
 

 

 University of Groningen

Toxic love
Rouhana, Jessy

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2019

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Rouhana, J. (2019). Toxic love: Evolutionary genomics of the enigmatic Sex Peptide. [Thesis fully internal
(DIV), University of Groningen]. University of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/bd91c0e7-b1fb-4387-9bb6-aa5b4604ba5c


 

 

  

 

 
 

 

 
 

Genetic variation in immune  

responses to Sex Peptide in  

Drosophila melanogaster 
 

 

 

Jessy Rouhana, Tracey Chapman, Bregje Wertheim 

 

 3 



Chapter 3   

 

 

~ 74 ~ 

 

Abstract  

Sexual conflict can lead to an “arms race” between males and females, where males 

optimise their reproductive fitness in a way that results in costs to females, and females 

evolve counter-adaptations to resist males. In Drosophila melanogaster one major route by 

which sexual conflict can be manifested is via the transfer of seminal fluid proteins (Sfps), 

such as Sex Peptide transferred along with the sperm. These proteins are responsible for 

initiating several important post-mating responses (PMRs) in the female. Sex Peptide is 

considered a ‘master regulator’ as it is responsible for several different PMRs, including 

alterations to immune gene expression, which was studied here. Sex Peptide can also 

mediate sexual conflict when these PMRs benefit male reproductive success whilst 

generating costs in females. Females can evolve resistance to mitigate the costs of sexual 

conflict, but also to tailor their responses according to local ecological conditions such as 

nutritional status. Both of these effects can lead to the maintenance of genetic variation in 

female PMRs. In most studies this genetic variation is experimentally minimised, to clearly 

delineate Sex Peptide function. However, to understand the evolutionary processes and 

dynamics that characterise Sex Peptide -mediated interactions, a key step is to identify and 

study this genetic variation. To investigate immune gene responses to Sex Peptide, we 

screened for variation in expression of 6 antimicrobial peptides (AMPs) upon receipt of Sex 

Peptide in females from 31 genome-sequenced lines of D. melanogaster. This showed a 

significant variation in immune response to Sex Peptide. A Genome Wide Association 

Study (GWAS) was then conducted and revealed a set of candidate genes putatively 

involved in modulation of the Sex Peptide post-mating immune response in females. We 

discuss the function of these genes and their involvement in the immune pathways. Overall 

the study implicated several genes involved in negative regulation of the Imd immune 

pathway, and a number of immunoglobulin genes with possible immune functions. 
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Introduction  

Mating is a complex interaction between males and females, and both sexes may have 

contrasting strategies to optimise their reproductive fitness. While the sexes need to co-

operate overall to reproduce successfully, the strategies they employ often also have 

conflictual elements.  For example, while males can increase their fitness by mating with 

multiple females, they suffer a reduced fitness when the females re-mate with other males 

(Gage, 2004). Furthermore, males benefit from a large investment by their mates in current 

reproduction, even if that is at the cost of the female’s lifespan and/or future reproduction 

(Fowler and Partridge, 1989; Arnqvist and Nilsson, 2000; Franklin and Stuart-Fox, 2017).  

Thus, males may evolve antagonistic strategies to manipulate the female after mating, while 

females may evolve counter-adaptations to defend themselves against these manipulations.  

Mating initiates a series of events within female Drosophila melanogaster in addition to 

sperm storage and ovulation. Females receive at least 163 different seminal fluid proteins 

(Sfps) that are transferred along with the sperm and these molecules trigger diverse 

responses in females physiology and behavior (Findlay et al., 2008; Sepil et al., 2018). 

These remarkable post mating responses (PMRs) include, among others, altered ovulation, 

receptivity, sleeping and eating behavior (Chen et al., 1988; Chapman et al., 2000; Heifetz 

et al., 2000; Lung et al., 2002; Ram et al., 2005; Carvalho et al., 2006; Avila and Wolfner, 

2009; Isaac et al., 2010). Interestingly, these Sfps promote fertilization and favour the 

interests of males whilst they can also generate costs in females (Chapman et al., 2003 (1)). 

This sexual conflict can lead to an arms race, where females evolve counter-adaptations to 

mitigate the costs and manipulations mediated by the transfer of Sfps by males. These 

counter-adaptations may, in part, consist of mechanisms to tailor the sensitivity or 

regulatory control of Sfps (Sirot et al., 2015). 

In the fruit fly D. melanogaster one Sfp in particular, known as ACP70A or ‘Sex Peptide’ 

has been widely studied. Once it is transferred into females it generates a wide range of 

responses, including increased egg laying and feeding behavior, induction of immune gene 

expression, decreased sleep and decreased sexual receptivity  (Manning, 1967; Chen, 1984; 

Chen et al., 1988; Chapman et al., 1995a; Peng et al., 2005; Carvalho et al., 2006; 

Domanitskaya et al., 2007; Ribeiro and Dickson, 2010; Isaac et al., 2014). Sex Peptide 

adheres to sperm tails once inside the females (Peng et al., 2005 b), and once in the female 

it influences the expression of a diverse array of genes in females over a period of at least 

several hours and in different parts of the body (Gioti et al., 2012). There are significant 

alterations in expression of genes linked to egg development, early embryogenesis, 

immunity, nutrient sensing and behavior (Gioti et al., 2012). This widespread 
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reprogramming of female gene expression suggests that Sex Peptide is a ‘master regulator’ 

of female reproduction.  

One of the many PMRs induced by mating is the activation of the immune responses (Peng, 

Zipperlen and Kubli, 2005; Innocenti and Morrow, 2009; Barribeau and Schmid-Hempel, 

2017). Insects possess a sensitive and sophisticated innate immune system (Gillespie, 

Kanost and Trenczek, 1997; Schmid-Hempel, 2005). This is activated upon attack by 

pathogens (bacteria, fungi, viruses), parasites (protists, nematodes), parasitoids or non-self-

molecules (Gillespie et al, 1997; Beckage, 2008). In bacterial infections the innate immune 

system produces antimicrobial peptides (AMPs) to combat infection, once the epithelial 

barrier has been breached. Three main immune pathways activate the transcription of 

antimicrobial peptides (AMPs), the Toll, Imd (immune deficiency) and the JAK/STAT 

(Janus kinase/signal transducer) pathways. Different pathways are specifically induced in 

response to the type of pathogen or immune challenge. For example, the Toll pathway 

controls the resistance to fungal and gram-positive bacterial infection and the Imd pathway 

is responsible for the defense against Gram-negative bacteria (Lemaitre and Hoffmann, 

2007; Obbard et al., 2009). The JAK/STAT pathway is suggested to be involved in several 

biological processes, including the repair of tissue damage, regulation of haemocyte 

proliferation, stress responses, and resistance against parasitoids and viruses (Lemaitre and 

Hoffmann, 2007; Myllymäki and Rämet, 2014). The immune response induced after mating 

in D. melanogaster could be a response to wounding and tissue damage during mating 

(females are grasped by the males using claspers; Wigby et al., 2008), and/or to the 

introduction of the foreign substances in the reproductive tract activating the epithelial 

localized immunity (Tzou et al., 2000). 

One of the mechanisms by which the immune response can be triggered during mating is 

through receipt of Sex Peptide itself. It is suggested that Sex Peptide chemically mimics the 

sugar components of the bacterial cell wall, eliciting factors of the innate immune response 

(Domanitskaya et al., 2007). If this hypothesis is correct, then Sex Peptide circulating in the 

haemolymph may be detected by the same pattern recognition receptors that normally 

detect pathogens. After these receptors are activated by direct contact with Sex Peptide, 

they would trigger the humoral immune response via both the Toll and Imd pathways, 

which in turn will activate the expression of different AMPs (Peng, Zipperlen and Kubli, 

2005; Domanitskaya et al., 2007; Gioti et al., 2012). It is not clear what the adaptive 

consequences of Sex Peptide eliciting an immune response might be. The activation od 

AMPs might be a side-effect, or might be a direct effect imposed by males to manipulate 

female physiology to induce an “immune-like” response (Morrow and Innocenti, 2012). An 

alternative hypothesis is that the immune response may assist in protecting the sperm from 

infection and thus ensure a long term protective effect for offspring, which may increase 
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reproductive success overall (Lung et al., 2001). The final idea is that immune induction 

following mating may protect the female from sexually transmitted diseases or pathogens 

(Knell and Webberley, 2004; Miest and Bloch-Qazi, 2008).  

It appears that the effect of Sex Peptide on the immune response may vary significantly 

between different D. melanogaster populations. According to previous studies, Sex Peptide 

induces the expression of seven AMPs from both the Toll and Imd pathways. This 

upregulation was clear in Canton S and Oregon R wild-type lines (McGraw et al., 2004; 

Peng, Zipperlen and Kubli, 2005; Wigby et al., 2008), but not in the Dahomey wild-type 

(Gioti et al., 2012). This phenotypic variation in immune gene expression in response to 

receipt of Sex Peptide suggests the presence of underlying genetic variation between these 

different populations. This variation could be driven by adaptation to local differences in 

exposure to different environmental conditions and / or demographic factors (Tinsley et al., 

2006). Alternatively, this could be the result of sexually antagonistic co-evolution between 

the sexes, where females have evolved resistance to males’ reproductive fitness adaptations 

(Rice, 1996).  

The PMR effects induced by Sex Peptide receipt have been well studied, but little is known 

about the underpinning genetic variation in, or evolution of, female PMRs. To better 

understand the pace, dynamics and trajectory of co-evolution arising from the potential 

manipulation of gene expression in one sex by the other, it is necessary to understand the 

molecular interactions between males and females. With the availability of fully genome 

sequenced lines for D. melanogaster, genome-wide association studies (GWAS) can be 

used to search the whole genome for polymorphisms or other genomic features that 

influence specific phenotypes. This makes it now possible to study the complex interactions 

between genotype and phenotype, by studying the genetic variation that occurs within a 

population and linking it to individual phenotypic variation.  

In this study, we investigated the genetic variation in females of D. melanogaster of 

immune responses to mating and receipt of Sex Peptide. We used a panel of isofemale lines 

to investigate the natural genetic variation in AMP expression after mating with wild-type 

(SP+) or Sex Peptide null-mutant males (SP0). The transcription of several AMPs, regulated 

through the Toll and the Imd immune pathways, was quantified in females before and after 

mating to SP0 and SP+ males in isofemale lines from two different populations. In the first 

assay, we tested 6 AMPs in lines from 2 genetic backgrounds to examine the generality of 

the changes of expression in AMPs in response to Sex Peptide. In a second assay, we 

selected 3 immune genes that were representative of the three immune response pathways, 

and we combined the phenotypic assessment with a Genome-Wide Association Study 

(GWAS) to identify which polymorphisms may be involved in the phenotypic variation.  
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This was done in a single genetic background, to avoid the confounding effects of 2 genetic 

backgrounds in the GWAS analysis. The GWAS resulted in a set of candidate genes for 

each of the three AMPs. A functional enrichment analysis (DAVID; Huang et al, 2009) 

showed that some of the candidate genes are involved in regulating the Imd signal 

transduction pathway during immune responses. Several immunoglobulin genes with a 

possible immune function were also identified as novel candidates for further study.  
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Material and Methods: 

Fly Lines:  

Female Isolines  

Two sets of inbred, genome-sequenced lines of D. melanogaster were used in this study, 

one originating from the D. melanogaster Drosophila Genome Reference Panel (DGRP) 

(Mackay et al., 2012) and one from a set of French lines (Verspoor and Haddrill, 2011). 

The DGRP lines were collected from the wild in North Carolina, USA (Mackay et al., 

2012) and the French lines from Montpelier, France (Verspoor and Haddrill, 2011), 

respectively. The genome sequences of all these lines are publicly available (Bergman & 

Haddrill 2015; Mackay et al., 2012).  Both lines were tested in the initial mating assay, but 

only the DGRP lines were used for the second assay and the GWAS analysis. 

Sex Peptide knockout line 

The Sex Peptide-lacking males were derived from mutant Control (SP+) and Sex Peptide 

null (SP0) lines (Liu and Kubli, 2003). The SP0 (SP0/Δ130) males bear a non-functional 

Sex Peptide gene. SP0 males were generated from a cross between (SP0/TM3, Sb, ry) 

males in which the Sex Peptide gene is knocked out, 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+ (SP0, SP+/Δ130) control line contains the SP0 knock out and the 

wild-type Sex Peptide genes in tandem. These were obtained by crossing SP0, SP+/TM3, 

Sb, ry males to Δ130/TM3, Sb, ry females. The deletion and SP mutant fly stocks were 

previously back-crossed into the Dahomey wild-type genetic background, to increase the 

vigour of the males and to introduce a wild-type genetic background for both SP+ and SP0 

males (Fricke et al., 2010).  

Dahomey wild type 

Dahomey wild-type D. melanogaster were kept in large population cages with 

overlapping generations on Sugar Yeast Agar (SYA) medium (100g yeast, 50g sucrose, 

15g agar, 30ml Nipagin solution and 3ml Propionic Acid) at 25°C in a 50% humidified 

room on a 12L:12D cycle.  
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Rearing, collection and mating  

Mating assay 1  

In the first mating assay, flies were reared in glass 70 ml bottles on a sugar-rich (SR) 

medium (17g agar, 26g dry yeast, 54g sugar and 13 ml Nipagin (10% w/v) solution per 

litre) at 20°C in a 50% humidified room under 12L:12D cycle. A total of 13 French lines 

and 17 DGRP lines were used in this assay. The flies were collected immediately from 

stocks as virgins under CO2 anaesthesia and were held in groups of 2 (for males) and 1 

(for females) in 10 ml SR vials, until they were used in experiments, at 3-5 days old. The 

mating assays were conducted by placing two males and one female together in a vial with 

SR medium. The extra male was removed once the mating started, and the mated male 

was removed from the vial immediately after the pair separated. Mated females were flash 

frozen in liquid nitrogen 4 hours after the start of mating (mating duration is usually 10-15 

min). To collect virgin females, females were kept in vials containing a single female, and 

these were also flash frozen 4 hours after the start of experiment, such that they were of 

the same age at death and collected at the same time of day. Samples were then stored at –

80°C until RNA extraction.  

Mating assay 2  

All flies for this assay were kept on a SYA medium (100g yeast, 50g sucrose, 15g agar, 

30ml Nipagin solution and 3ml Propionic Acid) at 25°C with 12L:12D cycle and 50% 

humidity. To standardize the rearing environment and to synchronise adult hatching time 

of virgin females, 5 sets of vials with 5 males and 5 females for each of the 31 different 

DGRP lines and the Dahomey wild type were placed in SYA vials for 24 hours before 

being discarded. The resulting offspring were raised in these vials until the collection of 

the virgin females. To generate the SP-lacking and control males, 50 females (genotype 

Δ130/TM3, Sb, ry) were placed with 50 males of either genotype (SP0, SP+/TM3, Sb, ry), 

(SP0/TM3, Sb, ry) in bottles containing 70 ml SYA medium each, and were transferred 

daily into new food. This generated a synchronised cohort of males and standardised 

larval density. When hatched, both the DGRP females and SP0 and SP+ males were 

collected on ice and were held individually (for females) or in groups of 10 (for males) for 

4-5 days until mating. The mating assay for all 31 DGRP lines was split over two days and 

Dahomey females were tested on both days to serve as a reference for random day-to-day 

variation. Each female was mated once with either a SP0 or SP+ male. Immediately after 

mating the males were discarded. For each DGRP line, 9 females mated to each type of 

male were collected individually. Females were then flash-frozen in liquid N2 at 4 hours 
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after the end of mating. The virgin females for each DGRP line were kept separately 

without males and were also flash frozen 4 hours after the start of the mating experiment. 

Samples were then stored at -80°C until RNA extraction.  

RNA extraction, cDNA conversion and Q-PCR quantification  

RNA was extracted from pools comprising three adult female flies. The RNA extraction 

was performed on three biological replicates for each line and mating treatment (SP0, 

SP+, virgin). Total RNA was isolated using the Trizol reagent (Invitrogen) according to 

the manufacturer’s instructions and each extraction was DNase treated using DNase 

(Ambion) to remove any contaminating DNA. For each sample, complementary DNA 

(cDNA) was synthesized from 0.5-1μg total RNA using the RevertAid H Minus First 

Standard cDNA Synthesis kit (Thermo scientific). The cDNA was then diluted 100 times 

before preparing the quantitative Real-Time PCR (qPCR). The qPCR was performed 

using SYBR green (Quanta Biosciences) with ROX as the internal passive reference, and 

2μl of diluted cDNA was used for each reaction of 20μl total volume, containing the 

forward and reverse primers at the final concentration of 400nM and 10ul of SYBR 

green/ROX buffer solution. Two technical replicates for each biological replicate were 

performed to correct for pipetting errors while performing the qPCR. The mean of both 

replicates was then used in the data analysis and was considered as one biological 

replicate. Reactions were run using the Abi7300 machine with the following qPCR 

profile: 5min of activation phase at 95°C, 35 cycles of 10sec at 95°C, 30sec at 56°C and 

30sec at 72°C. The primers used are listed in Table 1. 

To compare the expression of immune response genes between the different lines, when 

mated to SP+, SP0 males or remaining virgin, a relative quantification was performed on 

the expression of 6 different genes with known function as anti-microbial peptide or as 

activator of the immunity signal transduction cascade (mating assay 1) or a subset of 3 of 

these (mating assay 2), as well as 1 housekeeping gene (Actin 5C) (Table 1). Expression 

data were first analysed with LinRegPCR to obtain the starting concentrations of the 7 

gene transcripts for each sample (Ramakers et al., 2003; Ruijter et al., 2009) and then 

relative expression levels were calculated by normalizing the 6 AMPs against the gene 

expression data of the housekeeping gene Actin 5C. 
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Statistical analysis 

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

For the first mating assay a two-way analysis of variance (ANOVA) was used to test for 

differences between the lines in response to the three mating treatments (SP0, SP+ and 

virgins). The ANOVA was carried out on the log-transformed relative expression level of 

the different anti-microbial peptide for each line and each type of cross. The residuals of 

these analysis conformed to normality. In addition, model simplifications were carried out 

with ANOVA to test for the separate effects of mating and of Sex Peptide on the expression 

of AMP genes (Crawley, 2013).  For this, we analysed the effect of mating (pooling the 

treatments SP+ and SP0), in comparison to virgin females, on AMP gene expression. We 

compared whether these simplified models differed in Akaike Information Criteria (AIC) 

from the more complex models, and hence explained significantly more or less of the 

deviance.     

For the second mating assay, the statistical analyses were performed using the “Glmer” 

function on the “lme4” 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), 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 (mating treatment) as a fixed 

Table 1: qPCR primers of the different genes used in this study. 

Gene 

name 
Annotation Pathway Primers Forward Primers Reverse Size 

Mtk CG8175 
Toll & 

Imd 
5'-AACTTAATCTTGGAGCGA-3' 5'-CGGTCTTGGTTGGTTAG-3' 140bp 

Dro CG10816 Imd 5'-CCATCGTTTTCCTGCT-3' 5'- CTTGAGTCAGGTGATCC-3' 150bp 

IM1 CG18108 Toll 5'-TCCACTGTCGCCCGATCC-3' 5'- CTTGGGTTGAAACTTCCT-3' 92pb 

Dpt-A CG12763 Imd 5'-GCTGCGCAATCGCTTCTACT-3' 5'-TGGTGGAGTGGGCTTCATG-3' 68bp 

Dpt-B CG10794 Imd 5'-GAACCACTGGCATATGCTCC-3' 5'-GCTCAGATCGAATCCTTGCT-3' 110bp 

PGRP-

SB1 
CG9681 Imd 5'-TTTGCTGCTTAGCTCTATCC-3' 5'-TGATGGATGATCACATAGTCG-3' 120bp 

Act5C CG4027 

Houseke

eping 

gene 

5'-CCGACCGTATGCAGAAGGAG-3' 5'-TGGAAGGTGGACAGCGAAG-3' 130bp 
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effect, and the DGRP lines and qPCR plates as random factors. In the simplified model, the 

random effect of DGRP lines was omitted to test for significant genetic variation in gene 

expression. Linear regression models were used to test for correlation of AMP gene 

expression levels between the different mating treatments (Chambers, 1992).  

Genome-wide association study  

In order to identify single nucleotide polymorphisms (SNPs) associated with variation in 

the immune response to different types of mating for the 31 DGRP inbred lines, a Genome-

Wide Association Study (GWAS) was performed on the qPCR results of assay 2, using 

SNPs and indels with minor allele frequencies ≥ 0.05 on the DGRP webserver 

(dgrp2.gnets.ncsu.edu)(Mackay et al., 2012). 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 mean 

relative expression of three AMPs after mating to SP+ or SP0 males:  the IM1 gene, the Dpt-

B gene and Mtk gene. These 3 genes were selected based on the results from assay 1, and 

because they each represent regulation through separate immune pathways (Toll or Imd) 

and the combined Toll and Imd pathway (Table 1).  

All of the top candidate genes from the GWAS with a P-value < 10-5 were then used for 

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

(Huang, Lempicki and Sherman, 2009) to identify over-represented functional annotations 

among the genes associated with responses to mating with SP+ males. Network mapping 

using geneMANIA Cytoscape 3.4.0 plugging (Data Version: 13/07/2017) (Shannon et al., 

2003; Montojo et al., 2010; Warde-Farley et al., 2010) was also performed on the top 

candidate genes generated by the GWAS when females mated to SP+ males for all three 

AMP genes tested.  The geneMANIA server predicts a functional network for genes based 

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

Mating assay 1 

In the first mating assay we screened for changes in expression in several AMPs in 

response to Sex Peptide receipt across 30 genotypes originated from French and American 

isofemale lines. The analysis of variance (ANOVA) of the relative expression data showed 

a significant variation in AMP expression across lines, across the different mating 

treatments (SP0, SP+ or Virgins) and an interaction between lines and mating treatments. 

This occurred in AMPs for both major immune pathways tested (Toll and Imd) (Table 2). 

The initial analysis showed a significasnt effect of mating overall on the expression of all 6 

tested AMPs, irrespective of whether the males were SP+ or SP0. However, for Dpt-B and 

Mtk the effect of mating with either SP+ or SP0 males differed, as indicated by a significant 

effect of SP+ or SP0, with some lines expressing a higher expression of Mtk (P= 

0.008266**, Df=58, 157) and Dpt-B (P =0.01955*, Df=58, 158) in SP+ mating than in SP0 

mating. For all the other AMPs, there was no significant difference in expression following 

mating to either SP+ or SP0 males, and did not further increase the fit of the statistical model 

to the expression data of the AMPs (Table 2).  

Together the data show that there is a significant genetic variation of AMPs in response to 

mating and to the receipt of Sex Peptide. However, different lines showed very different 

responses. The effects were not population-specific and occurred in both the Toll and Imd 

pathways. Based on this assay a selection of 3 representative AMPs from both pathways 

that showed a good level of expression were selected for a more detailed investigation of 31 

DGRP lines, as described below. 

Mating assay 2 

To measure the immune activation in the tested AMPs of the Toll and Imd pathways, the 

transcription of Mtk, Dpt-B and IM1 was studied in more detail in an assay of 31 DGRP 

lines and the Dahomey wild-type. To check for day-to-day variation, the Dahomey line was 

included on each day of the tests. Analysis of these Dahomey samples showed that there 

was no significant variation in expression of AMPs across days or across mating treatments 

(SP0, SP+ or virgins), consistent with previously reports for this strain (Gioti et al., 2012). 

The LTR statistical model used to analyse the data accounted for technical variation 

between qPCR plates and revealed that there was no qPCR plate-to-plate variation in this in 

this assay for all the DGRP and Dahomey samples tested.  
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For all three genes, expression was significantly different for the three types of mating 

treatment: Mtk (P=0.005355**, F=5.3622), Dpt-B (P=0.01195*, F=4.5214) and IM1 (P< 

0.005355**, F=5.3622) (Figure 1). Analysis showed that relative gene expression varied 

significantly across the DGRP lines, for Mtk (Glmer, Chisq= 100.2, P<2.2e-16***), Dpt-B 

(GLMER, Chisq= 86.58, P<2.2e-16***), and IM1 (GLMER, Chisq= 100.2, P<2.2e-

16***). The data showed that there was significant genetic variation in AMP expression in 

response to mating in all 3 pathways (Toll, Imd and both pathways combined). In addition, 

there was substantial variation in constitutive levels of expression of immune genes in 

unmated flies. 

Table2: Analysis of variance table of assay 1 showing an analysis of the expression of 

different AMPs in D. melanogaster when unmated (virgins) or mated to SP+, SP0 males. P 

values <0.05 are considered significant (p < 0.0001 ‘***’, P= 0.001 ‘**’, P= 0.01 ‘*’ 0.05). 

    Tests for gene expression differences   

Immune pathways  Gene  
Mating treatment 

SP+/SP0/Virgin 
Line  

Mating 

treatment X 

Line  

Toll pathway IM1 

P =1.192e-11*** 

F=29.6503 

Df=2, 157 

P <2.2e-16*** 

F=7.4724 

Df=29, 157 

P =0.2074 

F=1.1833 

Df=58, 157 

Immune Deficiency  

pathway (Imd) 

Dpt-B 

P =6.374e-06*** 

F=12.9166 

Df=2, 158 

P =1.124e-10*** 

F=4.6822 

Df= 29, 158 

P =0.01955* 

F=1.5351 

Df=58, 158 

Drosocin 

P =1.307e-07*** 

F=17.5519 

Df=2, 158 

P =3.333e-16*** 

F=6.8244 

Df=29, 158 

P =0.1013 

F=1.3033 

Df=58, 158 

PGRP-SB1 

P =2.923e-06*** 

F=13.8282 

Df=2, 158 

P <2.2e-16*** 

F=24.3829 

Df=29, 158 

P =0.3302 

F=1.0917 

Df=58, 158 

Dpt-A 

P =6.350e-05*** 

F=10.2805 

Df=2, 158 

P =6.351e-12*** 

F=5.1439 

Df= 29, 158 

P =0.104 

F=1.2991 

Df=58, 158 

Toll and Imd 

pathway 
Mtk 

P= 3.613e-07*** 

F=16.3277 

Df=2, 157 

P= 6.927e-11*** 

F=4.7670 

Df=29, 157 

P= 0.008266** 

F= 1.6447 

Df=58, 157 
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Table3: Statistical analysis table of assay 2 showing the expression of different AMPs in 

unmated females (virgins) or in females mated to SP+, SP0 males. P values <0.05 are 

considered significant. (p < 0.0001 ‘***’, P= 0.001 ‘**’, P= 0.01 ‘*’ 0.05). 

     Tests for gene expression differences                                   

Immune pathways  Gene  
Mating treatment 

SP+/SP0/Virgin 
Line  

Toll pathway IM1 

P = 0.005355 ** 

F= 5.3622 

Df= 209, 99 

P <2.2e-16*** 

Chisq= 100.2 

Immune Deficiency  

pathway (Imd) 
Dpt-B 

P =0.01195 * 

F= 4.5214 

Df= 209, 98 

P <2.2e-16*** 

Chisq= 86.58 

Toll and Imd pathway Mtk 

P = 0.005355 ** 

F= 5.3622 

Df= 209, 99 

P <2.2e-16*** 

Chisq= 100.2 

 

A  
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B 

 

C 

 
Figure 1: Relative expression of antimicrobial peptide genes. Bar plot presentation of 

the logarithmic relative expression (mean± SE of 3 replicate qPCR) of antimicrobial 

peptide genes (A) Mtk, (B) Dpt-B and (C) IM1 in D. melanogaster virgin females and in 

females mated to either SP0 or SP+ males, 4 hours after the start of mating. Data points are 

plotted from lowest (left) to highest (right) level of expression in response to mating with 

SP+ males.  
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Relative expression of AMPs and treatments 

 

 

 

Figure 2: Correlation of AMP expression between different treatments. Correlation plots for 

average values per line of AMP expression between different treatments. (A) correlation of Mtk 

relative expression when females were mated to SP0 and SP+, and when females were mated to SP+ or 

remained virgins. (B) correlation of Dpt-B relative expression when females were mated to SP0 and 

SP+, and when females were mated to SP+ or remained virgins. (C) correlation of IM1 relative 

expression when females were mated to SP0 and SP+, and when females were mated to SP+ or 

remained virgins.  

A 

B 

C 
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To determine whether AMP expression levels were correlated between the different mating 

treatments (SP0 versus SP+ males, or virgins versus SP+ males), a correlation analysis was 

conducted for the assayed DGRP lines. The average gene expression for all three the 

antimicrobial peptides showed a positive correlation when females were mated to either 

SP+ or SP0 males (Mtk: F=11.95, P=0.001766; Dpt-B: F=31.39, P=5.36e-06; IM1: 

F=29.87, P=7.79e-06) (Figure 2). A significant correlation was also detected for the gene 

expression levels of all three AMPs between virgin and SP+ male-mated females (Mtk: 

F=12.74, P=0.001315; Dpt-B: F=9.498, P=0.004582; IM1: F=16.21, P=0.0003912) 

(Figure 2). Since a correlation in AMP expression existed between the different treatments, 

we infer that the induced expression of the AMP genes in response to Sex Peptide can be 

partly a response to mating, as mating with and without Sex Peptide induced similar levels 

of AMP gene expression. Additionally, lines with a constitutively high level of AMP gene 

expression also tended to be the lines that responded most strongly to Sex Peptide receipt. 

Nonetheless, model simplifications that grouped the treatments for mating with SP+ and SP0 

males together significantly reduced the fit of the model to the data (Mtk: F= 5.3622, 

P=0.005355; Dpt-B: F= 4.5214, P =0.01195; IM1: F= 5.3622, P = 0.005355). Thus, while 

mating and Sex Peptide receipt induced similar responses in the expression of AMP genes 

to some extent, at least for some lines the receipt of Sex Peptide altered this inducible 

response.  

GWAS analysis 

A GWAS was carried out to identify polymorphic (SNPs, insertion and deletion) markers 

that correlated with the variation in the expression differences of 3 AMPs (IM1, Dpt-B and 

Mtk) in females when mated to SP+ or SP0 males. The GWAS was performed separately for 

each gene, and for the SP+ and SP0 mating treatment, using the functionality of the DGRP 

website by providing the mean of the expression values of the AMPs for the 31 tested 

DGRP lines. 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.  

When females were mated with SP+ males, the GWAS on the mean expression of each of 

the AMPs (IM1, Dpt-B and Mtk) provided a list of significantly associated polymorphisms. 

For Mtk a total of 20 polymorphisms were significantly associated to expression variation, 

of which 6 SNPs were in introns and 14 SNPs were in or near 13 coding genes (Table 4). 

For Dpt-B a total of 110 significant polymorphisms were identified, of which 19 SNPs were 

in intergenic regions, 91 polymorphisms were located upstream or downstream or in 51 

genes, and included 15 synonymous and 3 non-synonymous SNPs (Table 4). For IM1 
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expression, a total of 75 associated polymorphisms were identified, including 19 SNPs that 

were in intergenic regions, and 56 that were in or near 38 genes (Table 4).  

When females were mated to SP0 males, the GWAS on the mean expression of the 3 AMPs 

showed fewer polymorphisms significantly associated with expression level variation. For 

the variation in Mtk expression, the GWAS identified 18 polymorphisms, located in or near 

14 genes. There was no gene region significantly associated with the expression level of 

Dpt-B (Table 4). For IM1, the GWAS identified 8 polymorphisms, located in or near 8 

genes. A total of 9 candidate genes were significantly associated with variation in gene 

expression of more than 1 AMP and/or in more than 1 mating treatment (highlighted in 

grey, table 4).  Overlapping genes generated by the GWAS when females where mated to 

SP+ males for the three AMPs are summarized in the Venn diagram (Figure 3). These three 

AMPs (Mtk, Dpt-B and IM1) are representative of the different immune pathways (toll and 

Imd, Imd and Toll, respectively). 

The GWAS for Mtk and Dpt-B expression shared a total of seven genes; one was shared 

between Dpt-B and IM1. There was no overlap in candidate genes between Mtk and IM1 or 

between all three AMPs (Figure 3).  
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Table 4: GWAS candidate genes associated with variation in the expression of three AMPs after females were 

mated to SP+ or SP0 males. Highlighted are overlapping genes between the different mating treatments. 

Immune pathways  Gene  SP+ SP0 

Toll and Imd 

pathway 
Mtk 

Mad  FBgn0011648 CG10440 FBgn0034636 

CG5068  FBgn0035951 sti FBgn0002466 

CG10249  FBgn0027596 Neto FBgn0265416 

mus312  FBgn0002909 qin FBgn0263974 
CG10407  FBgn0038395 CG31221 FBgn0051221 

ird5  FBgn0024222 eIF5B FBgn0026259 

Cyp6a20  FBgn0033980 RpS15Aa FBgn0010198 

CG13323  FBgn0033788 HLH4C FBgn0011277 

CG3168 FBgn0029896 CG33144 FBgn0053144 

LanB2  FBgn0267348 CG32982 FBgn0052982 

Gef64C  FBgn0035574 Dp1 FBgn0027835 

CG15731  FBgn0030390 CG12912 FBgn0033497 

CG14995 FBgn0035497 CG31475 FBgn0051475 

  
CG32082 FBgn0052082 

Immune deficiency pathway (Imd) Dpt-B 

Gef64C  FBgn0035574     

CG15731  FBgn0030390 
 

 Mad  FBgn0011648 
 

 CG5068  FBgn0035951 
  

kirre  FBgn0028369 
  

igl  FBgn0013467 
 

 CG8298  FBgn0033673 
 

 Dscam4  FBgn0263219 
  

aret  FBgn0000114 
  

CG8170  FBgn0033365 
  

CG12090  FBgn0035227 
  

ACXD  FBgn0040507 
  

yellow-g2  FBgn0035328 
  

dpr8  FBgn0052600 
  

CG7358  FBgn0030974 
  

CG12206  FBgn0029662 
  

shakB  FBgn0085387 
  

CG31705  FBgn0028490 
  

Eip75B  FBgn0000568 
  

bbg  FBgn0087007 
  

CG43954  FBgn0264605 
  

dpr  FBgn0040726 
  

Ptp61F FBgn0267487 
  

mgl  FBgn0261260 
  

CG4341  FBgn0028481 
  

CG10249 FBgn0027596 
  

mus312  FBgn0002909 
  

EDTP  FBgn0027506 
  

bru-3 FBgn0264001 
  

CG13315  FBgn0040827 
  

CG17199 FBgn0038775 
  

LanB2  FBgn0267348 
  

CG34127  FBgn0083963 
  

CG3894  FBgn0035059 
  

Ten-a  FBgn0267001 
  

bun  FBgn0259176 
  

ACXC  FBgn0040508 
  

ACXB  FBgn0040509 
  

Hira  FBgn0022786 
  

dve  FBgn0020307 
  

Eip63E  FBgn0005640 
  

bru-2  FBgn0262475 
  

sda  FBgn0015541 
  

zfh1  FBgn0004606 
  

cindr  FBgn0027598 
  

lea  FBgn0002543 
  

CG10051  FBgn0034437 
  

Fas2  FBgn0000635 
  

bab1 FBgn0004870 
  

CG13917 FBgn0035237 
  

CG44153 FBgn0265002 
  

Toll pathway IM1  

gkt  FBgn0260817 sm FBgn0003435 

CG18304  FBgn0031869 CG9380 FBgn0035094 

grh  FBgn0259211 CG10249 FBgn0027596 

dpp  FBgn0000490 mus312 FBgn0002909 

CG30495  FBgn0050495 CHES-1-like FBgn0029504 

VhaM8.9  FBgn0037671 
  

Aats-trp FBgn0010803 
  

Vps16A FBgn0261241 
  

S  FBgn0003310 
  

CG10527  FBgn0034583 
  

stet  FBgn0020248 
  

app FBgn0260941 
  

CG18265  FBgn0036725 
 

 CG43955  FBgn0264606 
  

Ptp61F FBgn0267487 
  

salr FBgn0000287 
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CCKLR-17D1  FBgn0259231 
  

CG7744  FBgn0034447 
  

AANAT1 FBgn0019643 
  

luna  FBgn0040765 
  

CG34356  FBgn0085385 
  

disco-r FBgn0042650 
  

CG17652  FBgn0031361 
  

CG17646  FBgn0264494 
  

Optix  FBgn0025360 
  

Grip163  FBgn0026432 
  

CG16734  FBgn0037667 
  

DopR  FBgn0011582 
  

CHES-1-like FBgn0029504 
  

CG42256  FBgn0265296 
  

CR43484  FBgn0263495 
  

CR42646 FBgn0261429 
  

CR43836 FBgn0264384 
  

CG14459 FBgn0037171 
  

sni FBgn0030026 
  

CG15611 FBgn0034194 
  

sr FBgn0003499 
  

dpy FBgn0053196     
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Figure 3: Venn diagram representing the overlap among the gene lists from GWASs on the 

expression of three AMP genes in response to SP+ males. Only one gene Ptp61F overlap 

between the GWASs list of IM1 and Dpt-B. The diagram is drawn using the method of 

Heberle et al. (2015). 
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Functional gene networks  

To further explore the functional significance of the candidate genes that were identified by 

the GWAS for the expression of three AMPs genes in females mated to SP+ males, 

functional enrichment (DAVID; Huang et al., 2009) and gene network mapping analyses 

(using geneMANIA, Montojo et al., 2010; Warde-Farley et al., 2010) were performed.  

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 

Resource 6.8 program with the gene list for each of the 3 AMPs, separately. The gene 

annotations for each of the 3 AMP are displayed in Supplementary data tables 1, 2 and 3. 

The gene enrichment analysis for Mtk candidate genes showed an over-representation of the 

functional category defense response to Gram-negative bacteria (P=9.4E-02), 

morphogenesis (P=5.30E-02) and protein binding (P=8.10E-02) (supplementary data Table 

4). For Dpt-B, the gene enrichment analysis revealed over-representation of genes coding 

for immunoglobulins (P=5.5E-06), phosphorus-oxygen lyase activity (P=3.4E-04), as well 

as genes in the antimicrobial humoral response (P=9.8E-02). Additionally, several genes 

were annotated with cAMP signaling, epidermal growth factors, and developmental 

proteins (supplementary table 4). As for IM1, enrichment was found for Zinc finger protein 

genes (P=6.0E-03), transcription factors (P=1.0E-02), pigmentation development (P=3.6E-

02) and transmembrane protein genes (P=4.5E-02) (supplementary data Table 4).  

For the candidate genes from the GWAS after mating to SP0 males, the gene enrichment 

analysis with DAVID showed that for Mtk, genes coding for ZINC finger protein (P=4.8E-

02) and transmembrane helix (P= 8.0E-1) were over-represented; none of these genes has 

previously been associated with immune function. As for IM1, genes for coiled coil 

proteins (P= 6.7E-2) were over-represented. One of these, CG9380, codes for a protein 

with a peptidoglycan recognition domain. However, the molecular and biological function 

of this particular gene is still unknown. The subsequent downstream analysis, described 

below, focused on the SP+ response only. 

The functional gene network mapping was performed 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 modified by 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-
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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 orthologues in different organisms. The mapping of the 13 candidate genes resulted by 

the GWAS for Mtk, showed a network of 20 other related genes, the association represented 

by geneMANIA was 100% co-expression network where all the genes identified have 

similar expression levels (Figure 4). As for the mapping of the 51 candidate genes in the 

Dpt-B GWAS, geneMANIA generated a network of, in total 71 related genes. This 

association was based 61.07% on co-expression, 15.84% on physical interactions, 12.16% 

on connections based on shared protein domains, 6.34% on predicted networks and 4.60% 

on co-localisation (Figure 5). The network mapping of 38 candidate genes for the IM1 

GWAS, generated a network of 55 related genes, with 64.37% from co-expression network, 

17.85% co-localisation network, 9.27% genetic interaction, 4.39% shared protein domains 

and 4.11% predicted links (Figure 6). The prediction of these gene networks generated by 

geneMANIA shows the different types of interactions that could occur between the GWAS-

identified genes for all 3 AMPs and other related genes, using a very large set of functional 

associations (supplementary data Table 4). 
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Figure 4: Interaction network showing the relationships between Mtk GWAS 

candidate genes. Interaction networks of candidate genes identified by the GWAS for the 

expression of Mtk, when females were mated to SP+ males. Black nodes depict candidate 

genes generated by the GWAS with significant SNPs from the DGRP analysis (Query 

genes). Grey nodes are other genes that are related to a set of input candidate genes (Non-

query genes). The links representing the networks is based only on 100% on co-expression. 
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Figure 5: Interaction network showing the relationships between Dpt-B GWAS 

candidate genes. Interaction networks of candidate genes identified by the GWAS for the 

expression of Dpt-B, when females were mated to SP+ males. Black nodes depict candidate 

genes generated by the GWAS with significant SNPs from the DGRP analysis (Query 

genes). Grey nodes are other genes that are related to a set of input candidate genes (Non-

query genes). The links representing the networks in this case are based 61.07% on co-

expression, 15.84% physical interactions, 12.16% shared protein domains, 6.34% predicted 

networks and 4.60% on co-localisation.  
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Figure 6: Interaction network showing the relationships between IM1 GWAS 

candidate genes. Interaction networks of candidate genes identified by the GWAS for the 

expression of IM1, when females were mated to SP+ males. Black nodes depict candidate 

genes generated by the GWAS with significant SNPs from the DGRP analysis (Query 

genes). Grey nodes are other genes that are related to a set of input candidate genes (Non-

query genes). The links representing the networks in this case are based 64.37% on co-

expression networks, 17.85% co-localisation networks, 9.27% genetic interactions, 4.39% 

shared protein domains and 4.11% on predicted links. 



 

 

 

 

Table 5: Summary of the 16 candidates “immune genes”, identified by the GWAS for the gene expression in females for three antimicrobial peptides 

in response to mating with SP+ males. Each gene is considered to be a representative of a pathway that responds to immune challenge.   

Pathway AMP Gene Annotation Immune function Reference 

Toll and 

Imd 

pathway 

Mtk 

Mad FBgn0011648 
Transcription factor involved in many biological processes, including the immune response. Represses 

Antimicrobial expression in case of wounding  
Clark et al., 2011 

ird5 FBgn0024222 
Regulation of innate immune response of the (Imd) pathway by activation of Relish (regulator of antimicrobial 

peptide gene) and the induction of antimicrobial peptide genes after a gram-negative infection   

Ertürk-Hasdemir et 

al., 2009 

Cyp6a20 FBgn0033980 
A cytochrome 450 monooxygenase, which may play a role in detoxification and defense response to Gram-

negative bacteria 

Daborn et al., 2007; 

Berkey et al ., 2009 

Immune 

Deficiency 

pathway 

(Imd) 

Dpt-B 

robo2 FBgn0002543 

Immunoglobulin superfamily members, involved in cell communication, migration, and signalling events and 

in molecular recognition of self versus nonself, and involved in modulating the immune system  

Vogel, 2003; Özkan 

et al., 2013; 

Mandrioli et al., 

2015; Zinn and 

Özkan, 2017 

Fas2 FBgn0000635 

CG44153 FBgn0265002 

kirre FBgn0028369 

Dscam4 FBgn0263219 

dpr8 FBgn0052600 

dpr1 FBgn0040726 

Mad FBgn0011648 
Transcription factor involved in many biological processes, including the immune response. Represses 

Antimicrobial expression in case wounding  
Clark et al., 2011 

bbg FBgn0087007 
Transcriptional repressor that contains two zinc finger clusters and a homeodomain. Modulate the Imd pathway 

of the innate immune response in mucosa  
Bonnay et al., 2013 

Eip75B FBgn0000568 
Steroid hormone involved in several biological processes, including modulating the innate immune signaling. 

More specifically it is a negative regulator of the Imd pathway.   
Rus et al., 2013; 

Xiong et al., 2016 

Zfh1 FBgn0004606 Transcription factor, negative regulator of the Imd immune pathway  
Myllymäki and 

Rämet, 2013 

Toll  

pathway 
IM1 

dpp FBgn0000490 
Bone morphogenetic protein, modulates the innate immune mechanisms by regulating the transcription factor 

cascade. It is induced by either wounding or infection 
Frandsen et al., 2008; 

Clark et al., 2011 

Dscam2 FBgn0265296 
Immunoglobulin superfamily member, involved in many cell communication, migration, and signalling events 

and in molecular recognition of self versus nonself could be involved in modulating the immune system 

Özkan et al., 2013; 

Zinn and Özkan, 

2017 
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The immunity genes 

Based on the DAVID gene enrichment annotation and GeneMANIA network mapping, 16 

candidate genes were selected for further exploration, based on their functional annotation 

in the immune response. A literature search of the genes involved in immunity is 

summarised in Table 5. Most of these immune genes belong to the immunoglobulin super 

family or are involved in modulating the Imd immune pathway. The exact role of each 

immunoglobulin and its contribution to the immune response of D. melanogaster is mostly 

unknown, but in general the immunoglobulins are capable of reacting to pathogens and may 

be involved in the defense against infection - hence they are candidates as immune effector  

molecules  in  insects (Mandrioli et al, 2015). Most of the polymorphisms involved in the 

variation in AMP expression seem to negatively modulate the Imd pathway.   
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Discussion: 

Results summary 

Our study showed that mating and the transfer of Sex Peptide can induce the expression of 

several AMP genes in females, but that there was significant phenotypic variation in these 

responses among lines. Immune gene induction and the variation was measured in isogenic 

lines of two different D. melanogaster populations (French and DGRP lines). Lines differed 

both in whether or not they induced the expression of AMPs after mating, and the extent to 

which they did so after receipt of Sex Peptide. Immune gene expression was not always 

upregulated in response to Sex Peptide. For some lines it was even down-regulated in 

females mated to SP+ compared to virgin and/or female mated to SP0 males. In other lines 

Sex Peptide had no effect at all, or none in addition to the response to mating. Furthermore, 

there were also differences among the three immune genes tested in detail, with those being 

regulated by the Imd pathway (Dpt-B, Mtk) being more responsive to Sex Peptide than the 

gene (IM1) under the regulatory control of the Toll pathway. The GWAS performed on the 

variation in expression of the antimicrobial AMPs in response to Sex Peptide in the DGRP 

population identified 13 candidate genes for Mtk (Toll and Imd pathway), 51 candidate 

genes for Dpt-b (Imd pathway) and 38 candidate genes for IM1 (Toll pathway). The 

network analyses indicated that the majority of these genes are part of different networks, 

which suggests that most have several different functions in the organism, one role of 

which could be direct or indirect involvement in the immune response. For all these 

candidate genes, genetic variation was significantly associated with variation in the 

expression of AMPs after mating or Sex Peptide receipt. The functional annotation revealed 

that 8 of these candidate genes code for immunoglobulin superfamily proteins, and 8 

modulate the Imd immune pathway, with 6 of these showing negative regulation.  

Immune response  

During mating, males transfer Sex Peptide to their mates and this is reported to boost the 

expression of AMPs in females during the first few hours after mating (Peng et al, 2005; 

Domanitskaya et al., 2007; Fedorka et al., 2007; Wigby et al., 2008). In most of these 

studies the genetic variation was been experimentally reduced to clearly outline Sex Peptide 

function. However, to understand how Sex Peptide mediated interactions between males 

and females and how it affects the immune response after mating, we decided to follow the 

expression of several AMPs (covering different pathways in the innate immunity spectrum) 

in various isogenic lines of two different wild type populations.  
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In our first mating assay, we showed significant phenotypic variation in AMP expression 

across different lines in response to mating and to the receipt of Sex Peptide, and that 

different lines showed very different responses. This phenotypic variation was observed in 

both wild type populations and affected both the Toll and Imd pathways. For a more 

detailed test, and based on the results of the first assay, we selected a subset of three 

representative AMPs (Mtk, Dpt-B and IM1) from both immune pathways. In the second 

mating assay, we examined the expression for these 3 genes in 31 lines of the DGRP 

population. Overall, AMP gene expression varied significantly across the DGRP lines and 

expression was significantly different for the three types of mating treatment (virgin, SP0 

and SP+). The data showed significant phenotypic and genetic variation in the expression of 

AMPs in response to mating in all 3 pathways (Toll, Imd and both pathways combined). 

In both assays, mating with males that transferred Sex Peptide did not always result in 

altered transcription of AMP genes. Therefore, the canonical assumption that Sex Peptide 

always activates the innate immune response in D. melanogaster is incorrect. In some lines, 

neither mating nor the receipt of Sex Peptide induced the expression of AMPs, while in 

other lines, mating without the receipt of Sex Peptide induced an equally strong activation 

of immune responses as did mating with the receipt of Sex Peptide. There seemed to be a 

correlation in the lines that responded most strongly to Sex Peptide, that expression of one 

AMP was associated with expression of another, and other lines that had weak AMP 

expression were consistently weak for all the AMPs tested. This indicated that some lines 

were more or less immune-responsive overall to Sex Peptide, contributing to the significant 

phenotypic variation observed.  

The observed genetic variation in the PMR to Sex Peptide receipt could be the result of 

sexually antagonistic coevolution. The secreted proteins of the male accessory gland can 

impose mating cosst, manipulating the females’ physiology and inducing an “immune-like” 

response to males’ (Morrow and Innocenti, 2012). Females in turn may evolve mechanisms 

to mediate the manipulation of their physiology by males after mating. Many genes and 

proteins have been demonstrated to evolve rapidly, and prominent among these are many 

immunity genes. Hence it is possible that some of this evolutionary lability results from the 

actions of sexual conflict. To elucidate the association between intraspecific genetic 

variation in the immune response to Sex Peptide, the GWAS was carried out on the AMP 

expression of the DGRP lines, as discussed in the next section. 
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GWAS 

To better understand the mechanisms underlying the phenotypic variation in immune 

response to Sex Peptide and the genetic variation, we used the GWAS analysis to generate 

a list of candidate genes that show polymorphisms correlated with the gene expression 

differences. Only a subset 31 out of 205 DGRP lines was used (MacKay et al., 2012; 

Mackay and Huang, 2018). The GWAS was performed on the expression of three AMPs, 

one representative of the Toll pathway (IM1), one representative of the Imd (Dpt-B) and 

one regulated by both the Toll and Imd pathways combined (Mtk). Considerable genetic 

variation was found for the expression of each of the three AMPs, both in constitutive 

levels of expression and in response to mating and Sex Peptide receipt. However, there is a 

chance that some of these significantly associated SNPs identified by the GWAS could be 

false positives. Alternatively, there is a chance of missing relevant associations,  due to the 

limited power of our assay, as we did not use the full DGRP set (Mackay and Huang, 

2018). Notwithstanding, a list of candidate genes was generated by the GWAS for each of 

the AMP, consisting of 13 candidate genes for Mtk, 51 candidate genes associated with 

Dpt-B, and 38 annotated genes for IM1. Most of the polymorphisms identified by the 

GWAS in this study were located in gene introns, some were synonymous and non-

synonymous SNPs in coding regions. This suggests that much of the genetic variation 

identified would not cause changes in the protein composition, but rather result in variation 

in regulatory regions influencing the expression of potentially remote genes (Andolfatto, 

2005; Cooper, 2010). This is not surprising given there is more SNP variation residing in 

intron sites for the DGRP lines (Mackay and Huang, 2018). Therefore, it is unclear whether 

the lists of SNP variants sites identified by the GWAS are of direct functional significance 

in activating the immunity upon receipt of Sex Peptide or rather linked with other (as yet 

unidentified) functional SNPs. The list of these candidate genes was further examined, with 

a focus on genes with immune functions, as described below. 
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The candidate immune gene  

 

Figure 7: Simplified model of the Imd immune pathway and the BMP signaling; including 

the main genes of the Imd pathway and BMP signaling based on literature surveys, along 

with some of the immune genes identified by this study. 

D. melanogaster has a highly sophisticated innate immune defense, which is based on the 

synthesis of potent antimicrobial peptides as well as immuno-competent cells that can 

provide protection against invading pathogens. The production of AMPs is mainly 

controlled by two pathways - Toll and Imd. The Toll pathway contributes to both immunity 

and developmental processes (Lemaitre and Hoffmann, 2007; Valanne et al, 2011), while 

Imd signaling appears more restricted towards regulating the immune responses. Both of 

these pathways are highly conserved throughout evolution (Hoffmann, 2003) as well as 

being highly regulated by several mechanisms, to avoid chronic inflammation or 

unnecessary activation of the immune gene responses in the absence of infection. In this 
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study most of the immune genes identified by the GWAS in response to Sex Peptide were 

regulators of the Imd pathway and for most genes this was negative regulation.  

The Imd pathway is activated upon gram-negative bacterial infection. The bacteria are 

recognised by a membrane Peptidoglycan Receptor Protein, PGRP-LC. Following this, the 

PRGP-LC recruits the Death-domain protein IMD, which in turn interacts with another 

Death-domain protein FADD. FADD then binds to the caspase DREDD (Lemaitre and 

Hoffmann, 2007). This leads to the recruitment and activation of the TAK1 complex, which 

is responsible for the phosphorylation and activation of the Drosophila IKK complex. This 

complex contains 2 subunits: a catalytic kinase subunit encoded by ird5 and a regulatory 

subunit encoded by Kenny (Myllymäki et al., 2014). The IKK complex then cleaves the 

transcription factor RELISH: an inhibitory domain remains stable in the cytoplasm and the 

other RELISH domain translocate to the nucleus where it binds to DNA leading to the 

transcription of antimicrobial peptides (Kleino et al., 2005; Ertürk-Hasdemir et al., 2009) 

(Figure 7). In our GWAS analysis, one of these core components of the signal transduction 

pathway (ird5) showed polymorphisms that were significantly associated with variation in 

candidate gene expression.   

Some genes involved in the negative regulation of the Imd pathway showed polymorphisms 

that were significantly associated with the variation in gene expression of Dpt-B in response 

to Sex Peptide. The Drosophila Imd pathway is tightly regulated by several mechanisms to 

avoid unnecessary innate immune activation. This regulation occurs at different stages of 

the Imd pathway by numerous controlling factors. One candidate gene that was identified in 

the GWAS was Eip75B. The nuclear hormone receptor Eip75B is a regulator of the immune 

response, acting as a repressor of Imd signalling by interfering with PGRP-LC expression 

at the start of the immune response cascade (Rus et al., 2013). Another immune regulatory 

mechanism involves the Zinc finger transcription factor Zfh1, is a transcriptional repressor 

that comprises of two zinc finger clusters and a homeodomain, which controls Imd 

signaling pathway at the transcriptional level. The method by which Zfh1 represses the Imd 

pathway is still unclear: it has been hypothesized that this occurs either by direct binding to 

an immune gene target gene promoter, perhaps in this way displacing or inhibiting Relish, 

or by inducing a repressor or repressing an activator of the Imd pathway (Myllymäki and 

Rämet, 2013). The gene big bang (bbg), encodes multiple membrane-associated PDZ 

(PSD-95, Discs-large, ZO-1) domain-containing protein isoforms (Bonnay et al., 2013). It 

is required for maintaining a tight balance between immune response and immune tolerance 

toward the gut flora. Thus, bbg dampens the continuous activation of the Imd pathway by 

the endogenous flora in the anterior midgut (Bonnay et al., 2013). Perhaps bbg is also 

involved in diminishing the activation of the immune response against the male’s ejaculate 
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transfer (semen and Sfps), as it is non-self, but still beneficial for offspring production. 

More research needs to be done to confirm this theory.   

Among the genes with polymorphisms that were significantly associated with the variation 

in gene expression in response to Sex Peptide were several genes that are part of a signal 

transduction pathway that is induced by wounding - bone morphogenic protein (BMP) 

signaling. BMP signaling modulates the innate immune mechanisms by regulating the 

transcription factor cascade. When wounded, the expression of the ligand dpp is 

upregulated, and the gene products then bind to the serine-threonine tyrosine kinase 

receptor Tkv and to a heterodimeric receptor to activate the transcription factor Mad 

(Mothers against dpp). Mad then binds to Medea (Med) to down-regulate target gene 

expression. The complex Mad/Med silence elements near many antimicrobial peptides 

(Clark et al., 2011) (Figure 7). Two of the core proteins of this pathway were identified by 

the GWAS, namely dpp and Mad. The gene dpp inhibits immune genes expression directly 

through the help of Mad-Med silencer complex. dpp may thus be important following tissue 

damage in the absence of infection to avoid unnecessary immune responses (Clark et al., 

2011). Mating and transfer of the seminal fluid proteins activates the BMP signal, which 

may be a direct response to wounding and tissue damage during mating (Wigby et al., 

2008), or as an alternative immune response to the introduction of the foreign protein (Sex 

Peptide), that is not considered as an infection in the reproductive tract . 

Several genes identified by the GWAS belong to the Immunoglobulin superfamily proteins. 

These proteins are known for their ability to specifically recognize and adhere to other 

molecules and for having a surveillance function with characteristics analogous to 

antibodies (Kurtz and Armitage, 2006). Several immunoglobulin proteins have been linked 

to immunity in invertebrates. For example, the gene Down syndrome cell adhesion 

molecule (Dscam) is implicated in defense against bacteria and Plasmodium parasites in the 

mosquito Anopheles gambiae, where Dscam can create a broad range of pattern-recognition 

receptors through alternative splicing (Dong et al, 2006). The gene Hemolin has a vital role 

in mediating the immune responses to bacteria in the Lepidoptera Manduca sexta, in 

particular in the ability of haemocytes to engulf bacteria through phagocytosis 

(Eleftherianos et al., 2007). These studies show that invertebrates have specific recognition 

pattern and even ‘memory’ to recognise self and non-self via immunoglobulins (Wojtowicz 

et al., 2007). Similarly, in D. melanogaster several Dscam genes have been identified. They 

were initially characterised for neural function, but recent studies suggest that Dscam acts 

as a signaling receptor or co-receptor during phagocytosis (Watson et al., 2005). It has been 

shown that Dscam has the potential to express more than 18,000 isoforms by combining 

constant and variable exons through splicing, generating different Dscam receptors able to 

recognize diverse ligands and epitopes (Watson et al., 2005; Wojtowicz et al., 2007).  
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Immunoglobulin superfamily proteins are intriguing molecules and the extent and 

versatility of their roles in immunity D. melanogaster is still unknown. Additionally, 

whether and how they are physically interacting with Sex Peptide is not yet clear. We 

speculate that after mating, these immunoglobulins can recognise the transferred Sex 

Peptide as non-self and activate a set of PMRs in females, including the activation of the 

innate immune response through the Imd pathway. Alternatively, they may be acting as a 

first line of defense, where they may aid in discriminating between harmless molecules and 

infectious pathogens. Thus, it seems that these immunoglobulins are of importance in 

immunity and their abundance in this study suggests they play an important, but yet 

unidentified role, in the females' PMRs induced by Sex Peptide. Of the genes identified by 

the GWAS, 12 were of unknown function. Whether these candidate genes could form an 

important link between Sex Peptide and the immune response would be interesting to 

explore further.  

From this study we can conclude that there is an immune response activated by Sex 

Peptide.  The variation that we observed in the immune response to Sex Peptide is mostly 

associated with negative regulation of the Imd pathway. We speculate that the 

immunoglobulins play a role in female recognition of Sex Peptide, as these are significantly 

overrepresented among the genes that associated to the variation in immune gene 

expression in response to Sex Peptide. These immunoglobulins could have evolved as a 

defense mechanism to protect the female from non-self molecules that are of importance to 

female fitness - such as the activation of a response to Sex Peptide without triggering innate 

immunity unnecessarily. It is still unclear whether the activation of this immune response to 

Sex Peptide is in the best interest of the females, the males or both. Perhaps, this represents 

another manipulative strategy in the interest of males, that results in higher costs than 

benefits to females.  This could be the foundation of a functionally evolved relationship 

between immunity and reproduction, specifically related to male-female interactions, in 

which females try to ameliorate the deleterious effects of Sex Peptide. 
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Conclusion 

We have found significant variation in immune response to Sex Peptide in two sets of D. 

melanogaster lines, originating from two natural populations. A GWAS identified a set of 

candidate genes that were statistically related to variation in AMP expression in response to 

Sex Peptide and mating. Several of these candidate genes modulate the Imd signal 

transduction pathways. The molecular mechanism behind the regulation of these genes and 

their relationship with Sex Peptide remains to be studied.  
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Supplementary Data 

Table 1: Functional annotation of genes involved in Mtk SP+ expression  

 

Gene Annotation Gene ontology  

Mad  FBgn0011648 

Compound eye morphogenesis, transcription, DNA-templated, regulation of transcription from RNA 
polymerase II promoter, transforming growth factor beta receptor signaling pathway, dorsal closure, ventral 
cord development, open tracheal system development, imaginal disc-derived wing morphogenesis, imaginal 
disc-derived leg morphogenesis, histoblast morphogenesis, heart development, imaginal disc-derived wing vein 
morphogenesis, negative regulation of gene expression, ovarian follicle cell development, germ-line stem cell 
population maintenance, somatic stem cell population maintenance, trunk segmentation, germ-line stem cell 
division, regulation of cell differentiation, negative regulation of salivary gland boundary specification, positive 
regulation of synaptic growth at neuromuscular junction, positive regulation of transcription from RNA 
polymerase II promoter, wing disc anterior/posterior pattern formation, regulation of synapse structure or 
activity, transforming growth factor beta receptor signaling pathway involved in endodermal cell fate 
specification, BMP signaling pathway involved in Malpighian tubule cell chemotaxis, negative regulation of G1/S 
transition of mitotic cell cycle  

CG5068  FBgn0035951 Protein demethylation 

CG10249  FBgn0027596 Circadian rhythm, multicellular organism reproduction 

mus312  FBgn0002909 

Meiotic DNA double-strand break processing, resolution of meiotic recombination intermediates, nucleotide-
excision repair, DNA damage recognition, DNA replication, DNA repair, mitotic G2 DNA damage checkpoint, 
reciprocal meiotic recombination, cell proliferation, reciprocal DNA recombination, interstrand cross-link repair, 
meiotic chromosome segregation 

CG10407  FBgn0038395 Circadian rhythm, multicellular organism reproduction 

ird5  FBgn0024222 

Positive regulation of defense response to virus by host, protein phosphorylation, positive regulation of 
antibacterial peptide biosynthetic process, I-kappaB phosphorylation, Toll signaling pathway, peptidyl-serine 
phosphorylation, antibacterial humoral response, protein catabolic process, innate immune response, 
regulation of innate immune response, defense response to Gram-negative bacterium, defense response to 
virus, peptidoglycan recognition protein signaling pathway 

Cyp6a20  FBgn0033980 Secondary metabolites biosynthesis, transport, and catabolism 

CG13323  FBgn0033788 Unknown 

CG3168 FBgn0029896 Transmembrane transport 

LanB2  FBgn0267348 
Salivary gland morphogenesis, midgut development, cell adhesion mediated by integrin, substrate adhesion-
dependent cell spreading, system development, endodermal digestive tract morphogenesis, basement 
membrane assembly, extracellular matrix assembly 

Gef64C  FBgn0035574 
Inter-male aggressive behavior, axon guidance, imaginal disc-derived leg morphogenesis, positive regulation of 
Rho protein signal transduction, spiracle morphogenesis, open tracheal system 

CG15731  FBgn0030390 Unknown 

CG14995 FBgn0035497 Salivary gland cell autophagic cell death, autophagic cell death 
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Table 2: Functional annotation of genes involved in IM1 SP+ expression  
 

Gene Annotation Gene ontology  

gkt  FBgn0260817 
DNA repair, central nervous system development, establishment or maintenance of epithelial cell apical/basal 
polarity 

CG18304  FBgn0031869 Regulation of autophagy 

grh  FBgn0259211 

Epithelial cell morphogenesis, transcription, DNA-templated, plasma membrane organization, nervous system 
development, ganglion mother cell fate determination, ventral cord development, open tracheal system 
development, tracheal outgrowth, open tracheal system, primary branching, open tracheal system, R3/R4 cell fate 
commitment, regulation of cell shape, chitin-based embryonic cuticle biosynthetic process, regulation of tube 
architecture, open tracheal system, regulation of tube length, open tracheal system, chitin-based cuticle 
development, rhabdomere development, regulation of cell proliferation, positive regulation of transcription from 
RNA polymerase II promoter, membrane organization, regulation of wound healing 

dpp  FBgn0000490 

Cell fate specification, cell fate determination, ectodermal cell fate specification, compound eye morphogenesis, 
transforming growth factor beta receptor signaling pathway, germ cell development, chorion-containing eggshell 
formation, maternal specification of dorsal/ventral axis, oocyte, soma encoded, zygotic specification of 
dorsal/ventral axis, zygotic determination of anterior/posterior axis, embryo, amnioserosa formation, dorsal closure, 
dorsal closure, leading edge cell fate determination, ectoderm development, sensory organ development, open 
tracheal system development, epithelial cell fate determination, open tracheal system, epithelial cell migration, open 
tracheal system, foregut morphogenesis, hindgut morphogenesis, Malpighian tubule morphogenesis, imaginal disc 
development, imaginal disc growth, imaginal disc pattern formation, anterior/posterior pattern specification, 
imaginal disc, dorsal/ventral pattern formation, imaginal disc, eye-antennal disc morphogenesis, progression of 
morphogenetic furrow involved in compound eye morphogenesis, wing disc proximal/distal pattern formation, 
imaginal disc-derived wing vein specification, imaginal disc-derived wing morphogenesis, leg disc proximal/distal 
pattern formation, mesoderm development, heart development, hemocyte development, negative regulation of cell 
proliferation, germ cell migration, regulation of cell shape, imaginal disc-derived wing vein morphogenesis, 
anterior/posterior axis specification, dorsal/ventral axis specification, cardioblast differentiation, negative regulation 
of gene expression, positive regulation of pathway-restricted SMAD protein phosphorylation, stem cell division, stem 
cell population maintenance, BMP signaling pathway, ovarian follicle cell development, germ-line stem cell 
population maintenance, spectrosome organization, branch fusion, open tracheal system, fusion cell fate 
specification, regulation of tube diameter, open tracheal system, larval lymph gland hemocyte differentiation, eye-
antennal disc development, genital disc development, labial disc development, wing disc pattern formation, genital 
disc anterior/posterior pattern formation, genital disc sexually dimorphic development, wing and notum subfield 
formation, female germ-line stem cell population maintenance, germ-line stem cell division, regulation of cell 
proliferation, regulation of apoptotic process, regulation of MAPK cascade, nurse cell apoptotic process, regulation 
of imaginal disc growth, regulation of cell differentiation, negative regulation of salivary gland boundary 
specification, regulation of organ growth, dorsal appendage formation, branched duct epithelial cell fate 
determination, open tracheal system, developmental pigmentation, wing disc anterior/posterior pattern formation, 
oogenesis, lymph gland development, embryonic hindgut morphogenesis, positive regulation of muscle organ 
development, head morphogenesis, SMAD protein signal transduction, pericardial nephrocyte differentiation, 
anterior Malpighian tubule development, BMP signaling pathway involved in Malpighian tubule cell chemotaxis 

CG30495  FBgn0050495 Secondary metabolites biosynthesis, transport, and catabolism / General function prediction only 

VhaM8.9  FBgn0037671 

Establishment of imaginal disc-derived wing hair orientation, short-term memory, long-term memory, ATP hydrolysis 
coupled proton transport, Wnt signaling pathway, endosomal transport, imaginal disc-derived wing hair 
organization, phototaxis, establishment of body hair or bristle planar orientation, compound eye development, 
synapse organization, Wnt signaling pathway, planar cell polarity pathway, protein localization involved in 
establishment of planar polarity, axonal transport, presynaptic process involved in chemical synaptic transmission 

Aats-trp FBgn0010803 Tryptophanyl-tRNA aminoacylation, neurogenesis, dendrite morphogenesis 

Vps16A FBgn0261241 
Intracellular protein transport, lysosomal transport, eye pigment granule organization, endosome to lysosome 
transport, cellular response to starvation, endosomal transport, regulation of vacuole fusion, non-autophagic, 
regulation of SNARE complex assembly, negative regulation of Notch signaling pathway, autophagosome maturation 

S  FBgn0003310 

Protein targeting to Golgi, compound eye photoreceptor cell differentiation, epidermal growth factor receptor 
signaling pathway, stomatogastric nervous system development, imaginal disc-derived wing morphogenesis, visual 
perception, ommatidial rotation, determination of genital disc primordium, epidermal growth factor receptor ligand 
maturation, regulation of epidermal growth factor receptor signaling pathway, R7 cell development, compound eye 
retinal cell programmed cell death, branched duct epithelial cell fate determination, open tracheal system, 
behavioral response to ethanol, oogenesis, stem cell fate commitment, epithelial cell proliferation involved in 
Malpighian tubule morphogenesis 

CG10527  FBgn0034583 Cytoplasm 

stet  FBgn0020248 Proteolysis, protein processing, sensory perception of pain 

app FBgn0260941 General function prediction only 

CG18265  FBgn0036725 Unknown 

CG43955  FBgn0264606 Positive regulation of neurotransmitter secretion, positive regulation of synaptic vesicle clustering 
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Ptp61F FBgn0267487 

Mitotic cell cycle, protein dephosphorylation, regulation of epidermal growth factor-activated receptor activity, 
germ-band extension, axon guidance, negative regulation of cell proliferation, negative regulation of 
phosphatidylinositol 3-kinase signaling, peptidyl-tyrosine phosphorylation, regulation of protein stability, regulation 
of protein localization, peptidyl-tyrosine dephosphorylation, negative regulation of MAP kinase activity, negative 
regulation of JAK-STAT cascade, negative regulation of Ras protein signal transduction, negative regulation of insulin 
receptor signaling pathway, oogenesis, negative regulation of peptidyl-tyrosine phosphorylation, cellular response to 
hypoxia 

salr FBgn0000287 

Negative regulation of transcription from RNA polymerase II promoter, regulation of transcription, DNA-templated, 
transcription from RNA polymerase II promoter, signal transduction, sensory organ development, sensory perception 
of sound, male gonad development, imaginal disc-derived wing vein morphogenesis, neurogenesis, male genitalia 
development, antennal joint development 

CCKLR-17D1  FBgn0259231 
G-protein coupled receptor signaling pathway, positive regulation of cytosolic calcium ion concentration, 
neuropeptide signaling pathway, neuromuscular junction development, adult locomotory behavior, larval 
locomotory behavior, multicellular organismal response to stress 

CG7744  FBgn0034447 Nuclear migration along microtubule 

Dat FBgn0019643 
Catecholamine metabolic process, melatonin biosynthetic process, sleep, dopamine catabolic process, serotonin 
catabolic process, regulation of circadian sleep/wake cycle, sleep, octopamine catabolic process, developmental 
pigmentation 

luna  FBgn0040765 Mitotic sister chromatid segregation, preblastoderm mitotic cell cycle, cell division 

CG34356  FBgn0085385 Protein phosphorylation, detection of temperature stimulus involved in sensory perception of pain 

disco-r FBgn0042650 Metal ion binding 

CG17652  FBgn0031361 Maturation of SSU-rRNA from tricistronic rRNA transcript (SSU-rRNA, 5.8S rRNA, LSU-rRNA), phagocytosis 

CG17646  FBgn0264494 Defense mechanisms 

Optix  FBgn0025360 
Compound eye morphogenesis, compound eye photoreceptor cell differentiation, progression of morphogenetic 
furrow involved in compound eye morphogenesis, compound eye development, dendrite morphogenesis 

Grip163  FBgn0026432 
Microtubule nucleation, mitotic nuclear division, meiotic nuclear division, cytoplasmic microtubule organization, 
centrosome duplication, interphase microtubule nucleation by interphase microtubule organizing center, mitotic 
spindle assembly 

CG16734  FBgn0037667 Unknown 

DopR  FBgn0011582 

Synaptic transmission, dopaminergic, adenylate cyclase-activating dopamine receptor signaling pathway, dopamine 
receptor signaling pathway, learning, memory, associative learning, olfactory learning, visual learning, response to 
sucrose, thermosensory behavior, response to starvation, thermotaxis, cellular response to sucrose stimulus, 
regulation of olfactory learning, regulation of presynaptic cytosolic calcium ion concentration, response to odorant 

CHES-1-like FBgn0029504 
Regulation of transcription, DNA-templated, phagocytosis, mitotic G1 DNA damage checkpoint, embryonic heart 
tube development, regulation of cell division, cellular response to hypoxia 

Dscam2  FBgn0265296 Homophilic cell adhesion via plasma membrane adhesion molecules, neuron projection morphogenesis 

CR43484  FBgn0263495 Spermatogenesis 

CR42646 FBgn0261429 Unknown 

CR43836 FBgn0264384 Unknown 

CG14459 FBgn0037171 Unknown 

sni FBgn0030026 Oxidation-reduction process 

CG15611 FBgn0034194 Response to endoplasmic reticulum stress, positive regulation of Rho protein signal transduction 

sr FBgn0003499 Transcription / Cell division and chromosome partitioning 

dpy FBgn0053196 

Epithelial cell development, regulation of transcription, DNA-templated, open tracheal system development, 
apposition of dorsal and ventral imaginal disc-derived wing surfaces, chitin-based embryonic cuticle biosynthetic 
process, chitin-based cuticle attachment to epithelium, regulation of imaginal disc-derived wing size, lateral 
inhibition 
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Table 3: Functional annotation of genes involved in Dpt SP+ expression 
 

Gene Annotation Gene ontology  

Gef64C  FBgn0035574 
Inter-male aggressive behavior, axon guidance, imaginal disc-derived leg morphogenesis, positive regulation of Rho protein 
signal transduction, spiracle morphogenesis, open tracheal system 

CG15731  FBgn0030390 Unknown 

Mad  FBgn0011648 

Compound eye morphogenesis, transcription, DNA-templated, regulation of transcription from RNA polymerase II 
promoter, transforming growth factor beta receptor signaling pathway, dorsal closure, ventral cord development, open 
tracheal system development, imaginal disc-derived wing morphogenesis, imaginal disc-derived leg morphogenesis, 
histoblast morphogenesis, heart development, imaginal disc-derived wing vein morphogenesis, negative regulation of gene 
expression, ovarian follicle cell development, germ-line stem cell population maintenance, somatic stem cell population 
maintenance, trunk segmentation, germ-line stem cell division, regulation of cell differentiation, negative regulation of 
salivary gland boundary specification, positive regulation of synaptic growth at neuromuscular junction, positive regulation 
of transcription from RNA polymerase II promoter, wing disc anterior/posterior pattern formation, regulation of synapse 
structure or activity, transforming growth factor beta receptor signaling pathway involved in endodermal cell fate 
specification, BMP signaling pathway involved in Malpighian tubule cell chemotaxis, negative regulation of G1/S transition 
of mitotic cell cycle 

CG5068  FBgn0035951 Protein demethylation 

kirre  FBgn0028369 

Compound eye morphogenesis, homophilic cell adhesion via plasma membrane adhesion molecules, heterophilic cell-cell 
adhesion via plasma membrane cell adhesion molecules, myoblast fusion, larval visceral muscle development, regulation 
of striated muscle tissue development, filtration diaphragm assembly, nephrocyte diaphragm assembly, garland 
nephrocyte differentiation, nephrocyte filtration, regulation of myoblast fusion 

igl  FBgn0013467 Cell cortex 

CG8298  FBgn0033673 
Carbohydrate metabolic process, glycerol metabolic process, triglyceride metabolic process, glycerol-3-phosphate 
biosynthetic process 

Dscam4  FBgn0263219 Cell adhesion 

aret  FBgn0000114 

Regulation of alternative mRNA splicing, via spliceosome, inter-male aggressive behavior, mRNA polyadenylation, germ cell 
development, spermatid development, negative regulation of oskar mRNA translation, imaginal disc-derived wing 
morphogenesis, regulation of myofibril size, negative regulation of translation, germarium-derived female germ-line cyst 
formation, positive regulation of exit from mitosis, female germ-line stem cell population maintenance, germ-line stem cell 
division, sarcomere organization, regulation of oskar mRNA translation, oogenesis, positive regulation of stem cell 
differentiation 

CG8170  FBgn0033365 Proteolysis 

CG12090  FBgn0035227 
Regulation of autophagy, negative regulation of TOR signaling, cellular response to amino acid starvation, negative 
regulation of cell size, germarium-derived cystoblast division, regulation of TORC1 signaling 

ACXD  FBgn0040507 
cAMP biosynthetic process, adenylate cyclase-activating G-protein coupled receptor signaling pathway, adenylate cyclase-
inhibiting G-protein coupled receptor signaling pathway, cyclic nucleotide biosynthetic process, cAMP-mediated signaling, 
intracellular signal transduction 

yellow-
g2  

FBgn0035328 Melanin biosynthetic process, cuticle pigmentation 

dpr8  FBgn0052600 Sensory perception of chemical stimulus, synapse organization 

CG7358  FBgn0030974 Sensory perception of pain 

CG12206  FBgn0029662 Cell redox homeostasis 

shakB  FBgn0085387 
Regulation of membrane depolarization, ion transport, phototransduction, jump response, response to light stimulus, 
intercellular transport, cell communication by electrical coupling, gap junction assembly, transmembrane transport 

CG31705  FBgn0028490 Unknown 

Eip75B  FBgn0000568 

Negative regulation of transcription from RNA polymerase II promoter, transcription, DNA-templated, multicellular 
organism development, regulation of ecdysteroid metabolic process, molting cycle, chitin-based cuticle, regulation of gene 
expression, regulation of glucose metabolic process, ecdysis, chitin-based cuticle, antimicrobial humoral response, 
response to ecdysone, steroid hormone mediated signaling pathway, oogenesis 

bbg  FBgn0087007 Innate immune response in mucosa, border follicle cell migration 

CG43954  FBgn0264605 Integral component of membrane 

dpr  FBgn0040726 Salt aversion, synapse organization, sensory perception of salty taste 

Ptp61F FBgn0267487 

Mitotic cell cycle, protein dephosphorylation, regulation of epidermal growth factor-activated receptor activity, germ-band 
extension, axon guidance, negative regulation of cell proliferation, negative regulation of phosphatidylinositol 3-kinase 
signaling, peptidyl-tyrosine phosphorylation, regulation of protein stability, regulation of protein localization, peptidyl-
tyrosine dephosphorylation, negative regulation of MAP kinase activity, negative regulation of JAK-STAT cascade, negative 
regulation of Ras protein signal transduction, negative regulation of insulin receptor signaling pathway, oogenesis, negative 
regulation of peptidyl-tyrosine phosphorylation, cellular response to hypoxia 

mgl  FBgn0261260 Regulation of endocytosis, chitin-based cuticle development, regulation of adult chitin-containing cuticle pigmentation 

CG4341  FBgn0028481 Unknown 

CG10249 FBgn0027596 Neuron projection morphogenesis 

mus312  FBgn0002909 

Meiotic DNA double-strand break processing, resolution of meiotic recombination intermediates, nucleotide-excision 
repair, DNA damage recognition, DNA replication, DNA repair, mitotic G2 DNA damage checkpoint, reciprocal meiotic 
recombination, cell proliferation, reciprocal DNA recombination, interstrand cross-link repair, meiotic chromosome 
segregation 

EDTP  FBgn0027506 Dephosphorylation, oogenesis 

bru-3 FBgn0264001 Negative regulation of translation 

CG13315  FBgn0040827 unknown 

CG17199 FBgn0038775 Oxidation-reduction process 
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LanB2  FBgn0267348 
Salivary gland morphogenesis, midgut development, cell adhesion mediated by integrin, substrate adhesion-dependent 
cell spreading, system development, endodermal digestive tract morphogenesis, basement membrane assembly, 
extracellular matrix assembly 

CG34127  FBgn0083963 Lipid metabolism 

CG3894  FBgn0035059 Intracellular signal transduction 

Ten-a  FBgn0267001 Cell envelope biogenesis, outer membrane 

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 

ACXC  FBgn0040508 
cAMP biosynthetic process, adenylate cyclase-activating G-protein coupled receptor signaling pathway, adenylate cyclase-
inhibiting G-protein coupled receptor signaling pathway, spermatogenesis, cyclic nucleotide biosynthetic process, cAMP-
mediated signaling, intracellular signal transduction 

ACXB  FBgn0040509 
cAMP biosynthetic process, adenylate cyclase-activating G-protein coupled receptor signaling pathway, adenylate cyclase-
inhibiting G-protein coupled receptor signaling pathway, spermatogenesis, cyclic nucleotide biosynthetic process, cAMP-
mediated signaling, intracellular signal transduction 

Hira  FBgn0022786 
DNA replication-independent nucleosome assembly, chromatin remodeling, transcription, DNA-templated, regulation of 
transcription, DNA-templated, covalent chromatin modification, sperm chromatin decondensation, fertilization, exchange 
of chromosomal proteins 

dve  FBgn0020307 
Negative regulation of transcription from RNA polymerase II promoter, regulation of transcription, DNA-templated, 
imaginal disc-derived wing morphogenesis, midgut development, copper ion import, imaginal disc-derived leg joint 
morphogenesis, photoreceptor cell maintenance, reproductive structure development 

Eip63E  FBgn0005640 
Embryonic development via the syncytial blastoderm, morphogenesis of an epithelium, instar larval development, protein 
phosphorylation, metamorphosis, developmental growth 

bru-2  FBgn0262475 Negative regulation of translation 

sda  FBgn0015541 Amino acid transport and metabolism 

zfh1  FBgn0004606 

Negative regulation of transcription from RNA polymerase II promoter, pole cell migration, nervous system development, 
mesoderm development, heart development, hemocyte development, motor neuron axon guidance, germ cell migration, 
gonad development, antimicrobial humoral response, somatic stem cell division, lymph gland development, garland 
nephrocyte differentiation 

cindr  FBgn0027598 
Compound eye morphogenesis, actin filament organization, border follicle cell migration, regulation of cytokinesis, 
intercellular bridge organization, lateral inhibition, positive regulation of receptor-mediated endocytosis, compound eye 
development 

robo2 FBgn0002543 

Neuron migration, outflow tract morphogenesis, axon guidance, ventral cord development, tracheal outgrowth, open 
tracheal system, salivary gland boundary specification, synaptic target recognition, gonad development, mushroom body 
development, positive regulation of cell-cell adhesion, embryonic heart tube development, cardioblast cell fate 
specification, central complex development, regulation of epithelial cell migration, open tracheal system 

CG10051  FBgn0034437 Integral component of membrane 

Fas2  FBgn0000635 

Bolwig's organ morphogenesis, cell adhesion, homophilic cell adhesion via plasma membrane adhesion molecules, axonal 
fasciculation, neuromuscular junction development, learning or memory, learning, short-term memory, neuron 
recognition, motor neuron axon guidance, olfactory learning, regulation of cell shape, regulation of synaptic growth at 
neuromuscular junction, mushroom body development, regulation of tube architecture, open tracheal system, regulation 
of tube diameter, open tracheal system, regulation of tube length, open tracheal system, negative regulation of epidermal 
growth factor receptor signaling pathway, behavioral response to ethanol, regulation of synaptic plasticity, cell 
morphogenesis involved in neuron differentiation, imaginal disc-derived male genitalia morphogenesis, regulation of 
synapse structure or activity, synapse organization, photoreceptor cell axon guidance, terminal button organization, 
negative regulation of neuron remodeling 

bab1 FBgn0004870 

Transcription, DNA-templated, regulation of transcription, DNA-templated, regulation of transcription from RNA 
polymerase II promoter, eye-antennal disc morphogenesis, leg disc morphogenesis, imaginal disc-derived leg 
morphogenesis, sex differentiation, female gonad development, female sex differentiation, regulation of developmental 
pigmentation, sex-specific pigmentation, adult chitin-containing cuticle pigmentation, negative regulation of 
developmental pigmentation, negative regulation of male pigmentation 
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Table 4: GeneMANIA list of functional networks weighted by their ability to connect 

candidate genes to related genes, with their occurrence in the sample and in the genome. 

Mtk SP+ 
   

Description q-value 
Occurrenc

es in 
Sample 

Occurrences in Genome 

Monooxygenase activity 0.2254301 3 22 
Imaginal disc-derived leg morphogenesis 0.9076552 3 81 
Basement membrane 0.9076552 2 14 
Genitalia morphogenesis 0.9076552 2 16 
Genital disc morphogenesis 0.9076552 2 18 
Oxidoreductase activity, acting on paired donors, with 
incorporation or Reduction of molecular oxygen 

0.9076552 3 66 

Male genitalia development 0.9076552 2 18 
Imaginal disc-derived genitalia morphogenesis 0.9076552 2 14 
Post-embryonic genitalia morphogenesis 0.9076552 2 14 
Leg disc morphogenesis 0.9076552 3 82 

Dpt-B    

Description q-value 
Occurrenc

es in 
Sample 

Occurrences in Genome 

Adenylate cyclase activity 7.56E-05 5 14 
Phosphorus-oxygen lyase activity 0.0016847 5 28 
Cyclase activity 0.0016847 5 30 
Synapse assembly 0.0072316 7 122 
Cell-cell junction 0.0072316 6 78 
Synaptic growth at neuromuscular junction 0.0224314 6 98 
Developmental growth 0.0335874 8 225 
Cynapse organization 0.0482094 7 175 
Cell adhesion 0.0490844 7 181 
Neuromuscular junction development 0.0490844 6 127 
Chemotaxis 0.0490844 8 252 
Cell junction 0.0490844 6 126 
Biological adhesion 0.0554151 7 193 
Reproductive structure development 0.0698542 5 87 
Reproductive system development 0.0698542 5 87 
Axon development 0.0751684 8 288 
Negative regulation of cellular protein metabolic process 0.0751684 5 90 
Negative regulation of protein metabolic process 0.0751684 5 91 
Heart development 0.0880686 5 96 
Circulatory system development 0.0921487 5 99 
Cardiovascular system development 0.0921487 5 99 

IM1 SP+ 

   

Description q-value 
Occurrenc

es in 
Sample 

Occurrences in Genome 

Leg disc pattern formation 3.53E-05 5 19 
Leg disc proximal/distal pattern formation 3.53E-05 5 17 
Transmembrane receptor protein tyrosine kinase signaling 
pathway 

3.53E-05 9 147 

Enzyme linked receptor protein signaling pathway 3.53E-05 10 212 
Proximal/distal pattern formation, imaginal disc 5.94E-05 5 22 
Proximal/distal pattern formation 1.22E-04 5 26 
Imaginal disc-derived wing vein morphogenesis 0.0014534 5 43 
Genital disc development 0.0016043 5 45 
Eeg disc development 0.004067 6 99 
Eye-antennal disc development 0.0050388 5 59 
Sequence-specific DNA binding 0.0052721 7 166 
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Epidermal growth factor receptor signaling pathway 0.0084392 5 69 
ERBB signaling pathway 0.0084392 5 69 
Morphogenesis of an epithelium 0.0119857 8 273 
Open tracheal system development 0.0135441 7 201 
Respiratory system development 0.0158475 7 208 
Epithelial tube morphogenesis 0.0230285 5 93 
Compound eye morphogenesis 0.0230285 7 230 
Cell fate specification 0.0230285 5 92 
Tube development 0.0230285 6 155 
Central nervous system development 0.0230285 7 225 
Imaginal disc pattern formation 0.0289592 5 99 
Eye morphogenesis 0.029058 7 242 
Photoreceptor cell fate commitment 0.0334494 4 53 
Photoreceptor cell differentiation 0.0366358 6 174 
Morphogenesis of a branching structure 0.0411565 4 57 
Antennal development 0.0515526 3 23 
Tube morphogenesis 0.0525269 5 118 
Neuron fate commitment 0.0694933 4 67 
Response to organic substance 0.0721566 7 292 
Regulation of tube architecture, open tracheal system 0.0814328 4 71 
Cell fate determination 0.0835261 5 134 
Cellular response to chemical stimulus 0.0841652 6 213 
Cellular response to organic substance 0.0996427 5 141 
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Table 5: DAVID enrichment analysis. % indicates percentage of total genes assigned to 

term; Count indicates the number of genes in analysis assigned to each term. 

Mtk SP+ 

Category Term Count % P-Value Benjamini 
KEGG_PATHWAY ECM-receptor interaction 2 15.4 1.20E-02 7.00E-02 
GOTERM_BP_DIRECT Imaginal disc-derived leg morphogenesis 2 15.4 5.30E-02 9.80E-01 
GOTERM_MF_DIRECT Protein binding 3 23.1 8.10E-02 9.00E-01 
GOTERM_BP_DIRECT Defence response to Gram-negative bacterium 2 15.4 9.40E-02 9.70E-01 

 
Dpt-B SP+ 

Category Term Count % P-Value Benjamini 
INTERPRO Immunoglobulin subtype 7 13.7 5.50E-06 6.00E-04 
INTERPRO Immunoglobulin-like domain 7 13.7 1.70E-05 9.30E-04 
SMART IG 7 13.7 4.70E-05 1.50E-03 
INTERPRO Immunoglobulin-like fold 7 13.7 7.80E-05 2.80E-03 
INTERPRO Immunoglobulin subtype 2 6 11.8 7.80E-05 2.10E-03 
INTERPRO Immunoglobulin I-set 5 9.8 1.50E-04 3.20E-03 
GOTERM_MF_DIRECT Phosphorus-oxygen lyase activity 3 5.9 3.40E-04 2.20E-02 
SMART IGc2 6 11.8 4.70E-04 7.70E-03 
GOTERM_BP_DIRECT Cyclic nucleotide biosynthetic process 3 5.9 9.20E-04 2.20E-01 
GOTERM_BP_DIRECT Synapse organization 4 7.8 1.40E-03 1.70E-01 
GOTERM_MF_DIRECT Adenylate cyclase activity 3 5.9 1.40E-03 4.60E-02 
GOTERM_BP_DIRECT cAMP biosynthetic process 3 5.9 1.40E-03 1.20E-01 

GOTERM_BP_DIRECT 
Adenylate cyclase-inhibiting G-protein coupled receptor 
signaling pathway 

3 5.9 2.10E-03 1.30E-01 

GOTERM_BP_DIRECT 
Adenylate cyclase-activating G-protein coupled receptor 
signaling pathway 

3 5.9 2.30E-03 1.20E-01 

GOTERM_BP_DIRECT cAMP-mediated signaling 3 5.9 2.90E-03 1.20E-01 
GOTERM_CC_DIRECT Plasma membrane 10 19.6 3.20E-03 1.70E-01 
UP_SEQ_FEATURE Splice variant 8 15.7 3.40E-03 2.90E-01 
INTERPRO Epidermal growth factor-like domain 4 7.8 3.40E-03 6.10E-02 
INTERPRO Adenylyl cyclase class-3/4/guanylyl cyclase 3 5.9 5.00E-03 7.60E-02 
GOTERM_BP_DIRECT Intracellular signal transduction 4 7.8 6.70E-03 2.20E-01 
UP_KEYWORDS Alternative splicing 8 15.7 7.00E-03 3.70E-01 
SMART EGF 4 7.8 7.40E-03 7.80E-02 
UP_KEYWORDS Coiled coil 13 25.5 9.40E-03 2.70E-01 
GOTERM_BP_DIRECT Negative regulation of translation 3 5.9 9.70E-03 2.80E-01 
INTERPRO Six-bladed beta-propeller, TolB-like 3 5.9 1.10E-02 1.40E-01 
SMART CYCc 3 5.9 1.10E-02 8.60E-02 
UP_KEYWORDS Cell adhesion 3 5.9 1.40E-02 2.70E-01 
GOTERM_MF_DIRECT Protein binding 8 15.7 1.50E-02 2.80E-01 
GOTERM_BP_DIRECT Garland nephrocyte differentiation 2 3.9 1.50E-02 3.60E-01 
GOTERM_MF_DIRECT Protein homodimerization activity 4 7.8 2.00E-02 2.80E-01 
GOTERM_BP_DIRECT Imaginal disc-derived leg morphogenesis 3 5.9 2.20E-02 4.50E-01 

GOTERM_MF_DIRECT 
Transcription factor activity, sequence-specific DNA 
binding 

5 9.8 2.50E-02 2.90E-01 

INTERPRO EGF-like, conserved site 3 5.9 2.60E-02 2.70E-01 
GOTERM_BP_DIRECT Motor neuron axon guidance 3 5.9 2.60E-02 4.70E-01 
UP_KEYWORDS Transmembrane helix 18 35.3 2.70E-02 3.70E-01 
UP_KEYWORDS Transmembrane 18 35.3 2.80E-02 3.10E-01 
INTERPRO Fibronectin, type III 3 5.9 2.80E-02 2.70E-01 
SMART FN3 3 5.9 3.40E-02 2.10E-01 
GOTERM_BP_DIRECT Central complex development 2 3.9 3.80E-02 5.70E-01 
GOTERM_BP_DIRECT Mushroom body development 3 5.9 4.10E-02 5.70E-01 
UP_KEYWORDS Nucleus 9 17.6 4.80E-02 4.10E-01 
GOTERM_BP_DIRECT Imaginal disc-derived wing morphogenesis 4 7.8 5.00E-02 6.20E-01 
GOTERM_BP_DIRECT Cell adhesion 3 5.9 5.00E-02 6.00E-01 
GOTERM_BP_DIRECT Transcription, DNA-templated 5 9.8 5.40E-02 6.00E-01 
GOTERM_MF_DIRECT Nucleotide binding 4 7.8 5.50E-02 4.60E-01 
GOTERM_BP_DIRECT Regulation of synapse structure or activity 2 3.9 5.90E-02 6.20E-01 
UP_KEYWORDS Membrane 18 35.3 6.00E-02 4.40E-01 
UP_KEYWORDS Transcription regulation 5 9.8 6.20E-02 4.10E-01 
GOTERM_CC_DIRECT Presynaptic membrane 2 3.9 6.20E-02 8.50E-01 
KEGG_PATHWAY Purine metabolism 3 5.9 6.60E-02 5.30E-01 
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GOTERM_BP_DIRECT Somatic stem cell population maintenance 2 3.9 7.00E-02 6.60E-01 
UP_KEYWORDS Transcription 5 9.8 7.40E-02 4.30E-01 
GOTERM_CC_DIRECT Presynaptic active zone 2 3.9 7.70E-02 7.90E-01 
UP_SEQ_FEATURE Compositionally biased region:Ser-rich 3 5.9 7.90E-02 9.80E-01 
UP_KEYWORDS Lyase 3 5.9 7.90E-02 4.20E-01 
GOTERM_CC_DIRECT Axon 3 5.9 8.90E-02 7.50E-01 
UP_KEYWORDS Disulfide bond 6 11.8 9.10E-02 4.40E-01 
GOTERM_BP_DIRECT Germ-line stem cell division 2 3.9 9.10E-02 7.40E-01 
GOTERM_BP_DIRECT Antimicrobial humoral response 2 3.9 9.80E-02 7.50E-01 

 

IM1 SP+ 

Category Term Count % 
P-

Value Benjamini 
INTERPRO Zinc finger, C2H2-like 5 13.2 6.0E-3 3.9E-1 
INTERPRO Zinc finger, C2H2 5 13.2 7.9E-3 2.8E-1 
SMART ZnF_C2H2 5 13.2 9.9E-3 2.0E-1 

GOTERM_MF_DIRECT 
Transcription factor activity, sequence-specific DNA 
binding 5 13.2 

1.0E-2 4.4E-1 

GOTERM_BP_DIRECT Establishment of body hair or bristle planar orientation 2 5.3 1.1E-2 9.2E-1 
UP_KEYWORDS Alternative splicing 6 15.8 1.8E-2 6.4E-1 

GOTERM_BP_DIRECT 
Progression of morphogenetic furrow involved in 
compound eye morphogenesis 2 5.3 

2.3E-2 9.4E-1 

GOTERM_BP_DIRECT 
Branched duct epithelial cell fate determination, open 
tracheal system 2 5.3 

2.3E-2 9.4E-1 

GOTERM_BP_DIRECT Open tracheal system development 3 7.9 2.9E-2 9.1E-1 
UP_SEQ_FEATURE Splice variant 5 13.2 3.1E-2 7.7E-1 
GOTERM_BP_DIRECT Developmental pigmentation 2 5.3 3.6E-2 8.9E-1 
UP_KEYWORDS Transmembrane helix 13 34.2 4.5E-2 7.3E-1 
UP_KEYWORDS Transmembrane 13 34.2 4.5E-2 5.9E-1 
GOTERM_MF_DIRECT Sequence-specific DNA binding 4 10.5 4.8E-2 7.6E-1 
GOTERM_BP_DIRECT Chitin-based embryonic cuticle biosynthetic process 2 5.3 5.6E-2 9.4E-1 
GOTERM_BP_DIRECT Ectoderm development 2 5.3 5.9E-2 9.1E-1 

GOTERM_BP_DIRECT 
Establishment of imaginal disc-derived wing hair 
orientation 2 5.3 

6.4E-2 9.0E-1 

GOTERM_CC_DIRECT Integral component of membrane 13 34.2 6.6E-2 9.4E-1 
GOTERM_BP_DIRECT Cellular response to hypoxia 2 5.3 6.9E-2 8.9E-1 
GOTERM_BP_DIRECT Compound eye photoreceptor cell differentiation 2 5.3 7.1E-2 8.6E-1 
GOTERM_BP_DIRECT Endosomal transport 2 5.3 7.4E-2 8.4E-1 
UP_KEYWORDS Membrane 13 34.2 8.1E-2 7.1E-1 
GOTERM_BP_DIRECT Epithelial cell migration, open tracheal system 2 5.3 8.6E-2 8.6E-1 
KEGG_PATHWAY Neuroactive ligand-receptor interaction 2 5.3 9.2E-2 4.9E-1 
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