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Abstract  

A fundamental Darwinian insight is that natural selection is focussed on reproductive 

fitness rather than survival. This puts a premium on reproductive success for both sexes. 

However, this does not necessarily equate to sexual co-operation and there are many 

instances of conflict, in which each sex may gain by optimising their mating strategies at 

the cost of the other sex. The fruit-fly Drosophila melanogaster provides an excellent 

exemplar of sexual conflict. Each sex may display conflicting mating strategies and males 

may impose costs on females as a side-effect of the adaptive manipulation of seminal fluid 

proteins transferred during mating. These proteins induce several marked changes in female 

reproductive functions and post-mating behavior. One seminal fluid in particular, the “Sex 

Peptide”, plays a central role in these post mating responses in females: it increases egg 

laying and feeding and reduces receptivity, longevity and sleeping behavior. In this study 

we characterised the genomic variation associated with some of these key female 

phenotypic responses to Sex Peptide. Using a core panel of genome-sequenced lines from 

the Drosophila Genome Reference Panel (DGRP) we first showed that the phenotypic 

variation associated with receptivity, egg laying, longevity, mating latency and mating 

duration in response to receipt of Sex Peptide was associated with significant underlying 

genetic variation. We then performed a genome wide association study (GWAS). This 

highlighted several candidate gene regions of interest and showed that the phenotypic 

variation in different female post mating responses to Sex Peptide was controlled by 

different genes and mechanisms. 

Keywords  

Sex Peptide, Receptivity, Egg laying, Longevity, Drosophila melanogaster, DGRP, 

GWAS, Sexual selection, Genetic variation 
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Introduction 

Success in sexual reproduction can be typified by both conflict and cooperation between 

males and females. Both sexes cooperate to produce fit and viable offspring. However, due 

to differences in the evolutionary interests of each sex (Parker, 1979) males and females 

may also be in conflict over the optimal values of reproductive traits such as gamete size, 

parental investment, available resource levels and particularly over the mode and frequency 

of mating. Such conflict potentially leads to an evolutionary arms race between males and 

females (Boorman and Parker, 1976; Arnqvist and Rowe, 2002; Gage, 2004). Females may 

benefit from multiple mating by increasing fecundity and the genetic diversity of their 

offspring (Arnqvist and Nilsson, 2000). However, this can be costly for males if it leads to a 

reduction in the number of offspring sired (Chapman et al., 2003). Set against this, the 

physiological costs of extra matings are also divergent, being much higher in females than 

males. Consequently, across a broad range of taxa, males have evolved different strategies 

to manipulate female pre- and post-mating behavior, and thereby secure higher lifetime 

reproductive success for themselves. These tactics include guarding females and physically 

preventing them from mating with other males (Elias et al., 2014; Jarrige et al., 2016) and 

perfuming females with pheromones that render them unattractive to other males (Scott and 

Richmond, 1987; Andersson et al, 2000). Males may even take remote control of females 

through the transfer of seminal fluid proteins that render females less receptive to further 

courting, trigger egg production and have the potential to reduce female fitness (Chapman, 

2001; Wigby et al., 2009; Avila et al., 2011; Xu and Wang, 2011). Variation in the 

responses of females may result from differential sensitivity and/or ability to resist the 

potential manipulative effects of males (Wigby and Chapman, 2004a). This can generate 

and maintain genetic variation to fuel evolutionary change in reproductive traits. 

In D. melanogaster, both males and females are promiscuous. This has resulted in an 

evolutionary arms race between the two sexes, whereby males gain by securing and 

maximizing their lifetime reproductive success even if it is costly to females, and where 

females gain by resisting the mating costs inflicted by males while maintaining the optimal 

quality and quantity of offspring (Arnqvist and Nilsson, 2000; Chapman et al., 2003). 

Drosophila melanogaster has been an pivotal model to uncover the mechanisms 

influencing reproduction and female post-mating behavior and to provide a window into the 

marked changes in mated females caused by the activation of diverse sets of genes (Gioti et 

al., 2012; Laturney and Billeter, 2014). These post mating changes in females are largely 

induced by the seminal fluid proteins transferred by males during mating. These male 

proteins physically support sperm transfer during mating, but also elicit post-mating 

responses that increase male reproductive success whilst sometimes simultaneously 
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generating costs in females. This can lead to a tug-of-war, where males employ semen 

proteins to facilitate successful sperm storage and to guarantee that females make a 

significant investment in the current brood and withhold from re-mating with other males. 

Collectively these effects can be costly and can even shorten female lifespan (Chapman et 

al., 1995; Chapman, 2001; Ram and Wolfner, 2007; Avila et al., 2011; Sirot et al., 2015).  

The effects of one enigmatic seminal fluid protein, known as the ‘Sex Peptide’, have been 

studied in some detail. Sex Peptide is transferred to females and bound to sperm within 

females (Peng et al., 2005). It causes a substantial reprogramming of female behaviour and 

physiology 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 et al., 2014; Bath et al., 2017). Sex Peptide also directly influences sperm usage 

and sperm release in the female reproductive tract (Avila et al., 2010). Reflecting these 

many effects, Sex Peptide is also reported to alter the expression of a diverse array of genes 

in females both across time and in different parts of the body (Gioti et al., 2012).  

In D. melanogaster the interface of the type of sexual conflict described above often occurs 

within the mated female’s body, with males trying to increase the magnitude of female 

responses while females try to dampen them down. However, to understand the pace, 

dynamics and trajectory of the co-evolution arising from this potential manipulation of gene 

expression in one sex by the other, it is necessary to understand the molecular interactions 

between males and females. As a first step towards this, we need to identify which genes 

and proteins may be involved in the regulation of female responses to Sex Peptide.   

In this study we performed an in-depth investigation to identify the genetic variation and 

genome regions associated with female phenotypic variation in response to receipt of Sex 

Peptide. Specifically, we measured the response to Sex Peptide receipt on female re-mating 

behavior, egg laying and longevity under starvation conditions.  We did this in a core set of 

genome-sequenced lines, the Drosophila Genome Reference Panel (DGRP; Mackay et al. 

2012). A Genome Wide Association (GWAS) approach was then used to identify the 

genome regions associated with these responses (re-mating, egg laying and longevity) to 

Sex Peptide. We mapped the variation in each of these phenotypes to genomic variation 

using the DGRP website and examined the functional descriptions of the genomic variation 

and underlying genes identified. 
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Material and methods  

Fly stocks  

i. Iso-female lines  

The core set of the D. melanogaster isofemale lines from the Drosophila Genomic 

Reference Panel (DGRP) (Mackay et al, 2012) was used to measure variation in the 

different Sex Peptide response phenotypes. These are inbred lines generated from 

isofemales that were originally derived from individuals collected from North 

Carolina, USA and were obtained from the DGRP collection via the Bloomington 

stock centre. The genomes of all the DGRP lines have been fully sequenced and are 

publicly available for testing for genetic variation in focal traits as well as genome 

wide association studies (dgrp2.gnets.ncsu.edu).  

ii. Sex Peptide mutant lines  

Sex Peptide lacking (knockout, SP0) and genetically matched control males (SP+) were 

used in this study and were derived as described in Liu & Kubli (2003). The 

experimental SP0 (SP0/Δ130) males bear a non-functional Sex Peptide gene, produced 

by crossing (SP0/TM3 Sb ry) males, whereby SP0 is the Sex Peptide gene knockout, to 

SPΔ2-7 females (Δ130/TM3 Sb ry) in which Δ130 is a deletion of amino acid 2 to 7 in 

the N-terminal region of the Sex Peptide gene. The SP+ control line males contained 

the knockout SP0 and the wild type Sex Peptide genes in tandem (SP0, SP+/Δ130). 

These males produce normal levels of sex peptide (Liu & Kubli 2003). They were 

generated by crossing SP0, SP+/TM3, Sb, ry males to Δ130/TM3, Sb, ry females. All 

stocks had been back-crossed into the Dahomey wild type genetic background prior to 

these tests, to increase the vigour of the males and to introduce a wild type genetic 

background for both SP+ and SP0 males (Fricke, Bretman and Chapman, 2010).  

iii. Wild type lines 

The D. melanogaster Dahomey wild type flies were originally collected in the 1970s in 

Dahomey (now Benin) and have been kept since then in a large population cages with 

overlapping generation on sugar yeast agar (SYA) medium (100g brewer’s yeast, 50g 

sucrose, 15g agar, 30ml of 10% w/v Nipagin solution and 3ml propionic acid, per litre 

of medium). They were reared at 25°C, 50% humidity on a 12L:12D cycle. Each stock 

cage was supplied every week with three new bottles of 70ml SYA and bottles were 

removed after 28 days.  
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Fly rearing and collection 

All flies were grown on standard SYA medium in a 25 °C room, with a 12:12 h light: dark 

cycle and 50% humidity. Larval density in the cultures from which the DGRP females were 

derived was controlled by rearing 100 larvae per vial on SYA medium. At eclosion virgin 

females were collected on ice anaesthesia and were kept in individual vials 4-5 days until 

mating. Larval density was also controlled in the cultures from which males were collected; 

SP0 and SP+ males were reared in bottles in which 50 males and 50 female parents had been 

placed for a period of 24 h. Parents were then transferred daily to new bottles to 

synchronise the cultures and standardise density. After eclosion, SP0 and SP+ males were 

stored in single sex groups of 10 males per vial on SYA medium until the day of mating, at 

4-5 days post eclosion. The wild type Dahomey were reared in the same way as the DGRP 

females; upon eclosion, wild type females were kept individually in vials and wild type 

males were pooled in groups of 10 until mating took place at 4-5 days of age. 

Receptivity assay 

To determine the effect of Sex Peptide on female receptivity, re-mating assays were 

conducted over 2 days. On the first day of the tests, SP+, SP0 and Dahomey males were 

mated once with females from each of 30 DGRP lines, as well as females from the 

Dahomey wild type. For each line and mating treatment, 40 females were initially set up. 

Immediately after the end of mating males were discarded and females were maintained 

individually in vials. After 24 hours, 1 fresh Dahomey male was introduced to each of the 

mated females and the number of females that re-mated was recorded. On both days 

females were given a 3-hour time window of exposure to males in which to mate. Mating 

latency and duration was recorded for first and second mating (see below). Dahomey 

females were used as a control for random environmental variation and were tested in each 

of the 7 experimental blocks of mating tests. 

Egg laying and longevity assays 

To detect the effect of Sex Peptide on female egg laying and once-mated female lifespan, 

virgin females from each of 32 DGRP lines were exposed to either SP0 or SP+ males and 

were allowed to mate once. For each line and mating treatment 40 females were initially set 

up. Immediately afterwards females were individually transferred into fresh SYA vials and 

allowed to lay eggs for 24 hours and again transferred to new vials for another 24 hours. 

After removing the females, the SYA vials where eggs have been laid where then frozen to 

stop the development, and were later counted individually under a microscope. After 48 

hours from the initial mating, females were pooled in groups of 10 and maintained on agar 
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only (15g of agar, 1L of water) medium until death. This assay allowed us to test the female 

starvation survival of each of the DGRP lines subjected to single matings with either SP0 or 

SP+ males. This starvation measure shows a strong correlation with survival on standard 

food media (Zwaan et al., 1991). The number of deaths in each line and treatment was 

recorded 2 times a day until all the flies were dead. Mating latency and duration was 

recorded for all matings. 

Latency and duration of mating  

The latency of the start of mating for each virgin and mated female in the receptivity assays 

was recorded. This was derived from the time when males were introduced to the females 

until the mating started. The duration of each mating was also recorded and was the time 

from the observed start of mating until the pair separated. These data were collected for 

both the receptivity and the egg laying and longevity assays. 

Body weight  

To document the difference in mass between the different lines, the body weight of each of 

the lines was measured using a laboratory scale (Sartorius MC1). Flies were reared at a 

standard density on SYA and derived from vials in which 5 males and 5 female parents 

were maintained for 1 day, and then transferred daily to new vials for 5 days, to 

synchronize cultures and standardize density. At eclosion females and males were pooled 

separately, per DGRP line, 3 pools of ten were instantly frozen in liquid nitrogen, and then 

weighed to the nearest 1.0 mg with the molecular scale. 

Statistical analysis 

All statistical analyses were conducted using RStudio (Version 0.99.903) (RStudio, 2016). 

Different statistical approaches were required to analyse the different trait data measured in 

this manuscript due to the different data distributions, as described below: 

i. Mating latency and duration 

To compare the mating latency and the mating duration among DGRP lines, we 

analysed the data from both the receptivity assay and the egg laying assay, using linear 

mixed models, implemented as “lmer” by REML in the “lme4” package. The 

significance of factors was determined by step-wise model reduction from the maximal 

model via likelihood ratio tests (LRT), whereby the deviance (D) is the difference 

between the log likelihood of the reduced model and the log likelihood of the full 

model, using the Kenward Roger method for F-tests for assigning significance of Sex 
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Peptide fixed effect. The maximal model included the cross (mating to a SP+ and SP0 

male) as a fixed effect, and the DGRP lines and dates as random factors. In the 

simplified model, the random effect of DGRP lines was omitted to test for significant 

variation among DGRP lines, and the fixed effect of cross was omitted to test for 

differences in latency and duration for mating with SP+ and SP0 males. The mating 

latency was log-transformed for analysis to improve normality.  

 

ii. Receptivity 

Day-to-day variation was assessed in a separate analysis, comparing the responses of 

Dahomey females on each of the experimental mating days. For each mated female, it 

was recorded whether or not they remated (0/1) when a Dahomey male was introduced 

for 3 hours, 24h after the first mating. The variation in receptivity was analysed, using 

a generalized linear model “GLM” (McCullagh and Nelder, 1989) with binomial 

errors. The model included experiment date as a fixed effect and the interaction with 

cross (mating to a SP+, SP0 or WT Dahomey male), and the Chi-square test was used 

for assigning significance. 

Variation among the 30 DGRP lines for the proportion of females that re-mated was 

analysed using the “Glmer” function on the “lme4” package (Bates et al., 2014), 

specifying binomial errors. The significance of factors was determined by step-wise 

model reduction from the maximal model via likelihood ratio tests (LRT), whereby the 

deviance (D) is the difference between the log likelihood of the reduced model and the 

log likelihood of the full model, using the Chi-square test for assigning significance. 

The maximal model included the cross as a fixed effect, and the DGRP lines and dates 

as random factors. In the simplified model, the random effect of DGRP lines was 

omitted. 

iii. Weight  

To determine whether DGRP line variation in female weight is associated with DGRP 

line variation in the number of egg laid by females, the correlation between female 

weight and numbers of egg laid was analysed using a linear model “Lm” (Lindley and 

Smith, 1972). The analysis was done separately for the data from females crossed to 

either SP0 males or SP+. In addition, we determined whether there was an interaction 

between weight and Sex Peptide effect on the numbers of eggs laid, also using linear 

models.  

iv. Egg laying  

To check for day-to-day variation in egg laying, the Dahomey samples were analysed 

in a generalized linear model “GLM” (McCullagh and Nelder, 1989), implemented in 
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package “lme4” (Bates et al. 2015), specifying a zero-inflated negative binomial 

distribution. The maximal models included cross (either to SP0 or SP+) as a fixed effect 

and date and the interaction between date and cross as a random effect. In the 

simplified models the interaction term between cross and date was dropped as it was 

non-significant, while the random effect of date was significant when models were 

compared using LRT. 

To test for variation among DGRP lines in egg laying after mating to SP+ or SP0 males, 

the statistical analyses were performed using the Generalized linear mixed-effects 

models using Template Model Builder “GlmmTMB” function on the “CRAN” package 

(Brooks et al., 2017). A maximum likelihood approach was used to compare and find 

the best distribution to fit the data, which was a zero inflated negative binomial model 

(Zuur et al., 2009). The full model included cross (either to SP0 or to SP+) as a fixed 

effect, and lines, date and weight as a random effect. A stepwise model simplification 

of the maximal model with analysis of deviance was used to determine significant 

terms. In this analysis, weight and dates were dropped from the model, as they did not 

significantly contribute to explaining the variation in egg laying. 

v. Longevity  

Prior to analyses, the ‘bbmle’ (Bolker, 2016) package, was used to compare 10 mixed 

effects models and find the best model fit to study multiple random effect. The Sex 

Peptide effect on longevity analysis was performed using linear mixed effects “lme”, 

implemented in the “nlme” package (Pinheiro et al., 2018), with the maximum 

likelihood approach. The maximum model included a main effect of male (SP0 or SP+), 

modelled variance as function of date to solve heteroscedasticity, included random 

interaction effect of Line on male, but no random effects of date. The first simplified 

model excluded the random interaction of males on lines to test for significant genetic 

variation for Sex Peptide mediated effect on the different tested lines. In the second 

simplified model, the fixed effect of male was dropped to confirm the main effect of 

males. 

Since the longevity data satisfied the proportional hazards assumption, the Cox 

Proportional Hazards method was implemented, using the “coxme” package 

(Therneau, 2015) to generate hazard ratios subsequently used as inputs for the GWAS. 

The models were specified to test for the effects of Sex Peptide and the relevant hazard 

ratios were calculated for each of the DGRP lines and male type. The hazard ratio 

indicates the ratio of the instantaneous hazard (mortality) rates of SP0 and SP+ for each 

of the tested lines.  

 

https://link.springer.com/article/10.1007/s10519-017-9850-6#CR2
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Genome-wide association study  

Phenotype trait values per DGRP line for re-mating, egg laying, longevity, mating duration 

and mating latency in response to receipt of Sex Peptide were uploaded in the DGRP2 

analysis webserver (dgrp2.gnets.ncsu.edu) (MacKay et al., 2012; Huang et al., 2014). A 

genome-wide association study (GWAS) was performed for each trait by using the DGRP 

pipeline to identify candidate genes, polymorphisms and pathways associated with the 

query phenotypes. From this output the top polymorphism (SNPs and indels) with allele 

frequencies ≥ 0.05 and significant associations (P < 10-5) with the trait values were then 

considered for functional enrichment analysis (see below). These GWAS analyses 

accounted for effects of Wolbachia infection, cryptic relatedness due to major inversions, 

and residual polygenic relatedness (Mackay et al., 2012). The analyses were performed 

separately on the different phenotypes that were tested. 

Functional enrichment and gene mapping   

All the candidate genes generated by the GWAS for the phenotype measures associated 

with re-mating, egg laying, longevity, mating duration and mating latency were subject to 

functional enrichment analysis using DAVID bioinformatic resources 6.8, NIAID/NIH 

(Huang et al., 2009) to identify which functions were overrepresented among these genes 

associated with the variation in responses to Sex Peptide. The candidate genes were also 

used for network mapping, using the geneMANIA Cytoscape 3.4.0 plugin (Data Version: 

13/07/2017) (Shannon et al., 2003; Montojo et al., 2010). The geneMANIA server predicts 

a functional network by associating genes based on the information in available databases 

on biological function, co-expression, co-localisation genetics and physical interactions. 
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Results  

Receptivity 

We tested female receptivity in 30 DGRP lines, exposing 40 females per line to wild type 

Dahomey males, 24 hours after an initial mating to either SP0, SP+ or wild type Dahomey 

males. The receptivity was measured as the percentage of females that re-mated to wild 

type males for each the DGRP lines, 24 hours after the receipt or not of Sex Peptide.  

Firstly, we tested for day-to-day variation in Dahomey females that were included during 

each of the experimental assay blocks. The statistical analysis showed no significant effect 

of dates on the response to Sex Peptide receipt in terms of receptivity in Dahomey females 

across the tested days (Df=7, P=0.1485). Therefore, date was not included in the 

subsequent statistical analyses of DGRP line receptivity.  

Highly significant variation was detected among the DGRP lines in re-mating percentages, 

and as expected, males genotype (SP+, SP0 or WT) had a major effect on female receptivity 

(Figure 1). In all the DGRP lines, females that did not receive Sex Peptide had significantly 

higher re-mating rates (varying from 50% to 97.1%), than did control females mated to SP+ 

(ranging from 3% to 80%) or to fully wild type males (2.6% to 77.4%). The DGRP lines 

showed significant variation in the extent to which Sex Peptide receipt diminished their re-

mating rates (Chisq=20.45, P=0.002302).   

For the second mating, the latency results revealed significant variation for lines 

(Chisq=4.9305, P=0.02639) and Sex Peptide had an effect on the latency of the second 

mating (F=1, P=0.01513). Females that were mated to SP0 males on the first day generally 

re-mated more rapidly with those mated to wild type males on the second day, exhibiting 

reduced latency compared to females who had mated to SP+ or to wild type males 

(Supplementary data). As for the duration of the second mating, lines differed significantly 

from each other (Chisq=13.95, P=0.0001878), while the different mating treatments also 

had a significant effect on the second-mating duration (Chisq=6.119, P=0.01337) (Figure 

2).  

These results indicated significant variation among the DGRP lines in the effects of Sex 

Peptide on female receptivity: the percentage of females that re-mated after receiving Sex 

Peptide differed markedly among the DGRP lines, as did latency time until re-mating. 
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Figure 1: Variation in re-mating percentages of females from 30 DGRP lines, 24 hours 

after mating to SP+, SP0 or WT males. Bar plot representing the percentage of DGRP 

females that re-mated with WT males 24 hours after a first mating to SP0, SP+ or WT males. 

For each line and treatment, n=40. 
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Figure 2: Re-mating latency and re-mating duration of females from 30 DGRP lines, 

24 h after mating to SP+, SP0 and WT males. (A) Boxplots of the latency for the second 

mating (plotted on logarithmic scale) of the DGRP females to WT males, 24 hours after the 

same females were mated to either SP0, SP+ or WT males. (B) Boxplots of the second 

mating duration of DGRP females when mated to WT, 24 hours after being mated to either 

SP0, SP+ or WT males. Median represented by horizontal line within box, with box 

representing the interquartile range (IQR) and whiskers the highest/lowest value within. 

Outliers are represented by points. The labels on the x-axes is a concatenation of the DGRP 

line identifier and the mating treatment for the first mating (to WT, SP+ or SP0 mating).  

A 

B 
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GWAS 

To identify polymorphism regions that correlate with female reduced receptivity to re-

mating 24 hours after the receipt of Sex peptide, a GWAS was performed on the female re-

mating percentage using the functionality of the DGRP website. Genes with SNPs, 

deletions and insertions that had statistical association with P<10-5 were considered as 

candidate genes for subsequent network mapping and gene ontology enrichment analysis. 

In total 8 significantly associated polymorphisms were identified, of which 1 SNPs was in 

intergenic region and 6 SNPs and 1 INS in the upstream and intron regions of 2 genes 

Socs16D (FBgn0030869) and CG9747 (FBgn0039754). 

Functional gene networks  

The functional annotations for the 2 genes identified by the GWAS, was performed by 

DAVID Bioinformatics Resource 6.8 program. According to DAVID, gene CG9747 is 

involved in lipid metabolic process, unsaturated fatty acid biosynthetic process, long-chain 

fatty acid biosynthetic process, oxidation-reduction process. As for gene Socs16D, it 

negatively regulates the protein kinase activity and the JAK-STAT cascade and mediates 

the TORC1 signaling and the cytokine signaling pathway.  

Additionally, the functional gene network mapping was also performed on the 2 candidate 

genes by using the GeneMANIA app in Cytoscape (Montojo et al., 2010; Warde-Farley et 

al., 2010). Network mapping by GeneMANIA is based on several databases, including 1) 

gene co-expression, where genes are linked when their expression level is similar across the 

same conditions; 2) genetic interactions, with two genes being functionally associated if the 

effects of perturbing one are associated with perturbations to a second, 3) physical 

interactions, where the proteins are linked if they were found to interact in a protein-protein 

interaction study, 4) co-localisation, where two genes are linked if they are both expressed 

in the same tissue or if their gene products are both identified in the same cellular location, 

5) shared protein domains, where genes are linked if they have the same protein domain, 

and 6) the predicted network specifies a functional relationship between genes, often 

protein interactions, that have orthologs in different organisms.  

The 2 candidate genes that were identified by the GWAS on the re-mating percentages as 

effect of Sex Peptide revealed a network of 20 other related genes. The network represented 

by geneMANIA was based 37.47% on network prediction, 25.50% on co-expression 

network, 16% genetic interactions, 9.20% physical interactions, 9.73% colocalization and 

2.10% on shared protein domains (Figure 3). The network generated by geneMANIA for 
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these 2 genes estimates the different types of interaction that could occur between the 

GWAS-identified genes and other related genes, using a very large set of functional 

associations. The two candidate genes identified are part of a network involved in 

oxidoreductase activity and regulation of ERBB signaling pathway (Supplementary data 

Table 1).  

 

Figure 3: Interaction network of the 2 candidate genes associated with the variation in 

re-mating responses to Sex Peptide. Interaction networks of the 2 candidate genes 

identified by the GWAS on the proportion of females that re-mated when females were first 

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 37.47% on prediction, 25.50% on co-expression networks, 

16% genetic interactions, 9.20% physical interactions, 9.73% colocalization and 2.10% on 

shared protein domains.  

Body weight  

To determine if the variation in body size of the females was correlated with the numbers of 

eggs laid across the DGRP lines, we measured average weight for females of each of the 

DGRP lines under standardized conditions. A significant positive correlation was detected 

between mean female size and the mean number of eggs laid by females of each DGRP line 

after mating to SP+ males (F=7.849, P=0.009291) (Figure 4A). A similar positive trend 

existed for the relationship between mean female size and the number of eggs laid when 

females were mated to SP0 males (F=3.818, P=0.06115) (Figure 4B).  
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To test whether weight effects on egg numbers interacted with the egg-laying responses to 

Sex Peptide across the different DGRP lines, we plotted the difference between egg 

numbers laid by females mated to SP+ males and females mated to SP0 males (here 

considered to be the "Sex Peptide effect" on egg laying) against weight. The analysis 

showed no significant correlation between weight and the Sex Peptide effect on fecundity 

(F=2.632, P=0.1163) (Figure 5). Combined, these tests indicate that the number of eggs 

laid by females, but not the effect of Sex Peptide on fecundity per se, was positively 

correlated to body size variation among the DGRP lines. In addition, we compared the 

GlmmTMB zero inflated negative binomial models including and excluding the interaction 

of weight and Sex Peptide as a random effect: the comparison of the two models was non-

significant. Based on these results, and since we did not obtain the individual weight of the 

DGRP females in the egg laying assay, weights were not incorporated in the subsequent 

analysis of the egg laying data. 

 

Figure 4: Correlation between DGRP line mean female weight and the mean numbers 

of eggs laid after mating to SP0 or SP+ males. (A) Scatter plot representing the significant 

correlation (P=0.0092) between DGRP line female body size and the number of eggs laid 

within 24h after mating with SP+ males. (B) Scatter plot representing a non-significant 

correlation (P=0.06115) between DGRP line female body size and the number of eggs laid 

following mating to SP0 males.  
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Figure 5: Correlation of DGRP female weight and the ‘Sex Peptide effect’ on fecundity 

(the difference of number of eggs laid between females of the same DGRP lines when 

mated to SP+ males to SP0 males). Scatter plot representing the non-significant correlation 

(P=0.1163) between female body size (weight) and the Sex Peptide effect on fecundity 

(difference in the number of eggs laid within 24 h after matings with SP+ or SP0 males).  

Egg laying  

To test for variation among DGRP lines in the effect of Sex Peptide on egg laying after 

mating, females from 32 DGRP lines along with Dahomey females were mated to either 

SP0 or SP+ males. The number of eggs that resulted from these matings were scored 24 

hours after mating (and 48 hours after mating, see supplementary data Figure 3). To 

account for day-to-day variation, the Dahomey line was also tested on each assay day. For 

the day-to-day effects, we compared zero inflated negative binomial models, including and 

excluding date as a random effect. In this comparison, date was non-significant 

(“GlmmTMB”, Chisq=3.1411, P=0.07634). Therefore, date was removed from subsequent 

analysis of the egg-laying data.  

There was a significant effect of the interaction term between Sex Peptide × lines for egg 

laying on day 1 (“GlmmTMB”, Chisq=4.9037, P=0.0268) (Figure 6). All the DGRP lines 

tested showed higher numbers of eggs laid when mated to SP+ males than following 

matings with SP0 males. Also, on the second day after mating, the numbers of eggs laid by 

females mated to SP+ males were higher in most DGRP lines compared to matings with SP0 

males. The numbers of eggs laid on day 1 was approximately twice the number of eggs laid 
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on day 2 (Supplementary data Figure 3).  To determine whether the numbers of egg laid by 

females mated to SP0 males was correlated with that following matings to SP+ males, a 

linear regression analysis was conducted on the 32 DGRP lines for egg laying on day 1 

(Figure 7). The results showed a non-significant correlation (F=1.438, P=0.2398). Thus, 

DGRP lines do not systematically differ in how many eggs were laid on day 1 after mating, 

but instead varied in the egg laying responses to receipt of Sex Peptide. For day 2 there was 

a significant correlation in the number of eggs laid by the females of same lines when 

mated to either SP0 or SP+ males (F=9.16, P=0.005041) (Supplementary data 4). These 

patterns could imply that the egg laying data on day 2 better reflected the variation among 

lines in egg laying rate per se than it did the variation among lines in their egg laying 

responses to Sex Peptide. Based on this information, the downstream analysis focused on 

the number of eggs laid 24 hours after mating. 

Two phenotypic measures were calculated from the data on day 1 to describe the egg laying 

response to Sex Peptide: i) the median difference in the numbers of eggs laid by the females 

when mated to SP+ and SP0 for each of the 32 DGRP lines, to obtain an estimate of the 

absolute increase in the number of egg laid due to the receipt of Sex Peptide; and ii) the 

ratio of the numbers of eggs laid by females when mated to SP+ and to SP0
 males for the 32 

DGRP lines, to obtain an estimate of the relative change in the number of eggs due to 

receipt of Sex Peptide. These two measures were used in a subsequent GWAS analysis to 

identify which genes were associated with the variation in egg laying responses to receipt 

of Sex Peptide. 
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Figure 6: Mean number of eggs laid by the DGRP females within 24 hours after 

mating to SP+ or SP0 males. Bar plot representing the median numbers of eggs laid by 

DGRP females within the first 24 hours after mating to SP0 or SP+ males. The lines are 

ordered in ascending order of SP+ fecundity. Error bars indicate s.e.m. For each line and 

mating treatment, n=40.  

 

Figure 7: Correlation of the number of eggs laid by females of the DGRP lines within 

24 hours after mating to SP0 or SP+ males. Scatter plot representing a non-significant 

correlation (P=0.2398) between the fecundity of DGRP females in the 24h following 

matings to either SP+ males (Y axis) or SP0 males (X axis).  
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Egg laying GWAS 

A GWAS was carried out to identify polymorphic markers (SNPs, insertions and deletions) 

that correlated with the variation in egg laying when females were mated to SP+ or SP0 

males. The GWAS was performed for the 32 tested DGRP lines, separately for the two 

measures of the response to Sex Peptide on egg laying, as described above: i) the absolute 

increase in the numbers of eggs laid by females when mated to SP+ or SP+ males; and ii) the 

relative change in the numbers of eggs laid when females were mated to SP+ or SP0 males. 

The GWAS was performed using the functionality of the DGRP website. Genes with SNPs, 

deletions and insertions that had statistical association with P<10-5 were considered as 

candidate genes for subsequent network mapping and gene ontology enrichment analysis. 

i. GWAS on the increase in the numbers of egg laid  

The GWAS performed on the median difference in the number of eggs laid by 

females from each of the DGRP lines when mated to SP+ or when mated to SP0 

males. The GWAS provided a list of significantly associated polymorphisms that 

could be involved in the increase of egg laying upon receipt of Sex Peptide. A 

total of 30 polymorphisms were significantly associated with egg laying variation, 

of which 7 SNPs were in intergenic regions and 22 SNPs and 1 insertion in or near 

15 genes (Supplementary data Table 2). 

 

ii. GWAS on the relative change in the numbers of eggs laid 

The GWAS was performed on the ratio of the mean numbers of eggs laid by 

females from each of the DGRP lines when mated to SP+ or to SP0 males. The 

GWAS provided a list of 200 polymorphisms that were significantly associated 

with the relative change in egg laying upon receipt of Sex Peptide, of which 45 

SNPs were in intergenic regions and 144 SNPs, 5 INS and 6 DEL in or near 90 

genes (Supplementary data Table 3). 

 

iii.  Overlapping genes in both of the above GWAS analyses 

The two GWAS analyses performed on the DGRP variation in egg laying in 

response to Sex Peptide identified one overlapping gene: FBgn0262617 

(CG43143). 

Functional gene networks  

To obtain the functional annotations for each gene identified by the GWAS, and to perform 

a gene enrichment analysis on the candidate genes, we seeded the DAVID Bioinformatics 
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Resource 6.8 program with the two gene lists from the GWAS. The gene annotations for 

the increase in the numbers of egg laying and the relative change of numbers of eggs laid 

are displayed in Supplementary data table 4. The DAVID gene enrichment analysis for 

candidate genes from the GWAS on the increase in egg numbers showed an significant 

over-representation of coiled coil proteins (P=1.10E-02) that serve a mechanical role in 

forming stiff bundles of fibres, proteins with a Pleckstrin homology-like domain (P=1.30E-

02) that are involved in intracellular signaling or constituents of the cytoskeleton, and 

phagocytosis proteins (P=1.80E-02) that are initially contained within phagocytic vacuoles 

and then fuse with primary lysosomes to effect digestion of foreign particles.  

For the candidate genes from the GWAS performed on the relative change in egg laying, 

the gene enrichment analysis showed a significant over-representation of a set of genes 

involved in development, coiled coil proteins (P=9.2E-8), splicing proteins (P=4.8E-5), 

plasma membrane proteins (P=8.1E-4) and Insulin-like growth factor binding proteins 

(P=1.0E-4). These proteins are key regulators of cell proliferation, differentiation and 

transformation (supplementary data Table 5). 

The functional gene network mapping was performed by using the GeneMANIA app in 

Cytoscape (Montojo et al., 2010; Warde-Farley et al., 2010). The 15 candidate genes that 

were identified by the GWAS for the increase in numbers of eggs revealed a network of 20 

other related genes. The network represented by geneMANIA was based 89.19% on a co-

expression network where the genes have similar expression levels and 10.81% on proteins 

with shared protein domains (Figure 8). For the 90 candidate genes identified in the GWAS 

on the relative change in egg laying, geneMANIA generated a network of a total of 110 

related genes. These network associations were based 63.74% on co-expression, 28.79% on 

predicted interactions, 4.39% on co-localisation and 3.08% on connections based on shared 

protein domains (Figure 9). The predictions of these gene networks generated by 

geneMANIA suggested the different types of interaction that could occur between the 

GWAS-identified genes and other related genes, using a very large set of functional 

associations (Supplementary data Table 6). 

The functions of these genes were further explored by searching the Flybase database for 

general annotations and relevant literature (Gramates et al., 2017), and the FlyAtlas 

database for a description on the tissue- and developmental stage-specific expression 

(Chintapalli et al., 2007). More than half of the candidate genes identified by the GWAS 

have peaks of expression in embryonic stages (Supplementary data Table 7), of which 9 are 

of unknown biological function (Supplementary data Table 8).  In addition, 41 of these 

genes have a developmental function, for example neural system development (CG15765), 
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compound eye development (Sobp, a), imaginal disk (sp1) and structural constituent of 

cytoskeleton (CG34347). Other candidate genes are involved in signaling pathways, for 

example Pde6 and Pde8 are components of the cAMP signalling cascade (Ganguly and 

Lee, 2013) and others have molecular functions in proteolysis (CG11836, CG14227, 

CG31427, Fur2), or in Calcium ion binding (CG11041). 

The candidate “egg laying” genes  

Based on the DAVID gene enrichment annotation, GeneMANIA network mapping and 

Flybase search, 13 candidate genes were selected for further exploration, based on their 

functional annotations that indicated their involvement in the oocyte maturing and egg 

development. A literature search of the genes involved in oocyte and egg formation and 

development is summarised in Table 1. Most of the 13 genes of interest are directly linked 

to the process of formation and maturation of an ovum, from a primordial female germ cell 

to an egg, such as Axn and Doa that are involved in oogenesis; bun and Kst that play a role 

in ovarian follicle cell development; mfr, prage and par-1 that are involved in egg 

patterning, development and activation.  
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Figure 8: Interaction network of candidate genes involved in the increase in the 

numbers of eggs laid in response to Sex Peptide. Interaction networks of candidate genes 

identified by the GWAS for the increase of the numbers of eggs laid when females were 

mated to SP+ males, compared to when they were mated to SP0 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 89.19% on 

co-expression networks and 10.81% on shared protein domains. 
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Figure 9: Interaction network of candidate genes involved in the relative change in the 

numbers of eggs laid in response to Sex Peptide. Interaction networks of candidate genes 

identified by the GWAS for the ratio in the numbers of egg laid when females were mated 

to SP+ males compared to when they were mated to SP0 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 64.74% on 

co-expression networks, 28.79% on predicted interactions based on orthologs, 4.39% on co-

localisation and 3.08 % on shared protein domains.  



 

 

Table 1: Summary of the 13 candidates “egg laying genes”, identified by the two GWAS for the variation in egg laying in females.   

Phenotype Gene Annotation Function References 

Increase in 

numbers of 

eggs laid 

mfr FBgn0266757 A membrane protein involved in egg patterning, and early embryogenesis 
Smith and Wakimoto, 

2007 

Axn FBgn0026597 Maintaining the proliferation of follicle cells Song, 2003 

tin FBgn0004110 
Involved in germ cell migration, and is required for proper development of 

gonadal mesoderm  
Moore et al., 1998 

Relative 

change in 

numbers of 

eggs laid 

Msp300 FBgn0261836 
Maintenance of the structural integrity of the ring canals connecting the 

female germline cyst 
Yu et al., 2006 

Raf  FBgn0003079 Polarization of the ovarian follicle cells along the dorsal/ventral axis 
Brand and Perrimon, 

1994 

bun FBgn0259176 Ovarian follicle cell structuring and development 

Dobens and Raftery, 

2000; Dobens et al., 

2005 

Kst FBgn0004167 
Involved in constricting of the follicle cells during mid-oogenesis and 

ovarian follicle cell migration 

Zarnescu and Thomas, 

1999 

mei-

P26 
FBgn0026206 Germ cell development Page et al., 2000 

sog FBgn0003463 Polarization of the oocyte along the dorsal-ventral axis Carneiro et al., 2006 

tai FBgn0041092 
Involved in follicle cells migration and the maintenance of an internal 

steady state within the germ-line stem-cell niche.  

Mathieu et al., 2007; 

König et al., 2011 

prage FBgn0283741 Egg activation Tadros et al., 2003 

par-1 FBgn0260934 Involved in oocyte polarization, development and differentiation 
Cox et al., 2001; 

Doerflinge et al., 2006 

Doa FBgn0265998 Involved in oogenesis and oocyte karyosome formation  Morris et al., 2003 

https://david.ncifcrf.gov/geneReportFull.jsp?rowids=31221
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Longevity  

The starvation survival analysis was conducted on 32 DGRP lines, with the starvation 

treatment starting 48 hours after a single initial mating to either SP0 or SP+ males. The 

longevity was recorded daily until the death of each of the 40 females per line per mating 

(SP0 or SP+).  

Day-to-day variation was accounted for by including Dahomey females during each of the 

experimental assay blocks. The statistical analysis showed no significant effect of dates on 

the starvation survival in response to mating (either SP0 or SP+) in Dahomey females 

across the tested days (Chisq=1.6964, P=0.6377). Therefore, date was not included in the 

subsequent statistical starvation analysis of DGRP line  

Interestingly, the results showed a significant fixed effect of Sex Peptide (LR= 7.867, 

P=0.005), with females that received Sex Peptide during their single mating being more 

resistant to subseqwuent starvation (i.e. surviving longer) than those that did not. The 

variation for the starvation resistance effect of Sex Peptide was highly significant among 

the DGRP lines tested (LR=49.99, P<0.0001) (Figure 10 and 11). 

GWAS 

A GWAS was performed using as input data the survival hazard ratios of females from the 

32 DGRP lines, using the functionality of the DGRP website, to identify polymorphism 

regions that correlate with starvation survival after the receipt of Sex Peptide. Genes with 

SNPs, deletions and insertions that had statistical association with P<10-5 were considered 

as candidate genes for subsequent network mapping and gene ontology enrichment 

analysis. In total 4 significantly associated polymorphisms were identified, of which 1 

SNPs and 1 DEL was in intergenic regions and 1 SNPs and 1 INS in the upstream and 

intron regions of 2 genes, daw (FBgn0031461) and CG34027 (FBgn0054027). 

Functional gene networks  

The functional annotations for the 2 candidate genes identified by the GWAS, was 

performed by DAVID Bioinformatics Resource 6.8 program. Based on the DAVID 

analysis, the daw gene identified is implicated in several signaling pathways (growth factor 

beta receptor pathway, SMAD protein phosphorylation pathway, activin receptor signaling 

pathway, MAPK cascade and insulin secretion). One of the major functions of daw is the 

determination of adult lifespan as well as regulation autophagy and apoptotic process. As 
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for CG34027, it is an integral component of the cell membrane, but its molecular and 

biological processes are unknown. 

The functional gene network mapping was also performed on the 2 candidate genes by 

using the GeneMANIA app in Cytoscape (Montojo et al., 2010; Warde-Farley et al., 2010). 

The 2 candidate genes involved in starvation survival following Sex Peptide receipt 

revealed a network of 20 other related genes. The network represented by geneMANIA 

comprised 37.47% on prediction, 25.50% on co-expression networks, 16% genetic 

interactions, 9.20% physical interactions, 9.73% colocalization and 2.10% on shared 

protein domains (Figure 13). Since the biological and the molecular function of gene 

CG34027 is unknown, geneMANIA could not associated it with a network. However, the 

daw candidate gene is part of a network involved in several processes summarized in 

Supplementary Data Table 9.  
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Figure 10: Starvation survival analysis of DGRP females following single matings to 

SP0 or SP+ males. Bar plot of the subsequent median starvation survival (hours of lifespan 

on agar only medium) of females from 32 DGRP lines, following single matings to SP0 or 

SP+ males. Lines are presented in ascending order of longevity response to receipt of SP+. 
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Figure 11: A forest plot showing the hazard ratio and 95% confidence intervals for 

starvation survival of females from 32 DGRP lines, following single matings to SP0 or 

SP+ males. Circles represent the hazard ratio of females when mated to SP+ and the vertical 

bars extend from the lower limit to the upper limit of the 95% confidence interval of the 

estimate of the hazard ratio. Dotted lines indicate the overall average effect of matings with 

SP0 males on female survival.  
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Figure 12: Interaction network of the 2 candidate genes involved in the starvation 

survival GWAS analysis. Interaction networks of the 2 candidate genes identified by the 

GWAS of the starbvation survival of females mated once 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 on 37.47% 

predictions, 25.50% co-expression networks, 16% genetic interactions, 9.20% physical 

interactions, 9.73% colocalization and 2.10% on shared protein domains.  
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Discussion  

Results summary 

Our results suggested that across the tested DGRP lines, the transfer of Sex Peptide had a 

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

increase female starvation lifespan following a single mating. 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 putatively involved in 

determining each of these phenotypes. For receptivity, 2 candidate genes were identified by 

the GWAS, but it is as yet unclear how they act to reduce receptivity. For egg laying a total 

of 104 candidate were identified by the GWAS, of which 13 genes are already known to 

show direct involvement in egg development and in the regulation of egg laying. Half of 

the rest of the candidate genes 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 already known to determine adult lifespan. These results confirm the 

pleiotropic effects of Sex Peptide in controlling female post-mating behaviour and 

physiology, while also showing the extent of genetic variation for each of these effects. 

Post mating responses  

Sexual conflict often occurs within the female’s body, where males transfer molecules to 

internally control female behavior and physiology, and where females can respond 

(Chapman et al., 2003; Gioti et al., 2012). Female D. melanogaster can suffer costs from 

the repeated receipt of high levels of male seminal fluid proteins transferred during mating, 

which alter her receptivity, reproduction rate and fitness (Chapman, 2001; Chapman et al., 

2003; Wigby et al., 2009; Avila et al., 2011). However, females can also resist the effects 

of potential male manipulation and exhibit plasticity in their responses, which has the effect 

of reducing costs, hence generating and maintaining phenotypic and genetic variation 

within the population. One major seminal protein known as Sex Peptide is a master 

regulator of female post mating responses. Sex Peptide has pleiotropic effects and is 

involved in different molecular cascades regulating receptivity, egg laying and fitness. The 

full mechanistic basis of how Sex Peptide internally controls females is still unknown. 

Understanding the genetic architecture behind the phenotypic variation in response to Sex 

Peptide is important to understand the evolutionary relationships between the two sexes. In 

this study we revealed, through GWAS, some of the genes that could be involved in this 

process.  



Chapter 4 

 

 

~ 150 ~ 

 

Mating latency and duration  

In both egg laying and receptivity analysis, we measured the latency and duration of virgin 

matings in females from 32 DGRP lines. We found consistent results: significant 

phenotypic variation in mating latency, and no significant variation in mating duration. The 

latency to virgin mating occurred irrespective of the genotype of the mating males (SP0, 

SP+ or WT). In contrast, the genotype of male had a significant effect on virgin mating 

duration. These results are consistent with the finding of a similar study on the DGRP 

females (Gorter, 2018) which showed significant variation in mating latency of virgin 

females. This variation in latency is not surprising as females play an important role in 

exerting mate choice (Bastock and Manning, 1955). If females are more or less receptive to 

male courtship (Spieth, 1974), it could determine indirectly the latency of mating. As for 

duration, the lack of variation among the females of the DGRP lines is in agreement with 

another study, which indicates that males, not females primarily determine copulation 

duration (MacBean and Parsons, 1967). Especially in matings with the wild type males, the 

first mating duration tended to be slightly longer than the second. 

In the case of a second mating (i.e in the receptivity assay), females from the DGRP lines 

showed significant variation for both latency and duration following their initial matings to 

males of the different genotypes. In addition, females that were mated with SP0 males on 

day one had a shorter latency than those mated to SP+ or WT males and tended to have a 

slightly longer mating duration. Thus, the transfer of Sex Peptide in the first mating had a 

significant effect on both latency and duration of the second mating. For latency, this was 

not surprising, since Sex Peptide is known to reduce female receptivity to other males, by 

increased female rejection of courting males (Manning, 1967). The effect on second mating 

duration is perhaps less expected, but could suggest that males can perceive whether or not 

the females received Sex Peptide in their first mating, and adjust their investment 

accordingly in the second. 

GWAS 

We performed GWAS mapping analyses to identify candidate genes, polymorphisms, and 

pathways affecting the variation in female post mating response to Sex Peptide. We used an 

unbiased GWAS on 30-32 DGRP lines (MacKay et al., 2012; Mackay and Huang, 2018). 

We detected significant genetic variation among the lines for the receptivity, egg laying and 

longevity. However, it is important to be aware of the potential for false positives arising 

from the use of a relatively modest number of lines in comparison to the full set (Mackay 

and Huang, 2018). 
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Receptivity 

One of the most obvious forms of potentially selfish manipulation by males via the actions 

of Sex Peptide is achieved by the reduction of female sexual receptivity to further matings. 

The mechanistic basis of how Sex Peptide reduces female receptivity is not yet known. In 

this study we tracked the re-mating variation in response to Sex Peptide in 30 DGRP 

isofemale lines, and associated it through GWAS to genes that could be involved in 

controlling female receptivity. 

i. Re-mating variation  

Overall, females of the 30 DGRP lines showed significant variation for re-mating rate. 

In addition, Sex Peptide had a significant main effect on re-mating rates. Females that 

received Sex Peptide had very low re-mating compared to females that did not, with 

the re-mating rates in the latter being close to 100% in many lines. This variation in re-

mating due to Sex Peptide suggests that females express different resistance levels to 

the effect of Sex Peptide on receptivity. To better understand the genes involved in this 

sexual antagonistic evolution, a GWAS was performed on the re-mating rates 

following receipt of Sex Peptide. 

 

ii. GWAS 

 As a result of the GWAS, we found 8 polymorphisms, located on the 2R, 3R and X 

chromosomes, that were significantly associated with Sex Peptide effect on re-mating.  

Of these polymorphisms one did not occur in any known protein-coding gene or within 

1kb up- or downstream of their location. The 7 remaining polymorphisms (6 SNPs and 

1 insertion) were linked with 2 protein-coding genes, Socs16D and CG9747.  

 

iii. Functional enrichment  

The functional enrichment analysis conducted using geneMANIA and DAVID, on the 

2 candidate genes from the GWAS, revealed that gene Socs16D regulates negatively 

the protein kinase activity and the JAK-STAT cascade and mediate the TORC1 

signaling and the cytokine signaling pathway. CG9747 is involved in lipid metabolism, 

unsaturated fatty acid biosynthesis, long-chain fatty acid biosynthesis and oxidation-

reduction. Very little is known about CG9747 or how it could be involved in reducing 

female re-mating. The gene Socs16D codes for a SOCS (Suppressor Of Cytokine 

Signaling) protein. These are regulators of the JAK-STAT pathway that participate in a 

negative feedback loop that is transcriptionally activated by JAK-STAT signaling 

(Rawlings et al., 2004). However, Socs16D is as yet uncharacterised.  Another member 

of the SOCS protein Socs36E, has been well studied. Socs36E attenuates STAT 

activation through a negative feedback loop (Monahan and Starz-Gaiano, 2013). 
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Successively, STAT is involved in a regulatory circuit that regulate expression of mir-

279 (Yoon et al., 2011). Subsequently, mir-279 regulates the activity of the follicle 

cells in the egg chamber (Yoon et al., 2011; Monahan and Starz-Gaiano, 2013). 

Intriguingly, a study by Fricke et al (2014) showed that females lacking mir-279 are 

less efficient in suppressing re-mating 24 hours after the receipt of Sex Peptide. 

 

Based on all this information, we suggest that Sex Peptide activates Socs16D, which in 

turn regulates the JAK-STAT pathway in a negative feedback loop. JAK-STAT 

consecutively regulates mir279 through another feedback loop, that is involved in 

reducing female re-mating and receptivity. More research now needs to be done on 

Socs16D to characterise its function and involvement in post-mating responses in 

females (Figure 14).  

 

Figure 14: Proposed model in which Socs16D is integral to a genetic circuit that attenuates 

STAT activity to reduce receptivity and re-mating. 
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Egg laying 

One of the main post-mating responses affected by Sex Peptide is egg laying (Chapman et 

al., 2003). Sex Peptide is known to stimulate egg laying in females after mating, by the 

release of juvenile hormone III-biosepoxide (JHB3) (Moshitzky et al., 1996; Soller et al, 

1997, 1999; Kubli, 2003). In these studies, genetic variation was excluded to clearly outline 

Sex Peptide function. To better understand the evolutionary dynamics in the response to 

Sex Peptide on egg laying, we analysed the egg-laying rate in 32 isofemale lines of the 

DGRP, when mated to males that transfer sperm and semen with or without Sex Peptide. 

This identified a set of genes through GWAS that were potentially associated to the 

response in egg laying. 

i. Egg laying variation  

Our results showed a significant phenotypic variation in egg-laying across 32 DGRP 

lines in response to mating with males without Sex Peptide, and in response to the 

receipt of Sex Peptide. Females that mated to males that transferred Sex Peptide always 

produced more eggs than when mated to males without Sex Peptide. In addition, the 

numbers of eggs laid on day 1 was approximately twice the number of eggs laid on day 

2 after mating. This coincides with the finding (Chapman et al., 2003) that Sex Peptide 

effect on egg laying peaks 24 to 28 hours after mating. Therefore, we conclude that 

Sex Peptide induces a universal egg laying response in D. melanogaster. However, the 

extent of the egg laying response varied significantly in the tested lines. This indicates 

that some lines have evolved different sensitivity or resistance to the effect of Sex 

Peptide on egg laying. This genetic variation in egg laying response to Sex Peptide 

receipt could be the result of sexually antagonistic coevolution. To clearly understand 

the association between intraspecific genetic variation in the egg laying response to 

Sex Peptide, we performed a GWAS on the increase of the numbers of eggs laid, and 

on the relative change in the numbers of eggs laid of the DGRP lines when mated to 

males with and without Sex Peptide. The results of this analysis are described in the 

next section. 

 

ii. GWAS 

The GWAS on the increase of the numbers of eggs laid in DGRP females identified a 

total of 30 polymorphisms, spread across all chromosomes, that were significantly 

associated with the increase of egg laying as result of the receipt of Sex Peptide.  Of 

these polymorphisms 7 SNPs with significant associations did not code for any known 

protein coding gene within 1kb up or downstream of their location. The 23 remaining 

polymorphisms showing significant associations were in or near 15 protein-coding 

genes.  
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The GWAS performed on the relative change in numbers of eggs laid in the 32 DGRP 

females, revealed a total of 200 significantly associated polymorphisms, also spread 

across the genome. Among these polymorphisms were 45 SNPs with significant 

associations located in the intergenic regions that did not fall within any known protein 

coding gene or within 1kb up- or downstream of their location. The 155 remaining 

polymorphisms showing significant associations were linked with 90 protein-coding 

genes, and within these coding genes, 17 had an unidentified function.  

 

iii. Functional enrichment  

The functional enrichment analysis using GeneMANIA and DAVID on the candidate 

genes from the two GWASs showed that 41 coded for developmental proteins, 

including imaginal disc morphogenesis, neural development and membrane 

organization. For example, Axin, Doa, svp, unk, arc and sobp genes are involved in the 

morphogenesis of eye imaginal discs and eye development and chinmo, Raf, bun, cic, 

px, sog, forked, vfl and unk are involved in wing imaginal disc development. Several 

genes, such as tin, spn, unk, sdt, svp and Dscam2 are also involved in neuron 

development and differentiation. A number of genes code for proteins involved in 

regulation of transcription, such as tin, Chimno, MED14, cic, tai and nub.  According 

to FlyAtlas and Flybase, 29 of these developmental genes have peaks of expression in 

embryonic stages. Our results are in accordance with findings of Gioti et al (2012), 

which showed that the receipt of Sex Peptide induces significant alterations in genes 

involved in egg and early embryo development. These developmental maternal genes 

are differentially expressed in females, as they will be deposited in the fertilized eggs 

and will direct early embryonic development (Hooper et al., 2007; Liu and Lasko, 

2015). We might speculate that Sex Peptide could induce females to increase their 

investment in maternally expressed genes during oogenesis, to increase the short-term 

production of offspring, as it has been previous suggested that male D. melanogaster 

influence maternal investment in offspring by affecting the offspring size (Pischedda et 

al., 2011). Alternatively, we could speculate that the alteration of the maternal gene 

investment is a side or indirect effect of the increase in egg laying due to Sex Peptide. 

  

The GWAS also revealed 15 genes that are involved in the neural signaling pathways. 

Among these signaling genes there were also two (Pde6 and Pde8) of the six genes that 

code for cyclic nucleotide phosphodiesterases (PDEs), which collectively have 

important roles in the cAMP and cGMP signalling (Day et al., 2005). A recent study on 

post-mating receptivity in females showed that silencing Pde8 reduces post-mating 

receptivity (Gorter, 2018). Furthermore, sequence variation of Pde6 seems to be 
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involved in mated female egg retention (Horváth and Kalinka, 2018). Both these genes 

thus appear to be involved in post-mating behavior in females.  

 

The functional annotation of the genes identified by the GWAS also revealed that 29 of 

the genes are involved in protein and RNA processing, including protein 

phosphorylation, such as CG43143, CG33519, CG7029, par-1 and tom40. For 17 

genes, there were no identified functions or annotations, 9 of which had peaks of 

expression in the embryonic stages. Possibly, some of these genes might have a role in 

the post mating response with respect to Sex Peptide. Further studies are required to 

understand their function. 

 

While the JAK/STAT pathway is known to be required for oogenesis (Beccari et al., 

2002), none of the candidate genes in the GWAS for egg laying were part of this signal 

transduction pathway. However, several of the genes had Epidermal Growth Factor 

(EGF) domains or are known to be part of the Ras/Raf/MAPK pathway. This pathway 

is known to interact with the JAK/STAT pathway to ensure development of mature 

eggs (Xi et al., 2003). Intriguingly, we did find that a number of genes identified by the 

GWAS interact with JAK/STAT pathway. Of these: Raf interacts with the JAK/STAT 

pathway and results in increased numbers of lamellocytes in the blood (Hombría and 

Brown, 2002). The JAK/STAT pathway also interacts with components of the 

DPP/BMP pathway, one of these components was identified by the GWAS as bun 

(Arbouzova, 2006). Finally, the Drosophila protein Tin has been shown to modulate the 

JAK/STAT pathway in the developing mesoderm and also promotes proper heart 

precursor diversification (Liu et al., 2009; Johnson et al., 2011). How these proteins 

and the JAK/STAT pathways regulate oogenesis and egg development collectively is 

not yet clear.   
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iv. The candidate “egg laying” genes 

 

Figure 15: Drosophila melanogaster oogenesis. Different stages of developing eggs within 

the oocytes are shown, together with the known temporal expression patterns of the “egg 

laying” candidate genes identified by the GWAS (after Staveley). 

The development of germ cells into mature eggs requires 14 morphologically distinct 

stages, which occur in different egg chambers of the ovarioles. At the start, a single 

cystocyte undergoes four synchronous divisions where one of these cells differentiates 

into the oocyte and enters meiosis, while the rest become nurse cells that are critical to 

the development of the oocyte and the future embryo. Each egg chamber contains 

follicle cells enveloping one oocyte and 15 nurse cells interconnected by actin-rich 

cytoplasmic bridges referred to as ring canals (Becalska and Gavis, 2009). These ring 

canals allow the transport of the cytoplasm from the nurse cell to the oocyte ensuring a 

proper development of a mature oocyte (Figure 15). 

 

The GWAS performed on the variation in egg laying revealed 13 genes expressed 

throughout oogenesis that are directly linked to the oocyte and egg development 

(Figure 15). Among these candidates, mei-P26 and Doa are involved in oogenesis and 

oocyte differentiation: mei-P26 is required for meiotic recombination and germline 

differentiation (Page et al., 2000); Doa regulates the cell cycle in nurse cells and 

oocytes (Morris et al., 2003). The genes Axn, Kst, bun and tai are important for the 

follicle cell development and migration: Axn is required in the regulation cascade 

responsible for maintaining normal proliferation and differentiation of follicle cells, 

and mutations in this gene cause an over-proliferation of the follicle cells and failed 

encapsulation of the germline (Song, 2003); Kst is required for a normal apical 

contraction of the follicle cells during mid-oogenesis and ensures structured egg 
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chambers (Zarnescu and Thomas, 1999); bun is a transcription factor responsible for 

the signaling in anterior follicle cells and is required to pattern the anterior eggshell 

structures during oogenesis (Dobens et al., 2005); tai is required for border cell 

migration and is involved in ovarian stem cell niche formation and early germline 

differentiation by controlling cellular proliferation and death (Mathieu et al., 2007; 

König et al., 2011). By controlling cellular proliferation and death, tai controls the 

metabolic function that allows the egg stem cell niche to continue to function.  

 

Another set of candidates identified by the GWAS is responsible for polarising the 

oocyte: Raf, par-1 and sog. Raf is important in specifying the dorsoventral polarity of 

the egg, and it acts in the somatic follicle cells at stage 10 (Brand and Perrimon, 1994). 

The par-1 gene has two roles in oogenesis, it is required early oogenesis in the 

organization of the microtubule cytoskeleton to ensure proper germline cyst polarity 

and subsequently oocyte differentiation (Cox et al., 2001), and late in oogenesis it is 

required for oocyte anterior/posterior axis specification (Doerflinger et al., 2006). Sog 

is expressed by follicle cells during mid-oogenesis (stage 8 to 10), where it is secreted 

into the perivitelline space and is stockpiled there for subsequent patterning during 

early embryogenesis; in addition Sog is differentially cleaved generating the dorsal–

ventral asymmetry in embryos (Carneiro et al., 2006).  

 

Another key element to oogenesis that was identified by the GWAS was the gene 

Msp300, which is essential for transport of the cytoplasm from nurse cells to the oocyte 

during the late stages of oogenesis (Yu et al., 2006). The gene tin is required for germ 

cell migration to find their target and ensure development of gonadal mesoderm 

(Moore et al., 1998).  Lastly, mfr and prage are involved in egg activation, process in 

which the egg become metabolically active. The mfr gene is expressed in ovaries, 

beside regulating the egg patterning and development, it is also involved in the 

development of maternally controlled stages in early embryogenesis (Smith and 

Wakimoto, 2007). The gene prage is involved in meiotic progression in early embryos 

(Tadros et al., 2003).  

Longevity  

Sex Peptide is also known to have an effect on female fitness and survival. Previous studies 

have shown that elevated exposure to Sex Peptide in multiple matings decreases female 

fitness and lifespan (Wigby and Chapman, 2005; Mueller et al., 2007). However, the 

mechanisms by which Sex Peptide reduces female longevity are still unknown, as is the 

number of matings required to mediate costly effects. To understand how Sex Peptide 
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affects starvation lifespan in single matings, we monitored the survival of 32 DGRP 

isofemale lines after single matings to SP0 or SP+ males. We then performed a GWAS to 

associate survival variation with genes that might modulate female starvation lifespan. 

 

i. Longevity variation  

Our data showed significant variation in lifespan in the tested DGRP lines. Overall, 

Sex Peptide did not reduce female lifespan as is does following multiple matings in 

unlimited food conditions (Wigby and Chapman, 2005). In 20 DGRP lines, females 

that received Sex Peptide resisted starvation and outlived females that did not, while in 

3 DGRP lines females showed higher survival during starvation when they had not 

received Sex Peptide. These results are consistent with previous studies, in some cases 

continual receipt of Sex Peptide reduces lifespan (Fowler and Partridge, 1989; Wigby 

and Chapman, 2005), and in others, the Sex Peptide effect on lifespan is diet dependent 

(Fricke et al., 2010). There was significant variation in the effect of Sex Peptide on 

longevity. To understand further how female lifespan responds to receipt of Sex 

Peptide, it is important to understand the genes involved. 

ii. GWAS 

 The GWAS associated 4 polymorphisms, located on the 2L, 3L and 3R, chromosomes, 

associated with the effect of Sex Peptide on female starvation survival. Of these 

polymorphisms, two did not code for any known protein coding gene within 1kb up or 

downstream of their location. The 2 remaining polymorphisms (1 SNPs and 1 

insertion) were linked with 2 protein coding genes CG34027 and daw.  

iii. Functional enrichment  

The functional enrichment analysis with GeneMANIA and DAVID on the 2 candidate 

genes from the longevity GWAS, revealed that gene CG34027, which codes for an 

integral component of membrane with unknown molecular and biological function. 

The gene daw is involved in many signaling pathways (growth factor beta receptor 

pathway, SMAD protein phosphorylation pathway, activin receptor signaling pathway, 

MAPK cascade and insulin secretion). One of the major biological processes that daw 

is known to be implicated in, is the determination of adult lifespan.   

 

daw is an Activin-like ligand of the transforming growth factor beta pathway (TGF-β) 

superfamily. When the insulin/IGF signalling is reduced, dFOXO binds to the promotor 

region and transcriptionally represses daw. The inactivation of daw and of its 

downstream signaling partners babo and Smox extend lifespan in D. melanogaster (Bai 

et al., 2013).  
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Drosophila female lifespan can be extended either by reducing diet, reducing insulin 

signalling (Broughton et al., 2005), or by reducing mating frequency (Priest et al., 

2008). In this study, insulin signaling was reduced due to the starvation treatment, and 

only one mating occurred, which might be beneficial to trigger stress protective 

responses, but might be costly in the longer term. How Sex Peptide increase fitness in 

case of starvation is still unknown, we suggest that Sex Peptide could intervenes either 

in inhibiting the Activin pathway or reducing the insulin signaling pathway, whichever 

leading to increase in lifespan. 

 

Conclusion  

The results confirm that Sex Peptide increase female egg laying, reduce female receptivity 

and affect female longevity after mating. Overall, it is becoming clear that there is more 

than one female response to Sex Peptide effect, there is a wide range of phenotypic 

variation in response to Sex Peptide, and a great number of genes involved. This 

phenotypic variation and the interpretation of the genetic variation and underpinning gene 

interactions, represents a key step in furthering our understanding of Sex Peptide effects on 

females.  
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Supplementary data  

Latency and mating duration 

For both the receptivity and the egg laying assays, we scored for each female the latency 

from introducing a male into the vial until the first mating, and the duration of the mating. 

The latency until the first mating was highly variable within and among lines, ranging from 

0 min to 4 hours. The “lmer” analysis on the latency to first mating in the receptivity assay, 

showed that there is a significant variation of latency between lines (Chisq= 8.3262, 

P=0.003908) but overall, no Sex Peptide effect on the first latency (Chisq=0.3058, 

P=0.5803). As for the first mating duration in the receptivity assay showed no significant 

variation between the lines (Chisq=0, P=1) although a significant effect of Sex Peptide on 

duration (Chisq=8.0164, P=0.004636) (Supplementary Figure 1). In the egg laying assay, 

there was no significant effect of male genotype on mating latency or duration (latency: 

Chisq=0.1046, P=0.7464; duration: Chisq=5.5909, P=0.01805), whereas the lines 

themselves did differ significantly in overall latency to mating (Chisq=4.7876, P=0.02866) 

and in mating duration (Chisq=0, P=1) (Supplementary Figure 2). This indicates that the 

DGRP lines varied largely both within and among lines in latency to first mating, but that 

there was no significant difference in latency towards males transferring Sex Peptide. 

However there was a significant difference in mating duration among DGRP lines when 

mated to either SP+, SP0 or WT males.  
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Receptivity: first mating latency and duration  

Figure 1: Mating latency and mating duration of females from 30 DGRP lines, when 

mated to SP+, SP0 and WT males. (A) Boxplots of mating latency (plotted on logarithmic 

scale) for DGRP females when mated to either SP0, SP+ or WT males. (B) Boxplots of 

mating duration of DGRP females mated to either SP0, SP+ or WT males. Median 

represented by horizontal line within box, with box representing the interquartile range 

(IQR) and whiskers the highest/lowest value within. Outliers represented by points.  

A 

B 
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Egg laying: mating latency and duration  

Figure 2: Mating latency and duration of females from 32 DGRP lines when mated to 

either SP+ and SP0 males. (A) Boxplots of mating latency (plotted on logarithmic scale) 

when DGRP females mated either SP0 or SP+ males. (B) Boxplots of mating duration of 

DGRP females mated either SP0 or SP+ males. Median represented by horizontal line within 

box, with the box representing the interquartile range (IQR) and whiskers the 

highest/lowest value within. Outliers represented by points.  
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Table 1: GeneMANIA list of functional networks weighted by their ability to connect re-

mating candidate genes to related genes, with their occurrence in the sample and in the 

genome, as analysed by GeneMANIA (Montojo et al., 2010; Warde-Farley et al., 2010). 

Coverage is the ratio of the number of annotated genes in the displayed network vs the 

number of genes with that annotation in the genome. The q-value is estimated using the 

Benjamini-Hochberg procedure. Categories are displayed up to a q-value cut-off of 0.1. 

 

Description q-value 
Occurrences 

in Sample 
Occurrences 
in Genome 

oxidoreductase activity, acting on paired donors, with incorporation 
or reduction of molecular oxygen 9.19E-10 8 66 

regulation of ERBB signaling pathway 0.002896 4 43 

regulation of epidermal growth factor receptor signaling pathway 0.002896 4 43 

ERBB signaling pathway 0.011836 4 69 

epidermal growth factor receptor signaling pathway 0.011836 4 69 

monocarboxylic acid biosynthetic process 0.026235 3 29 

fatty acid biosynthetic process 0.026235 3 28 

carboxylic acid biosynthetic process 0.118636 3 57 

positive regulation of ERBB signaling pathway 0.118636 2 10 

transmembrane receptor protein tyrosine kinase signaling pathway 0.118636 4 147 
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Egg laying day 2 

Figure 3: Number of eggs laid by females of the DGRP lines on day 2 (24-48 hours) 

after mating to SP+ or SP0 males. Bar plot representing the median egg number laid by 

DGRP females in the period between 24 and 48 hours after mating to SP0 or SP+ males. 

Error bars indicate s.e.m. 

Figure 4: Correlation of the number of eggs laid by females of the DGRP lines 

between 24-48 hours after mating to SP0 or SP+ males. Scatter plot representing a 

significant correlation (P=0.005041) between the number of eggs laid by DGRP females 

when mated either to SP+ males (Y axis) or SP0 males (X axis).  
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Egg laying day 1  

Table 2: Functional annotation of top candidate genes from the increase of egg laying 

GWAS, according to the functional annotation analysis, using DAVID (Huang et al., 2009).  

 

  

 

Gene Annotation Gene ontology 

Axin FBgn0026597 

Phagocytosis, imaginal disc pattern formation, eye-antennal disc morphogenesis, imaginal 
disc-derived wing morphogenesis, heart development, regulation of cell death, Wnt signaling 
pathway, negative regulation of Wnt signaling pathway, somatic stem cell population 
maintenance, response to starvation, oogenesis 

CG17121 FBgn0039043 General function prediction only, oxidoreductase activity 

CG2253 FBgn0029992 
Nuclear-transcribed mRNA catabolic process, nonsense-mediated decay, neuromuscular 
synaptic transmission, RNA interference, gene silencing by miRNA, synapse organization 

CG32677 FBgn0052677 Protein localization to membrane 

CG34383 FBgn0085412 Sensory perception of pain 

CG42260 FBgn0259145 
Cation transport, cyclic-nucleotide-mediated signaling, regulation of membrane potential, 
transmembrane transport 

CG43143 FBgn0262617 Protein phosphorylation 

CG7906 FBgn0036417 Kazal domain 

CG9993 FBgn0034553 Metabolic process 

CenB1A FBgn0039056 Cell morphogenesis, phagocytosis, regulation of GTPase activity 

CCAP FBgn0039007 
Neuropeptide signaling pathway, positive regulation of heart rate, positive regulation of 
heart contraction 

Nf-YA FBgn0035993 
Phagocytosis, R7 cell differentiation, positive regulation of transcription, DNA-templated, 
lateral inhibition, regulation of cell cycle 

Tom40 FBgn0016041 
Protein targeting to mitochondrion, ion transport, protein import into mitochondrial matrix, 
transmembrane transport, cellular response to hypoxia 

mfr FBgn0266757 
Egg activation, fertilization, synaptic vesicle exocytosis, chorion-containing eggshell pattern 
formation, sperm plasma membrane disassembly, regulation of embryonic development, 
sperm capacitation 

tin FBgn0004110 

Cell fate specification, regulation of transcription, DNA-templated, pole cell migration, 
ventral cord development, salivary gland morphogenesis, mesoderm development, 
mesodermal cell fate specification, gonadal mesoderm development, heart development, 
cardioblast cell fate determination, metamorphosis, germ cell migration, gonad development, 
cardioblast differentiation, embryonic heart tube development, cardiocyte differentiation, 
negative regulation of transcription, DNA-templated, positive regulation of transcription, 
DNA-templated, positive regulation of transcription from RNA polymerase II promoter, 
lymph gland development, embryonic anterior midgut (ectodermal) morphogenesis, cardiac 
muscle cell differentiation, neuroendocrine cell differentiation, pericardial nephrocyte 
differentiation, determination of digestive tract left/right asymmetry 
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Table 3: Functional enrichment table derived from the DAVID algorithm for the candidate 

genes generated by the GWAS, from the increase of egg laying in response to receipt of Sex 

Peptide. % is the percentage of total genes assigned to term; Count is the number of genes 

in analysis assigned to each term. 

 Category  Term Count % P-Value Benjamini 
UP_KEYWORDS Coiled coil 6 42.9 1.10E-02 2.90E-01 

INTERPRO Pleckstrin homology-like domain 3 21.4 1.30E-02 4.10E-01 

GOTERM_BP_DIRECT Phagocytosis 3 21.4 1.80E-02 6.60E-01 

GOTERM_BP_DIRECT Heart development 2 14.3 5.70E-02 8.30E-01 

INTERPRO Pleckstrin homology domain 2 14.3 8.20E-02 8.20E-01 

GOTERM_MF_DIRECT GTPase activator activity 2 14.3 9.00E-02 9.00E-01 

SMART PH 2 14.3 9.80E-02 7.10E-01 
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Table 4: Functional annotation of top candidate genes from the egg relative change GWAS, 

according to the functional annotation analysis, using DAVID (Huang et al., 2009).  

Gene Annotation Gene ontology 

Acp54A1 FBgn0083936 Multicellular organism reproduction 

AstA-R1 FBgn0266429 
G-protein coupled receptor signaling pathway, phospholipase C-activating G-protein coupled receptor 
signaling pathway, neuropeptide signaling pathway, sensory perception of pain 

CG11041 FBgn0034481 Calcium ion binding 

CG11170 FBgn0034705 Regulation of signal transduction 

Liprin-gamma FBgn0034720 Axon target recognition, negative regulation of synaptic growth at neuromuscular junction 

CG11836 FBgn0039272 Proteolysis 

c12.2 FBgn0040234 ATP binding, ATPase activity 

CG12535 FBgn0029657 Integral component of membrane 

Sp1 FBgn0020378 Regulation of transcription, DNA-templated, imaginal disc-derived leg morphogenesis 

lectin-21Cb FBgn0040106 Carbohydrate binding 

CG13722 FBgn0035553 Complete proteome, Reference proteome, Signal 

CG13921 FBgn0035267 Integral component of membrane 

CG14227 FBgn0031058 Proteolysis 

CG14528 FBgn0039611 Posttranslational modification, protein turnover, chaperones 

CG14720 FBgn0037940 Protein of unknown function DM4/12 

CG15537 FBgn0039770 Hormone metabolic process 

CG15765 FBgn0029814 Nervous system development 

resilin FBgn0034157 Chitin-based cuticle development 

CG18088 FBgn0032082 Metabolic process, sensory perception of pain, multicellular organism reproduction 

CG30456 FBgn0050456 Signal transduction mechanisms 

CG30460 FBgn0050460 Zinc finger C2HC domain-containing protein 

CG31191 FBgn0051191 Coiled coil 

CG31427 FBgn0051427 Proteolysis 

CG32115 FBgn0052115 Complete proteome, Reference proteome 

CG32264 FBgn0052264 Actin cytoskeleton reorganization 

CG32365 FBgn0052365 Complete proteome, Reference proteome 

CG33203 FBgn0053203 Lateral inhibition 

CG33519 FBgn0053519 
Protein phosphorylation, adult somatic muscle development, regulation of Rho protein signal transduction, 
sarcomere organization 

CG34043 FBgn0054043 Extracellular space 

CG34347 FBgn0085376 Sensory perception of pain, actomyosin structure organization 

CG34371 FBgn0085400 Sensory perception of pain 

CG42238  FBgn0250867 Complete proteome, Reference proteome, Signal 

CG42265 FBgn0259150 Integral component of membrane  

prage FBgn0261548 Integral component of membrane 

CG42747 FBgn0261801 Integral component of membrane 

CG43143 FBgn0262617 Protein phosphorylation 

CG43347 FBgn0263072 Transcription, DNA-templated 

CG43693 FBgn0263776 Amino acid transmembrane transport 

CG43921 FBgn0264542 Regulation of establishment of planar polarity 

CG4622 FBgn0035021 Nucleic acid binding, zinc ion binding 

CG7029 FBgn0039026 Protein phosphatase 1 binding 

CG7337 FBgn0031374 Mitotic spindle organization, regulation of mitotic cell cycle 

par-1 FBgn0260934 

Microtubule cytoskeleton organization, establishment of imaginal disc-derived wing hair orientation, negative 
regulation of protein phosphorylation, protein phosphorylation, actin filament organization, germarium-
derived oocyte fate determination, border follicle cell migration, oocyte anterior/posterior axis specification, 
regulation of pole plasm oskar mRNA localization, pole plasm protein localization, regulation of cell shape, axis 
specification, anterior/posterior axis specification, oocyte differentiation, oocyte microtubule cytoskeleton 
organization, antimicrobial humoral response, establishment of cell polarity, regulation of Wnt signaling 
pathway, ovarian follicle cell development, border follicle cell delamination, regulation of polarized epithelial 
cell differentiation, positive regulation of hippo signaling, maintenance of protein location, pole plasm oskar 
mRNA localization, synaptic growth at neuromuscular junction, oocyte nucleus localization involved in oocyte 
dorsal/ventral axis specification, microtubule cytoskeleton organization involved in establishment of planar 
polarity, 

CG9990 FBgn0039594 Defense mechanisms, Energy production and conversion / Inorganic ion transport and metabolism 

https://david.ncifcrf.gov/geneReportFull.jsp?rowids=7354398
http://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0016021
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CadN FBgn0015609 

Homophilic cell adhesion via plasma membrane adhesion molecules, axon guidance, axon target recognition, 
axonal fasciculation, ommatidial rotation, calcium-dependent cell-cell adhesion via plasma membrane cell 
adhesion molecules, sensory perception of pain, retinal ganglion cell axon guidance, cell-cell adhesion 
mediated by cadherin, R8 cell development, R7 cell development, axon extension, regulation of dendrite 
morphogenesis, regulation of axon extension involved in axon guidance, axon extension involved in axon 
guidance, negative regulation of dendrite morphogenesis 

chinmo FBgn0086758 
Regulation of transcription from RNA polymerase II promoter, imaginal disc-derived wing morphogenesis, 
mushroom body development, male somatic sex determination 

Doa FBgn0265998 

MAPK cascade, regulation of alternative mRNA splicing, via spliceosome, startle response, protein 
phosphorylation, blastoderm segmentation, nervous system development, sex differentiation, visual 
perception, protein secretion, karyosome formation, locomotion involved in locomotory behavior, negative 
regulation of MyD88-dependent toll-like receptor signaling pathway, salivary gland cell autophagic cell death, 
compound eye photoreceptor development, protein autophosphorylation, autophagic cell death, oogenesis, 
compound eye development, brain morphogenesis, negative regulation of male germ cell proliferation 

Dscam2 FBgn0265296 Homophilic cell adhesion via plasma membrane adhesion molecules, neuron projection morphogenesis 

Fur1 FBgn0004509 
Postsynaptic membrane organization, proteolysis, synaptic target recognition, protein processing, presynaptic 
membrane organization, glutamate receptor clustering 

Fur2 FBgn0004598 Proteolysis, regulation of glucose metabolic process, protein processing, negative regulation of secretion 

GstS1 FBgn0010226 Glutathione metabolic process, response to oxidative stress, metabolic process 

HmgD FBgn0004362 Chromatin organization, muscle organ development, dendrite morphogenesis 

IA-2 FBgn0031294 Protein dephosphorylation, digestive tract development, regulation of secretion 

LRP1 FBgn0053087 Cytosol, integral component of membrane 

MED14 FBgn0035145 
Regulation of transcription from RNA polymerase II promoter, transcription from RNA polymerase II 
promoter, transcription initiation from RNA polymerase II promoter, intracellular steroid hormone receptor 
signaling pathway 

mgl FBgn0261260 
Regulation of endocytosis, chitin-based cuticle development, regulation of adult chitin-containing cuticle 
pigmentation 

MtnC FBgn0038790 Response to metal ion, metal ion homeostasis 

Msp300 FBgn0261836 Cell division and chromosome partitioning, DNA replication, recombination, and repair 

Nlg2 FBgn0031866 Lipid metabolism 

Np FBgn0265011 Proteolysis 

Pde6 FBgn0038237 
Signal transduction, negative regulation of nucleobase-containing compound transport, cGMP metabolic 
process 

Pde8 FBgn0266377 Signal transduction, mesoderm development, sensory perception of pain, cAMP metabolic process 

Raf  FBgn0003079 

Instar larval development, signal transduction, epidermal growth factor receptor signaling pathway, 
spermatogenesis, border follicle cell migration, terminal region determination, gastrulation, primary 
branching, open tracheal system, wing disc morphogenesis, imaginal disc-derived wing morphogenesis, 
metamorphosis, dorsal/ventral axis specification, ovarian follicular epithelium, positive regulation of cell 
proliferation, torso signaling pathway, imaginal disc-derived wing vein morphogenesis, cellular response to 
starvation, negative regulation of macroautophagy, hemopoiesis, regulation of cellular pH, lamellocyte 
differentiation, wing and notum subfield formation, intracellular signal transduction, regulation of 
multicellular organism growth, hemocyte differentiation, positive regulation of photoreceptor cell 
differentiation, positive regulation of Ras protein signal transduction, protein autophosphorylation, regulation 
of cell cycle, positive regulation of ERK1 and ERK2 cascade, negative regulation of apoptotic signaling pathway 

SNF4Agamma FBgn0264357 
Lipid metabolic process, autophagy, cellular response to starvation, regulation of glucose metabolic process, 
sequestering of triglyceride, behavioral response to starvation, cholesterol homeostasis, positive regulation of 
cell cycle, regulation of response to DNA damage stimulus 

Swim FBgn0034709 
Proteolysis, immune response, cell adhesion, positive regulation of Wnt signaling pathway, sleep, positive 
regulation of Wnt signaling pathway by establishment of Wnt protein localization to extracellular region 

Sobp FBgn0033654 Compound eye development 

Sply FBgn0010591 Amino acid transport and metabolism 

Spn FBgn0010905 
Inter-male aggressive behavior, actin filament organization, calcium-mediated signaling, neuron projection 
development, olfactory behavior 

Vps35 FBgn0034708 
Intracellular protein transport, endocytosis, sensory perception of pain, positive regulation of Wnt signaling 
pathway, regulation of protein stability, retrograde transport, endosome to Golgi, positive regulation of Wnt 
protein secretion, response to rotenone 

arc FBgn0000008 Compound eye development 

bun FBgn0259176 

Compound eye photoreceptor cell differentiation, positive regulation of neuroblast proliferation, transcription, 
DNA-templated, regulation of transcription, DNA-templated, ovarian follicle cell migration, chorion-containing 
eggshell formation, peripheral nervous system development, imaginal disc-derived wing morphogenesis, 
decapentaplegic signaling pathway, positive regulation of cell proliferation, determination of adult lifespan, 
negative regulation of cell fate specification, mushroom body development, positive regulation of cell growth, 
sleep, ovarian follicle cell development, salivary gland cell autophagic cell death, segmentation, intestinal stem 
cell homeostasis, tissue regeneration, negative regulation of apoptotic process, negative regulation of Notch 
signaling pathway, dorsal appendage formation, autophagic cell death 

cic FBgn0262582 
Negative regulation of transcription from RNA polymerase II promoter, transcription, DNA-templated, 
regulation of transcription, DNA-templated, terminal region determination, imaginal disc-derived wing vein 
specification, negative regulation of cell growth, negative regulation of transcription, DNA-templated, dorsal 
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appendage formation, wing disc dorsal/ventral pattern formation, eye morphogenesis 

dpr8 FBgn0052600 Sensory perception of chemical stimulus, synapse organization 

forked FBgn0262111 
Sensory perception of sound, chaeta morphogenesis, epidermal cell differentiation, cuticle pattern formation, 
imaginal disc-derived wing hair organization, antennal morphogenesis, actin filament bundle assembly 

Kst FBgn0004167 
Mitotic cytokinesis, endocytosis, plasma membrane organization, regulation of multivesicular body size 
involved in endosome transport, ovarian follicle cell development, endosome transport via multivesicular body 
sorting pathway, wound healing, zonula adherens assembly 

mei-P26 FBgn0026206 Meiotic nuclear division, gamete generation, germ cell development, protein ubiquitination 

mRpL28 FBgn0031660 Mitochondrial translation 

nonC FBgn0263968 
Nuclear-transcribed mRNA catabolic process, nonsense-mediated decay, DNA repair, response to stress, 
neuromuscular synaptic transmission, RNA interference, phosphorylation, peptidyl-serine phosphorylation, 
gene silencing by miRNA, protein autophosphorylation, synaptic vesicle transport, synapse organization 

nub FBgn0085424 

Negative regulation of antibacterial peptide biosynthetic process, transcription, DNA-templated, regulation of 
transcription from RNA polymerase II promoter, pattern specification process, ganglion mother cell fate 
determination, ventral cord development, wing disc development, limb joint morphogenesis, dendrite 
morphogenesis 

px FBgn0003175 Inter-male aggressive behavior, imaginal disc-derived wing vein morphogenesis, 

PH4alphaNE1 FBgn0039780 Oxidation-reduction process 

svp FBgn0003651 

Compound eye photoreceptor fate commitment, transcription, DNA-templated, regulation of transcription, 
DNA-templated, neuron-neuron synaptic transmission, ventral cord development, R1/R6 cell fate 
commitment, R3/R4 cell fate commitment, R7 cell fate commitment, fat body development, heart development, 
cardioblast cell fate determination, visual perception, regulation of glucose metabolic process, neuroblast 
development, glial cell development, phototaxis, steroid hormone mediated signaling pathway, photoreceptor 
cell differentiation, epithelial cell proliferation involved in Malpighian tubule morphogenesis 

sog FBgn0003463 

Multicellular organism development, maternal specification of dorsal/ventral axis, oocyte, soma encoded, 
zygotic determination of anterior/posterior axis, embryo, terminal region determination, amnioserosa 
formation, ectoderm development, torso signaling pathway, imaginal disc-derived wing vein morphogenesis, 
BMP signaling pathway, regulation of BMP signaling pathway, positive regulation of transforming growth 
factor beta receptor signaling pathway, negative regulation of transforming growth factor beta receptor 
signaling pathway, ring gland development, regulation of growth, posterior Malpighian tubule development 

spg FBgn0264324 
Small GTPase mediated signal transduction, central nervous system development, R7 cell differentiation, 
activation of GTPase activity 

sdt FBgn0261873 

Morphogenesis of a polarized epithelium, morphogenesis of an epithelium, cell-cell junction assembly, 
establishment or maintenance of cell polarity, establishment or maintenance of polarity of embryonic 
epithelium, chitin-based cuticle development, photoreceptor cell development, apical protein localization, 
zonula adherens assembly, establishment or maintenance of neuroblast polarity, establishment or 
maintenance of epithelial cell apical/basal polarity, lateral inhibition, bicellular tight junction assembly, 
establishment of epithelial cell polarity 

tai FBgn0041092 

Transcription, DNA-templated, regulation of transcription, DNA-templated, border follicle cell migration, 
intracellular receptor signaling pathway, cellular response to hormone stimulus, positive regulation of growth, 
positive regulation of transcription from RNA polymerase II promoter, axon extension, germ-line stem-cell 
niche homeostasis 

ths FBgn0033652 
Mesoderm development, larval visceral muscle development, larval somatic muscle development, fibroblast 
growth factor receptor signaling pathway, glial cell differentiation, glial cell development, myoblast migration 

tutl FBgn0010473 
Axon guidance, axonal defasciculation, flight behavior, mechanosensory behavior, synaptic target recognition, 
adult locomotory behavior, axon midline choice point recognition, sensory perception of pain, larval behavior, 
R7 cell development, lateral inhibition, regulation of dendrite morphogenesis, dendrite self-avoidance 

unk FBgn0004395 
Larval development, imaginal disc-derived wing morphogenesis, chaeta morphogenesis, neuron 
differentiation, compound eye development, regulation of neurogenesis 

vfl FBgn0259789 
Mitotic cell cycle, cellularization, regulation of imaginal disc-derived wing size, positive regulation of 
transcription, DNA-templated 

 



Chapter 4 

 

 

~ 170 ~ 

 

 

 

 

Table 5: Functional enrichment table derived from the DAVID algorithm for the 

candidate genes generated by the GWAS, from the egg laying ratio (increase over 

SP0 level) as an effect of Sex Peptide receipt. % is the percentage of total genes 

assigned to each term; Coun is the number of genes in analysis assigned to each 

term. 

Category  Term Count % P-Value Benjamini 
UP_KEYWORDS Coiled coil 30 33 9.20E-08 7.30E-06 
UP_SEQ_FEATURE splice variant 14 15.4 4.80E-05 7.80E-03 
INTERPRO Insulin-like growth factor binding protein, N-terminal 5 5.5 1.00E-04 2.00E-02 
GOTERM_CC_DIRECT apical plasma membrane 5 5.5 8.10E-04 5.20E-02 
UP_KEYWORDS Alternative splicing 12 13.2 2.20E-03 8.50E-02 
INTERPRO Immunoglobulin subtype 2 5 5.5 7.50E-03 5.20E-01 
INTERPRO Immunoglobulin subtype 5 5.5 7.90E-03 4.10E-01 
GOTERM_CC_DIRECT plasma membrane 12 13.2 9.10E-03 2.60E-01 
UP_KEYWORDS Disulfide bond 11 12.1 1.00E-02 2.40E-01 
INTERPRO Fibronectin, type III 4 4.4 1.10E-02 4.10E-01 
GOTERM_BP_DIRECT terminal region determination 3 3.3 1.20E-02 9.80E-01 
GOTERM_BP_DIRECT protein autophosphorylation 3 3.3 1.20E-02 9.80E-01 
GOTERM_MF_DIRECT cytoskeletal protein binding 3 3.3 1.30E-02 7.00E-01 
INTERPRO Src homology-3 domain 4 4.4 1.30E-02 4.10E-01 
SMART FN3 4 4.4 1.50E-02 6.30E-01 
INTERPRO Immunoglobulin-like domain 5 5.5 1.50E-02 4.00E-01 
INTERPRO Epidermal growth factor-like domain 4 4.4 1.60E-02 3.60E-01 
GOTERM_MF_DIRECT Rho guanyl-nucleotide exchange factor activity 3 3.3 1.60E-02 5.30E-01 
INTERPRO EGF-type aspartate/asparagine hydroxylation site 3 3.3 1.90E-02 3.80E-01 
INTERPRO Peptidase S8, subtilisin, Asp-active site 2 2.2 2.10E-02 3.80E-01 
INTERPRO Proprotein convertase, P 2 2.2 2.10E-02 3.80E-01 
INTERPRO EGF-like calcium-binding 3 3.3 2.70E-02 4.20E-01 
INTERPRO Immunoglobulin V-set 3 3.3 2.80E-02 4.00E-01 
INTERPRO Six-bladed beta-propeller, TolB-like 3 3.3 3.00E-02 3.90E-01 
GOTERM_MF_DIRECT protein serine/threonine kinase activity 5 5.5 3.00E-02 6.10E-01 
SMART IGc2 5 5.5 3.10E-02 6.30E-01 
GOTERM_BP_DIRECT proteolysis 8 8.8 3.10E-02 9.90E-01 
SMART IG 5 5.5 3.20E-02 5.10E-01 
UP_KEYWORDS EGF-like domain 3 3.3 3.30E-02 4.90E-01 
SMART EGF 4 4.4 3.50E-02 4.40E-01 
INTERPRO Peptidase S8, subtilisin, Ser-active site 2 2.2 3.50E-02 4.20E-01 
INTERPRO Peptidase S8/S53 domain 2 2.2 3.50E-02 4.20E-01 
INTERPRO Peptidase S8, subtilisin-related 2 2.2 3.50E-02 4.20E-01 
INTERPRO Peptidase S8, subtilisin, His-active site 2 2.2 3.50E-02 4.20E-01 
UP_KEYWORDS Immunoglobulin domain 3 3.3 3.60E-02 4.50E-01 
UP_KEYWORDS Zinc-finger 7 7.7 3.60E-02 3.90E-01 
INTERPRO Immunoglobulin-like fold 5 5.5 3.70E-02 4.10E-01 
GOTERM_CC_DIRECT adherens junction 3 3.3 3.90E-02 5.90E-01 
INTERPRO 3'5'-cyclic nucleotide phosphodiesterase 2 2.2 4.20E-02 4.30E-01 
INTERPRO Furin-like repeat 2 2.2 4.20E-02 4.30E-01 
INTERPRO 3'5'-cyclic nucleotide phosphodiesterase, catalytic domain 2 2.2 4.20E-02 4.30E-01 
GOTERM_MF_DIRECT kinase activity 3 3.3 4.30E-02 6.40E-01 
GOTERM_MF_DIRECT 3',5'-cyclic-nucleotide phosphodiesterase activity 2 2.2 4.40E-02 5.70E-01 
GOTERM_BP_DIRECT imaginal disc-derived wing vein morphogenesis 3 3.3 4.50E-02 9.90E-01 
GOTERM_BP_DIRECT compound eye development 4 4.4 4.70E-02 9.80E-01 
INTERPRO HD/PDEase domain 2 2.2 4.90E-02 4.60E-01 
GOTERM_MF_DIRECT actin binding 4 4.4 5.20E-02 5.60E-01 
GOTERM_BP_DIRECT synapse organization 3 3.3 5.30E-02 9.70E-01 
UP_SEQ_FEATURE compositionally biased region:Ser-rich 4 4.4 5.40E-02 9.90E-01 
GOTERM_BP_DIRECT inter-male aggressive behavior 3 3.3 5.40E-02 9.50E-01 
GOTERM_BP_DIRECT larval visceral muscle development 2 2.2 5.60E-02 9.20E-01 
INTERPRO Protein kinase-like domain 6 6.6 5.80E-02 5.00E-01 
SMART EGF_CA 3 3.3 5.80E-02 5.40E-01 
GOTERM_BP_DIRECT zonula adherens assembly 2 2.2 6.20E-02 9.20E-01 
UP_SEQ_FEATURE domain:Ig-like C2-type 5 2 2.2 6.20E-02 9.70E-01 
UP_SEQ_FEATURE DNA-binding region:HMG box 2 2.2 6.20E-02 9.70E-01 
INTERPRO Actinin-type, actin-binding, conserved site 2 2.2 6.20E-02 5.10E-01 
INTERPRO Spectrin/alpha-actinin 2 2.2 6.20E-02 5.10E-01 
INTERPRO Spectrin repeat 2 2.2 6.20E-02 5.10E-01 
GOTERM_BP_DIRECT mesoderm development 3 3.3 6.30E-02 9.00E-01 
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SMART FU 2 2.2 6.40E-02 5.10E-01 
UP_KEYWORDS Serine protease 4 4.4 6.80E-02 5.50E-01 
INTERPRO LDLR class B repeat 2 2.2 6.90E-02 5.20E-01 
INTERPRO EGF-like, conserved site 3 3.3 7.00E-02 5.10E-01 
INTERPRO Protein kinase, catalytic domain 5 5.5 7.30E-02 5.10E-01 
SMART HDc 2 2.2 7.40E-02 5.10E-01 
UP_SEQ_FEATURE domain:Ig-like C2-type 4 2 2.2 7.50E-02 9.60E-01 
INTERPRO Immunoglobulin I-set 3 3.3 8.00E-02 5.30E-01 
INTERPRO PDZ domain 3 3.3 8.40E-02 5.30E-01 
INTERPRO Serine/threonine-protein kinase, active site 4 4.4 8.70E-02 5.30E-01 
GOTERM_BP_DIRECT sensory perception of pain 8 8.8 8.70E-02 9.40E-01 
UP_KEYWORDS Zinc 8 8.8 8.80E-02 6.00E-01 
UP_SEQ_FEATURE domain:Ig-like C2-type 3 2 2.2 8.80E-02 9.50E-01 
GOTERM_MF_DIRECT protein homodimerization activity 4 4.4 9.00E-02 7.20E-01 
GOTERM_BP_DIRECT transcription, DNA-templated 6 6.6 9.10E-02 9.30E-01 
GOTERM_BP_DIRECT axon target recognition 2 2.2 9.10E-02 9.20E-01 
INTERPRO Pleckstrin homology-like domain 4 4.4 9.20E-02 5.30E-01 
SMART SPEC 2 2.2 9.40E-02 5.50E-01 
GOTERM_BP_DIRECT adult somatic muscle development 2 2.2 9.70E-02 9.20E-01 
GOTERM_BP_DIRECT actin filament organization 3 3.3 1.00E-01 9.10E-01 
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Table 6: GeneMANIA list of functional networks weighted by their ability to connect 

candidate genes to other genes, with their occurrence in the sample and in the genome, as 

analysed by GeneMANIA (Montojo et al., 2010; Warde-Farley et al., 2010). Coverage is 

the ratio of the number of annotated genes in the displayed network vs the number of genes 

with that annotation in the genome. The q-value is estimated using the Benjamini-Hochberg 

procedure. Categories are displayed up to a q-value cut-off of 0.1. 

Increase in egg laying due to Sex Peptide  

Description q-value 
Occurrences 

in Sample 
Occurrences 
in Genome 

Organelle outer membrane 9.30E-04 4 20 

Anion channel activity 9.30E-04 4 22 

Mitochondrial outer membrane 9.30E-04 4 19 

Outer membrane 9.30E-04 4 21 

Voltage-gated channel activity 0.005441374 4 37 

Voltage-gated ion channel activity 0.005441374 4 37 

Mitochondrial transport 0.018593586 4 52 

Gated channel activity 0.060338924 5 146 

Ion channel activity 0.261354451 5 204 

Substrate-specific channel activity 0.263329367 5 209 

    Fold change in egg laying due to Sex Peptide 

Description q-value 
Occurrences 

in Sample 
Occurrences 
in Genome 

Phosphoric diester hydrolase activity 0.084329157 4 16 

Plasma membrane region 0.085432007 6 70 

Apical plasma membrane 0.085432007 5 42 

Membrane region 0.153625891 7 120 

Photoreceptor cell differentiation 0.190728946 8 174 

Cyclic nucleotide metabolic process 0.28488655 4 33 

Cell growth 0.45161132 6 110 

Imaginal disc-derived wing vein 
morphogenesis 0.606372986 4 43 

Regulation of cell growth 0.824426622 4 48 

Apical part of cell 0.839628066 5 87 
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Table 7: The clustering of the candidate genes based on their peak of expression during the 

embryonic stages based on Flybase (Gramates et al., 2017) and FlyAtlas (Chintapalli, Wang 

and Dow, 2007). Highlighted are the genes generated by the GWAS, on the increase of egg 

laying data as an effect of Sex Peptide; and the remaining are the genes generated by the 

GWAS for the fold change in egg laying as effect of Sex Peptide.  

Embryonic stages 
0-6h  6-12h 12-18h  18-24h  

Axin FBgn0026597 CG2253 FBgn0029992 CG17121 FBgn0039043 CG17121 FBgn0039043 
CG2253 FBgn0029992 CG34383 FBgn0085412 CG32677 FBgn0052677 CG42260 FBgn0259145 
CG34383 FBgn0085412 Nf-YA FBgn0035993 CG34383 FBgn0085412 CG34383 FBgn0085412 
CenB1A FBgn0039056 Tom40 FBgn0016041 CG42260 FBgn0259145 CG9993 FBgn0034553 
Tom40 FBgn0016041 HmgD FBgn0004362 Tom40 FBgn0016041 Tom40 FBgn0016041 
tin FBgn0004110 Sp1 FBgn0020378 CG11041 FBgn0034481 CG11041 FBgn0034481 
HmgD FBgn0004362 CG13921 FBgn0035267 chinmo FBgn0086758 Liprin-gamma FBgn0034720 
Fur1 FBgn0004509 CG14528 FBgn0039611 CG11836 FBgn0039272 chinmo FBgn0086758 
Fur2 FBgn0004598 CG14720 FBgn0037940 c12.2 FBgn0040234 c12.2 FBgn0040234 
CG13921 FBgn0035267 CG18088 FBgn0032082 Sp1 FBgn0020378 IA-2 FBgn0031294 
CG14227 FBgn0031058 CG34371 FBgn0085400 Fur1 FBgn0004509 Fur1 FBgn0004509 
CG34371 FBgn0085400 CG42238 FBgn0250867 Fur2 FBgn0004598 Fur2 FBgn0004598 
CG42238 FBgn0250867 CG4622 FBgn0035021 CG14528 FBgn0039611 CG14528 FBgn0039611 
CG4622 FBgn0035021 CG7337 FBgn0031374 CG14720 FBgn0037940 CG15537 FBgn0039770 
CG7337 FBgn0031374 MED14 FBgn0035145 CG34347 FBgn0085376 CG15765 FBgn0029814 
MED14 FBgn0035145 LRP1 FBgn0053087 CG34371 FBgn0085400 CG31191 FBgn0051191 
LRP1 FBgn0053087 mgl FBgn0261260 CG42265 FBgn0259150 CG42265 FBgn0259150 
Raf  FBgn0003079 Raf  FBgn0003079 CG7029 FBgn0039026 CG7337 FBgn0031374 
Spn FBgn0010905 Sobp FBgn0033654 CG7337 FBgn0031374 CG9990 FBgn0039594 
Vps35 FBgn0034708 svp FBgn0003651 CG9990 FBgn0039594 Pde6 FBgn0038237 
sog FBgn0003463 tutl FBgn0010473 mgl FBgn0261260 Swim FBgn0034709 
ths FBgn0033652 unk FBgn0004395 Pde6 FBgn0038237 Sobp FBgn0033654 
unk FBgn0004395 vfl FBgn0259789 Sobp FBgn0033654 dpr8 FBgn0052600 
vfl FBgn0259789 CG32264 FBgn0052264 svp FBgn0003651 svp FBgn0003651 
CG32365 FBgn0052365 tai FBgn0041092 ths FBgn0033652 tutl FBgn0010473 
px FBgn0003175 px FBgn0003175 tutl FBgn0010473 unk FBgn0004395 
par-1 FBgn0260934 par-1 FBgn0260934 unk FBgn0004395 CG32264 FBgn0052264 
CadN FBgn0015609 arc FBgn0000008 CG32264 FBgn0052264 CG32365 FBgn0052365 
arc FBgn0000008 nub FBgn0085424 CG32365 FBgn0052365 tai FBgn0041092 
bun FBgn0259176 mRpL28 FBgn0031660 tai FBgn0041092 px FBgn0003175 
nub FBgn0085424     px FBgn0003175 par-1 FBgn0260934 
mei-P26 FBgn0026206     par-1 FBgn0260934 CadN FBgn0015609 
mRpL28 FBgn0031660     arc FBgn0000008 bun FBgn0259176 
        bun FBgn0259176 Kst FBgn0004167 
        Kst FBgn0004167 mRpL28 FBgn0031660 
        mRpL28 FBgn0031660     
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Table 8: The clustering of the GWAS candidate genes based Flybase information 

highlighted are the genes generated by the GWAS, on the increase of egg laying data as an 

effect of Sex Peptide. The remaider are genes generated by the GWAS for the fold change 

in egg laying as effect of Sex Peptide.  

Developmental Neural/ signaling pathway 
Protein metabolism   

molecular function 
Reproduction Unknown 

Axin FBgn0026597 CG34383 FBgn0085412 CG17121 FBgn0039043 CG18088 FBgn0032082 CG7906 FBgn0036417 
CenB1A FBgn0039056 CCAP FBgn0039007 CG2253 FBgn0029992 Acp54A1 FBgn0083936 CG11041 FBgn0034481 

mfr FBgn0266757 AstA-R1 FBgn0266429 CG32677 FBgn0052677 prage FBgn0261548 c12.2 FBgn0040234 

tin FBgn0004110 CG11170 FBgn0034705 CG42260 FBgn0259145 
  

CG12535 FBgn0029657 

Liprin-gamma FBgn0034720 CG34371 FBgn0085400 CG43143 FBgn0262617 
  

lectin-21Cb FBgn0040106 
Sp1 FBgn0020378 CG9990 FBgn0039594 CG9993 FBgn0034553 

  
CG13722 FBgn0035553 

CG15765 FBgn0029814 CadN FBgn0015609 Nf-YA FBgn0035993 
  

CG13921 FBgn0035267 

resilin FBgn0034157 GstS1 FBgn0010226 Tom40 FBgn0016041 
  

CG14720 FBgn0037940 
CG30456 FBgn0050456 MED14 FBgn0035145 CG11836 FBgn0039272 

  
CG30460 FBgn0050460 

CG43921 FBgn0264542 Pde6 FBgn0038237 CG14227 FBgn0031058 
  

CG31191 FBgn0051191 

chinmo FBgn0086758 Pde8 FBgn0266377 CG14528 FBgn0039611 
  

CG34043 FBgn0054043 
Doa FBgn0265998 Swim FBgn0034709 CG42747 FBgn0261801 

  
CG42238 FBgn0250867 

Dscam2 FBgn0265296 dpr8 FBgn0052600 CG43143 FBgn0262617 
  

CG34347 FBgn0085376 

Fur1 FBgn0004509 nonC FBgn0263968 CG43347 FBgn0263072 
  

CG7029 FBgn0039026 

IA-2 FBgn0031294 
  

CG43693 FBgn0263776 
  

CG31427 FBgn0051427 
mgl FBgn0261260 

  
CG42265 FBgn0259150 

  
CG32115 FBgn0052115 

Msp300 FBgn0261836 
  

CG4622 FBgn0035021 
  

CG32365 FBgn0052365 

Nlg2 FBgn0031866 
  

CG7337 FBgn0031374 
  

CG33203 FBgn0053203 
Sply FBgn0010591 

  
Fur2 FBgn0004598 

    
Sobp FBgn0033654 

  
HmgD FBgn0004362 

    
Spn FBgn0010905 

  
LRP1 FBgn0053087 

    
a FBgn0000008 

  
MtnC FBgn0038790 

    
bun FBgn0259176 

  
Np FBgn0265011 

    
cic FBgn0262582 

  
SNF4Agamma FBgn0264357 

    
forked FBgn0262111 

  
Vps35 FBgn0034708 

    
Kst FBgn0004167 

  
mRpL28 FBgn0031660 

    
mei-P26 FBgn0026206 

  
PH4alphaNE1 FBgn0039780 

    
nub FBgn0085424 

  
CG15537 FBgn0039770 

    
px FBgn0003175 

  
CG32264 FBgn0052264 

    
svp FBgn0003651 

        
sog FBgn0003463 

        
spg FBgn0264324 

        
sdt FBgn0261873 

        
tai FBgn0041092 

        
ths FBgn0033652 

        
tutl FBgn0010473 

        
unk FBgn0004395 

        
par-1 FBgn0260934 

        
Raf  FBgn0003079 

        
CG33519 FBgn0053519 

        
vfl FBgn0259789 
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Table 9: GeneMANIA list of functional networks weighted by their ability to connect 

longevity candidate genes to related genes, with their occurrence in the sample and in the 

genome, as analysed by GeneMANIA (Montojo et al., 2010; Warde-Farley et al., 2010). 

Coverage is the ratio of the number of annotated genes in the displayed network vs the 

number of genes with that annotation in the genome. The q-value is estimated using the 

Benjamini-Hochberg procedure. Categories are displayed up to a q-value cut-off of 0.1. 

Description q-value 
Occurrences 

in Sample 
Occurrences 
in Genome 

Transforming growth factor beta receptor signaling pathway 8.44E-11 7 30 
Response to transforming growth factor beta 8.44E-11 7 32 
Cytokine receptor binding 8.44E-11 6 13 
Cellular response to transforming growth factor beta stimulus 8.44E-11 7 32 
Response to growth factor 1.64E-09 7 50 
Cellular response to growth factor stimulus 1.64E-09 7 49 
Transmembrane receptor protein serine/threonine kinase signaling pathway 1.66E-08 7 70 
Cellular response to endogenous stimulus 1.75E-07 7 99 
Cellular response to organic substance 1.71E-06 7 141 
Response to endogenous stimulus 1.71E-06 7 139 
Receptor binding 7.06E-06 7 175 
Response to organic substance 8.32E-06 8 292 
Cellular response to chemical stimulus 2.16E-05 7 213 
Enzyme linked receptor protein signaling pathway 2.16E-05 7 212 
BMP signaling pathway 1.23E-04 4 31 
Chemotaxis 0.0015086 6 252 
Embryonic morphogenesis 0.0162117 5 224 
Neuron projection guidance 0.0216025 5 241 
Morphogenesis of embryonic epithelium 0.0216025 4 118 
Renal tubule morphogenesis 0.0240414 3 43 
Imaginal disc-derived wing vein morphogenesis 0.0240414 3 43 
Malpighian tubule morphogenesis 0.0240414 3 43 
Formation of organ boundary 0.0263882 3 45 
Embryonic hindgut morphogenesis 0.0284459 3 47 
Morphogenesis of an epithelium 0.0284459 5 273 
Formation of anatomical boundary 0.0360997 3 52 
Organ formation 0.036252 3 54 
Hindgut morphogenesis 0.036252 3 54 
Hindgut development 0.036252 3 54 
Eye-antennal disc development 0.0456981 3 59 
Regulation of organ formation 0.0489341 2 11 
Malpighian tubule development 0.0489341 3 63 
Positive regulation of transmembrane receptor protein serine/threonine kinase 
signaling Pathway 0.0489341 2 11 
Digestive tract morphogenesis 0.0489341 3 63 
Renal tubule development 0.0489341 3 63 
Renal system development 0.0643586 3 71 
Urogenital system development 0.0643586 3 71 
Chaperone binding 0.0724536 2 14 
Ovarian follicle cell stalk formation 0.0724536 2 14 
Dendrite morphogenesis 0.0736291 4 196 
Dendrite development 0.0761352 4 199 
Regulation of muscle organ development 0.0885508 2 16 
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