2020; Wigby et al., 2020) has made them prime targets for the study of sexual selection as a 

potential driver of speciation. Different studies and mathematical models support the idea of 

forms of intraspecific sexual selection driving diversification and the onset of reproductive 

barriers and isolation (Kirkpatrick and Ravigne 2002; Gavrilets and Hayashi 2005). By driving 

different adaptations and phenotypic diversification between populations, sexual selection 

would lead to the evolution of different reproductive barriers, which would culminate with the 

establishment of reproductive isolation (Panhuis et al., 2001; Boughman, 2001; Mendelson and 

Safran 2021). Moreover, it is believed that sexual conflict can increase genetic divergence 

leading to the onset of reproductive isolation and, therefore, speciation (Rice 1996, 1998; 

Howard et al., 1998; Parker and Partridge 1998). However, despite of some studies in support 

of it, the hypothesis of sexual selection being an engine of speciation remains highly 

controversial (Safran et al., 2013; Williams et al., 2013; Simmons 2018; Decanter et al., 2023; 

Murali et al., 2023). In fact, some studies suggest that sexual selection is not strong enough by 

itself to drive a stop in the gene flow, and that natural selection must contribute to the process 

in synergy with sexual selection (Maan and Seehausen, 2011; Langerhans et al., 2013; Safran 

et al., 2013). Genes involved in processes of post-mating sexual selection, such as SFP genes, 
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can provide a source to test sexual selection as a driver of speciation. The finding of an 

enrichment of positively selected genes that have a reproductive tissue specificity of expression 

supports the idea that SFP genes can drive different adaptations between species that can lead 

to the establishment of reproductive isolation. However, our analysis also shows an enrichment 

of reproductive-tissue specific SFP genes under negative (purifying) selection. This result 

suggests that the functions of SFP genes in sperm function and competition are essential for 

reproductive fitness (Ravi Ram and Wolfner 2007; Avila et al.,  2011; Sirot et al., 2014; 

Schjenken and Robertson 2020; Wigby et al., 2020), and are, for this reason, subjected to 

purifying selection. Interestingly, a previous study that aimed at finding a genetic commonality 

between sexual selection and speciation focused on three genes (Acp36DE, CG9997, SP), and 

performed intra and interspecific mating experiments to visualize the effects of gene disruption 

on both CSP and ISC (Castillo and Moyle, 2014). From their results it emerged that both 

Acp36DE and CG9997, when disrupted, affected the male’s competitive ability both intra and 

interspecifically. From our results, these two genes are under patterns of negative purifying 

selection, with low divergence and low variation. The mode of evolution of these two genes 

and the result of the cited study hints at a crucial function of these genes in the sperm 

competition process, which has been maintained by negative selection. By knocking down a 

gene that might have essential and conserved roles on reproduction and fitness, a negative 

phenotypic effect is expected. On the other hand, SP was found to affect ISC, but not CSP 

when disrupted. Our results indicate SP to be under patterns of relaxed selection, which might 

serve as an explanation of why gene perturbation is not affecting the sperm competitiveness at 

an interspecific level.  

We tested the four genes that showed divergence by positive selection, and that were 

previously tested and proved to have a role in ISC for roles on CSP. However, the results of 

our mating experiments did not reveal any effect of these genes on CSP. Heterospecific crosses 
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between D. melanogaster and D. simulans produce completely sterile female hybrids while 

males are lethal (Barbash, 2010). For this reason, the fitness cost of these matings is extremely 

high, and CSP might be needed to reduce this cost by limiting the number of inviable/sterile 

offspring (Noriyuki et al., 2012; Leigh et al., 2020). Given the role of female’s genotype and 

the effect of interactions between female’s and male’s genotypes on the outcomes of sperm 

competition (Clark and Begun, 1998; Clark et al., 1999; Chow et al., 2010; Giardina et al., 

2011; Lüpold et al., 2013; Reinhart et al., 2015) , it is possible that females are sensitive to the 

negative effects of an heterospecific sperm. This female effect could be mediated by neural 

genes that have been shown to be important for sperm competition outcomes in D. 

melanogaster, and even in CSP involving D. simulans (Chen et al., 2019; Chen et al., 2022). 

In fact, previous studies have reported that specific female neurons (Tdc2), when inhibited, can 

cause females to increase the production of first-male progeny, due to the suppression of 

second-male sperm usage (Chen et al., 2022; Chen et al., 2019). A recent proteome analysis 

conducted on the female’s reproductive tract have also suggested that the secretion of species-

specific proteins might serve as the molecular mechanism by which females mediate 

conspecific sperm precedence (McDonough-Goldstein et al., 2021). Knowing the great fitness 

costs that females experience when mating with a heterospecific male, favouring the ejaculate 

of conspecific males, even when lacking important proteins for ISC, might be a defensive 

mechanism to avoid the maladaptive consequences of heterospecific mating.   

The fact that the knockdown of these four genes, individually, does not affect CSP seem 

to be proving a disconnection between the effects of gene manipulation at the intraspecific level 

(ISC) and heterospecific level (CSP). This might be seen as evidence that post-copulatory 

sexual selection on SFP genes cannot drive the onset of reproductive isolation between species, 

as the two processes would not share a common genetic basis. ISC and CSP share some 

mechanisms (Manier et al., 2013), and conserved processes might be maintained by the force 
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of negative selection, while species-specific adaptations might be due to shifts of a gene’s 

identity. On the other hand, if the same genes mediate both processes, the  disconnection 

between single genes effects on ISC and CSP might be due to differences in the genetic basis 

of the two mechanisms. For example, the genetic basis of species differentiation has been 

proposed to be more polygenic (Mather, 1943) than the genetic architecture of within species 

variation. Moreover, several studies have highlighted the importance of gene interactions in 

the establishment of reproductive barriers, further supporting that speciation has a polygenic 

basis (Dobzhansky 1937; Muller 1942; Perez and Wu 1995; Johnson 2000; Orr and Irving 

2001; Tao et al., 2003; Sawamura et al., 2004; Chang and Noor 2007; Tang and Presgraves 

2009; Chang et al., 2010; Phadnis 2011). For this reason, reproductive barriers might only be 

disrupted by the simultaneous manipulation of multiple genes.  
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6.0 Policy implications 

Over the last decades, one of the most used class of pesticides is the one of the 

Neonicotinoids (Craddock et al., 2019). This category of insecticides has been used for 

different functions, from crop protections to flea and tick prevention on dogs and cats 

(Craddock et al., 2019). Neonicotinoids are chemically related to nicotine, and while being 

much less toxic to humans and mammals compared to old classes of pesticides, a big concern 

for the use of this substances regards bee populations. As they persist in the environment, non-

target organisms, such as bees and other beneficial insects, are exposed to nicotinoids. In 

laboratory conditions, the exposure to these substances to bee populations resulted in a 

significant growth reduction and a lower production of new queens (Whitehorn et al., 2012). 

For this reason, the development of non-chemical pesticides should be considered as an 

essential objective for future research. To avoid the negative effects that chemical-natured 

pesticides have on the environment, the use of genetically modified organisms (GMO) is 

becoming a powerful resolution to this problem. GMOs are advantageous in several ways, as 

they, for example, reduce the accumulation of spray pesticides on crops.  

To control the spread and the reproduction of pests, fitness must be reduced in these 

species of insects. Male’s reproductive genes, such as those that encode for seminal fluid 

proteins, can affect the male’s reproductive fitness. The genetic perturbation of genes that are 

known to affect sperm competition, for example via RNA-interference, can have negative 

outcomes on sperm competition, reducing the male’s ability to fertilize the ova. The four genes 

I focused on in my mating experiments are known to affect intraspecific sperm competition, 

and they affect this process in a negative way when they are knocked down, lowering the male’s 

fitness. Importantly, I have established here that the perturbation of expression of these genes 

does not affect interspecific barriers, which suggests that gene manipulations might not spread 

to other species. The negative consequences of the perturbation of these genes might be 
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particularly useful in the field of pest control. Specifically, the use of RNA-interference or 

CRISPR-CAS on sperm competition genes might find a usage in the only pest species of 

Drosophila, D. suzukii.  
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Appendices 

 

Supplementary Data  

 

 
 

Figure S1. Electrophoresis on agarose gel for primer testing. In picture A, D. melanogaster 

bands are displayed on the top part of the gel, while D. simulans bands are on the bottom part 

of the gel. Bands for Sfp33A2 and Sfp33A4 are missing in D. simulans, while Acp98AB is 

showing faint bands in both the species. In picture B, the bands for the two species are side to 

side for each gene, with the band on the left being the one for D. melanogaster and the band 

on the right being the one for D. simulans. CG8157 is not showing bands for neither of the two 

species. Mst57Da is showing faint bands in D. simulans, suggesting a low primer efficiency.  
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Figure S2. Electrophoresis on agarose gel with D. melanogaster and D. simulans cDNA to 

visualize differences in gene expression. For each gene, the D. melanogaster bands are the 

ones on the left, while the D. simulans bands are the ones on the right. None of these genes is 

showing a significant lower expression in D. simulans compared to D. melanogaster 

(CG31704, Sfp79B, Acp98AB, Mst57Db, EpbII, CG42782, Acp54A1) or aren’t showing bands 

for neither of the two species. (βTry, Jon74E, CG12506). Sfp36F is not showing a band in D. 

simulans, suggesting a major difference in gene expression. However, amplification of Sfp36F 

in D. simulans was poor (Figure S1), indicating that this result might only be the consequence 

of a poor primer annealing.  
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Supplementary Protocols 

 

1. Homogenization buffer (preparation for 10 mL) 

 
Component Volume  

10M Tris-HCl pH 8.0 100L 

0.5 EDTA 2mL 

10% SDS 1mL 

Sterile water 6mL 

 

Procedure: 

1) Homogenize flies in the homogenization buffer  

2) Incubate at 70°C for 30 minutes 

3) Add 14L of 8M potassium acetate and leave on ice for 30 minutes  

4) Centrifuge for 20 minutes at 14,000 RPM  

5) Add 50mL of 100% isopropanol and let sit at room temperature for 10 minutes 

6) Centrifuge for 10 minutes at 14000 RPM 

7) Wash twice with 40L of cold 70% ethanol 

8) Let air dry for 40 minutes  

9) Suspend it in 40L of sterile water 

 

2.  PCR (Bio Basic Kit) 

 

Preparation for 1x reaction 

 
Component Volume 

Sterile water 13.075 L 

10x Buffer 2.5 L 

MgSO4 (20mM) 3.125 L 

dNTP (10mM) 0.6 L 

Taq polymerase 0.2 L 

DNA template 2 L 

F primer (5mM) 1.0 L 

R primer (5mM) 1.0 L 

 

PCR program used in Bio-Rad MJ Mini Personal Thermal Cycler is as follows: 

1) 95˚C for 5 minutes 

2) 95˚C for 1 minute 

3) 60˚C for 2 minutes 

4) 72˚C for 3 minutes 

5) Repeat from step two for a total of 36 times 

6) 72˚C for 5 minutes 

3.  RNA extraction (BioRad Aurum Total RNA Mini Kit) 

Component  Volume (µl) 

Lysis solution  350 µl 
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60% ethanol  150 µl 

Low stringency wash solution 1400 µl 

High stringency wash solution  700 µl 

Diluted DNase I  80 µl 

Elution solution  40 µl 

Procedure: 

1) Add 150 µl of lysis solution into Eppendorf tubes 

2) Transfer dissected tissues into Eppendorf tubes and add 200 µl more lysis solution 

3) Mix the solution by pipetting up and down until froth is showing, as a sign of good 

mixing 

4) Add 350 µl of 60% ethanol 

5) Transfer the sample solution into the RNA binding column 

6) Centrifuge for 60 sec at 14000 RPM 

7) Discard filtrate 

8) Add 700 µl of low stringency wash solution to the RNA binding column 

9) Centrifuge for 30 sec at 14000 RPM 

10) Discard the low stringency wash solution from the wash tube 

11) Add 80 µl of diluted DNase I to the membrane stack at the bottom of the column and 

allow to incubate at room temperature for 25 min 

12) Add 700 µl of high stringency wash solution to the RNA binding column 

13) Centrifuge for 30 sec 

14) Discard the high stringency wash solution from the wash tube 

15) Add 700 µl of low stringency was solution to the RNA binding column 

16) Centrifuge for 1 min at 14000 RPM 

17) Discard the low stringency wash solution from the wash tube 

18) Centrifuge for an additional 2 min to remove residual wash solution 

19) Transfer the RNA binding column to a 1.5 ml capped microcentrifuge tube 

20) Pipette 40 µl of the elution solution onto the membrane stack at the bottom of the 

RNA binding column and allow 1 min for the solution to saturate the membranes 

21) Centrifuge for 2 min at 14000 RPM to elute the total RNA 

 

4. cDNA synthesis (BioRad iScript Select cDNA synthesis) 

Component  Volume  

5x iScript reaction mix  4 µl 

iScript reverse transcriptase  1 µl 

RNA template  2 µl 

Nuclease-free water 13 µl 

cDNA synthesis program used in Bio-Rad MJ Mini Personal Thermal Cycler is as follows:  

1) 25°C for 5 min 

2) 46°C for 20 min 

3) 95°C for 1 min 

4) Hold at 10°C 

5) End 


