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The fundamental key to fitness is reproduction, whereby males and female cooperate to 

successfully producing offspring.  Even though this cooperation is fruitful for both, it often 

disguises sexual conflicts, whereby males and females have optimised different strategies to 

maximise their reproductive success, potentially at the cost of the other sex. These conflict 

can lead to evolutionary arm races between the sexes over a number of traits, such as the 

control of reproduction, parental investment and resources (Parker, 2006). Consequently, 

the results of this conflict can be cycles of adaptation followed by counteradaptation 

between the two sexes (Chapman et al., 2003 (1)). 

Across taxa, males release both sperm and semen inside the female’s body during mating. 

The effects of semen proteins can benefit both sperm and eggs, but intriguingly they can 

also favour the interests of males whilst generating costs in females, resulting in sexual 

conflict (Chapman et al., 1995; Wedell et al., 2002; Kelly and Jennions, 2011; Liberti, Baer 

and Boomsma, 2018). In Drosophila melanogaster, the female body has been the battlefield 

of sexual conflict, as semen proteins exert their effects in females after mating. This 

manipulation by males through molecular interactions can inflict substantial physical and 

physiological costs of mating in females. One enigmatic seminal fluid protein the ‘Sex 

Peptide’, generates strikingly diverse changes in female physiological and reproductive 

behaviour (Liu and Kubli, 2003; Wigby and Chapman, 2005; Gioti et al., 2012). Sex 

Peptide triggers remarkable female post mating responses including altered fertility, 

immunity, libido, eating and sleep patterns, by the activation of diverse sets of genes (Chen 

et al., 1988; Chapman et al., 2000; Heifetz et al., 2000; Lung et al., 2002; Ram et al., 2005; 

Carvalho et al., 2006; Avila and Wolfner, 2009; Isaac et al., 2010). 

In many studies of the molecular mechanisms of female manipulation via the effects of Sex 

Peptide, genetic variation is minimised in order to clearly delineate biological functions. 

However, to understand the evolutionary processes and dynamics that characterise Sex 

Peptide mediated interactions between males and females, it is important to study this 

genetic variation. With high-throughput sequencing technologies that have provided 

resources such as >200 fully sequenced DGRP lines (Drosophila Genome Reference 

Panel)(MacKay et al., 2012; Mackay and Huang, 2018), we traced the impact of the 

enigmatic Sex Peptide on the fruitfly genome. 

In this thesis I performed an in-depth investigation of the phenotypic and genomic 

differences among 30-32 DGRP lines, with respect to male release of, and female responses 

to, Sex Peptide. I measured phenotypic variation for Sex Peptide release in males; and in 

females the phenotypic variation in immune responses, egg laying, receptivity and 

longevity in response to Sex Peptide receipt. I compared these phenotypic post-mating 

responses to those of females that mated to males with a null-allele for Sex Peptide, to 
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distinguish the specific response to Sex Pepetide. I mapped these phenotypes to genomic 

variation using Genome Wide Association Studies and conducted functional 

characterizations on the genomic variation identified. 

In chapter 2, we developed and successfully employed a novel quantification method, the 

immuno-Q-PCR. Using this, we detected significant variation among 31 DGRP lines in Sex 

Peptide release in males to wild type Dahomey females during mating. Our study showed 

no significant variation in mating latency or mating duration between males from 31 DGRP 

lines, indicating this variation in Sex Peptide transfer was not mediated by differences in 

mating behaviour among the lines. To search for genetic variations that were associated 

with variation in Sex Peptide release, we conducted a GWAS. This analysis yielded 

significant associations between Sex Peptide release and a set of 54 candidate genes. An 

extensive gene ontology search revealed that these top candidate genes clustered within the 

following functional categories: development, membrane, protein and RNA processing and 

reproduction. A literature search on the reproductive gene cluster showed that four of these 

genes were seminal fluid proteins. Some have yet unidentified functions; two are cyclic 

nucleotide phosphodiesterase that seem to be involved in male fertility and female mating 

behaviour; some are involved in germ cell development in males and/or in females; others 

are uniquely expressed in male testis and/or accessory gland protein but have unknown 

molecular and biological functions. We presume that the significant variation detected in 

Sex Peptide transfer might relate to Sex Peptide’s role in mediating sexual conflict. This is 

consistent with the idea that sexual conflict can maintain genetic variation in reproductive 

traits. Our study highlighted new candidate genes not detected by any other methods and 

that might show novel associations with Sex Peptide in determining reproduction and post-

mating gene expression in females. 

Chapter 3, revealed that mating and the transfer of Sex Peptide can induce the expression 

of several AMP genes in females, and that there was significant phenotypic variation in 

these responses among lines. The induction of, and variation in, AMP gene expression was 

recorded in isogenic lines of two different D. melanogaster populations (French and 

DGRP). The lines differed both in whether or not they induced the expression of AMPs 

after mating, and the extent to which they did so after receipt of Sex Peptide. Immune gene 

expression was not always upregulated in response to Sex Peptide. For some lines it was 

even down-regulated in females mated to SP+ compared to virgin and/or female mated to 

SP0 males. In other lines Sex Peptide had no effect at all, or none in addition to the response 

to mating itself. Furthermore, there were also differences among the three immune genes 

tested in detail, with those being regulated by the Imd pathway (Dpt-B, Mtk) being more 

responsive to Sex Peptide than the gene (IM1) under the regulatory control of the Toll 

pathway. The GWAS performed on the variation in expression of the antimicrobial AMPs 
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in response to Sex Peptide in the DGRP population identified 13 candidate genes for Mtk 

(Toll and Imd pathway), 51 candidate genes for Dpt-b (Imd pathway) and 38 candidate 

genes for IM1 (Toll pathway). The network analysis indicated that the majority of these 

genes are part of different networks, which suggests that most have several different 

functions in the organism, one role of which could be direct or indirect modulation of the 

immune response. For all these candidate genes, genetic variation was significantly 

associated with variation in the expression of AMPs after mating or Sex Peptide receipt. 

The functional annotation revealed that 8 of these candidate genes code for 

immunoglobulin superfamily proteins, and 8 modulate the Imd immune pathway, with 6 of 

these showing negative regulation.  

Chapter 4 showed that across the tested DGRP lines, the transfer of Sex Peptide had a 

clear overall effect to significantly reduce of re-mating, increase egg laying and increase in 

lifespan. However, the extent of these effects varied significantly across lines. This 

phenotypic variation in response to Sex Peptide was tracked through GWAS, revealing a 

set of genes involved for each of these phenotypes. For receptivity, 2 candidate genes were 

identified by the GWAS, of which one regulates the Jak/Stat pathway. There is, however, 

no clear link to how these genes may interfere in reducing the receptivity. For egg laying a 

total of 104 candidate were identified by the GWAS, where by 13 of these genes show 

direct involvement in the development and the regulation of egg laying, and half of the rest 

are highly expressed in early embryonic stages. Finally, the GWAS performed on the 

starvation survival hazard ratio revealed 2 candidate genes, of which daw is known to 

determine adult lifespan. These results confirm the pleiotropic effect of Sex Peptide in 

influencing female post mating responses. However, contrary to expectation and earlier 

findings, Sex Peptide receipt in general extended rather than shortened lifespan. 

Male “Sex Peptide” variation   

Studies of sexual conflict have been important in providing direct evidence on how males 

can potentially influence female reproductive processes and this has led to the identification 

of several mechanisms involved in sperm competition and post-mating sexual selection 

(Parker, 1970). Sexually antagonistic co-evolution between males and females has occurred 

over time in which each sex tries to maximize their reproductive success. Sexual conflict 

occurs over the sexually antagonistic effects of seminal fluid proteins in D. melanogaster. 

These male made proteins are transferred to females during mating and influence female 

sexual behavior (Sirot et al., 2015). One of these male-derived molecules, Sex Peptide, 

represents a “master regulator” of female physiology and reproduction (Liu and Kubli, 

2003; Chapman et al., 2003).  To understand the pace, dynamics and trajectory of co-

evolution arising from this potential manipulation of gene expression in one sex by the 
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other, I started characterising the variation in the males’ release of Sex Peptide to females 

during mating, by first quantifing the amount of Sex Peptide that males produce and 

transfer to females during mating, and then associating this to genomic variation. Aiming 

for more detailed understanding of the male variation in Sex Peptide’s release to females, 

and identification of candidate genes that are putatively involved in the regulation of this 

variation (chapter 2). 

Genetic variation within the Sex Peptide gene and in the upstream region has been 

previously identified (Cirera and Aguade, 1997), this could represent variation in regulatory 

cis-regions influenceing Sex Peptide, which could result in altered levels of production of 

Sex Peptide. Additionally, male D. melanogaster vary in Sex Peptide gene expression level 

has been shown (Smith et al., 2009). However, in the GWAS that I performed on the 

variation in male transfer of Sex Peptide to females, Sex Peptide itself was not among the 

candidate genes. This might suggest that the variation in Sex Peptide transfer is not 

primarily due to variation in production per se, but to variation in the allocation or transfer 

of the produced Sex Peptide to females. To test whether males genetically vary in how 

much Sex Peptide they produce, I would have needed to also measure and compare the Sex 

Peptide in unmated males. However, as production and accumulation of Sex Peptide is 

known to be plastic (e.g. dependent on social context (Wigby et al., 2009)) and may vary 

 

Figure 1: Compilation of known and assumed functions of DUP99B and SP. Results from in 

vitro and in vivo experiments. Some of the functions may be shared by the two peptides but 

based on different structures, some may be performed by both peptides with almost identical 

structures and some functions are unique to Sex Peptide. After Saudan et al., 2002. 
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with maturation and aging (Bonduriansky, 2014), such assays would need to be performed 

under stringently controlled conditions and preferably across a time course and/or various 

conditions. With the technique that I developed, this may now be feasible.  

With the new protein quantification methods developed in chapter 2, I was able to detect 

significant variation in Sex Peptide release among 31 DGRP lines. Through a GWAS, this 

phenotypic variation in Sex Peptide release was associated to sequence variations in a 

number of genes. Of these genes, we identified 12 candidates with putative direct links to 

Sex Peptide that are highly expressed in male reproductive tissue. Four of these genes are 

seminal fluid proteins; two are cyclic nucleotide phosphodiesterase that seem to be 

involved in male fertility and female mating behaviour; some are involved in germ cell 

development in males; and others are uniquely expressed in male testis and/or accessory 

gland protein but have unknown molecular and biological function. These results reveal 

potentially new genes that might regulate Sex Peptide transfer and determine the extent of 

its post-mating responses in females. Intriguingly, a functional homologue of Sex Peptide 

has been isolated, Dup99B (Ductus ejaculatorious peptide cytological region 99B) (Saudan 

et al., 2002), which has arisen from a gene duplication (Kubli, 2003). Both Sex Peptide and 

Dup99B genes contain an intron at the exact same site. In addition, Sex Peptide and 

Dup99B show a high sequence similarity in the C-terminal part, where each have a cyclic 

C-terminal part (a disulfide bridge between amino acids in position 24 and 36 and 19 and 

31, respectively), and where 10 out of 12 amino acid are identical (Figure 1). The C-

terminal parts is needed for the binding of Dup99B and Sex Peptide to specific sites in the 

nervous system and in the genital tract of female and are essential for eliciting the post-

mating responses once transferred to mated females (Schmidt et al., 1993; Saudan et al., 

2002; Kubli, 2003). Both proteins increase oviposition and egg laying and reduce 

receptivity to future mating (Ding et al., 2003). Our research revealed the variation in Sex 

Peptide transfer might also involve other genes, although more research is needed to 

confirm a role of these genes in regulating the Sex Peptide transfer. We could speculate that 

the same genes may also be involved in regulating the transfer of Dup99B, or alternatively, 

focus on the differences between Dup99B and SP (in the N-terminal part). 

 Female variation in response to “Sex Peptide” 

Sex Peptide is a key component in the male strategy for sexual conflict in D. melanogaster. 

Once in females, Sex Peptide manipulates female physiology and reproductive behavior, 

including increased egg laying, increased food intake, slowed intestinal transit and water 

balance, altered immunity, reduced sleep patterns, reduced sexual receptivity to re-mating 

and increased aggression (Manning, 1967; Chen et al., 1988; Liu and Kubli, 2003; Carvalho 

et al., 2006; Barnes et al., 2008; Isaac et al., 2010; Ribeiro and Dickson, 2010; Isaac, Kim 
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and Audsley, 2014; Bath et al., 2017). The study of female post-mating responses to Sex 

Peptide has often been constraint to one line or strain, in order to accurately measure the 

effects of Sex Peptide. However, by doing so, the evolution of, and variation in, female 

resistance to the Sex Peptide has not/never been systematically measured. This leaves a gap 

in our understanding, as it is becoming increasingly clear that sexually antagonistic 

selection generated by males’ manipulative trait, such as Sex Peptide, has shaped female 

resistance and generated a striking phenotypic variation and genetic response in retaliation. 

This wide variation in female response to Sex Peptide has been shown in chapter 3 and 

chapter 4. When it comes to Sex Peptide effect on immunity (chapter 3), a significant 

phenotypic variation in the induction of the immune responses among lines was shown. Sex 

Peptide did not always result in the changed transcription of AMP genes. Therefore, the 

canonical assumption that Sex Peptide always activates the innate immune response in D. 

melanogaster is incorrect. In some lines, neither mating nor the receipt of Sex Peptide 

induced the expression of AMPs, while in other lines, mating without the receipt of Sex 

Peptide induced an equally strong activation of immune responses as mating with the 

receipt of Sex Peptide. Similar phenotypic variations were observed in response to Sex 

peptide, for female receptivity, egg laying and longevity (chapter 4). Overall, Sex Peptide 

significantly reduced female re-mating, increased female egg laying and increased female 

lifespan, but the extent of these effects varied significantly across lines. For the receptivity, 

females who received Sex Peptide had lower to very low re-mating rates compared to 

females that did not, with the re-mating rates ranging from 3% to 80%.  The variation in the 

increased egg laying in response to receipt of Sex Peptide ranged from, on average, 5 

eggs/day to 30 eggs/day. The magnitude of the effects of Sex Peptide receipt on lifespan 

also varied greatly in the tested DGRP lines, resulting in no effects, reduced or higher 

survival. The general increase in longevity after Sex Peptide receipt was in sharp contrast to 

the more generally described decrease in longevity after Sex Peptide receipt (REFS). 

However, in my assay I used starvation resistance as a proxy to longevity, while the finding 

of reduced longevity was done under ad-lib food conditions. Thus, whether or not female 

lifespan reduction is a canonical effect of Sex Peptide remains unresolved.  

My findings show striking variation in the effects of Sex Peptide on various post-mating 

responses in females.  A fascinating question is whether the various post-mating responses 

are correlated, either positively or negatively. Is it the same genotypes that strongly respond 

to, or "resist", the effects of Sex Peptide in the various phenotypic traits? Additionally, or 

alternatively, are there trade-offs, such that the genotypes with a strong response in one 

post-mating aspect tend to respond less in another post-mating response? To analyse this, I 

tested for correlations between the variation in different phenotypic responses to the receipt 

of Sex Peptide (Figure 2). Only within the immune gene expression, there were significant 
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positive correlations, with a significant correlation in the expression of Mtk and Dpt-B (F= 

185, P=7.338e-14), Mtk and IM1 (F= 7.361, P=0.01127) and Dpt-B and IM1 (F=7.447, 

P= 0.01085), following Sex Peptide receipt. Thus, the lines that responded most strongly to 

Sex Peptide in the expression of one AMP also responded strongly in the other AMPs, 

while lines that had weak AMP expression following Sex Peptide receipt were consistently 

weak in the responses for all the AMPs tested. This indicated that some lines were more or 

less immune-responsive overall to Sex Peptide, contributing to the significant phenotypic 

variation observed. However, for the remaining phenotypic traits, there were no significant 

correlations detected in the effects of Sex Peptide receipt. The uncoupling of the effects of 

Sex Peptide receipt on different post-mating traits might indicate that female responses 

could be subject to several different, or divergent, selection forces, or that Sex Peptide acts 

through different molecular pathways to generate different outcomes.   

To better understand the mechanisms underlying the phenotypic and genetic variation in the 

post-mating responses to Sex Peptide, I performed GWAS analyses to generate a list of 

candidate genes that show polymorphisms correlated with the phenotypic differences for 

each of the phenotypic traits. Overall, the GWAS identified 104 genes that were associated 

with an effect of Sex Peptide on egg laying, 94 genes that were associated with the effect of 

Sex Peptide on immune gene expression 2 genes for Receptivity and 2 genes as effect of 

Sex Peptide on longevity (Figure 3). When combined, only 4 genes (dpr8, mgl, bun and 

Dscam2) were shared among different candidate gene lists: these 4 were associated with the 

phenotypic variation in the response to Sex Peptide on both egg laying and immune gene 

expression. This overlap is larger than what you expect from chance, based on the number 

of genes in both gene lists and the total number of genes in the D. melanogaster genome 

(hypergeometric test, P = 0.001).  At this stage, it is unknown whether and how these genes 

may be involved in the phenotypic variation in egg laying and immune gene expression, 

and how they may be affected following Sex Peptide receipt. Importantly, though, this 

analysis also reveals that many different candidate genes are associated with the various 

phenotypic responses to Sex Peptide.  

I also performed a gene network mapping, using the GeneMANIA app in Cytoscape 

(Montojo et al., 2010; Warde-Farley et al., 2010), combining all the 203 genes identified by 

the GWASs for the variation in egg laying, AMP expression, re-mating and longevity. This 

analysis reveals that many of these genes might be part of one big gene interaction network. 

Most of the gene-gene associations in the network were based on databases that catalogue 

patterns of co-expression (64.26%), while some of the gene-gene interactions reflect 

predictions based on orthologs in other species (15.13%), reported physical interaction 

between proteins (10.71%), co-localisation of the proteins (4.56%), genetic interactions 
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(2.90% ) and  shared protein domains (2.44%)  (Figure 4). The predictions of this gene 

network could suggest that many of the GWAS-identified genes in this thesis are connected 

through different types of interaction. Interestingly, Sex Peptide and the known Sex Peptide 

Receptor (SPR) do not feature in this predicted gene interaction network.  



 

 

 

 

Figure 2: Correlation matrix of the post-mating responses to Sex Peptide. This matrix correlates the phenotypic responses to Sex 

Peptide receipt in the expression of 3 immune genes (Mtk, Dpt-B, IM1), egg laying, receptivity and longevity in 30-32 tested DGRP lines.  
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Figure 3: Venn diagram representing the candidate genes that were identified in GWASs 

on the variation in immune gene expression, egg laying, receptivity and longevity in 

response to Sex Peptide release. The Venn diagram was drawn using interactivenn (Heberle 

et al., 2015). 
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Figure 4: Interaction network showing the relationships between the candidate genes 

resulted by GWASs, for egg laying, immunity, receptivity and longevity responses to 

Sex Peptide.  Interaction networks of candidate genes identified by the GWAS for egg 

laying, immunity, receptivity and longevity, when females were mated to SP+ males. Black 

nodes depict candidate genes generated by the GWAS with significant SNPs from the 

DGRP analysis (Query genes). Grey nodes are other genes that are related to a set of input 

candidate genes (Non-query genes). The links representing the networks in this case are 

based 64.26% on co-expression, 15.13% predicted, 10.71% physical interactions, 4.56% 

co-localisations, 2.90% genetic interactions and 2.44% shared protein domains. 
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Male Sex Peptide transfer and female responses 

The variation in Sex Peptide transfer by males was not correlated to the extent of any of the 

female post-mating responses (Figure 5). This could suggest that females may show 

variation in their responses, or even resistance, to Sex Peptide, but that this is not reflecting 

the variation in the amount of Sex Peptide they would typically receive from males within 

their line, or a strong genetic correlation between Sex Peptide transfer in males and post-

mating responses to Sex Peptide in females. The quantification of Sex Peptide transfer 

occurred immediately after mating: females were instantly frozen in order to make the most 

precise measurement on male Sex Peptide transfer. However, by doing so we may have 

removed the potential for females to also exert some form of control on the amount of Sex 

Peptide they retain or utilize. Before Sex Peptide can act on the female’s reproductive 

behaviour and physiology, females eject a great number of sperm and seminal fluid 

proteins, along with the mating plug (Laturney, 2016). The remaining sperm are stored in 

the spermathecae, and then the Sex Peptide is cleaved and released in female circulatory 

system over a period of time (Peng et al., 2005). Thus, our measurements reflect accurately 

how much the males transfer in their first mating, and we showed that the DGRP lines 

significantly varied in the amount of Sex Peptide they transferred. Yet, this does not capture 

how much the females retain or utilize, nor does it correlate with the female's post mating 

responses. The latter was perhaps also not to be expected, as the DGRP lines were 

generated by setting up a large collection of isofemale lines and making them isogenic by 

repeated sib crossings; this provides a snap-shot of the available genetic variation across 

DGRP lines, but would leave little scope for sexual selection within DGRP lines to 

modulate the male or female strategies. 
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Figure 5: Correlation between male Sex Peptide transfer and female phenotypic responses to 

the receipt of Sex Peptide in the DGRP lines. For each DGRP line, the amount of Sex Peptide that 

males transferred to females and the effect on various female post-mating responses (when mated to 

SP+ and SP0 males) were determined. These plots reflect the correlation within DGRP lines between 

the male and female traits. Correlation between the variation among DGRP lines in male transfer of 

Sex Peptide, and female responses after the receipt of Sex Peptide for (A) Mtk relative expression; (B) 

DPT relative expression; (C) IM1 relative expression; (D) the increase in numbers of egg laid; (E) re-

mating rate after 24 hours; and (F) survival hazard ratio under starvation conditions. 
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Conclusion  

 

After years of matchmaking, counting, collecting, mating and scrutinizing every aspect of 

the reproductive life of Drosophila melanogaster, we now know more than ever the 

importance of sexual selection and the evolution co-associations that have emerged from 

the tug of war between males and females. At the same time in most of these studies, the 

variation between the costs and benefits of antagonistic interactions has been overlooked. 

Yet, this variation is important for the dynamics and trajectory of co-evolution that arise 

from the potential manipulation one sex by the other. For the first time, I studied this 

variation in a sexually antagonistic trait, in males and females, and my results are reported 

in this thesis. 

The results of this thesis suggest there is more variation in female responses and male 

transfer of Sex Peptide then previously realised. The magnitude of the Sex Peptide effect on 

females post-mating traits (immunity, egg laying, receptivity and lifespan) varied greatly 

across the tested DGRP lines. Similar variation was also detected in male Sex Peptide 

transfer. This offers evidence that there is no overall consistent pattern, for both males and 

females, there is scope for evolution, as there is both genetic variation and several different 

opportunities for selection. Moreover, the absence of a correlation between male Sex 

Peptide transfer and female post-mating behaviours in response to Sex Peptide shows that 

these are not inherently genetically correlated. Importantly, even though Sex Peptide has 

major effects on the females post-mating behaviour, reproduction and physiology, female 

differ largely in how strong this effect of Sex Peptide is on different aspects of their 

reproductive lives, perhaps reflecting varying levels of sensitivity or resistance to Sex 

Peptide. All these findings emphasise the importance of studying different populations and 

different genetic backgrounds, to better understand the selection pressures that shape 

reproductive traits in males and females. 

Our results also highlighted many new candidate genes that may be involved in the males' 

production, release and/or transfer of Sex Peptide, and in the female's responses to Sex 

Peptide. However, it is clear that more work is needed to understand the exact role and the 

involvement of these genes in the Sex Peptide pathway.     
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