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Abstract 

The primary function of copulation is successful fertilization, and this process can be aided 

by the effects of semen proteins transferred from males during mating. However, 

intriguingly, semen components can also favor the interests of males whilst generating costs 

in females, resulting in sexual conflict. This manipulation of one sex by the other through 

molecular interactions has been well studied in the fruit fly Drosophila melanogaster. One 

enigmatic semen protein known as “Sex Peptide” generates strikingly diverse changes in 

the behavior, reproductive and immune system of females. Collectively, these effects can 

benefit males and/or females, but sometimes they also cause costs in females. Hence Sex 

Peptide is a potential mediator of sexual conflict. Sexual conflict is predicted to fuel the 

generation of genetic variation. This predicts the existence of significant genetic variation 

among males in the ability to synthesize and release potential agents of sexual conflict, such 

as Sex Peptide. To test this idea, we screened for variation among males in the quantity of 

Sex Peptide released during mating into females, in 31 inbred, genome-sequenced lines of 

the Drosophila Genetic Reference Panel (DGRP). We did this by developing and then 

applying a novel molecular technique, known as Immuno-Quantitative PCR, which 

combines the use of antibodies with quantification by real-time PCR. The use of the DGRP 

lines also allowed us to perform a genome wide association (GWAS) analysis on the 

quantity of Sex Peptide released into females during mating. We found significant variation 

in Sex Peptide release and significant associations in the GWAS. Gene ontology analysis of 

GWAS candidates highlighted significant over-representation of genes involved in 

Drosophila melanogaster reproduction. Several of the top-ranking genes from the GWAS 

are involved in development and reproduction, specifically in the development of germ 

cells. Other top associated genes were of unknown function and represent promising 

candidate genes for further study of Sex Peptide synthesis and transfer. The results of this 

study suggest that sexual conflict can generate and maintain significant variation in male 

reproductive traits, such as Sex Peptide release, and highlight potential candidate genes 

involved in this process. 
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Introduction  

Cryptic battles between the sexes have significant evolutionary impacts. The agents 

of this sexual conflict include semen proteins transferred along with sperm during mating. 

The fruit fly Drosophila melanogaster is a powerful model system in which these cryptic 

battles and the semen proteins involved have been uncovered. These proteins have long 

lasting effects on females after mating, including on fertility, immunity, libido, eating and 

sleep (Gillott, 2003; Liu and Kubli, 2003; Wigby and Chapman, 2005; Ram and Wolfner, 

2007; Avila et al., 2011). Accompanying these striking changes is the activation of diverse 

sets of genes in response to the receipt of semen components that accompany sperm (Gioti 

et al., 2012). Collectively, these effects favour the interests of males, increasing the number 

of offspring that are produced from their sperm, whilst sometimes simultaneously 

generating costs in females in terms of lifetime reproductive success and survival, resulting 

in sexual conflict (Chapman et al., 2003 (1)). There can be a tug-of-war, where males 

employ semen proteins as a mechanism to ensure that females increase their investment in 

the current brood or withhold from re-mating, even if this would not suit the longer term 

interests of females (Bretman et al., 2009). 

One key player in this sexual conflict is Sex Peptide, which is transferred into females by 

binding to the sperm tail or free alongside other seminal fluid proteins (Peng et al., 2005). 

Once in the females, the free Sex Peptide is responsible for short-term post-mating 

responses, while the sperm-bound Sex Peptide is stored along with sperm in the 

spermatheca and seminal receptacle, prolonging the persistence of its effects in females 

(Ram and Wolfner, 2009; Findlay et al., 2014). Locally, Sex Peptide influences the rate of 

sperm release from storage. When it is cleaved and released from the sperm tail into the 

hemolymph Sex Peptide also generates a wider range of post-mating responses (Pilpel et 

al., 2008; Yapici et al., 2008). These include an increase in egg laying, increase in feeding 

behaviour, altered immunity, decreased female receptivity to re-mating, decreased sleeping 

behaviour and increased post-mating aggression in females (Manning, 1967; Chen, 1988; 

Liu and Kubli, 2003; Carvalho et al., 2006; Wigby et al., 2008; Barnes et al., 2008; Isaac et 

al., 2010; Avila et al., 2011; Kubli and Bopp, 2012; Isaac, Kim and Audsley, 2014; Bath et 

al., 2017). This suggests that Sex Peptide is a ‘master regulator’ of female reproduction. 

Hence males effectively have a mechanism by which they can direct and globally influence 

the behaviour, reproductive and immune system of the female.  

The genes encoding semen proteins often evolve rapidly and there is significant genetic 

variation in the Sex Peptide gene (Cirera, 1997) and in Sex Peptide mediated traits (Wigby 
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et al., 2009; Short and Lazzaro, 2010). This is consistent with the idea of sexual conflict 

and antagonistic coevolution between the sexes (Rice, 1996). Therefore, the genetic 

variation observed in these traits is likely also the result of sexually antagonistic co-

evolution. In most studies of molecular mechanisms of Sex Peptide, genetic variation has 

been experimentally minimised in order to clearly delineate function. However, to 

understand the evolutionary processes and dynamics that characterise Sex Peptide mediated 

interactions between males and females, the next key step is to quantify the amount of Sex 

Peptide that males produce, transfer to females during mating, this will help detect the 

variation in Sex Peptide’s effects in detail. 

With the latest advances in DNA technology and genome sequencing this is now possible 

and we can trace the influence of Sex Peptide on sexual conflict with ever-greater 

resolution. High-throughput sequencing technologies have provided a resource of >200 

fully genome-sequenced D. melanogaster lines (MacKay et al., 2012). These lines and their 

genome sequences are publicly available and are a formidable resource for Genome Wide 

Association Studies (GWAS) to link gene variation to phenotypic variation. We used these 

lines to start unravelling the evolutionary genomics of the enigmatic Sex Peptide and of 

sexual conflict in general. To understand the impact of the sexual conflict on the evolution 

of the fruit fly genome it is important to understand the role of genetic variation in the 

production and release of Sex Peptide. When the allocation of Sex Peptide to females varies 

between different lines, this may select females to mount different levels of resistance to 

Sex Peptide to minimise their post mating responses.  

Our specific focus here is in quantifying variation in Sex Peptide release from males and 

associating this genetic variation in Sex Peptide transfer to allelic variations in their 

genome, using lines of the Drosophila genomic reference panel (DGRP) (MacKay et al., 

2012). For this we developed a novel application of a new technique, namely immuno-Q-

PCR, with high sensitivity to quantify Sex Peptide. The technique uses the specificity of 

antibodies for detecting the presence of Sex Peptide combined with the unparalleled 

sensitivity of quantitative PCR for accuracy of quantification of conjugated 

oligonucleotides. The immuno-Q-PCR method achieves a rapid, sensitive and accurate 

quantification of Sex Peptide in females immediately after mating. The quantified Sex 

Peptide was then used to assess the variation among males in the transfer of Sex Peptide 

during mating.  
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Material and Methods 

Stocks and fly culturing 

Male D. melanogaster used in this experiment were from the Drosophila genomic reference 

panel (DGRP). These are isogenic lines that were set up from a natural population from 

North America (MacKay et al., 2012). The DGRP lines and their genome sequences are 

publicly available and therefore represent a great resource for identifying the underlying 

genomic basis for phenotypic variation. The females used in these assays were from the 

wild type Dahomey strain. The flies were reared on a standard yeast agar medium (100g 

yeast, 50g sucrose, 15g agar, 30ml Nipagin solution and 3ml Propionic Acid) and 

maintained at 25°C and 50% humidity on a 12Light: 12Dark cycle.    

Within 8h of eclosion, flies were separated by sex (on ice). Virgin female Dahomey were 

pooled in groups of 10, while the male DGRP flies were kept in individual vials. They were 

maintained for 4-5 days on standard yeast agar medium. The samples needed for this 

experiment were generated by individually crossing males from each of the 31 different 

DGRP lines to individual virgin wild type Dahomey females. All mating assays were done 

on the same day to avoid potentially confounding environmental effects. Time of 

introduction of the females until start of mating (latency) and time of start and end of 

mating (duration) was recorded for each of the pairs. Only matings that lasted at least 5 min 

were scored as successful and pairs that did not mate within 4 hours were discarded. We 

tested for line variation in mating latency and mating duration, as these could contribute to 

variation in transfer of Sex Peptide. Immediately after the end of mating females were 

separated from the males and were flash frozen in liquid nitrogen and stored in -80 °C until 

protein extraction.  

Protein extraction 

To reduce sample variation, we randomly pooled sets of 3 Dahomey females that had been 

mated to males from the same DGRP line. The frozen female flies were then homogenized 

using an electric pestle (VWR International, Inc., Bridgeport, NJ) for 30sec at 4°C in 200ul 

of filtered homogenising buffer consisting of 5% Dulbecco's phosphate buffering solution 

(DPBS; 14 mM NaCl; 0.2 mM KCl; 0.1 mM KH2PO4; 0.7 mM Na2HPO4) and protease 

inhibitors (PI; Roche Complete protease inhibitor cocktail tablets). Once homogenised 

another 200 μl of the homogenising buffer was added (final sample volume 400 μl). The 

samples were then centrifuged for 2min 12000rpm at 4°C through a Costar column 

(Corning® Costar® Spin-X® centrifuge tube filters) to purify the sample from debris, such 
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as membranes, wings and cuticles. All the protein samples were extracted on the same day 

and stored at -20°C until absolute quantification. 

Quantification of sex peptide release by immuno-Q-PCR assay 

A diagram of the principles and major steps of the immuno-Q-PCR assay is shown in 

Figure 1. Briefly, each well of the ELISA plate (BD flacon 35327) is coated with a sample 

of the fly protein extract. After washing with block solution, the protein samples are 

incubated with an anti Sex Peptide antibody tagged with a quantification oligonucleotide. 

After a washing step to clean the wells of any unbound construct, the quantification 

oligonucleotide is then released by HindIII restriction enzyme digestion and quantified by 

Quantitative-PCR. The amount of the quantification oligonucleotide is proportional the 

amount of Sex Peptide in each of the samples in the wells. 

 

 

 

Figure 1: Schematic diagram summarising the main steps of the immuno-Q-PCR used 

to quantify Sex Peptide release. ELISA plates were first coated with the fly protein 

extract. In the next stage an oligonucleotide labelled antibody Anti-Sex Peptide complex is 

applied to the plate to recognise and bind to the Sex Peptide. The oligonucleotide is then 

released from the antibody complex using a Hind III restriction enzyme digest. In the final 

step, the released oligonucleotide is quantified by using Q-PCR. 
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Antibodies, peptide, oligonucleotides and primers  

The anti Sex Peptide polyclonal antibody and synthetic Sex Peptide were generated by a 

commercial provider (Eurogentec, Seraing, Belgium). A Sex Peptide specific region H-

CKPTKFPIPSPNPRD-NH2 was synthetized and an anti-Sex Peptide polyclonal antibody 

was generated against this region in rabbit. Quality control of the produced antibody was 

ensured by using an ELISA assay (Eurogentec, Seraing, Belgium). We designed a single-

stranded synthetic oligonucleotide (74bp) for quantification, avoiding matches with any 

known sequence of any living organism, to avoid amplification of any contaminants. The 

oligonucleotide was designed to share a 13bp complementary sequence with the capture 

oligonucleotide (22bp) that was conjugated to the antibody, and a HindIII restriction 

enzyme site, to allow its release. The capture oligonucleotide was biotinylated at 3’ end by 

the manufacturer. All the probes and the antibodies were synthesised by Eurogentec, 

Seraing, Belgium (Table1). For the qPCR reaction, a primer set was designated that 

amplified the quantification oligonucleotide. 

 

Table1: Peptides, oligonucleotide and primer sequences for the immuno-qPCR assay. 

Underlined is the complementary sequence between the capture oligonucleotide and the 

oligonucleotide. 

Streptavidin conjugation to the anti Sex Peptide antibody  

The anti-Sex Peptide antibody was conjugated to streptavidin using the Lightning-Link 

Streptavidin Conjugation Kit (Innova BioSciences Ltd., Cambridge, UK) following the 

manufacturer’s instructions. 100ml of antibody (1.075mg/ml) was mixed with 10ml of LL-

Modifier reagent and then the mixture was added to a vial containing 100mg of Lyophilized 

LL-streptavidin. After 3h incubation at room temperature (RT), 10ml of LL-quencher 

reagent was added. After 30 min of incubation at RT the conjugate was stored at -18°C. 

Synthetic Sex Peptide 15aa H-CKPTKFPIPSPNPRD-NH2 

Capture 

oligonucleotide 
22bp 5’-TGG ATC CTA AGC TTG AGC ATT T-3’*Biotin 

Quantification 

oligonucleotide 
74bp 

5’-TGC TCA AGC TTA GGA TCC ATA GCG TGT ACC 

ATG TAA ACC TTA TAA CTT ACC TCA GAC TAG TTG 

GAA GTG TGG C-3’ 

Forward Primer 23bp 5’-CCA TAG CGT GTA CCA TGT AAA CC-3’ 

Reverse Primer 21bp 5’- GCC ACA CTT CCA ACT AGT CTG-3’ 
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Binding the capture oligonucleotide to the quantification 

oligonucleotide   

A 10μl of biotinylated capture oligonucleotide (10μM, 5.6x1015 copies/μl) was incubated 

for 15 min at 48°C, with 100μl of the quantification oligonucleotide (10μM, 5.75x1014 

copies/μl). The complex was then diluted 1/10 (final concentration approximately of 

5.7x1013 copies/μl) with DNAse RNAse free water and was hybridised to the antibody. The 

binding of the capture oligonucleotide to the quantification oligonucleotide was tested by 

electrophoresis on a 2% agarose gel.  

Binding the antibody to the oligonucleotides complex 

The oligonucleotide complex was then linked to the antibody against Sex Peptide by using 

the chemical interaction of streptavidin-biotin. The antibody, at a concentration of 1.34 

μg/μl, was incubated at room temperature for 1h with the oligonucleotide complex 0.0224 

μg/μl (5.7x1013 copies/μl). After diluting the antibody-oligonucleotides complex 1/800 in a 

filtered block solution (1%BSA, 1xDPBS, Tween 0.05%) it was used in the immuno-Q-

PCR. The binding of the antibody to a higher concentration of the oligonucleotide (5.7x1014 

copies/μl) was tested by electrophoresis on a 2% agarose gel.  

Standard curve of the synthetic Sex Peptide 

A standard curve for the immuno-Q-PCR was constructed from a series of dilutions of 

purified synthetic Sex Peptide (Table 1), as well as a no template control (NTC). Synthetic 

Sex Peptide at 2mM, 1mM, 0.5mM, 0.05 mM and 0.0005mM was run in parallel to the 

biological samples on every immuno-Q-PCR plate as a reference, to generate the standard 

curve for the absolute quantification of Sex Peptide. Each dilution was tested in triplicate 

on each plate. Several Immuno-Q-PCR experiments were required to optimise the assay 

and the slope of the standard curve. The reproducibility of the assay was tested by the 

repeatability of the Ct values of the standard curve, on each of the ELISA/Q-PCR plates. 

The threshold cycle (Ct) was calculated automatically by the ABI7300 software and 

represents the cycle number at which the fluorescence passes a set threshold. The 

repeatability of the samples was also tested twice on different plates. 
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Immuno-Q-PCR protocol 

After optimisation of the conditions of each step, the immuno-Q-PCR was performed 

according to the following detailed protocol:  

i. Coating  

Microtitre ELISA plates were coated with 50μl of sample protein extract or 

synthetic Sex Peptide. The plates were covered and incubated at 4°C overnight on 

a shaker. After removing the effluent, the wells were washed with 100μl of wash 

solution (1xDPBS, Tween 0.05%). The bound samples were then blocked with 

100μl of block solution (1%BSA, 1xDPBS, Tween 0.05%) and incubated 

overnight on a shaker at 4°C. Afterwards the block solution was removed via a 

washing step with wash solution. Then 50μl of the complex antibody 

oligonucleotide was added and incubated for another hour at RT. Lastly, the 

antibody-oligonucleotide complex was removed and the wells washed 3 times 

with 150μl of wash solution. For each sample 2 technical replicates were tested on 

the same Immuno-Q-PCR plate and 3 biological replicates on different immuno-

Q-PCR plates were tested. A total of 4 plates were required and each plate 

included a standard curve in duplo. 

ii. Hind III restriction  

The oligonucleotide was released from the complex prior to Q-PCR by a HindIII 

restriction enzyme digestion. After washing the wells, the oligonucleotide was 

digested with 1U of Hind III (Promega, Madison, USA) for 1 hour at room 

temperature. The enzyme was then inactivated by incubating 15 min at 65°C. The 

eluted material was collected and stored at -18°C until needed. 

iii. Quantitative Polymerase Chain reaction 

The Q-PCR was performed on 2μl of the eluted oligonucleotide using an Applied 

Biosystems 7300 machine. The Q-PCR was conducted in a total volume of 20μl, 

with 1μl of forward and reverse primer (Table 1) and 0.5X Sybr Green TM 

(BioRad Laboratories Inc). The Q-PCR thermal cycles consisted of an initial 

activation at 95°C for 5min followed by 30 cycles of: 10sec of denaturation at 

95°C, 30sec of hybridization at 50°C, 30sec of elongation at 72°C.  The 

fluorescence data were collected after each cycle. 
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Immuno-Q-PCR data analysis 

Sex Peptide in the samples was quantified by using absolute quantification via the 

standard curve method. The ABI 7300 software measures amplification of Sex 

Peptide in samples and in a standard dilution series. Data from the standard 

dilution series are used to generate the standard curve. Using the standard curve, 

the software interpolates the absolute quantity of Sex Peptide in the biological 

samples.  

Statistical analysis  

The statistical analysis of the variation in mating latency, mating duration and Sex Peptide 

release by males was performed using RStudio (Version 0.99.903). In all tests, variation 

was considered significant at a P value threshold of P<0.05. The mating latency was log-

transformed to improve normality. Both mating latency and mating duration analyses were 

Box 1: Key steps in optimising the immuno-QPCR 

• Test all primers to be used in the immuno-QPCR assay first with standard 

PCR, to ensure there are no primer dimers. 

 

• The capacity of detection of the antigen by the antibody varies between 

samples. Therefore, different concentrations of the antibody and 

oligonucleotide need to be tested with a series of dilutions, in order to arrive 

at the optimal dilution to use.  

 

• Avoid the use of milk as a blocking solution to avoid non-specific 

conjugation / binding reactions 

 

• A sterile working environment and frequent tip and glove changes is 

essential, to avoid contamination. 

  

• The washing steps are key to the success of the assays.  

 

• A long incubation for the blocking step is essential to obtain consistent 

results and avoid non-specific binding of the antibody-oligonucleotide 

complex to the plate. 
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done using Gaussian general linear model (GLMs). For the Sex Peptide release, the analysis 

was performed on the median of the technical replicates, for the 3 biological replicates of 

each line. Statistical analyses were performed using the “Glmer” function on the “lem4” 

package (Bates et al., 2014). The significance of factors was determined by step-wise 

model reduction from the maximal model via likelihood ratio tests (LRT). The significance 

of the deviance (-2 times the difference between the log likelihood of the reduced model 

and the log likelihood of the full model) was tested by comparison with the Chisq 

distribution. The maximal model included the DGRP lines and ELISA plates as random 

factors, and in the reduced model, the random effect of lines was omitted.  

Genome wide association and network analysis 

In order to identify polymorphisms that might be associated with variation in Sex Peptide 

release across the 31 DGRP inbred lines, a Genome-wide association Study (GWAS) was 

performed. As input data, we used the median Sex Peptide values of the biological 

replicates derived from the immuno-Q-PCR. The DGRP webserver (MacKay et al., 2012) 

(dgrp2.gnets.ncsu.edu) was used to generate the GWAS. The GWAS analyses accounted 

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

polygenic relatedness. Based on the GWAS results, only the top candidate genes (P<10−5) 

associated with median relative Sex Peptide transfer levels were considered for subsequent 

network mapping and gene ontology enrichment analysis. The network mapping was done 

using Cytoscape 3.4.0 with the GeneMANIA 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 biological function, co-expression, co-localisation genetics 

and physical interactions. All the genes in the composite network were then used for 

functional enrichment analysis using DAVID Bioinformatics Resources 6.8, NIAID/NIH 

(Huang et al., 2009) to identity over- or under-represented functions present among the 

candidate genes associated with Sex Peptide release and transfer. 
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RESULTS 

Mating latency and duration 

There was no significant variation in mating latency across the 31 DGRP lines (GLM, 

Df=333,332, P=0.5425) (Figure 2a). There was also no significant variation observed in 

mating duration between the 31 different DGRP lines (GLM, Df=308,308, P=0.4174) 

(Figure 2b). Therefore, mating latency and mating durations were not included as 

covariates in the analysis for variation in Sex Peptide transfer.  Mating latency was 

recorded within a 4-hour time period. Mating durations lasting less than 5 min are reported 

not to transfer sperm (Gilchrist and Partridge, 2000) or accessory gland proteins (Monsma 

and Wolfner, 1988) and were considered unsuccessful matings and removed from the 

analysis of mating duration. Copulations of more than 45 min were also excluded from the 

data as they represent rare occurrences where individuals failed to separate following 

mating. 
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Figure 2: Mating latency and mating duration responses across 31 DGRP lines. (a) log 

transformed boxplots of mating latency of the 31 different DGRP lines. (b) Boxplot of 

mating duration of the 31 different DGRP lines. The boxplot shows the median (horizontal 

line within the box), with the box itself representing the interquartile range, the whiskers 

showing the highest and lowest value and the outliers are represented by points. Sample 

sizes per line n= 9 individuals.  
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Binding the antibody to the oligonucleotides complex 

The binding of the capture oligonucleotide to the quantification oligonucleotide and 

antibody was tested by electrophoresis on a 2% agarose gel. Figure 3 shows that, the single 

strand synthetic oligonucleotide migrated as a single band of approximately 50bp on the gel 

(lane 1). A same size band of ~50bp was detected when mixing the antibody and the 

oligonucleotide (without the conjugation step) (lane 2). After incubating the quantification 

and capture oligonucleotides for binding and running the complex on the gel, 2 DNA 

fragments were detected, one at ~50bp and one at 70bp (lane 3). When the antibody was 

incubated with the quantification and capture oligonucleotide complex, 3 bands were 

detected, one at ~50bp, one at 70bp and a third at 250-300bp (lane 4). In the presence of the 

antibody only, no DNA fragment was observed (lane 5). The fragment at 250-300bp 

suggests that the antibody is binding to the capture/quantification oligonucleotide complex 

and, due to its structure, is unable to migrate through the agarose gel to the same extent as 

for the oligonucleotide alone. At this concentration of the single stranded quantification 

oligonucleotide (5.7x1014 copies/μl) not all of it seems to bind to the antibody (as indicated 

by the presence of the 50bp fragment). However, at least some of it does bind to the 

quantification oligonucleotide, as shown by the fragment at 70bp. 

 

Expression level of Sex Peptide 

The analysis of the immuno-Q-PCR data revealed that there was significant variation in Sex 

Peptide release in males from the 31 different DGRP lines (GLMER, Chisq=7.7701, 

P=0.005312**). The amount of Sex Peptide that the males transferred to females during 

mating ranged from a median of 0.01 mM to 0.4 mM, as estimated from the quantification 

using a standard curve of known Sex Peptide concentrations. The no template control 

(NTC) showed a very low concentration (0.0007 mM) of Sex Peptide in comparison to the 

DGRP lines. That it showed a detectable signal, in the absence of Sex Peptide, could be due 

to technical issues such as non-specific binding, which cannot be entirely eliminated. A 

total of 10 outliers with concentration values of Sex Peptide higher than 1mM were not 

included in the data analysis, as this indicated the presence of non-specific binding.  
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Figure 3: Agarose electrophoresis gel of the migration of different elements of the 

oligonucleotide/ antibody binding complex in immuno-Q-PCR assay. Lane M: 50bp 

DNA ladder, lane 1: Oligonucleotide (1μM), lane 2: Oligonucleotide (1μM) + anti Sex 

Peptide Antibody, lane 3: Quantification oligonucleotide (10μM) + capture oligonucleotide 

incubated for 15 min at 48 °C and, lane 4: Quantification oligonucleotide (10μM) + capture 

oligonucleotide (10μM) + Antibody incubated 1h at room temperature and lane 5: 

Antibody alone. 

 

Figure 4: Sex Peptide release from males of 31 DGRP lines into wild type Dahomey 

females. Boxplot ranked by log transformed of the median Sex Peptide values derived from 

all technical replicates resulting from the immuno-Q-PCR on Sex Peptide release from 

males of the different DGRP lines, plus no template control (NTC). Box plots show the 

median (horizontal line within the box), the box representing the interquartile range, the 

whiskers the highest and lowest values and outliers represented by points.  
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GWAS analysis 

Genomic variants, such as single nucleotide polymorphism (SNPs), insertions and 

deletions, associated with the variation in Sex Peptide release were identified, using a 

genome wide association study (GWAS). The GWAS was carried out on the median of the 

Sex Peptide data from 31 different DGRP lines. SNPs, deletions or insertions exceeding a 

threshold of P<10-5 were considered as significant candidates to follow up further in this 

study. A total of 157 significant polymorphisms were identified in or near 54 known genes 

(supplementary data Table 1) and 18 polymorphisms were found in intergenic regions that 

did not code for any protein coding genes within 1kb downstream or upstream of their 

location (data not shown). Most variation in annotated genes was found in the form of 

SNPs, including 4 deletions and 6 insertions. 46 of these polymorphisms were located in a 

single long non-coding RNA gene, FBn0052111 (CR32111 in the archive Flybase 

database). This gene, as well as 5 others among the candidates identified, has as yet no 

known molecular and biological function.   

The functional gene network mapping was performed using the geneMANIA app in 

Cytoscape. The geneMANIA app links genes based on gene information that is available 

across various existing databases: i) co-expression patterns, when expression levels of two 

genes were similar across conditions, ii) genetic interactions, when functionally associated 

are known between genes, e.g. one gene modifying a second gene, iii) co-localisation, in 

which genes are expressed in the same tissue or proteins are found in the same cellular 

location, iv) predicted networks, when a functional relationship between genes is found in 

orthologous proteins in different organisms, v) shared protein domains, when gene products 

have the same protein domain and vi) physical interaction genes, when genes were found to 

interact in a protein-protein interaction assay (Montojo et al., 2010). Of the 54 candidate 

genes, only 49 are shown in the network mapping: FBgn0052027, FBn0052111, 

FBgn00527773, FBgn0263768 and FBn0265415 were not recognised by geneMANIA and 

were excluded from downstream analyses. Of the remaining 49 candidate genes, gene 

network mapping showed: 72.05% of the genes form a co-expression network; 12.79% of 

the genes have genetic interactions; 7.89% co-localise in the same tissue or cell 

compartment; 3.73% form a predicted network; 2.22% shared protein domains and 1.41% 

have physical protein-protein interactions (Figure 5). The functional enrichment analysis by 

GeneMANIA displayed a set of over-representation of gene ontology annotations 

(supplementary data Table 2) and identified several genes involved in development, 

maturation and protein processing. A set of genes of specific interest to this study (7/269) 

are those involved in germ cell development (q-value=0.045), as Sex Peptide is mainly 
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transferred by binding to the sperm, therefore the amount of sperm developed and 

transferred is directly related to the variation detected in Sex Peptide release. 

Gene enrichment analysis on the top candidate genes was performed using the DAVID 

Bioinformatics Resource 6.8 programme. The results for the biological processes 

(supplementary data Table 3) revealed a number of D. melanogaster developmental protein 

genes (P=7.50E-04) as well as membrane (P=1.2E-2) and reproduction proteins (P=7.90E-

02). All the genes were then clustered based on functional annotation in DAVID, 

GeneMANIA and Flybase (Gramates et al., 2017) (supplementary data Table 4). These 

databases revealed four main functional annotation groups. The first is reported to be 

involved in organism development and maturation (e.g. development of imaginal discs, 

homeobox transcription factors). The second set is involved in RNA and protein 

processing. The third set of proteins is associated with membrane adhesion molecules, 

membrane potential and transmembrane transport. The fourth group comprised 

reproduction proteins. All protein groups are summarised in the Venn diagram shown in 

Figure 6.  

Based on the gene ontology and the network mapping, a set of 12 candidate genes with 

putative direct links with Sex Peptide, or with reproductive functions, were further 

explored. Summarised in Table 2, the localisation of gene expression patterns of these 

genes were derived from adult expression data in the Flyatlas database (Chintapalli, Wang 

and Dow, 2007). For the genes with no Flyatlas entry, tissue-specific expression was 

instead derived from the modENCODE data (Roy et al., 2010) and from literature reviews.  

According to the Flyatlas and modENCODE data, most of the 12 selected candidate genes 

were expressed in male testis or accessory glands and sometimes in both. Several of these 

genes were male-specific and represent accessory gland and seminal fluid protein genes 

(i.e. CG1995, Sfp60F, Pde8 and NLaz) (Chintapalli et al., 2007; Ram and Wolfner, 2007; 

Findlay et al., 2008; Ruiz et al., 2011; Avila et al., 2015; Kubrak et al., 2016). Others were 

involved in germ cell development in either males or females (A2bp1, capu, mei-P26 and 

fng) (Emmons et al., 1995; Page et al., 2000; Terry et al., 2006; Chintapalli et al., 2007; 

Tastan et al., 2010; Insco et al., 2012; Yang et al., 2013; Yoo et al., 2015). The fl(2)d gene 

is involved in sex determination (Penalva et al., 2000). One gene in particular, Pde1C, 

seems to have a direct connection to male mating behaviour and female sperm storage 

(Morton et al., 2010). Additional genes were highly or uniquely expressed in male 

reproductive organs, although their molecular and biological functions are still unknown 

(capu, CG1358 and CG8065) (Swiss-Prot Project Members, 2004; Chintapalli et al, 2007). 
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Figure 5: Interaction networks of genes involved in Sex Peptide release. Black nodes 

depict genes containing significant SNPs from the DGRP analysis (Query genes). Grey 

nodes are genes involved in the mapping network in Drosophila melanogaster.  
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Figure 6: Venn diagram (Heberle et al., 2015) of gene clusters, based on functional 

annotation of the top candidate genes associated with male Sex Peptide release from the 

GWAS analysis. The functional annotation tables were generated by using DAVID, 

Flybase, and GeneMANIA. Most of these candidate genes can be divided into four clusters: 

RNA and protein processing (22 genes), reproduction protein (12), developmental protein 

(24) and membrane proteins (16). Some of these genes fall in more than one of these 

functional clusters.   
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Table 2: Summary of tissue-specific gene expression (from FlyAtlas and ModENCODE) of the 12 candidates ‘sexual reproduction’ genes identified from the 

GWAS analysis of Sex peptide release. The scale of expression level was derived from the information on Flybase. 
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References 

CG16995 FBgn0031412 Accessory gland protein transferred to females during mating.                      Ram and Wolfner, 2007 

capu FBgn0000256 
In females: determinant of polarity in the development of oocyte.  

In males: highly expressed in adult testis, function unknown. 
                    

Emmons et al., 1995; Chintapalli., 

et al 2007; Yoo et al., 2015 

fl(2)d FBgn0000662 
Has a non-sex-specific function in males and in females. In females 

it is also Involved in sex determination and dosage compensation, as 

well as germline development. 
                    Penalva et al., 2000 

Pde1c FBgn0264815 
Required for male fertility and mating behaviour, transferred to 

female during mating, important for sperm storage in female 

reproductive tract.  
                    Morton et al., 2010 

Pde8  FBgn0266377 Expression in male accessory gland and central nervous system.            Chintapalli et al., 2007 

A2bp1 FBgn0052062 Regulation of ovarian germ cell development and differentiation.                      
Tastan et al., 2010; Carreira-rosario 

et al., 2016 

fng FBgn0011591 
In males: expression in the testis might involved in germline 

development. In females: involved in maintaining the germline stem 

cell niche.  
                    

Terry et al., 2006; Yang et al., 

2013 

NLaz  FBgn0053126 
Seminal fluid protein involved in lipid metabolism, regulated by 

JNK signalling contributes to longevity, and is highly expressed 

during male reproductive dormancy. 
                    

Findlay et al., 2009; Ruiz et al., 

2011; Kubrak et al., 2016 

mei-P26 FBgn0026206 
Regulates the proliferation and differentiation of early male germ 

cells.   
                    Page et al., 2000; Insco et al., 2012 

Sfp60F FBgn0259968 
Seminal fluid protein transferred to female, one of the seminal fluid 

proteins that forms the mating plug.  
                    

Findlay et al., 2008; Findlay et al., 

2009; Avila et al., 2015 

CG8065 FBgn0036075 
Unknown function. Peak expression observed at stages throughout 

the pupal period and in adult male stages. 
                    Chintapalli et al ., 2007 

CG1358 FBgn0033196 
High level of expression in male accessory gland and the central 

nervous system, involved in transmembrane transport. 
                    

Swiss-Prot Project Members, 2004; 

Chintapalli el al., 2007 
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Discussion 

Results summary 

We developed and successfully employed a novel quantification method for detection of 

Sex Peptide release: the immuno-Q-PCR assay. Using this, we detected significant variation 

among 31 DGRP lines in Sex Peptide release in males to wild type Dahomey females 

during mating. Our study showed no significant variation in mating latency or mating 

duration between males from 31 DGRP lines, indicating this variation in Sex Peptide 

transfer is unlikely to be mediated by differences in mating behaviour among the lines. To 

search for genetic variation associated with variation in Sex Peptide release, we conducted 

a GWAS. This analysis yielded significant associations between Sex Peptide release and a 

set of 54 candidate genes. An extensive gene ontology search revealed that these top 

candidate genes clustered within the following functional categories: development, 

membrane, protein and RNA processing and reproduction. A literature search on the 

reproductive gene cluster showed that four of these genes were seminal fluid proteins. 

Some have yet unidentified functions; two are cyclic nucleotide phosphodiesterase that 

seem to be involved in male fertility and female mating behaviour; some are involved in 

germ cell development in males and/or in females; and others are uniquely expressed in 

male testis and/or accessory gland protein but have unknown molecular and biological 

functions. We presume that the significant variation detected in Sex Peptide transfer might 

relate to Sex Peptide’s role in mediating sexual conflict. This is consistent with the idea that 

sexual conflict can maintain genetic variation in reproductive traits. Our study highlighted 

new candidate genes not previously detected by other analysis methods, which might be 

associated with Sex Peptide function, reproduction and post-mating gene expression in 

females. 

 

Immuno-Q-PCR 

The immuno-Q-PCR approach is highly sensitive and has greater resolution in comparison 

to conventional immunoassays (Zhou et al., 1994; Niemeyer et al., 2007). It has been 

widely used in the biomedical and immunological research field for detecting the presence 

of bacterial infection in humans (McKie et al., 2002; Halpern et al., 2014; Mehta et al., 

2017). To our knowledge, this is the first time this method has been used in the study of 

protein quantification method in an insect. To better understand the processes that 

contribute to variation in Sex Peptide transfer during mating, we developed the immuno-Q-

PCR to achieve rapid, sensitive and accurate quantification. This required significant 
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optimisation to achieve high reproducibility and the required resolution to detect variation 

in Sex Peptide transfer. We tested the specificity of the primers with PCR, to ensure there 

were no primer dimers, and the optimal primer concentration was determined by 

performing several PCRs with different primer dilutions. Similarly, to determine the correct 

working concentrations of the antibody against Sex Peptide and capture oligonucleotide, a 

series of dilutions was tested by PCR and Q-PCR. The agarose gel electrophoresis was an 

efficient and effective way of detecting the existence of the different component parts of the 

antibody / oligonucleotide complex as they bound together. Different blocking solutions 

were also tested, as some had limited blocking abilities and were revealed to be a source of 

contamination or non-specific binding. The concentration of the synthetic Sex Peptide was 

also optimised to obtain a good slope for the standard curve. Standard curve slopes ranged 

between 1.90 to 2.27 and the R2 values from 0.92 to 0.297. These were the best 

amplification efficiencies obtained from this immuno-Q-PCR. Background signal was 

potentially due to a number of factors, including non-specific binding of the antibody, 

binding of oligonucleotide to the ELISA plate or other off-target protein, the efficiency of 

the blocking, Hind III restriction digest or wash steps. Although present, the background 

was minimised in line with what is typical for this kind of technique (Halpern et al., 2014; 

Chang, Li and Wang, 2016). Though the assay development was technically challenging 

and required several rounds of optimisation, it worked well - we obtained a clear negative 

control and ultimately managed to accurately quantify significant variation in Sex Peptide 

release in males from 31 different DGRP lines. We conclude that the immuno-Q-PCR is an 

efficient technique that enabled us to detect and quantify protein variation at the nano- and 

pico-molar level for the first time in insects in this manner. 

 

GWAS  

To understand the genes and pathways that were associated with variation in Sex Peptide 

release, we used an unbiased GWAS on 31 out of the total of 205 DGRP lines (MacKay et 

al., 2012; Mackay and Huang, 2018). We detected significant genetic variation among the 

lines. 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). As a result of the GWAS, we found that a total of 157 polymorphisms, 

spread across all chromosomes, were significantly associated with the Sex Peptide release 

trait. Eighteen of these polymorphisms (17 SNPs and 1 insertion) with significant 

associations did not code for any known protein coding gene within 1kb up or downstream 

of their location. The 139 remaining polymorphisms showing significant associations were 

linked with 54 protein coding genes. Six of these had an unidentified function and could be 
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important novel candidates for further investigation with respect to Sex Peptide synthesis 

and release. They may also have yet undescribed roles in post-mating responses in females.  

 

 

Figure 7: Pathway summary based on 9 of the 12 candidate ‘sexual reproduction’ genes 

identified in the GWAS analysis of sex peptide release.  

Networks and functional enrichment 

The functional enrichment analysis with GeneMANIA and DAVID arranged the 54 top 

candidate genes into 4 main functional clusters: development, membrane, protein and RNA 

processing and reproduction. Within these, we found homeobox genes that encode for 

homeodomain transcription factor proteins (otp, hth, nub, nk7.1 and poxm), which are 

responsible for regulation of Drosophila anatomical development (Hayashi and Scott, 1990; 

Gehring, 1992). For example, the homeodomain protein otp is required for normal brain 

development (Walldorf et al., 2000). hth is a homeobox gene necessary for embryo 

development and is associated with muscle (Bryantsev et al., 2012), brain (Nagao et al., 
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2000) and eye development (Singh et al., 2011) as well as 23 other biological functions. 

Other associations with genes for ubiquitin-proteins and transferase activity may show roles 

for recognition and degradation by the proteasome (Finley, 2009), as well as metal and zinc 

binding proteins (CG4080, Galphao, fng, mei-P26, Rim, nvy and pde1C). Another set of 

gene associations were with RNA slicing and processing (fl(2)d, ps, CG4080 and 

CG11486). Moreover, the functional enrichment analysis clustered a set of genes that 

encode membrane proteins (Task7, fz, Ptp61F, Rh7,ft, Elk, Caps and fng). Task7 is involved 

in potassium ion transmembrane transport (Döring et al., 2006) and fz is an integral 

membrane protein required for both the intercellular transmission and the intracellular 

transduction of tissue polarity (Park, Liu and Adler, 1994). This could indicate that Sex 

Peptide release also involves transmembrane transport from the main cells into the 

accessory gland. 

According to FlyAtlas and modEMCODE, some of the genes showing significant 

associations with Sex Peptide release, e.g. ft, ptp61F, Galphao and CG4080, are moderately 

to highly expressed in the testis and accessory glands. This is consistent with the genes 

being part of the ‘reproductive gene’ cluster. The development of accessory gland proteins, 

and more specifically the synthesis and the release of Sex Peptide, is a very complex 

process that requires the interaction of several proteins, with potentially different functions, 

including developmental, membrane and RNA and protein processing genes.  

 

Candidate ‘sexual reproduction’ genes  

We explored in more detail 12 candidate genes showing significant associations with 

reproductive functions. The known pathways of some of these genes and their possible 

relationship with Sex Peptide is summarised in Figure 7. Of these ‘sexual reproduction’ 

genes, 3 code for seminal fluid proteins transferred along with sperm. Sfp60F is a seminal 

protein that is transferred during mating and is one of the proteins that constitute the mating 

plug (Avila et al., 2015), though the exact biological function of this protein is still 

unknown. NLaz is an additional seminal fluid protein candidate (Findlay et al., 2009) 

identified by this GWAS, which, when over expressed, represses growth, promotes stress 

tolerance and  extends lifespan (Hull-Thompson et al., 2009). NLaz is also up-regulated in 

reproductively dormant males, in which spermatogenesis and the development of seminal 

vesicles and accessory glands is arrested (Kubrak et al., 2016). The role of the accessory 

gland protein candidate CG16995 is not yet known (Ram and Wolfner, 2007), making it a 

potentially interesting novel candidate to test in terms of Sex Peptide release.  
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Among the ‘ sexual reproductive’ candidate genes, two (Pde1C and Pde8) of the six genes 

that code for cyclic nucleotide phosphodiesterases (PDEs) and have important roles in the 

cAMP and cGMP signalling cascade (Day et al., 2005) are a,lso already implicated in 

determining male reproductive success. Pde1c is required for male fertility and mating 

behaviour in D. melanogaster and males lacking Pde1c have lower mating rates and longer 

copulation latencies. It has also been suggested that Pde1c is transferred during mating and 

is necessary for sperm storage in the female spermatheca and the seminal receptacle 

(Morton et al., 2010). There is as yet no evidence to link Pde1c to seminal fluid proteins 

such as ACP36DE whose important roles in the process of sperm storage have already been 

described (Neubaum and Wolfner, 1999; Tram and Wolfner, 1999; Chapman et al., 2000). 

However, it is possible that, owing to the complexity of sperm storage (Qazi and Wolfner, 

2003; Schnakenberg et al., 2012) important facets, which Pde1c could potentially 

influence, still remain to be discovered. This makes Pde1c a particularly interesting gene as 

its function in sperm storage could represent an important aspect of male’s reproductive 

strategy.  

Pde1c is required for sperm storage and Sex Peptide is required for sperm release (Avila et 

al., 2015 (2)). Both of these processes are important for reproductive success and these 

gene products could act in concert or synergise. Further studies are required to test these 

possibilities and whether the combined functions of these two genes lead to higher 

fertilization success overall.  Pde8 has recently been shown to reduce post-mating 

receptivity when silenced (Gorter, 2018). As Sex Peptide also decreases female receptivity 

(Chapman et al., 2003: Liu & Kubli 2003) this could suggest that Sex Peptide could inhibit 

the expression of Pde8 in females, leading to a reduction in female receptivity. More 

experiments are needed to validate this hypothesis. 

Candidates Capu, fng, mei-P26 and A2bp1 are all involved in germ cell development in one 

or both sexes (Emmons et al., 1995; Insco et al., 2012; Yang et al., 2013; Carreira-rosario et 

al., 2016). Similarly, Fl(2)d is required for the development of the female germline and sex 

determination, with females developing into males in loss-of-function mutants (Penalva et 

al., 2000). Since Sex Peptide binds to the transferred sperm tail (Peng et al., 2005), this 

could suggest that any gene that influences the germ cell development and transfer could 

have an indirect effect on the transferred Sex Peptide. This could explain the variation 

detected in the transferred Sex Peptide of the 31 DGRP lines – that it is in fact indicating 

variation in sperm release. Again, further work is needed to confirm this theory. CG8065 is 

uniquely expressed in males and CG1358 is highly expressed in the male accessory gland – 

neither has yet been studied and little to no information is available about their biological or 

molecular function. None of the genes described above has previously been shown to have 

a direct link with Sex Peptide. However, the ‘reproductive candidate genes’ generated by 
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the GWAS highlights new findings. Moreover, these genes are all part of a co-expression 

network, suggesting that they potentially function together to produce significant variation 

in Sex Peptide release. 

Conclusion  

The immuno-Q-PCR method was shown to be a powerful quantification technique. It 

detected significant variation in Sex Peptide release, which was then analysed in a GWAS 

that yielded new data on genes with previously limited or even unknown functions. These 

new candidate genes could represent missing pieces of the Sex Peptide functional network. 

Further experiments are required to investigate whether these candidate genes aid Sex 

Peptide in generating the full suite of post-mating responses in female. 
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Supplementary data  

Table 1: Functional annotation of top candidate genes from the GWAS, according to the 

functional annotation analysis, using the DAVID functional enrichment programme (Huang 

et al., 2009).  
Gene Annotation  Gene ontology  

capu FBgn0000256 
Actin filament organization, chorion-containing eggshell formation, pole plasm assembly, pole 
plasm RNA localization, protein transport, actin filament-based process, actin nucleation, pole 
plasm oskar mRNA localization, oogenesis 

fl(2)d FBgn0000662 
RNA splicing, via transesterification reactions, regulation of alternative mRNA splicing, via 
spliceosome, mRNA processing, sex determination, primary sex determination, soma, female 
germ-line sex determination, lateral inhibition, compound eye development, mRNA methylation 

ft  FBgn0001075 

Cell morphogenesis involved in differentiation, establishment of planar polarity, establishment of 
imaginal disc-derived wing hair orientation, homophilic cell adhesion via plasma membrane 
adhesion molecules, heterophilic cell-cell adhesion via plasma membrane cell adhesion molecules, 
establishment of tissue polarity, imaginal disc growth, imaginal disc pattern formation, imaginal 
disc-derived wing morphogenesis, cell proliferation, negative regulation of cell proliferation, 
tissue development, negative regulation of gene expression, ommatidial rotation, establishment 
or maintenance of polarity of larval imaginal disc epithelium, single organismal cell-cell adhesion, 
calcium-dependent cell-cell adhesion via plasma membrane cell adhesion molecules, peptide 
cross-linking, negative regulation of Wnt signaling pathway, regulation of protein localization, 
regulation of tube length, open tracheal system, pupal development, wing disc development, 
hippo signaling, regulation of growth, establishment of ommatidial planar polarity, cell-cell 
adhesion mediated by cadherin, establishment of epithelial cell apical/basal polarity, equator 
specification, regulation of imaginal disc growth, negative regulation of imaginal disc growth, 
negative regulation of growth, regulation of organ growth, establishment of body hair planar 
orientation, microtubule cytoskeleton organization involved in establishment of planar polarity 

fz FBgn0001085 

Establishment of planar polarity, establishment of imaginal disc-derived wing hair orientation, 
morphogenesis of a polarized epithelium, compound eye morphogenesis, homophilic cell 
adhesion via plasma membrane adhesion molecules, establishment or maintenance of cell 
polarity, establishment of tissue polarity, signal transduction, G-protein coupled receptor signaling 
pathway, multicellular organism development, border follicle cell migration, salivary gland 
morphogenesis, R3/R4 cell fate commitment, imaginal disc-derived wing morphogenesis, heart 
development, protein localization, asymmetric protein localization, asymmetric cell division, Wnt 
signaling pathway, ommatidial rotation, sensory organ precursor cell fate determination, sensory 
perception of pain, establishment of cell polarity, regulation of actin filament bundle assembly, 
regulation of tube length, open tracheal system, regulation of hemocyte proliferation, imaginal 
disc-derived wing hair organization, imaginal disc-derived wing hair site selection, non-canonical 
Wnt signaling pathway, establishment of ommatidial planar polarity, establishment of epithelial 
cell apical/basal polarity, negative regulation of Notch signaling pathway, positive regulation of 
axon extension, axon extension, canonical Wnt signaling pathway, positive regulation of axon 
guidance  

Galphao FBgn0001122 

Eestablishment of imaginal disc-derived wing hair orientation, G-protein coupled receptor 
signaling pathway, adenylate cyclase-modulating G-protein coupled receptor signaling pathway, 
ventral cord development, heart development, asymmetric cell division, establishment of 
endothelial blood-brain barrier, Wnt signaling pathway, calcium-mediated signaling, septate 
junction assembly, cortical actin cytoskeleton organization, axon ensheathment in central nervous 
system, behavioral response to starvation, negative regulation of synaptic growth at 
neuromuscular junction, negative regulation of dendrite morphogenesis, sensory perception of 
sweet taste, detection of temperature stimulus involved in sensory perception of pain, 
establishment of glial blood-brain barrier, cell adhesion involved in heart morphogenesis,  

hth FBgn0001235 

Protein import into nucleus, translocation, eye development, compound eye photoreceptor fate 
commitment, regulation of transcription from RNA polymerase II promoter, specification of 
segmental identity, head, specification of segmental identity, antennal segment, brain 
development, peripheral nervous system development, salivary gland boundary specification, 
imaginal disc-derived wing morphogenesis, leg disc proximal/distal pattern formation, imaginal 
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disc-derived leg morphogenesis, somatic muscle development, proximal/distal pattern formation, 
specification of organ identity, protein localization to nucleus, segmentation, regulation of cell 
fate specification, regulation of neuron differentiation, positive regulation of transcription from 
RNA polymerase II promoter, haltere morphogenesis, compound eye development, head 
morphogenesis, Malpighian tubule development, positive regulation of decapentaplegic signaling 
pathway 

Poxm FBgn0003129 
Transcription, DNA-templated, regulation of transcription, DNA-templated, larval somatic muscle 
development, dendrite morphogenesis 

 Ptp61F FBgn0267487 
Protein-tyrosine phosphatase, active site; Protein-tyrosine phosphatase, receptor/non-receptor 
type; Protein-tyrosine/Dual specificity phosphatase. 

alphaTub84B FBgn0003884 Microtubule-based process, mitotic spindle assembly checkpoint, antimicrobial humoral response 

nvy FBgn0005636 
Axon guidance, muscle organ development, chaeta morphogenesis, regulation of glucose 
metabolic process, negative regulation of transcription, DNA-templated, dendrite morphogenesis 

dac  FBgn0005677 

Transcription, DNA-templated, regulation of transcription, DNA-templated, axon guidance, leg 
disc proximal/distal pattern formation, genital disc morphogenesis, negative regulation of gene 
expression, mushroom body development, neuron differentiation, spermathecum 
morphogenesis, genital disc development, genital disc sexually dimorphic development, 
compound eye photoreceptor development, photoreceptor cell fate specification, antennal joint 
development, compound eye development  

Elk  FBgn0011589 
Phosphorelay signal transduction system, potassium ion transport, regulation of glucose 
metabolic process, regulation of membrane potential, transmembrane transport 

fng FBgn0011591 

Cell fate specification, compound eye morphogenesis, fucose metabolic process, protein O-linked 
glycosylation, Notch signaling pathway, germarium-derived egg chamber formation, 
dorsal/ventral pattern formation, imaginal disc, dorsal/ventral lineage restriction, imaginal disc, 
imaginal disc-derived wing morphogenesis, imaginal disc-derived wing margin morphogenesis, 
regulation of Notch signaling pathway, cuticle pattern formation, imaginal disc-derived leg 
segmentation, female germ-line stem cell population maintenance, negative regulation of Notch 
signaling pathway, wing disc dorsal/ventral pattern formation, oogenesis, compound eye 
development 

otp FBgn0015524 
Regulation of transcription, DNA-templated, multicellular organism development, lateral 
inhibition 

ATPsyn-d  FBgn0016120 
Response to oxidative stress, determination of adult lifespan, ATP synthesis coupled proton 
transport, proton transport, negative regulation of TOR signaling, ATP metabolic process, 
regulation of mitochondrial membrane potential, negative regulation of ERK1 and ERK2 cascade 

caps FBgn0023095 

Cell adhesion, homophilic cell adhesion via plasma membrane adhesion molecules, axon 
guidance, synapse assembly, larval salivary gland morphogenesis, imaginal disc-derived wing 
morphogenesis, motor neuron axon guidance, cell migration, branch fusion, open tracheal 
system, lateral inhibition, photoreceptor cell axon guidance 

NK7.1  FBgn0024321 Regulation of transcription, DNA-templated 

mei-P26 FBgn0026206 Meiotic nuclear division, gamete generation, germ cell development, protein ubiquitination 

Traf4 FBgn0026319 

Eye development, apical constriction involved in gastrulation, phagocytosis, activation of NF-
kappaB-inducing kinase activity, ventral furrow formation, dorsal closure, protein ubiquitination, 
adherens junction organization, salivary gland cell autophagic cell death, positive regulation of 
apoptotic process, asymmetric protein localization involved in cell fate determination, positive 
regulation of JNK cascade, imaginal disc fusion, thorax closure, autophagic cell death, defense 
response to Gram-negative bacterium 

CG6424  FBgn0028494 Coiled coil, Complete proteome, Reference proteome 

CG13005  FBgn0030794 Complete proteome, Proteomics identification, Reference proteome 

CG4270  FBgn0031407 Extracellular region 

CG16995 FBgn0031412 Multicellular organism reproduction 

CG16947 FBgn0031816 Protein ubiquitination 

CG9422 FBgn0033092 Cellular response to starvation, neurogenesis 

CG1358 FBgn0033196 Transmembrane transport 
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 Pde8 FBgn0266377 
Signal transduction, mesoderm development, sensory perception of pain, cAMP metabolic 
process 

CG11486  FBgn0035397 

Nuclear-transcribed mRNA poly(A) tail shortening, deadenylation-dependent decapping of 
nuclear-transcribed mRNA, mRNA processing, protein phosphorylation, positive regulation of 
cytoplasmic mRNA processing body assembly, RNA phosphodiester bond hydrolysis, 
exonucleolytic 

CG13712 FBgn0035570 Regulation of localization 

CG4080 FBgn0035983 RNA processing and modification 

CG8177 FBgn0036043 Anion transport, regulation of intracellular pH, chloride transmembrane transport 

CG8065  FBgn0036075 Complete proteome, Reference proteome 

Rh7 FBgn0036260 
G-protein coupled receptor signaling pathway, G-protein coupled receptor signaling pathway, 
coupled to cyclic nucleotide second messenger, neuropeptide signaling pathway, visual 
perception, phototransduction, protein-chromophore linkage 

 UQCR-Q FBgn0036728 Microtubule-based process, mitotic spindle assembly checkpoint, antimicrobial humoral response 

Indy  FBgn0036816 
Sodium ion transport, pyruvate transport, determination of adult lifespan, regulation of 
sequestering of triglyceride, succinate transport, citrate transport, transmembrane transport 

CG8132 FBgn0037687 General function prediction only 

Task7 FBgn0037690 Stabilization of membrane potential, potassium ion transmembrane transport 

mRpL55 FBgn0038678 Translation, multicellular organism development, mitochondrial translation 

CR32027 FBgn0052027 Unknown genes  

A2bp1 FBgn0052062 
Regulation of alternative mRNA splicing, via spliceosome, nervous system development, imaginal 
disc-derived wing vein specification, memory,negative regulation of translation, germarium-
derived oocyte differentiation, positive regulation of transcription, DNA-templated, oogenesis 

CR32111 FBgn0052111 Unknown genes  

CR32773  FBgn0052773 Unknown genes  

NLaz  FBgn0053126 
Response to oxidative stress, determination of adult lifespan, multicellular organism reproduction, 
carbohydrate homeostasis, triglyceride homeostasis 

Ddr FBgn0053531 Protein phosphorylation 

upd3 FBgn0053542 

Embryonic development via the syncytial blastoderm, immune response, JAK-STAT cascade, 
positive regulation of cell proliferation, antimicrobial humoral response, intestinal stem cell 
homeostasis, paracrine signaling, regulation of imaginal disc-derived wing size, regulation of JAK-
STAT cascade, positive regulation of JAK-STAT cascade, oogenesis, intestinal epithelial structure 
maintenance 

Rim FBgn0053547 

Intracellular protein transport, neurotransmitter secretion, neuromuscular synaptic transmission, 
synaptic vesicle exocytosis, vesicle-mediated transport, calcium ion regulated exocytosis, 
regulation of membrane potential, regulation of synaptic plasticity, calcium ion-regulated 
exocytosis of neurotransmitter, clustering of voltage-gated calcium channels, regulation of 
synaptic vesicle exocytosis 

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 orphogenesis, dendrite morphogenesis 

t  FBgn0086367 
Histamine metabolic process, histamine biosynthetic process, visual perception, flight behavior, 
dopamine biosynthetic process, cuticle pigmentation, adult chitin-containing cuticle pigmentation 

cv-c  FBgn0086901 

Establishment of mitotic spindle orientation, cell morphogenesis, assembly of actomyosin 
apparatus involved in cytokinesis, mitotic spindle organization, metaphase/anaphase transition of 
mitotic cell cycle, epidermal growth factor receptor signaling pathway, Rho protein signal 
transduction, neuromuscular synaptic transmission, dorsal closure, open tracheal system 
development, epithelial cell migration, open tracheal system, Malpighian tubule morphogenesis, 
midgut development, head involution, imaginal disc-derived wing vein morphogenesis, cortical 
actin cytoskeleton organization, negative regulation of Rho protein signal transduction, 
maintenance of epithelial integrity, open tracheal system, spiracle morphogenesis, open tracheal 
system, regulation of dendrite morphogenesis, spindle localization 

http://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0007165
http://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0007498
http://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0019233
http://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0046058
http://www.ebi.ac.uk/QuickGO/GTerm?id=GO:0046058
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Sfp60F FBgn0259968 Multicellular organism reproduction 

ps FBgn0261552 mRNA splicing, via spliceosome 

 CR43685 FBgn0263768 Unknown genes  

Pde1c FBgn0264815 
Signal transduction, sensory perception of pain, multicellular organism reproduction, cAMP 
metabolic process, cGMP metabolic process, male mating behavior 

 CR44327 FBgn0265415 Unknown genes  

 

Table 2: Functional enrichment of candidate genes networks, 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 

GO id Description q-value Coverage  
GO:0007417 Central nervous system development 1.13E-05 12/225 
GO:0035282 Segmentation 6.80E-05 11/227 
GO:0001708 Cell fate specification 6.80E-05 8/92 
GO:0001745 Compound eye morphogenesis 5.65E-04 10/230 
GO:0001709 Cell fate determination 6.47E-04 8/134 
GO:0048592 Eye morphogenesis 6.47E-04 10/242 
GO:0009880 Embryonic pattern specification 0.0010143 9/199 
GO:0048663 Neuron fate commitment 0.0015095 6/67 
GO:0007420 Brain development 0.0030754 7/121 
GO:0007163 Establishment or maintenance of cell polarity 0.0030754 8/176 
GO:0007350 Blastoderm segmentation 0.0037407 8/183 
GO:0035159 Regulation of tube length, open tracheal system 0.0043868 4/24 
GO:0002009 Morphogenesis of an epithelium 0.0043868 9/273 
GO:0007525 Somatic muscle development 0.0043868 5/52 
GO:0016318 Ommatidial rotation 0.0043868 4/25 
GO:0046552 Photoreceptor cell fate commitment 0.0043868 5/53 
GO:0007156 Homophilic cell adhesion 0.0043868 4/23 
GO:0048859 Formation of anatomical boundary 0.0043868 5/52 
GO:0045595 Regulation of cell differentiation 0.0043868 9/258 
GO:0007164 Establishment of tissue polarity 0.0043868 6/95 
GO:0001736 Establishment of planar polarity 0.0043868 6/95 
GO:0001738 Morphogenesis of a polarized epithelium 0.0043868 6/93 
GO:0042067 Establishment of ommatidial planar polarity 0.0045886 5/56 
GO:0035218 Leg disc development 0.0046107 6/99 
GO:0007447 Imaginal disc pattern formation 0.0046107 6/99 
GO:0001737 Establishment of imaginal disc-derived wing hair orientation 0.0046107 4/27 
GO:0061564 Axon development 0.0054966 9/288 
GO:0007409 Axonogenesis 0.0056023 9/290 
GO:0035161 Imaginal disc lineage restriction 0.0059912 3/10 
GO:0035089 Establishment of apical/basal cell polarity 0.0059912 3/10 
GO:0007411 Axon guidance 0.0076958 8/233 
GO:0035216 Haltere disc development 0.0076958 3/11 
GO:0007419 Ventral cord development 0.0080549 4/33 
GO:0008356 Asymmetric cell division 0.0080934 5/68 
GO:0030010 Establishment of cell polarity 0.0085754 4/34 
GO:0097485 Neuron projection guidance 0.0085768 8/241 
GO:0045893 Positive regulation of transcription, DNA-templated 0.0086221 8/243 
GO:0090162 Establishment of epithelial cell polarity 0.0086221 3/12 
GO:0035152 Regulation of tube architecture, open tracheal system 0.008713 5/71 
GO:0061339 Establishment or maintenance of monopolar cell polarity 0.0094451 3/13 
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GO:1902680 Positive regulation of RNA biosynthetic process 0.0094451 8/250 
GO:0061162 Establishment of monopolar cell polarity 0.0094451 3/13 
GO:0006935 Chemotaxis 0.0094451 8/252 
GO:0010628 Positive regulation of gene expression 0.0094451 8/250 
GO:0045746 Negative regulation of Notch signaling pathway 0.0094451 4/37 
GO:0051254 Positive regulation of RNA metabolic process 0.0100532 8/255 
GO:0007480 Imaginal disc-derived leg morphogenesis 0.0136975 5/81 
GO:0045935 Positive regulation of nucleobase-containing compound metabolic process 0.0137101 8/268 
GO:0007478 Leg disc morphogenesis 0.0138714 5/82 
GO:0010557 Positive regulation of macromolecule biosynthetic process 0.0138714 8/270 
GO:0048469 Cell maturation 0.0142985 6/136 
GO:0007424 Open tracheal system development 0.0147559 7/201 
GO:0007526 Larval somatic muscle development 0.0152069 3/16 
GO:0008283 Cell proliferation 0.0152069 8/276 
GO:0030855 Epithelial cell differentiation 0.0156113 5/86 
GO:0035317 Imaginal disc-derived wing hair organization 0.0162417 4/45 
GO:0035151 Regulation of tube size, open tracheal system 0.0162417 4/45 
GO:0060541 Respiratory system development 0.0164214 7/208 
GO:0035316 Non-sensory hair organization 0.0165607 4/46 
GO:0035315 Hair cell differentiation 0.0165607 4/46 
GO:0007479 Leg disc proximal/distal pattern formation 0.0165607 3/17 
GO:0090066 Regulation of anatomical structure size 0.0181324 6/147 
GO:0051173 Positive regulation of nitrogen compound metabolic process 0.0190677 8/292 
GO:0035150 Regulation of tube size 0.019956 4/49 
GO:0045451 Pole plasm oskar mRNA localization 0.019956 4/49 
GO:0030029 Actin filament-based process 0.0206757 7/221 
GO:0035223 Leg disc pattern formation 0.0206757 3/19 
GO:0007315 Pole plasm assembly 0.0206757 4/50 
GO:0009913 Epidermal cell differentiation 0.0220094 4/51 
GO:0048665 Neuron fate specification 0.0235462 3/20 
GO:0009952 Anterior/posterior pattern specification 0.0239109 6/159 
GO:0035272 Exocrine system development 0.0239109 6/160 
GO:0021700 Developmental maturation 0.0239109 6/160 
GO:0007431 Salivary gland development 0.0239109 6/160 
GO:0019094 Pole plasm mRNA localization 0.0239109 4/53 
GO:0007316 Pole plasm RNA localization 0.0250086 4/54 
GO:0002164 Larval development 0.0275022 5/104 
GO:0007449 Proximal/distal pattern formation, imaginal disc 0.0283449 3/22 
GO:0060811 Intracellular mRNA localization involved in anterior/posterior axis specification 0.0289852 4/57 
GO:0060810 Intracellular mRNA localization involved in pattern specification process 0.0289852 4/57 
GO:0007309 Oocyte axis specification 0.0289852 5/106 
GO:0051093 Negative regulation of developmental process 0.0294881 6/169 
GO:0007028 Cytoplasm organization 0.0301617 4/58 
GO:0016339 Calcium-dependent cell-cell adhesion 0.0301617 3/23 
GO:0007308 Oocyte construction 0.0324119 5/110 
GO:0046530 Photoreceptor cell differentiation 0.0329404 6/174 
GO:0030866 Cortical actin cytoskeleton organization 0.0331646 3/24 
GO:0005938 Cell cortex 0.0340565 5/112 
GO:0048863 Stem cell differentiation 0.0365709 5/114 
GO:0007155 Cell adhesion 0.0385271 6/181 
GO:0048732 Gland development 0.0385271 6/181 
GO:0043588 Skin development 0.038741 4/64 
GO:0009954 Proximal/distal pattern formation 0.038741 3/26 
GO:0007400 Neuroblast fate determination 0.038741 3/26 
GO:0045197 Establishment or maintenance of epithelial cell apical/basal polarity 0.038741 3/26 
GO:0050839 Cell adhesion molecule binding 0.0429778 3/27 
GO:0044087 Regulation of cellular component biogenesis 0.0438686 6/188 
GO:0007219 Notch signaling pathway 0.0438686 5/121 
GO:0008544 Epidermis development 0.0439039 4/67 
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GO:0035222 Wing disc pattern formation 0.0439039 4/67 
GO:0060322 Head development 0.0452362 3/28 
GO:0007314 Oocyte anterior/posterior axis specification 0.0452362 4/68 
GO:0007281 Germ cell development 0.0452362 7/269 
GO:0022610 Biological adhesion 0.0475689 6/193 
GO:0030865 Cortical cytoskeleton organization 0.0478314 3/29 
GO:0014017 Neuroblast fate commitment 0.0478314 3/29 
GO:0048867 Stem cell fate determination 0.0478314 3/29 
GO:0008358 Maternal determination of anterior/posterior axis, embryo 0.0496686 4/71 
GO:0048813 Dendrite morphogenesis 0.0496686 6/196 
GO:0008298 Intracellular mRNA localization 0.0496686 4/71 
GO:0009968 Negative regulation of signal transduction 0.0496686 6/197 
GO:0048599 Oocyte development 0.0496686 5/128 
GO:0042659 Regulation of cell fate specification 0.0501471 3/30 
GO:0016358 Dendrite development 0.0510814 6/199 
GO:1902578 Single-organism localization 0.0514939 5/130 
GO:1902580 Single-organism cellular localization 0.0514939 5/130 
GO:0010453 Regulation of cell fate commitment 0.0587536 3/32 
GO:0022612 Gland morphogenesis 0.0596579 5/135 
GO:0007435 Salivary gland morphogenesis 0.0596579 5/135 
GO:0061061 Muscle structure development 0.0603274 6/208 
GO:0023057 Negative regulation of signaling 0.0603274 6/208 
GO:0030036 Actin cytoskeleton organization 0.0603274 6/208 
GO:0009994 Oocyte differentiation 0.0617216 5/137 
GO:0010648 Negative regulation of cell communication 0.0640062 6/211 
GO:0048865 Stem cell fate commitment 0.0718044 3/35 
GO:0001751 Compound eye photoreceptor cell differentiation 0.0755541 5/144 
GO:0035088 Establishment or maintenance of apical/basal cell polarity 0.0820212 3/37 
GO:0061245 Establishment or maintenance of bipolar cell polarity 0.0820212 3/37 
GO:0001754 Eye photoreceptor cell differentiation 0.0820212 5/147 
GO:0008105 Asymmetric protein localization 0.0873841 3/38 
GO:0014016 Neuroblast differentiation 0.0873841 3/38 
GO:0008593 Regulation of Notch signaling pathway 0.093645 4/88 
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Table 3: Functional enrichment table derived from DAVID algorithm for the candidate 

genes generated by the GWAS. % is defined as the percentage of total genes assigned to the 

given term; Count is the number of genes assigned to each functional term. 

 
Category Term Count % P-Value Benjamini 
UP_KEYWORDS Developmental protein 9 16.7 8.60E-04 5.70E-02 
INTERPRO Homeodomain-like 5 9.3 2.40E-03 2.80E-01 

GOTERM_BP_DIRECT 
Establishment of imaginal disc-derived wing hair 
orientation 

3 5.6 4.40E-03 7.30E-01 

UP_KEYWORDS Homeobox 4 7.4 5.50E-03 1.70E-01 
INTERPRO Homeodomain 4 7.4 6.90E-03 3.70E-01 

GOTERM_BP_DIRECT 
Homophilic cell adhesion via plasma membrane 
adhesion molecules 

3 5.6 8.10E-03 6.90E-01 

GOTERM_BP_DIRECT Imaginal disc-derived wing morphogenesis 5 9.3 1.10E-02 6.50E-01 
GOTERM_BP_DIRECT cAMP metabolic process 2 3.7 1.20E-02 5.80E-01 
GOTERM_CC_DIRECT Integral component of plasma membrane 7 13 1.40E-02 5.20E-01 
GOTERM_BP_DIRECT Compound eye development 4 7.4 1.40E-02 5.60E-01 

SMART HOX 4 7.4 1.50E-02 4.10E-01 
INTERPRO Allergen V5/Tpx-1-related, conserved site 2 3.7 1.50E-02 5.00E-01 
GOTERM_MF_DIRECT 3',5'-cyclic-AMP phosphodiesterase activity 2 3.7 1.70E-02 7.40E-01 
UP_KEYWORDS Coiled coil 12 22.2 1.80E-02 3.30E-01 
INTERPRO 3'5'-cyclic nucleotide phosphodiesterase 2 3.7 2.30E-02 5.40E-01 

INTERPRO 
3'5'-cyclic nucleotide phosphodiesterase, catalytic 
domain 

2 3.7 2.30E-02 5.40E-01 

INTERPRO HD/PDEase domain 2 3.7 2.60E-02 5.20E-01 
GOTERM_BP_DIRECT Establishment of tissue polarity 2 3.7 3.20E-02 7.90E-01 
KEGG_PATHWAY Hippo signaling pathway - fly 3 5.6 3.40E-02 3.80E-01 
UP_KEYWORDS Ion transport 4 7.4 3.50E-02 4.50E-01 
SMART HDc 2 3.7 3.60E-02 4.70E-01 
GOTERM_BP_DIRECT Oogenesis 5 9.3 3.70E-02 7.90E-01 

GOTERM_BP_DIRECT Axon guidance 4 7.4 3.70E-02 7.50E-01 
GOTERM_MF_DIRECT Ubiquitin-protein transferase activity 4 7.4 3.90E-02 7.90E-01 
UP_SEQ_FEATURE splice variant 7 13 4.00E-02 9.70E-01 
UP_KEYWORDS Zinc-finger 5 9.3 4.30E-02 4.50E-01 
GOTERM_BP_DIRECT Establishment of epithelial cell apical/basal polarity 2 3.7 4.30E-02 7.60E-01 
UP_KEYWORDS Transport 6 11.1 4.40E-02 4.00E-01 
INTERPRO Zinc finger, RING/FYVE/PHD-type 4 7.4 4.50E-02 6.50E-01 
INTERPRO Homeobox, conserved site 3 5.6 4.80E-02 6.20E-01 
GOTERM_BP_DIRECT Wing disc development 3 5.6 4.80E-02 7.60E-01 
GOTERM_MF_DIRECT Protein binding 7 13 5.10E-02 7.50E-01 
GOTERM_BP_DIRECT Eye development 2 3.7 5.50E-02 7.70E-01 
UP_KEYWORDS Metal-binding 8 14.8 5.60E-02 4.30E-01 

INTERPRO PAS domain 2 3.7 5.90E-02 6.50E-01 
GOTERM_CC_DIRECT Cell cortex 3 5.6 6.00E-02 8.00E-01 
GOTERM_BP_DIRECT Regulation of protein localization 2 3.7 6.20E-02 7.90E-01 
UP_KEYWORDS Receptor 5 9.3 6.40E-02 4.30E-01 
UP_KEYWORDS Alternative splicing 6 11.1 6.50E-02 4.00E-01 
GOTERM_BP_DIRECT Leg disc proximal/distal pattern formation 2 3.7 6.60E-02 7.80E-01 
UP_KEYWORDS Membrane 17 31.5 7.80E-02 4.20E-01 
UP_SEQ_FEATURE Compositionally biased region:Poly-Ala 3 5.6 8.00E-02 9.70E-01 
GOTERM_BP_DIRECT Multicellular organism reproduction 4 7.4 8.40E-02 8.40E-01 
GOTERM_BP_DIRECT Asymmetric cell division 2 3.7 9.90E-02 8.70E-01 
GOTERM_BP_DIRECT Cortical actin cytoskeleton organization 2 3.7 9.90E-02 8.70E-01 
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Table 4: The clustering of the GWAS candidate genes based on geneMANIA and 

DAVID functional enrichment analyses. The clusters were used to generate the 

Venn Diagram as shown in Figure 6. 

RNA and protein 
processing 

Developmental 
protein 

Reproduction 
protein 

Membrane 
protein 

Others Unrecognised 

FBgn0024321 FBgn0003129 FBgn0031412 FBgn0016120 FBgn0031407 FBgn0052027 
FBgn0003129 FBgn0001235 FBgn0000256 FBgn0036043 FBgn0033092 FBgn0052111 
FBgn0267487 FBgn0015524 FBgn0000662 FBgn0011589 FBgn0035570 FBgn0052773 
FBgn0000662 FBgn0024321 FBgn0264815 FBgn0036816 FBgn0036728 FBgn0263768 
FBgn0001235 FBgn0085424 FBgn0266377 FBgn0037690 FBgn0037687 FBgn0265415 
FBgn0085424 FBgn0005677 FBgn0052062 FBgn0000256   
FBgn0015524 FBgn0267487 FBgn0011591 FBgn0036260   

FBgn0001122 FBgn0000662 FBgn0053126 FBgn0001075   

FBgn0036816 FBgn0052062 FBgn0026206 FBgn0001085   

FBgn0035397 FBgn0003884 FBgn0259968 FBgn0023095   

FBgn0026319 FBgn0005636 FBgn0036075 FBgn0033196   

FBgn0001085 FBgn0266377 FBgn0033196 FBgn0035983   

FBgn0031816 FBgn0000256  FBgn0267487   

FBgn0035983 FBgn0011591  FBgn0005636   

FBgn0026206 FBgn0001085  FBgn0053542   

FBgn0005636 FBgn0038678  FBgn0011591   

FBgn0053547 FBgn0023095     

FBgn0264815 FBgn0001075     

FBgn0011591 FBgn0036816     

FBgn0036075 FBgn0036260     

FBgn0053531 FBgn0028494     

FBgn0261552 FBgn0030794     

 FBgn0086901     

 FBgn0086367     
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