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Abstract
Understanding cross-tissue interactions is important for understanding physiology and homeostasis. In animals, the female gonad produces signaling molecules that act distally. We examined gene expression in Drosophila melanogaster female head tissues in 1) virgins without a germline compared to virgins with a germline, 2) post-mated females with and without a germline compared to virgins, and 3) post-mated females mated to males with and without a germline compared to virgins. In virgins, the absence of a female germline resultsed in expression changes in genes with known roles in nutrient homeostasis. At one- and three-days post-mating, genes that changed expression awere enriched with those that function in metabolic pathways in all conditions, though the genes were largely different across conditions. Three-day, post-mated females without a germline was the only condition that had differentially expressed genes enriched with several ‘neuronal’ and ‘behavioral’ biological process and pathway categories. We systematically examine female post-mating impacts on sleep, food preference and re-mating, in the strains and time points used for gene expression analyses and compare to published studies. also found that three-day, post-mated females without a germline have increased daytime and nighttime sleep, whereas female controls with a germline had decreased nighttime sleep. We find that male or female fertility does not impact the post-mating preference for yeast-containing media, but male fertility does change female re-mating. We also show that post-mating, gene expression changes varies by strain. We This prompted us to examined variation in female re-mating and performed a genome-wide association study that identifiesd several DNA polymorphisms, including four in/near Wnt signaling pathway genes. Together, these data reveal how gene expression and behavior in females areis influenced by cross-tissue interactions, with an examination ofby examining the impact of mating, fertility, and genotype.
Introduction
In animals, organs and tissues communicate through secreted signaling molecules to coordinate physiological functions. For example, interactions between the brain and reproductive organs in mammals, via signaling molecules in the hypothalamus-pituitary-gonadal axis, are responsible for the coordination of reproduction, metabolism, and behavior (reviewed in MEETHAL AND ATWOOD 2005; DELLA TORRE et al. 2014). Though we know that oOrgans communicate to maintain homeostasis, so understanding how  it is largely unknown how perturbation of one organ alters gene expression and functions of other organs is an important goal for understanding and treating human disease (reviewed in SCHADT 2009). The fruit fly, Drosophila melanogaster, has a complex organ systems with cross-tissue interactions mediated by genes that are conserved across phyla. Thus, Drosophila is a tractable in vivo model system to study cross-tissue interactions, with a range of investigations on cross-tissue and cross-organ interactions already performed (for example see HUDRY et al. 2019; SCOPELLITI et al. 2019) (; and reviewed in RAJAN AND PERRIMON 2011; DROUJININE AND PERRIMON 2013; DROUJININE AND PERRIMON 2016; JAYAKUMAR AND HASAN 2018; AHMAD et al. 2019). In this study, we analyze cross-tissue interactions associated with female reproduction, with a focus on how these interactions impact gene expression in adult head tissues and behavior. 
In Drosophila, signaling molecules are known to mediate cross-talk between the female nervous system, fat body (a tissue akin to the mammalian adipose and liver tissues), endocrine tissues, gut, and reproductive tissues. These signals to coordinately regulate aspects of physiology, energy homeostasis, immunity, and lifespan with reproduction reproduction and lifespan (reviewed in TOIVONEN AND PARTRIDGE 2009; RAJAN AND PERRIMON 2011; DROUJININE AND PERRIMON 2016; AHMAD et al. 2019). For example, Drosophila has eight insulin-like signaling peptides (Ilp1-8), and expression of Ilps 2, 3, and 5 in adult brain median neurosecretory cells regulates the rate of female germline cell division, through binding to insulin receptor (InR) on germline stem cells (IKEYA et al. 2002; LAFEVER AND DRUMMOND-BARBOSA 2005; HSU AND DRUMMOND-BARBOSA 2009). Based on analysis of InR mutants, it is also clear that insulin signaling regulates the production of juvenile hormone (JH; TU et al. 2005), a sesquiterpenoid produced in the corpus allatum (an insect endocrine gland, Figure 1AS1, red arrows). (REIFF et al. 2015)JH stimulates production of 20-hydroxyecdysone (ecdysone), a steroid hormone produced in the ovaries, during adult stages (Figure S1, blue arrow; TU et al. 2002; TU et al. 2005). The production of ecdysone then stimulates production of yolk proteins in the gonadal fat body. Yolk proteins, an energy resource, are released into the hemolymph and absorbed by the ovaries (reviewed in GRUNTENKO AND RAUSCHENBACH 2008), to coordinate energy homeostasis and reproductive functions. The ecdysone signaling pathway is also essential for germline development and maintenance of germline stem cells (reviewed in ABLES AND DRUMMOND-BARBOSA 2017; SWEVERS 2019). Additionally, there is JH production post-mating that triggers remodeling of the midgut, resulting in a larger organ in anticipation of greater nutrient demands after mating (REIFF et al. 2015). Thus, the signaling pathways known to coordinate reproduction and physiology are complex, acting from and on distinct tissues and organs.
These signaling pathway interactions are also important for the female post-mating response (PMR), which includes increased egg laying (CHEN et al. 1988) and feeding (CARVALHO et al. 2006), a preference for both yeast and salt instead of carbohydrates (RIBEIRO AND DICKSON 2010; VARGAS et al. 2010; WALKER et al. 2015), decreased intestinal transit (COGNIGNI et al. 2011; APGER-MCGLAUGHON AND WOLFNER 2013), decreased receptivity to mating (MANNING 1962; CHEN et al. 1988; AIGAKI et al. 1991; CHAPMAN et al. 2003), decreased daytime sleep (ISAAC et al. 2010; GARBE et al. 2016; DOVE et al. 2017) and lowered immune response (FEDORKA et al. 2007; SHORT AND LAZZARO 2010; SHORT et al. 2012). During copulation, peptides are transferred to the female in the male seminal fluid that induce the PMR (reviewed in WOLFNER 1997; WOLFNER 2002; AVILA et al. 2011; SIROT et al. 2014). One critical peptide, sSex- pPeptide (SP), which acts through a G-protein coupled receptor called sex-peptide receptor (SPR; YAPICI et al. 2008), induces the short-term PMR (<1 day). The gradual release of SP bound to sperm is required for the long-term PMR (1-7 days, PENG et al. 2005). SP stimulates production of JH in the corpus allatum and ecdysone in the ovaries, with this SP-dependent increase of ecdysone driving the proliferation of germline stem cells (Figure S1, purple arrows; MOSHITZKY et al. 1996; AMEKU AND NIWA 2016). Further evidence that these signaling pathways mediate the PMR is that perturbation of the insulin signaling pathway, ecdysone, or JH impacts female reproductive behaviors (RINGO et al. 1991; RINGO et al. 2005; WIGBY et al. 2011; GANTER et al. 2012; WATANABE AND SAKAI 2016).
Several genomic studies have determined the impact of mating on gene expression in female adult tissues (summary in Table S1). These include studies of whole flies at several time-points ≤ 24 hours post-mating (LAWNICZAK AND BEGUN 2004; MCGRAW et al. 2004; MCGRAW et al. 2008; SHORT AND LAZZARO 2013), studies of whole flies that examine the impact of single versus double mating (INNOCENTI AND MORROW 2009), and studies of adult flies with no gonadal tissues, examined immediately post-mating (PARISI et al. 2010). Tissue-specific gene expression studies include an analysis of abdominal and head/thorax tissues 3-6 hours post-mating (GIOTI et al. 2012), reproductive tract tissues (minus the ovaries) at 0, 3, 6, and 24 hours post-mating (MACK et al. 2006), oviduct tissues at 3-hours post-mating (KAPELNIKOV et al. 2008), and head tissues at 0-2, 24, 48, and 72 hours post-mating (DALTON et al. 2010). There are additional population-level studies examining the effect of genetic background on gene expression changes post-mating (FEAR et al. 2016; DELBARE et al. 2017). It is clear from these studies that the PMR is tissue-specific, temporally dynamic, and influenced by genotype.  
Here, using RNA-sequencing (RNA-seq), we examined gene expression changes in age-matched female adult head tissues (comparisons are shown in Figure 1BTable 1); these conditions/tissues have not been examined previously. Head tissue is predominantly comprised of nervous system and pericerebral fat body tissues, so we gain insight into both expression changes that mediate behavior and metabolism. In this study, we use tudor (tud) mutants to generate males and females that lack germline tissues (BOSWELL AND MAHOWALD 1985; and reviewed in THOMSON AND LASKO 2005). We compared gene expression in virgins with a germline to those lacking a germline, and show that the absence of the germline results in altered expression of genes that with a known function in nutrient homeostasis. We also examined one- and three-day post-mating gene expression changes compared to virgin controls. We compared gene expression in post-mated females (with and without a germline) to virgin controls, as well as gene expression in post-mated Berlin females that had been mated to males (with and without a germline) compared to virgin controls. We fiound that in all conditions the female post-mating response results in changes in expression of genes that function in metabolism, however, each comparison had largely different genes with expression changes. We performed gene set enrichment analysis and fiound that only one condition, three-day, post-mated females lacking a germline, hasd genes with expression changes that awere enriched with several ‘neuronal’ and ‘behavioral’ biological process and pathway terms. 
Given that the female mutants, strains, and time points examined here for gene expression changes have not been systematically examined for post-mating behavioral changes, we examine post-mating sleep, food preference for yeast- or sucrose-containing media, and female re-mating, and compare to previous studies (for comparisons see Table S1). We alsoWe found discover that both daytime and nighttime sleep areis increased post-mating in tud progeny females without a germline , whereas nighttime sleep is decreased post-mating in control tud progeny females with a germlinecompared to control females with a germl. This sleep result is distinct from previous studies that found daytime post-mating sleep decreased in all strains but white Berlin (ISAAC et al. 2010; GARBE et al. 2016; DOVE et al. 2017)ine. . On the other handWe find that , the female post-mating preference for yeast-containing media is independent of female and male fertility presence of eggs and receipt of sperm. A requirement for the female germline in the post-mating preference for yeast was not directly tested (RIBEIRO AND DICKSON 2010; VARGAS et al. 2010), nor was a requirement for sperm, just a role for sex-peptide (RIBEIRO AND DICKSON 2010). For female re-mating, we find that the presence of sperm has an impact. Female re-mating, but not the presence eggs. Female re-mating is high when females are mated to males that do not transfer sperm, but not when females are infertile, due to lack of germline tissues at both 1- and 3-day(s) post-mating. This result is consistent with previous studies using other mutants that cause females to lack a germline (CHAPMAN et al. 2003; LIU AND KUBLI 2003; PENG et al. 2005; BARNES et al. 2008). 
We also examined how genetic background influences female re-mating behavior, using two collections of wild caught Drosophila strains (MACKAY et al. 2012; CAMPO et al. 2013). A genome-wide association study (GWAS) identified several significant polymorphisms and indels in or near genes, including four genes in the Wnt signaling pathway and several genes with known nervous system expression. 

Materials and Methods
Fly stocks and maintenance
The wild -type Berlin Drosophila strain was used for gene expression analyses. In the sleep analysis, both wild type Berlin and Canton S (CS) are used. Animals without a germline and genetically identical control animals with a germline were produced from crosses using tudor (tud) females, a recessive, maternal-effect allele. Progeny from homozygous tud mutant mothers  for tud do not form pole cells;  and thus these progeny lack germline tissues, but the somatic tissues of the gonad are present are sterile (BOSWELL AND MAHOWALD 1985; reviewed in THOMSON AND LASKO 2005). The genotype of experimental and control tud progeny were all the same genotype (tud1, bw1, sp1/+), but were produced using a different crossing scheme. Animals that lacked germline tissues were the progeny of tud1, bw1, sp1 females (mothers are homozygous for tud1) and wild-type Berlin males; animals with germline tissues were the progeny of tud1, bw1, sp1/SM1 females (mothers are heterozygous for tud1) and wild-type Berlin males. 
Age-matched virgin and mated females used in this study were generated by collecting tud1, bw1, sp1/+ virgin females (with and without a germline), Berlin virgin females, naïve tud1, bw1, sp1/+ males (with and without a germline), and naïve Berlin males in groups of 11, 0-6 hours post-eclosion. All flies were aged for five days (for the three-day post-mated time-point) or seven days (for the one-day post-mated time-point), to ensure all female flies were eight-days old at the time of collection. tud1, bw1, sp1/+ virgin females (with or without a germline) were mated with Berlin males, and Berlin virgin females were mated to tud1, bw1, sp1/+ males (with or without a germline). Males and females were mated at a 1:1 male to female ratio, for 24 hours. We found 24 hours was a sufficient amount of time to ensure 100% of females were mated, as assayed by the presence of progeny (data not shown).
All flies were raised at 25°C under 12:12 hour light-dark cycle and grown using standard cornmeal food media (33 L H2O, 237 g Agar, 825 g dried deactivated yeast, 1560 g cornmeal, 3300 g dextrose, 52.5 g Tegosept in 270 ml 95% ethanol and 60 ml Propionic acid).
Library preparation 
Flies were briefly anesthetized under CO2 and males were removed. Mated females were returned to their food vials and allowed to recover from CO2 treatment for eight hours (one-day post-mating time point) or aged for an additional 48 hours (three-day post-mating time point), for the one- and three-day post-mating time points, respectively. Virgin Berlin and tud1, bw1, sp1/+ females (with or without a germline) were collected shortly following eclosion and aged for eight days. All females were collected by rapidly tapping the flies into vials without anesthesia, were immediately snap frozen in liquid nitrogen, and stored at -80°C. 
Adult heads were separated from bodies by mechanically tapping frozen cryovials on a hard surface. Contents of the vialThe heads were then sorted from other body parts on plastic cooled on top of dry ice, to keep tissues frozen. Approximately 100 heads per sample were immediately transferred to TRIzol® (Invitrogen). Total RNA from whole heads was extracted using Trizol, and polyA mRNA was purified using MicroPoly(A) Purist columns (Ambion). All subsequent steps of the Illumina library preparation were performed as previously described (MASLY et al. 2011). The libraries were sequenced from a single end, using an Illumina Genome Analyzer IIx sequencer, with 72 bases determined. All experiments hadThere were three independent biological replicates for all conditions.
RNA-sequencing read mapping
The Illumina reads were aligned to the Drosophila reference genome FB5.51 (FlyBase v5.51) using Bowtie 2, a Tophat alignment tool (version 2.0.8 LANGMEAD et al. 2009). The count table was then extracted from the Tophat files using easyRNAseq (version 3.0.2) and FPKM values were calculated using cufflinks (version 2.1.1, DELHOMME et al. 2012; TRAPNELL et al. 2012). Statistical analyses to determine differential gene expression were performed for each pairwise comparison using the “tagwise” model of dispersion in the edgeR statistical package (version 3.0.2, ROBINSON et al. 2010). FDR correction was performed on all contrasts to correct for multiple testing and false positives (BENJAMINI AND HOCHBERG 1995). Significant differences in gene expression were determined at an FDR corrected q-value < 0.05, only testing genes that passed a filter of FPKM >1 in all three replicates, in at least one condition, to filter out genes with low expression. The full table of results is provided (Table S2).
Quality control and validation
A principal component analysis was performed on data for all genes that passed filter in at least one condition (9,352 genes), using the online tool iDEP.82 (http://bioinformatics.sdstate.edu/idep/, Figure S2, GE et al. 2018). Correlation across replicates was performed using the JMP statistical software (JMP®, Pro 13. SAS Institute Inc.), with the replicates showing high correlation. To determine the relatedness of our biological replicates, we performed cross-correlation analysis for each experimental condition separately, using a Pearson’s Product-Moment correlation with a rRow-wise estimation (Figure S2S3). Correlation across replicates was r >0.9, for all conditions, with most having an r >0.97. Thus, differences in the numbers of genes with expression differences in the different comparisons is not due to differences in variance across the replicates from any one condition.
Additionally, qRT-PCR was performed using independent head samples than those collected for RNA-sequencing. A on a set of genes were chosen based on that were identified in the RNA-seq experiment results, as significantly differentially expressed, with a fold-change >2 and FDR < 0.05, on independently collected RNA samples (Figure S3S4). These genes were Diptericin B (DptB), Drosomycin (Drs), female-specific independent of transformer (fit), Metchnikowin (Mtk), target of brain insulin (tobi), and Vago. Three biological replicates of approximately 40-50 heads were collected for each replicate, in each condition, and homogenized into 1mL of TRIzol® (Invitrogen™). RNA was extracted using TRIzol®, followed by an on-column DNase Digestion using RNA Clean & Concentrator™ -25 columns (Zymo Research) with rDNase (Machary-Nagel). cDNA was made using SuperScript III™ Reverse Transcriptase (Invitrogen™), and qPCR was performed using SYBR™ green PCR Master Mix (Applied Biosystems™) on a QuantStudio Flex (Applied Biosystems™). Primer sequences are provided in Table S3. The 2−ΔΔCt method (LIVAK AND SCHMITTGEN 2001) and internal control gene Rp49 were used to calculate expression levels (Figure S4). We found that the changes in expression seen in the RNA-sequencing results were largely confirmed using qRT-PCR (Figure S3). 
Gene ontology and pathway analysis
Gene Ontology (GO) and Pathway analysis were performed through the Flymine portal v45.1, using a Benjamini-Hochberg correction with a p-value cut-off of <0.05 (LYNE et al. 2007). The full list of results is available in Table S4. 
Gene list overlap analysis
	To examine the number of gene lists conditions for which the same genes have differential expression, we used an Upset plot for visualization (LEX et al. 2014), which is conceptually similar to a Venn diagram. The Upset plot shows the number of genes in each list (horizontal bar graph) and the number of genes that overlap across the lists (vertical bar graph). . The plot shows genes that are uniquely differentially expressed in each condition, as well as those that are identified as differentially expressed in multiple condition(s). Additional sStatistical analysis of the overlapping genes across all pair-wise comparisons was performed using the R package ‘GeneOverlap’ (SHEN 2019). Briefly, sSignificance of gene list overlap is calculated using a Fisher’s exact test that considers the number of genes overlapping, in addition toand the total number of genes in the genome (17,294 genes). We used the Jaccard Index to determine the amount of similarity between two lists. For the statistical analysisFisher’s exact test and Jaccard Index, we used the 16 gene lists that include genes that were either induced or repressed by mating from this study (Table 2), as well as the top 100 genes that were induced and repressed at one- and three-days post-mating identified in our previous study, using the Canton S strain (DALTON et al. 2010). 
Re-mating behavioral assays
The virgin female and male flies were collected in groups of 10, shortly after eclosion, and aged for 4-7 days. Females were then mated in a 1:1 male: female ratio for 24 hours. After 24 hours, the flies were briefly anesthetized, males were removed, and females were returned to their original vials. To determine if re-mating occurred, for the second mating we utilized males that have fluorescent sperm (w;P{w+mC,dj-GFP.S}AS1/CyO; referred to hereafter as DJ-GFP). The dissected internal reproductive tract of females used in this assay was visualized using a Leica MZFLIII fluorescence stereomicroscope to detect the presence of DJ-GFP marked sperm. For the one-day post-mating time point, DJ-GFP males were added to the vials immediately after the first set of males were removed. The DJ-GFP males were added in a 1:1 male: female ratio and allowed to mate for an additional 24 hours. For the three-day post-mating time point, females were aged for an additional 48 hours, and then DJ-GFP males were added in a 1:1 male: female ratio for 24 hours. Following this 24-hour mating period, flies were briefly anesthetized, and males were removed. Re-mating was scored based on the presence of GFP in the female reproductive tract within six hours of the males being removed. Additionally, virgin females were collected and aged as above, but only mated with the DJ-GFP males in a 1:1 male: female ratio, as a control. .
Statistical analysisANOVA and Tukey-HSD post-hoc tests wereas performed in JMP® Pro 14.0.0. Berlin and tud/+ females were considered separately. A one-way ANOVA was performed to examine the effect of receipt of sperm (mated and mated with males that do not have sperm) in Berlin females. A separate one-way ANOVA was used to examine the effect of the female germline on re-mating (germline or no germline). Tukey-HSD post-hoc test was performed on significant ANOVA results to identify significantly different pairs(see Table S5).
Sleep behavioral assays
Virgin females were collected and aged for five days. On day five they were mated to males or retained as virgins. On day six males were removed and female flies were individually loaded into 5 x 65mm glass tubes (Trikinetics Inc.), plugged on one end with 5% sucrose and 1% agar dipped in paraffin wax to seal. The non-food end was sealed with parafilm, with small air holes. The vials were loaded into Drosophila activity monitors (TriKinetics Inc.) and placed in a 25 °C incubator in 12:12 light: dark. Each condition was run for six days. The data from the first day of activity was not considered, as flies were recovering from CO2 anesthesia. Activity was measured as the number of beam breaks and collected in one-minute bins. Data was analyzed using ShinyR-DAM (CICHEWICZ AND HIRSH 2018). ShinyR-DAM uses a sliding five-minute window to determine sleep events, where a sleep event is defined as five continuous minutes with no movement. ShinyR-DAM provides the mean number of sleep events per individual fly, separately for lights-on and lights-off (CICHEWICZ AND HIRSH 2018); this is the data used for sleep analyses presented (Table S5)Sleep events were averaged for every individual in each condition, where 1 means all flies were asleep and 0 means no flies were asleep (CICHEWICZ AND HIRSH 2018). ANOVA and Tukey-HSD post-hoc tests
Individual day and night sleep data were downloaded from the ShinyR-DAM platform and statistical analysis on data from ShinyR-DAM were performed in JMP® Pro 14.0.0, where. For all statistical analysis ddaytime and nighttime sleep were analyzed separately (Table S5). 
To determine the effect of mating and strain on sleep, the sleep data from virgin and mated female flies of the Berlin, white Canton S, and tud/+ genetic background were analyzed. We performed a two-way ANOVA using mating (virgin or mated) and strain (Berlin, white Canton S, and tud/+) as factors. To determine the effect of the receipt of sperm, we analyzed sleep data from virgin Berlin females, Berlin females mated to males with sperm, and Berlin females mated to males without sperm. We performed a one-way ANOVA using mating as our factor (virgin, mated, mated with no sperm). To test the effects of mating and the female germline on sleep, we examined virgin and mated tud/+ females with a germline and virgin and mated tud/+ females without a germline. We used a two-way ANOVA to test the effect of mating (virgin and mated), female germline (germline and no germline), as well as, the interaction of mating and female germline on sleep. For all tests, the Tukey-HSD post-hoc test was used to determine which pairs were significantly different, on all significant ANOVA results. All P-values and parameter effects are listed in Table S5.
Food preference behavioral assay
	Food preference was performed as previously described (RIBEIRO AND DICKSON 2010). Virgin females and naïve male flies were collected and aged for five dayss above. Five-day old females were placed on sucrose agar food (100mM sucrose and 0.75% agar) and females were either kept as virgins or mated for 24-hours on day six (for three-day post-mating time-point) or day seven (for 1-day post-mating time point).ings were done as described above). On day eight, all females were briefly anesthetized with CO2 and placed on Petri dishes spotted with red food (20mM sucrose, 0.5 mg/ml of the red dye amaranth, and 0.75% agar) and blue food (5% yeast, 0.125 mg/ml of the blue dye indigo carmine, and 0.75% agar). Petri dishes were placed in a dark, 25 °C incubator for three hours. Subsequently, flies were flash frozen to be scored at a later date. Flies were scored for red, blue, purple, or no color in their abdomens. Groups of flies are scored as having a preferencepreferring for yeast if >50% of the flies had blue abdomens. The percent of groups that preferred yeast was calculated. Each condition was run on multiple plates over multiple days. 
Genome-wide association study of re-mating behavior in natural strains
The re-mating behavior analyses were performed on on F1 progeny from P0  w1118 males crossed with females from either the Drosophila Genetic Reference Panel strain collection  (138 strains; DGRP; MACKAY et al. 2012), and a set of inbred linesor strains derived from Winters, CA  (28 strains; CAMPO et al. 2013). Males used for the re-mating assay were w1118 (first mating) and DJ-GFP (second mating).

Females from each isogenic strain from the DGRP or Winters panel were crossed to w1118 males to generate F1 progeny. Virgins of these F1 virgins progeny were then collected in vial groups of 11 females and aged for 3-6 days. Multiple An average of six vial groups were collected for each F1 genotype, strain for a total of 1,076 vial groups. F1 virgins were then mated to w1118 for 24 hours in a 1:1 male: female ratio. Following the 24 hours, flies were briefly anesthetized with CO2 and females were placed back into their original vials and aged for 48 hours. DJ-GFP males were then introduced into the vials of females and allowed to mate for 24 hours. After 24 hours, flies were briefly anesthetized with CO2 and females were singly placed into individual vials where they laid eggs for 12-14 days. The F2 progeny were then scored to assess F1 re-mating based on the F2 eye color; if F1 females mated with the DJ-GFP males, a proportion of the F2 progeny will have orange eyes.
	Percent re-mating was calculated from vial groups where eight or more F1 females survived the assay and produced 15 or more F2 progeny, in order to ensure re-mating could be reasonably assessed. Percent re-matingIt was calculated by taking the number of F1 females that re-mated (determined by having any orange-eyed F2 progeny) divided by the total number of females in that vial group. Afterwards, Ppercent re-mating from each vial group was sorted from lowest to highest percent re-mating and ascending ranks were assigned based on this sorting (1-1,076). Ranks from each replicate for a single genotype were then averaged together for the averaged rank transformed value. GWAS was performed on the rank transformed data from the F1 progeny from 138 DGRP femalesstrains, using the web-based pipeline at dgrp2.gnets.ncsu.edu (HUANG et al. 2014). The dgrp2 DGRP2 workflow reports P-values from both a simple regression and a mixed effects model for polymorphisms in the DGRP panel (HUANG et al. 2014). Given that our the behavioral data set was generated from F1 progeny from crosses between DGRP females and w1118 males, significant associations from the GWAS are likely due to dominant polymorphisms/indels in DGRP panel strains, but could also be due to recessive alleles present in both the DGRP and w1118 strains, with the DGRP polymorphismpolymorphisms identified here.
Data availability
All raw and mapped read data are available through the gene omnibus database under accession number GSE90724. The Figshare link will be provided in the final manuscript and should be available through the Genetics portal during review.
Results 
The goal of this study was is to determine how mating and presence or absence of a germline (hereafter referred to as germline status) influences gene expression changes and behavior, in order to gain insight into the cross-tissue coordination of reproductive physiology, behavior and metabolism. In this study, we examined females with or without a germline that were are either virgin, one-, or three-days post-mating. We also examined how receipt of sperm and/or seminal fluid impacts gene expression and behavior, by assaying females that were are mated to males with or without a germline at one- and three-days post-mating.
Overview of Gene Expression Analysis
	To understand how reproduction and cross-tissue interactions influence gene expression, we assayed the global transcriptional responses in adult head tissues of age-matched females. To generate male and female animals without germline tissues, we performed a cross with P0 females that are either homozygous or heterozygous for the maternal-effect allele of tudor1 (tud1). The males in the P0 cross are Berlin males. Progeny from homozygous tud1 mutant mothers do not have germline tissues, while progeny from heterozygous tud1 mothers have germline tissues. Thus, same-sex tud1 progeny, with and without a germline, are the same genotype (tud1, bw1, sp1/+; hereafter tud/+; see Methods for more detail). We conducted three separate comparisons that control for genetic strain background., within each comparison (Table 1). First, we examined gene expression in virgins, with or without a germline (tud/+, Figure Table 2B1, comparison 1). Next, we examined the post-mating gene expression response at one- and three-days post-mating, in tud/+ females (with and without a germline) mated to Berlin males (Figure Table 2B1, comparison 2). In the third set of comparisons, we examined the post-mating gene expression response in Berlin females mated to tud/+ males (with and without a germline, Figure Table 2B1, comparison 3). For each condition, Illumina libraries were were generated for three independent biological replicates. Differential gene expression was is determined at an FDR < 0.05 and fold-change was is calculated to determine direction of change (Table S2). 
TheAbsence of a germline impacts gene expression in virgin female head tissues
To understand how germline tissue influences gene expression in the adult head, we identifyied  genes with expression changes that are due to presence of the the absence of a germline in virgin females. In this comparison, we considered having a germline the baseline state, and gene expression changes are described as either “induced” (higher in virgin females without a germline) or “repressed” (higher in virgin females with a germline). We identifyied 152 significantly differentially expressed genes, with 83 genes with induced higher expression in virgin females without a germline and 69 genes repressed with higher expression in virgin females with a germline due to absence of the germline (Table 21 , Table S2and Table S6). 
An analysis of the enriched pathways (using Kyoto Encyclopedia of Genes and Genomes (KEGG) and Reactome) for the 152 genes revealsed that the absence of a germline had a clear effect onimpacts genes with known roles in metabolism in virgin females, as all six significant pathways are involved in metabolism. We also used Gene Ontology (GO) to examine the sets of genes for determine if there is enrichment of genes that function in a biological process (hereafter referred to as gene set enrichment analysis). Gene set enrichment analysis for the 152 genes further confirms ed that they contain significant enrichment for genes with known metabolic functions (Table S4). Based on the FlyAtlas tissue gene expression data set (CHINTAPALLI et al. 2007), the 152 genes had are known to have high expression in the head and fat body in wild-type animals, but low expression in brain tissue, indicating signaling between the germline and head fat body likely may generated many of the expression differences in this comparison.
Female germline regulation of genes that function in metabolic homeostasis:
An eExamination of the induced and repressed gene lists separately suggestsshows that the absence of germline tissues resultsalters the expression of genes that are known to respond to changes in a physiological shift in nutrient homeostasisnutrition status and/or insulin signaling (Table S4 for enriched pathways and GO terms). More specifically, tThe absence of germline tissues resulted results in higher expression of genes correlated withknown to signal high dietary nutrients, whereas presence of germline tissues resultsed in higher expression of genes known to signal reduced correlated with a reduction of nutrient storage and increased metabolic breakdown (reviewed in DROUJININE AND PERRIMON 2016). 
For example, absence of germline tissues induced expression of ilps that are known to be induced by food uptake (ilps 2, 3 and 5), and induced the neuropeptide CCHamide-2 that is known to be induced by dietary sugar and proteins (reviewed in DROUJININE AND PERRIMON 2016).For example, in virgin females without a germline higher expression of ilps is observed. ilps are known to be induced by food uptake (Table S6; ilp2; fold change (FC)= 1.8, ilp3 FC= 4.5, and ilp5 FC= 3.1). Higher expression of the gene that encodes the neuropeptide CCHamide-2 (FC= 1.6) is also observed. CCHamide-2 is known to be induced by dietary sugar and proteins (Table S6; reviewed in DROUJININE AND PERRIMON 2016). There iwas also a shift inhigher expression of genes that code for energy storage molecules, including yolk protein 3 (FC= 1.3) and larval serum protein 2. (FC= 3.4; Table S6). Additionally, target of brain insulin iwas induced, (FC= 1.6; Table S6), which is known to be induced by a high protein – low sugar diet (BUCH et al. 2008), as is female-specific independent of transformer, (FC= 2.4; Table S6), which is known to be induced by high protein intake (SUN et al. 2017). The majority of named genes in the list of genes with higher expression in females without a germline induced by germline absence (higher in virgins without a germline) are known to be involved in nutrient sensing and notably also included: 1) adipokinetic hormone receptor (FC= 1.3), which functions to antagonize insulin signaling to mobilize fat stores (reviewed in LEHMANN 2018), 2) Niemann-Pick type C-2g (FC= 1.3) which functions in sterol homeostasis and steroid biosynthesis (HUANG et al. 2007) and 3) Lipid storage droplet-1 (FC= 1.4) and Phosphoenolpyruvate carboxykinase (FC= 1.5; Table S6) which function in lipid storage (PATEL et al. 2005; OKAMURA et al. 2007). 
On the other hand, in virgin females with a germline, higher expression of genes that genes that are repressed by germline absence (higher in virgins with a germline) are related annotated to have functions in nutrient breakdown are observed. These genes include: 1) ilp6 (FC= 0.7) and the peptide hormone limostatin (FC= 0.6), both of which are known to be induced by cessation of feeding (reviewed in DROUJININE AND PERRIMON 2016);, 2) brummer lipase (FC= 0.7) and bubblegum (FC= 0.6) which function in lipid metabolism (reviewed in LIU AND HUANG 2013);, 3) 1,4-Alpha-Glucan Branching Enzyme (FC= 0.6), a hydrolase involved in the synthesis of glycogen (PAIK et al. 2012);, and 4) InR (FC= 0.6),, the sole receptor known to bind Ilps1-7 (Table S6; reviewed in NASSEL et al. 2013). Taken together, the results suggest that the germline is a critical driver of how gene expression changes that are known to impact how energy stores are utilized or maintained. , even in the absence of mating.
Female germline regulation of genes annotated with immune- related functionsgenes: 
The absence of a germline inIn virgin females induces without a germline there is higher expression of Drosomycin-like 4, an anti-fungal protein, but represses lower expression of multiple genes involved in the immune response including IM2, IM3, IM4, IM23, CG16836 and TotM (EKENGREN AND HULTMARK 2001; CLEMMONS et al. 2015).{Table S6; \Clemmons, 2015 #265;Ekengren, 2001 #266}. The list of repressed genes also that are higher in virgins with a germline significantly overlaps with genes identified in studies examining immunity (DE GREGORIO et al. 2001; BOUTROS et al. 2002; DE GREGORIO et al. 2002; LEVY et al. 2004; CLEMMONS et al. 2015). This fits well with previous studies that showed thatTherefore post-mating induction of genes involved in the immune response requires a germline (MCGRAW et al. 2004; MCGRAW et al. 2008; SHORT et al. 2012; SHORT AND LAZZARO 2013). Building on this, our results demonstrate that the absence of a germline repressesexpression of immune-related genes are impacted by presence of the germline gene expression of immune response related genes, irrespective of mating.
Female germline regulation of genes annotated with neurotransmitter synthesis and transport functions:
Finally, genes related toannotated with functions in dopamine synthesis and transport were are induced by the absence of a germlinehigher in virgins without a germline (pale and dopamine transporter). pale encodes for the rate limiting enzyme in the synthesis of dopamine, which regulates female mating, namely pale and Arylalkylamine N-acetyltransferase 1 (previously known as dopamine acetyltransferase,Table S6).  receptivity (NECKAMEYER 1998). Genes that were repressed by the absence of a germlineare higher in virgins with a germline includes glutamine synthetase 1 and glutamate oxaloacetate transaminase 2, enzymes necessary for the metabolism of glutamate, and neuropeptide-like precursor 3, whose expression has been shown to change post-mating (MCGRAW et al. 2008; DALTON et al. 2010). (Table S6). Our results suggest that the presence of thee germline is necessary to regulates expression of different neurotransmitters, perhaps to modulate female receptivity behaviors in response to egg availability. 
The impact of the female or male germline on gene expression changes post-mating 
As mating has previously been shown to alter gene expression in female head tissues, with different responses seen across time (DALTON et al. 2010), we next wanted to determine how the presence of female germline tissues, or not receivingreceipt of sperm, would influences gene expression changes at one- and three- days post-mating. We compared expression in virgin and mated females with and without a germline (females are tud/+ and males they are mated to are Berlin). We also compared expression in virgin and mated Berlin females that were mated to males with and without a germline (males they are mated to are tud/+; see Table 1 comparisons 2 and 3). Here, we considered expression in virgin females is the baseline, so and describe genes asare either “induced” (higher in mated females) or “repressed” (higher in virgin females) by mating. This allows us to understand how an environmental change (mating) further impacts cross-tissue interactions in females and how this differs depending on germline status in either males andor females. 
There are 16 gene lists total (bottom of Table 2), given that we assay two time points (one- and three- day post-mating), and the impact of the female germline and male germline, with eight lists of genes with induced expression and eight lists of genes with repressed expression (see Table 2). 
The total number of genes withthat changes ind expression iwas highest in tud/+ females without a germline, three-days post-mating (1,733 genes), and lowest in Berlin females with a germline, mated to tud/+ males with a germline, one-day post-mating (283 genes; Table 21)., with theThe other comparisons lists haveing an average of 525 +/- 146 genes with changesing in expression (Table 21). 
There was is a larger number of genes that change expression three-days post-mating in females without a germline, compared to females with a germline mated to either fertile males or males without a germline (Table 21). This finding indicates suggests that some of the gene expression changes were are due to an interaction of receiving sperm, and seminal fluid proteins and the absence of eggs. The differences observed wereare not simply only due to lack of production of fertilized eggs after mating, as we would expect a similar response in females mated to males that do not produce sperm, nor was the response primarily only due to receipt of seminal fluid proteins after mating, as these proteins were transferred during mating in all conditions assayed here. 
KEGG and Reactome pathway analysis:
In order to determine if the gene expression changes in different conditions are due to genes with functions in the same pathways and processes, we first examine the enriched KEGG and Reactome pathways that were unique orare in common across theidentified in the  conditions examined, we next analyzed the enriched pathways (Kyoto Encyclopedia of Genes and Genomes and Reactome) for each list of genes16 gene lists (from Table 2) that were induced and repressed by mating (16 gene lists, Figure 2). Genes involved annotated with functions in metabolic pathways were enriched in all the majority of the comparisons we examined (Figure 21, Table 3, and Table S4), consistent with previous reports (MCGRAW et al. 2004; DALTON et al. 2010; PARISI et al. 2010). 
Given that the enriched pathways we identify are shared across many of the different conditions we assay, we next examine the overlap. To do this, 
When we examined display the shared enriched KEGG and Reactome pathways, for all 16 gene lists (Figure 1), sorted by pathways that are shared across the most lists.  
The pathway ‘Metabolism’ is shared across the most lists (10/16 lists), with ‘Metabolism of amino acids and derivatives’ and ‘Nucleobase biosynthesis’ pathways enriched in all eights lists of genes induced post-mating. There are no pathways enriched in all eight lists of genes repressed post-mating. The pathway ‘Metabolism of lipids’ is enriched in gene lists from both repressed (3 lists) and induced (2 lists) genes. Overall, there are several pathways for metabolism and sub-categories for metabolism that are enriched across many of the induced and repressed lists.
the experimental conditions with the most shared enriched pathways were: 1) genes induced at three-days post-mating in females without a germline mated to wild-type males and 2) gene induced at three-days post-mating in wild-type females mated to males without a germline (Figure 2; 28 shared pathways). In both conditions at three-day post-mating where the female is not producing fertilized eggs, but for different reasons, we see the same pathways are altered in the head tissues. What is common between these two mating conditions is the transfer of accessory gland/seminal fluid proteins to the female during mating and the act of mating. This suggests that in females, the receipt of accessory gland proteins (Acps) and/or mating, even in the absence of producing fertilized eggs, is sufficient to cause a change in metabolism-related gene expression. Acps have been shown to contribute to the female long-term PMR, with known functions in sperm storage and localizing SP to the seminal receptacle in females (NEUBAUM AND WOLFNER 1999; TRAM AND WOLFNER 1999; BLOCH QAZI AND WOLFNER 2003; RAM AND WOLFNER 2007; RAM AND WOLFNER 2009; AVILA AND WOLFNER 2017). 
We also next analyzed the enriched KEGG and Reactome pathways that were unique to each condition by examining the enriched pathways (Kyoto Encyclopedia of Genes and Genomes and Reactome) for each list of genes that were induced and repressed by mating (16 gene lists  from Table 2from Figure 2), thus we only and considered only the termspathways that appeared in a single condition list (Table 32). Largely, these unique pathways consisted ofare sub-categories of metabolic processes. There wasHowever, one condition, the list of genes that were are repressed by mating in females lacking a germline at three-days post-mating that, had a is the only one with a large number of enriched neuronal-related pathways (Table 32). These pathways included: ‘Transmission across Chemical Synapses’, ‘Signal transduction’, ‘Axon guidance’, ‘Glutamate Neurotransmitter Release Cycle’, and ‘Acetylcholine Neurotransmitter Release Cycle’ (Table 3 and Table S4). 

We further examined the lists of genes repressed three-days, post-mating when the female does not have germline, given the enriched neurotransmitter pathways. Genes in the ‘Neurotransmitter Release Cycle’ pathway had GAD1 (synthetic enzyme for GABA neurotransmitter) and VGlut (vesicular glutamate transporter).The mRNA editing enzyme, Adenosine deaminase acting on RNA (Adar), was in this category and has also been shown to effect sleep by repressing glutamatergic signaling (ROBINSON et al. 2016). Additional genes that were in the ‘Neurotransmitter Release Cycle’ pathway are the nicotinic acetylcholine receptors (specifically, nAChRβ1, nAChRα4, nAChRα5, nAChRα6, and nAChRα7; reviewed in DUPUIS et al. 2012). Previous studies have implicated acetylcholine as a mediator of learning and memory, visual perception, and olfaction (SHINOMIYA et al. 2014; BARNSTEDT et al. 2016). The list also contained Vesicular acetylcholine transporter (VACht), genes involved in synaptic vesicle release (Rab3, Synaptotagmin 1, and neuronal Synaptobrevin), two octopamine receptors (Octβ1R and Octβ2R), Dopamine 1-like receptor 1, pale (involved in the synthesis of dopamine), and Vesicular monoamine transporter (involved in the packaging of both octopamine and dopamine). Both octopamine and dopamine have been shown to induce female post-mating behaviors, namely egg-laying and female receptivity to mating (NECKAMEYER 1998; MONASTIRIOTI 2003; REZAVAL et al. 2014). Taken together, these data suggest that post-mated females without a germline have differences in neuronal signaling, which could result in behavioral changes. In fact, tud/+ females lacking a germline had increased sleep compared to tud/+ females with a germline (see below).
FComparison of gene lists shows female genotype impacts virgin and post-mating gene expression changes:
Given that genes involved in metabolic pathways were are enriched across all comparisons, we wanted to determine if this was is due to the same or different genes changing expression in the 16 gene lists. We display the overlap of genes across theUsing all 16 gene lists (induced and repressed genes;( Figure Table 22) using, we identified genes that were unique to each list, as well as genes present in multiple lists, displayed as an ‘Upset plot’ (Figure 3, LEX et al. 2014).(Figure 2, LEX et al. 2014), which is conceptually similar to a Venn diagram.  In our plot, only the five lists with the most shared genes are shown for each gene set intersection analysis. For example, on the left are the five lists with the most gene expression changes unique to one condition (number of lists the gene was in equals 1). Next, the figure shows the number of genes that were present in two lists, then three lists, and so on, up to eight. As the lists were separated into induced and repressed genes, which are mutually exclusive, the highest number of lists in which one gene could appear was eight. 
We find there is limited amount of overlap of genes across the 16 gene lists. What is clear from this analysis, is that while many of the pathways were shared, this was due to different genes changing expression, with very few of the same genes having the same expression changes in each condition. For example, the number of genes in common across any pairwise condition comparison includesd only 36-56 genes, in the top five pairwise comparisons for overlapping gene listss. Furthermore, a maximum of five genes awere shared across any eight gene lists (Figure 32). This demonstrates that expression of different genes and/or different metabolic pathways wewere changing being alteredin the female head in the different conditions, and that the overlap of enriched pathways may largely be due to different genes or small numbers of genes. depending on the presence of a germline in either the male or the female, as well as time post-mating. 
However, even though a small number of genes overlap across the 16 gene lists, if we determineWe next determine the significance of the overlap of genes in each pair-wise comparison forof the 16 gene lists (from Table 2). ,We find that genes that are induced by mating in one condition, significantly overlap with the seven other lists of genes induced by mating (Figure S5 for results from Fisher’s exact test)., and tThe same result holds for genes that are repressed by mating (Figure S4S5). Using the Jaccard similarity index, which considers the number of overlapping genes, but not the total number of genes in the genome, we find that Berlin females mated to males with or without sperm have the largest amount of overlap at both one- and three-days post-mating (Figure S4, darker blue fill). The other comparisons did not have as high of Jaccard Index scores, demonstrating thatTherefore, the significant overlap from the hypergeometric Fisher’s exact test is due to a small number of overlapping genes, as is expected from the Upset plot analyses (Figure 2). 
We find a similar result when we compar
We also comparede  our results the genes with differential post-mating expression in females with a germline to those from our previous post-mating, gene expression dataset, examining female head tissues inin which we used the wild type Canton S (CS) strain strain at 0-2, 24, 48, and 72 hours post-mating (DALTON et al. 2010).. We compared the two lists of genes identified inthat changed post-mating in this study ( females with a germline mated to males with a germline; (one-day post-mating tud/+, and wild-type Berlin females)), to the top 100 genes by FDR rank from one-day, post-mating wild-type Canton S.mated CS, from the previous study This analysis (Figure S5). At one- and three- days post-mating, we find a significant overlap among pair-wise comparisons, due to a small number of genes overlapping (21 genes at one-day, and seven genes at three-day overlap across the three genotypes).identified 21 genes in all three genetic backgrounds, with a significant overlap between Canton S and Berlin and between Canton S and tud/+ (Figure S4). A similar comparison using females at three-days post-mating, identified seven overlapping genes in all three genetic backgrounds. There was a significant overlap between Canton S and Berlin, and Canton S and tud/+ (Figure S4). However, the percent of overlap is small between the Canton S and either Berlin or tud/+ (<2%, Figure S4). While we cannot rule out that the differences are due to the change in technique (microarray versus RNA-seq), environmental conditions, and/or the genotype of the male, it appears there are substantial differences in gene expression due to strain in the female post-mating, gene expression response.
Gene expression differences due to genotype were are also apparent in virgins used here. We compared tud/+ females with a germline to virgin wild-type Berlin females. We fiound 428 differentially expressed genes. 181 genes awere more highly expressed in the tud/+ females and 247 genes more highly expressed in wild-type Berlin females (Table S6).). Gene set enrichment analysis revealed that the list of genes with higher expression in tud/+ females was annotated with the GO terms ‘single-organism metabolic process’ (GO:0044710), ‘oxidation-reduction process’ (GO:0055114), ‘response to toxic substance’ (GO:0009636), and ‘sleep’ (GO:0030431, Table S4). In contrast, the 247 genes that were more highly expressed in wild-type Berlin females were enriched for GO terms related to immune/defense response such as ‘immune response’ (GO:0006955), ‘defense response’ (GO:0006952), ‘response to bacterium’ (GO:0009617), and ‘response to biotic stimulus’ (GO:0009607, Table S4). 
The impact of the germline on sleep, food preference, and refractoriness post-mating
Sleep:
Given that each condition assayed had a different gene expression response, (Table 2), we wondered if this resultsed in behavioral differences. For example, the genes that changed expression three-days post-mating in females without a germline included an enrichment of GO terms related to sleep, including six terms related to the circadian sleep/wake cycle. In fact, this was the only condition in which the genes with expression changes are enriched with a large number of GO Biological Process ‘sleep’ and ‘behavioral’ terms (Table S4). Here, we systematically characterize female post-mating behaviors in the genotypes and time points used in this study and compare to previous results (for comparisons see Table S1).
Sleep:
	Therefore, weWe examined if there are differences in sleep post-mating in the female conditions assayed here, as to our knowledge, sleep has not been assayed in females lacking a germline (Table S1 for publication summary; for sleep statistical tests see Figure S6 and Table S5). 
Previous work has shown that mating results in decreased daytime sleep (ISAAC et al. 2010), specifically daytime sleep (GARBE et al. 2016; DOVE et al. 2017), across multiple strains, including  (Canton SCS, Oregon R, iso31, and w1118, but not white Berlin; GARBE et al. 2016) (see Table S1; ISAAC et al. 2010; GARBE et al. 2016; DOVE et al. 2017). However, in Garbe et al, one strain (white Berlin) showed no reduction in daytime sleep post-mating (GARBE et al. 2016). Another study found that white Canton S (wCS) exhibited decreased sleep post-mating (DOVE et al. 2017), so we added this strain as an additional control. In female strainss with a germline (CS, Berlin and tud/+), we found confirm that that CS has a significant post-mating reduction in daytime sleep, whereas Berlin had a significant increase in daytime sleep there was a significant effect of both strain (wCS, Berlin and tud/+) and mating, as well as a significant interaction between stain and mating (Figure S5AS6A and B and Table S5 for two-way ANOVA). While others found no post-mating impact on nighttime sleep, we find a post-mating reduction in nighttime sleep (CS and tud/+; Figure S6A and B and Table S5).
 
Previous studies showed that there is a sex-peptide-dependent, sperm-independent, post-mating decrease in daytime sleep that is sustained for multiple days  and requires the receipt of male SP, but not sperm (ISAAC et al. 2010; DOVE et al. 2017). For Berlin females, however, we find an increase in daytime sleep post-mating when Berlin females are mated to males with and without a germline (tud/+) (Figure 3A and Table S5), however the  post-mating increase is only significant with males that had a germline. Additionally, we find a significant increase in nighttime sleep when Berlin females are mated to males with or without a germline (tud/+). Our results suggest that in Berlin females the post-mating sleep response may be impacted by receiving sperm.
Thus, our data support the observation that the receipt of sperm is not required for post-mating increases in nighttime sleep (DOVE et al. 2017). 
WeTo determine if the presence of the female germline impacts sleep, we examined post-mating sleep in female flies with and without a germline (tud/+). We conducted a two-way ANOVA, to test if there was an interaction between mating and female germline status on sleep (tud/+ females and Berlin males). We found mating alone did not have a significant effect on sleep (daytime: P=0.3074, nighttime: P=0.0707 nighttime), but both the female germline and the interaction of mating and the female germline were both significant (daytime: P<0.0001 and P=0.0007, respectively and nighttime: P=0.0383 and P<0.0001, respectively). Presence of a germline in
We next examined the differences in sleep that were underlying the significant effects of the female germline and the interaction of female germline and mating (Tukey-HSD post-hoc test). Females lacking a germline had significantly higher post-mating daytime and nighttime sleep virgin comparisons (tud/+) does not impact daytime sleep, but there was a reduction in nighttime sleep in virgin females without a germline (tud/+) compared to controls with a germline  (daytime: P=0.0097 and nighttime: P<0.0001); they also had significant post-mating differences compared to control females with a germline (tud/+; daytime and nighttime: P<0.0001, Figure 4A3A and 3B and B). 
Next we examine post-mating sleep in females with and without a germline. Post-mating, females without a germline (tud/+) show an increase in both daytime and nighttime sleep (Figure 3A and 3B). On the other hand, post-mated control fFemales with a germline (tud/+), on the other hand, haved a significant post-mating decrease in nighttime sleep (P=0.0098, Figure 4B3B). Therefore, in conditions where we control for strain background of females and males (tud/+ females and Berlin males), females with a germline have decreased nighttime sleep post-mating, whereas females lacking a germline have increased daytime and nighttime sleep post-mating. These changes in sleep awere seen over multiple days post-mating (Figure S5CS6C). Taken together, these data show a new type of cross-tissue interaction, with female fertility by mating interactions regulating the amount of sleep in females (for full statistical analyses of sleep see Table S5). 
Food preference:
Previous work has shown that mated females have an increased preference for food containing yeast that is dependent on the sex-peptide pathway  (RIBEIRO AND DICKSON 2010; VARGAS et al. 2010). It was also demonstrated that females that do not produce eggs (ovoD mutation) show a preference for yeast after yeast deprivation (RIBEIRO AND DICKSON 2010). Here, we Therefore, we sought to determine if the changes seen in post-mating food preference were are affected by the absence of the female germline or the receipt of sperm, and whether that changesd as time increasesd post-mating. We fiound that all females preferred yeast-containing media, over sucrose-containing media, at both one- and three- day(s) post-mating (Figure 4C3C). Therefore, we conclude that the change in preference for yeast-containing media is independent of fertility.
Refractoriness post-mating: 
Finally, we investigated if the absence of a germline influences re-mating at both one- and three- days post-mating (Figure 4D3D). A Pprevious studyies showed no differences in re-mating at one-day post-mating using germ cell-less females, a different maternal effect mutant that results in progeny without a germline (JONGENS et al. 1992; BARNES et al. 2007). We also fiound that at both one- and three- day(s) post-mating, there awere no significant differences in re-mating between tud/+ females with and without a germline, with both showing re-mating around 30-40% at one-day post-mating, and 60-70% at three-days post-mating. Therefore, based on these two independent genotypes it is clear that producing fertilized eggs is not critical for the reduction in re-mating. Therefore, evenEven though the genes that changed expression after mating awere very different in females lacking a germline compared to those with a germline (see above), these differences do not appear to influence female re-mating. 
Given what is known about the role ofIt is known that sSex-pPeptide binds and sperm and has an impact onon both the short-term and long-term response of female re-mating (CHAPMAN et al. 2003; LIU AND KUBLI 2003; PENG et al. 2005)., Fexpectedly, females mated to tud/+ males with sperm have significantly lower percent re-mating than those females that were mated to tud/+ males lacking sperm (P≤0.0005 for both one- and three- days post-mating Figure 4D3D), consistent with the observation that sperm is required for the decrease in female receptivity post-mating (Table S1; KALB et al. 1993; XUE AND NOLL 2000). Taken together, these results show that the female germline was a critical driver of post-mating changes in sleep, but did not influence post-mating changes in food preference or re-mating. 
Percent re-mating is variable across a panel of inbred lines
Previous studies observed showed differences in female fecundity and re-mating as a result of strain background, as well as the strain background of their mates (FUKUI AND GROMKO 1989; MCGRAW et al. 2009; CHOW et al. 2010; CHOW et al. 2013 ; DELBARE et al. 2017). Given that wethe observed gene expression differences as a result ofdue to strain, we next sought to determine if there is natural variation in female re-mating., We assay the F1 progeny derived from a cross between w1118 males and females from either from the and if so, could we identify genetic variation associated with this behavioral variation. Using the Drosophila Genetic Reference Panel (DGRP; MACKAY et al. 2012), in addition toor another set of inbred lines derived from Winters, CA (CAMPO et al. 2013). , Thewe assayed F1 progeny are from the progeny of 166 different female P0 strains (138 DGRP and 28 Winters strains), with the rationale that that had been mated with a w1118 males to generate heterozygotes. The F1 progeny are heterozygous, which is more akin to the heterozygosity is more akin to what is of Drosophila found in the wild. These 166 F1 progeny were then assayed for re-mating at three-days post-mating. We observed variation in re-mating across the F1 progeny from the two panels of inbred lines (Figure 54, Table S7), with a similar range of percent re-mating between the two populations. The percent re-mating was 0-90% in Raleigh DGRP lines and 0-87.5% in Winters lines (P=0.1357, Student’s tT-test). 
Rank transforming the data resulted in satisfying the assumption of normality for the genome-wide association study (GWAS) model (Figure S6S7, Table S7). GWAS was performed on the rank transformedusing data from F1 progeny from the 128 DGRP panelstrains. We , useing the web-based pipeline DGRP2, to identify associations due to polymorphisms in this population (HUANG et al. 2014). This analysis identified a number of significantly associated polymorphisms across the genome (top five are P= 4.6–9.8 x 10-7; the next ten are P = 2.2–3.7 x 10-6), including single nucleotide polymorphisms and indels. The top 100 significantly associated polymorphisms are in/near 59 unique, annotated genes (top 100 have P = 4.6x10-7–6.2 x 10-5 Table S8). 
Examination of the tissues where these 59 genes have significantly high expression identifies the adult brain (29 genes), larval central nervous system (24 genes), and ventral nerve cord (25 genes), as the tissues with largest number of these genes with enriched expression (using the Flymine portal to examine Flyatlas data; LYNE et al. 2007; ROBINSON et al.). Among the 59 genes, four are located in/near genes that are annotated to be involved in the Wnt signaling pathway (Axin, Carrier of wingless, nemo, and wingless). Carrier of wingless and nemo are in the top 20 most significant associations (Table 4). Though a specific role for Wnt signaling in female mating and re-mating has not previously been identified, it is a pathway that directs cell fate and physiology (reviewed in NUSSE AND VARMUS 2012). Notably, the biological process ‘cell-to-cell signaling by Wnt’ (GO:0198738) is enriched in the list of genes that are changed by mating in tud/+ females lacking a germline at three-days post-mating, suggesting that this signal-transduction pathway is important for the female long-term, post-mating response.
Next we determine the specificity of our GWAS gene hits for female re-mating by comparing to other GWAS studies.Additionally We find that, 25/59 unique genes were also identified in a study examining variation in Drosophila olfactory responses (significant overlap of gene lists is P < 4.05 x 10-4 based onusing the Flymine portal), suggesting that re-mating may have an olfactory component. There were no other GWAS publications found in the Flymine portal that had a significant number of genes that overlapped with our list of 59 genes. We also looked for overlap with several GWAS studies that examine behavior and find at most 5 overlapping genes between our study and others (DURHAM et al. 2014; IVANOV et al. 2015; MOROZOVA et al. 2015; NELSON et al. 2016; GARLAPOW et al. 2017; JEHRKE et al. 2018; HARBISON et al. 2019), suggesting that the hits we find are fairly specific for female re-mating. Further functional studies will be important to understand the roles of these genes in female behavior.In the 59 unique genes, four are located in/near genes that are annotated to be involved in the Wnt signaling pathway (Axin, Carrier of wingless, nemo, and wingless). Carrier of wingless and nemo are in the top 20 most significant associations (Table 3). Though a specific role for Wnt signaling in female mating and re-mating has not previously been identified, it is a pathway that directs cell fate and physiology (reviewed in NUSSE AND VARMUS 2012). Notably, the biological process ‘cell-to-cell signaling by Wnt’ (GO:0198738) was enriched in the list of genes that are changed by mating in tud/+ females lacking a germline at three-days post-mating, suggesting that this signal-transduction pathway is important for the female long-term, post-mating response.
Discussion
Drosophila is a premier model system for studying cross-tissue interactions, given that Drosophila have organ systems that are similar to those found in mammals and the gene pathways that mediate cross-tissue interactions have evolutionary conservation (reviewed in RAJAN AND PERRIMON 2011; DROUJININE AND PERRIMON 2016). It is clear that signaling molecules that act at a distance coordinate female reproduction, egg production, nutrient homeostasis and behavior through changes in gene expression (reviewed in RAJAN AND PERRIMON 2011; DROUJININE AND PERRIMON 2013; DROUJININE AND PERRIMON 2016). Here, we investigated the impact of 1) egg production in virgins, 2) female mating when she is sterile, and 3) female mating when the male is sterile, on gene expression changes in the adult female head. We also investigated how reproductive differences and strain differences impact a set of female post-mating behaviors. 
In virgins, the presence of the germline changed expression of nutrient homeostasis pathway genes with known functions in nutrient homeostasis pathways, with females lacking a germline having increased expression of genes that are known to signal high dietary nutrients, and females with a germline having expression profiles consistent with reduction of nutrient storage and metabolic breakdown. It is unclear if these nutrient/energy signaling pathways are changed to stimulate germ cell production, or if the changes in expression are a result of larger nutrient reserves, or some combination. While females that are not producing eggs likely have more energy stores, previous studies showed that insulin levels directly control female germline stem cell division (IKEYA et al. 2002; LAFEVER AND DRUMMOND-BARBOSA 2005; HSU AND DRUMMOND-BARBOSA 2009). 
We also found that the presence/absence of a female germline altered expression of immune related genes, in virgins (Table S6). Previous studies showed that a post-mating induction of genes involved in the immune response requires a germline (MCGRAW et al. 2004; MCGRAW et al. 2008; SHORT et al. 2012; SHORT AND LAZZARO 2013). Building on this, we showed that the germline-dependent change in expression of immune related genes occurs even in the absence of mating.
Interestingly, there were also changes in neurotransmitter related genes in virgins due to absence of a germline (Table S6). Notably some of these genes have previously been implicated in female reproductive behaviors. For example, pale, which encodes for the rate limiting enzyme in the synthesis of dopamine, was increased in virgin females lacking a germline (FC=1.3), and dopamine is important in regulating female receptivity (NECKAMEYER 1998). On the other hand, Neuropeptide-like precursor 3, whose expression decreases post-mating (MCGRAW et al. 2008; DALTON et al. 2010), was also decreased in virgins lacking a germline (FC=0.7). Taken together these results suggest that both mating and the female germline are important regulators of expression of neurotransmitter related genes in adult head tissues.
For all the post-mating gene expression conditions examined, very few genes had expression changes in multiple post-mating conditions assayed here (Figure 32). However, the genes with expression changes were enriched with those that function in metabolic pathways (Figure 21). Therefore, long-term, post-mating, gene expression changes in metabolic pathway genes do not require production of fertilized eggs, or receipt of sperm. A common aspect of the female mating conditions in this study is receipt of male Acps that are transferred in the male seminal fluid (reviewed in RAVI RAM AND WOLFNER 2007; AVILA et al. 2011), suggesting that their transfer, or the sensory aspect of mating (SHAO et al. 2019), have a sustained impact on expression of genes involved in metabolism in female head tissues. 
A previous study that examined female, whole-animal, post-mating gene expression changes in response to sperm (no Acps), Acps (no sperm) and mating (no Acps, no sperm), also found that transfer of sperm, male seminal fluid proteins or mating caused unique changes in gene expression, or differences in the magnitude of gene expression changes (MCGRAW et al. 2004). Taken together, the many different studies examining post-mating gene expression changes in females show that the post-mating time point, tissue assayed, and if the male transfers sperm or Acps has a large impact on gene expression changes that are detected (LAWNICZAK AND BEGUN 2004; MCGRAW et al. 2004; MACK et al. 2006; KAPELNIKOV et al. 2008; MCGRAW et al. 2008; INNOCENTI AND MORROW 2009; MCGRAW et al. 2009; DALTON et al. 2010; PARISI et al. 2010; GIOTI et al. 2012; SHORT AND LAZZARO 2013; FEAR et al. 2016; DELBARE et al. 2017).
On the other hand, females without a germline, three-days post-mating was the only post-mating condition that had an enrichment of several ‘neuronal’ and ‘behavioral’ biological process genes with expression changes. Genes involved in GABA synthesis (Gad1, FC=0.7) and transport of glutamate (VGlut, FC=0.7) were both repressed by mating at three-days post-mating. Glutamatergic and GABAergic neurons are widespread in the Drosophila nervous system and have been associated with sleep and olfactory sensing (LIU AND WILSON 2013; ZIMMERMAN et al. 2017). Adar (FC=0.7), which is also included in this list of genes, has also been shown to effect sleep by repressing glutamatergic signaling (ROBINSON et al. 2016). Additional genes that encode for receptors for the neurotransmitters acetylcholine, dopamine, and octopamine had decreased expression in females lacking a germline at three-days post-mating. Previous studies have implicated acetylcholine as a mediator of learning and memory, visual perception, and olfaction (SHINOMIYA et al. 2014; BARNSTEDT et al. 2016), which are all important for female post-mating behaviors. Furthermore, both octopamine and dopamine have been shown to induce female post-mating behaviors, namely egg-laying, sperm storage and female receptivity to mating (NECKAMEYER 1998; MONASTIRIOTI 2003; AVILA et al. 2012; RUBINSTEIN AND WOLFNER 2013; HEIFETZ et al. 2014; REZAVAL et al. 2014).
The We note that our study presented here may not detect expression changes for genes with low expression in the nervous system. For example, it is clear that doublesex-, fruitless-, and pickpocket-expressing populations of neurons underlie female mating behaviors (HASEMEYER et al. 2009; YANG et al. 2009; RIDEOUT et al. 2010; REZAVAL et al. 2012), but we did not identify these genes here, suggesting additional cell-type and single-cell gene expression experiments would provide new insights into additional genes critical for behavioral changes.
A previous study that examined female, whole-animal, post-mating gene expression changes in response to sperm (no Acps), Acps (no sperm) and mating (no Acps, no sperm), also found that transfer of sperm, male seminal fluid proteins or mating caused unique changes in gene expression, or differences in the magnitude of gene expression changes (MCGRAW et al. 2004). Taken together, the many different studies examining post-mating gene expression changes in females show that the post-mating time point, tissue assayed, and if the male transfers sperm or Acps has a large impact on gene expression changes that are detected (LAWNICZAK AND BEGUN 2004; MCGRAW et al. 2004; MACK et al. 2006; KAPELNIKOV et al. 2008; MCGRAW et al. 2008; INNOCENTI AND MORROW 2009; MCGRAW et al. 2009; DALTON et al. 2010; PARISI et al. 2010; GIOTI et al. 2012; SHORT AND LAZZARO 2013; FEAR et al. 2016; DELBARE et al. 2017).
We determined if reproductive status also caused different behavioral responses post-mating. All post-mating female conditions assayed changed their food preference to yeast-containing media, instead of sucrose-containing media. The females did differ in their re-mating response, with females mated to males lacking sperm showing the highest percent re-mating, whereas females that lack a germline re-mate at similar levels to their control with a germline, as was also previously shown using a different strains to generate females that lack a germline (BARNES et al. 2007). When we examine post-mating sleep changes, females without a germline show significantly increased sleep during the day and night, whereas control females with a germline have significantly reduced sleep during the night. 
For sleep, it has previously been shown that artificially activating glutamatergic neurons in the brain leads to increased wakefulness, therefore inhibiting these neurons could result in increased sleep (ZIMMERMAN et al. 2017). We found genes that function in glutamate neurotransmitter release are repressed post-mating, in females that lack a germline, which could contribute to increased sleep. Furthermore, it is known that nutrient depletion reduces sleep and increases activity (LEE AND PARK 2004; KEENE et al. 2010; YANG et al. 2015; YU et al. 2016). Given that sterile females likely have more stored nutrients, this could also contribute to increased sleep. Similarly, mating is known to increase nutritional demands (RIBEIRO AND DICKSON 2010; VARGAS et al. 2010; WALKER et al. 2015), which could explain the decrease in sleep seen post-mating in some strains when females have a germline. The observed strain differences we observedfound in sleep post-mating may be due to differences in metabolism in these strains.
Our behavioral studies on F1 heterozygotes made from crosses from 166 wild-caught isogenic strains, demonstrated that there is a large range of re-mating behavior. A previous study showed that there is natural variation in sperm competition in females (CHOW et al. 2013). This suggests that in wild populations, females may have different strategies in terms of mating, re-mating, and behaviors that maintain homeostasis, like sleep and feeding. We found four Wnt signaling pathway genes are associated with variation in re-mating. Though the Wnt signaling pathway has not yet been implicated in the regulation of female post-mating behavior, Wnt signaling is necessary for female fertility in mammals (BOYER et al. 2010), and for long-term memory formation in Drosophila (TAN et al. 2013). Given that the GWAS will identify genes that could have an impact during development, and on any tissue, it is not unexpected that we would find different genes than identified in our expression analyses. 
Our examination of natural variation had additional similarities to the study examining sperm competition (CHOW et al. 2013). We found that F1 progeny made from DGRP Ral313 had low re-mating, with only ~7% of females re-mating. Ral313 never re-mated among 39 tested females from the DGRP collection that were used to examine sperm competition (CHOW et al. 2013). Another similarity is that 15 of the 33 top associated polymorphisms are in/near neurological genes, three of which encode for ion channels (CHOW et al. 2013). These three ion channel genes all had significantly higher expression in wild-type females mated to males lacking a germline, at one-day post-mating, making these genes better validated candidates for further functional and evolutionary studies. 
Decreased production of eggs and sperm naturally occurs during aging (reviewed in PIZZARI et al. 2008; MILLER et al. 2014). Thus, our results together with those from other laboratories, point to ways that the changes in the female environment (mated vs unmated), reproductive senescence in both males and females, along with other changes, such as nutrition, can differentially influence gene expression through cross-tissue interactions (PLETCHER et al. 2002; GERSHMAN et al. 2007; DALTON et al. 2010; PARISI et al. 2010; DOROSZUK et al. 2012; GIOTI et al. 2012; WHITAKER et al. 2014; ZHOU et al. 2014). These rippling effects on gene expression ultimately impact physiological and behavioral phenotypes, and are also influenced by natural variation in the population. While we only examined gene expression in head tissues in females of different reproductive status, impacts on gene expression in other tissues and other phenotypes are likely to be widespread. Understanding cross-tissue interactions during Drosophila reproduction provides a powerful, systems-level model to study gene by environment interactions, the functions of genes during different stages of the life span, and how natural variation influences these functions.
Acknowledgements 
This work was supported by NIH grants R01GM073039 and R01GM116998 awarded to MNA. NRN was also supported by the Biomedical Sciences Department at Florida State University College of Medicine. We thank members of the Arbeitman laboratory for helpful feedback. We thank Colleen Palmateer for helpful feedback on the manuscript, as well as guidance and support using R. We thank Batory foods (Lithia Springs, GA) for the cornmeal used in the fly media. 
References
Ables, E. T., and D. Drummond-Barbosa, 2017 Steroid Hormones and the Physiological Regulation of Tissue-Resident Stem Cells: Lessons from the Drosophila Ovary. Curr Stem Cell Rep 3: 9-18.
Ahmad, M., L. He and N. Perrimon, 2019 Regulation of insulin and adipokinetic hormone/glucagon production in flies. Wiley Interdiscip Rev Dev Biol: e360.
Aigaki, T., I. Fleischmann, P. S. Chen and E. Kubli, 1991 Ectopic expression of sex peptide alters reproductive behavior of female D. melanogaster. Neuron 7: 557-563.
Ameku, T., and R. Niwa, 2016 Mating-Induced Increase in Germline Stem Cells via the Neuroendocrine System in Female Drosophila. PLoS Genet 12: e1006123.
Apger-McGlaughon, J., and M. F. Wolfner, 2013 Post-mating change in excretion by mated Drosophila melanogaster females is a long-term response that depends on sex peptide and sperm. J Insect Physiol 59: 1024-1030.
Avila, F. W., M. C. Bloch Qazi, C. D. Rubinstein and M. F. Wolfner, 2012 A requirement for the neuromodulators octopamine and tyramine in Drosophila melanogaster female sperm storage. Proc Natl Acad Sci U S A 109: 4562-4567.
Avila, F. W., L. K. Sirot, B. A. LaFlamme, C. D. Rubinstein and M. F. Wolfner, 2011 Insect seminal fluid proteins: identification and function. Annu Rev Entomol 56: 21-40.
Barnes, A. I., J. M. Boone, L. Partridge and T. Chapman, 2007 A functioning ovary is not required for sex peptide to reduce receptivity to mating in D. melanogaster. J Insect Physiol 53: 343-348.
Barnes, A. I., S. Wigby, J. M. Boone, L. Partridge and T. Chapman, 2008 Feeding, fecundity and lifespan in female Drosophila melanogaster. Proc Biol Sci 275: 1675-1683.
Barnstedt, O., D. Owald, J. Felsenberg, R. Brain, J. P. Moszynski et al., 2016 Memory-Relevant Mushroom Body Output Synapses Are Cholinergic. Neuron 89: 1237-1247.
Benjamini, Y., and Y. Hochberg, 1995 Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple Testing. Journal of the Royal Statistical Society. Series B (Methodological) 57: 289-300.
Boswell, R. E., and A. P. Mahowald, 1985 tudor, a gene required for assembly of the germ plasm in Drosophila melanogaster. Cell 43: 97-104.
Boutros, M., H. Agaisse and N. Perrimon, 2002 Sequential activation of signaling pathways during innate immune responses in Drosophila. Dev Cell 3: 711-722.
Boyer, A., A. K. Goff and D. Boerboom, 2010 WNT signaling in ovarian follicle biology and tumorigenesis. Trends Endocrinol Metab 21: 25-32.
Buch, S., C. Melcher, M. Bauer, J. Katzenberger and M. J. Pankratz, 2008 Opposing effects of dietary protein and sugar regulate a transcriptional target of Drosophila insulin-like peptide signaling. Cell Metab 7: 321-332.
Campo, D., K. Lehmann, C. Fjeldsted, T. Souaiaia, J. Kao et al., 2013 Whole-genome sequencing of two North American Drosophila melanogaster populations reveals genetic differentiation and positive selection. Mol Ecol 22: 5084-5097.
Carvalho, G. B., P. Kapahi, D. J. Anderson and S. Benzer, 2006 Allocrine modulation of feeding behavior by the Sex Peptide of Drosophila. Curr Biol 16: 692-696.
Chapman, T., J. Bangham, G. Vinti, B. Seifried, O. Lung et al., 2003 The sex peptide of Drosophila melanogaster: female post-mating responses analyzed by using RNA interference. Proc Natl Acad Sci U S A 100: 9923-9928.
Chen, P. S., E. Stumm-Zollinger, T. Aigaki, J. Balmer, M. Bienz et al., 1988 A male accessory gland peptide that regulates reproductive behavior of female D. melanogaster. Cell 54: 291-298.
Chintapalli, V. R., J. Wang and J. A. Dow, 2007 Using FlyAtlas to identify better Drosophila melanogaster models of human disease. Nat Genet 39: 715-720.
Chow, C. Y., M. F. Wolfner and A. G. Clark, 2010 The genetic basis for male x female interactions underlying variation in reproductive phenotypes of Drosophila. Genetics 186: 1355-1365.
Chow, C. Y., M. F. Wolfner and A. G. Clark, 2013 Large neurological component to genetic differences underlying biased sperm use in Drosophila. Genetics 193: 177-185.
Cichewicz, K., and J. Hirsh, 2018 ShinyR-DAM: a program analyzing Drosophila activity, sleep and circadian rhythms. Commun Biol 1.
Clemmons, A. W., S. A. Lindsay and S. A. Wasserman, 2015 An effector Peptide family required for Drosophila toll-mediated immunity. PLoS Pathog 11: e1004876.
Cognigni, P., A. P. Bailey and I. Miguel-Aliaga, 2011 Enteric neurons and systemic signals couple nutritional and reproductive status with intestinal homeostasis. Cell Metab 13: 92-104.
Dalton, J. E., T. S. Kacheria, S. R. Knott, M. S. Lebo, A. Nishitani et al., 2010 Dynamic, mating-induced gene expression changes in female head and brain tissues of Drosophila melanogaster. BMC Genomics 11: 541.
De Gregorio, E., P. T. Spellman, G. M. Rubin and B. Lemaitre, 2001 Genome-wide analysis of the Drosophila immune response by using oligonucleotide microarrays. Proc Natl Acad Sci U S A 98: 12590-12595.
De Gregorio, E., P. T. Spellman, P. Tzou, G. M. Rubin and B. Lemaitre, 2002 The Toll and Imd pathways are the major regulators of the immune response in Drosophila. EMBO J 21: 2568-2579.
Delbare, S. Y. N., C. Y. Chow, M. F. Wolfner and A. G. Clark, 2017 Roles of Female and Male Genotype in Post-Mating Responses in Drosophila melanogaster. J Hered 108: 740-753.
Delhomme, N., I. Padioleau, E. E. Furlong and L. M. Steinmetz, 2012 easyRNASeq: a bioconductor package for processing RNA-Seq data. Bioinformatics 28: 2532-2533.
Della Torre, S., V. Benedusi, R. Fontana and A. Maggi, 2014 Energy metabolism and fertility: a balance preserved for female health. Nat Rev Endocrinol 10: 13-23.
Doroszuk, A., M. J. Jonker, N. Pul, T. M. Breit and B. J. Zwaan, 2012 Transcriptome analysis of a long-lived natural Drosophila variant: a prominent role of stress- and reproduction-genes in lifespan extension. BMC Genomics 13: 167.
Dove, A. E., B. L. Cook, Z. Irgebay and C. G. Vecsey, 2017 Mechanisms of sleep plasticity due to sexual experience in Drosophila melanogaster. Physiol Behav 180: 146-158.
Droujinine, I. A., and N. Perrimon, 2013 Defining the interorgan communication network: systemic coordination of organismal cellular processes under homeostasis and localized stress. Front Cell Infect Microbiol 3: 82.
Droujinine, I. A., and N. Perrimon, 2016 Interorgan Communication Pathways in Physiology: Focus on Drosophila. Annu Rev Genet 50: 539-570.
Durham, M. F., M. M. Magwire, E. A. Stone and J. Leips, 2014 Genome-wide analysis in Drosophila reveals age-specific effects of SNPs on fitness traits. Nat Commun 5: 4338.
Ekengren, S., and D. Hultmark, 2001 A family of Turandot-related genes in the humoral stress response of Drosophila. Biochem Biophys Res Commun 284: 998-1003.
Fear, J. M., L. G. Leon-Novelo, A. M. Morse, A. R. Gerken, K. Van Lehmann et al., 2016 Buffering of Genetic Regulatory Networks in Drosophila melanogaster. Genetics 203: 1177-1190.
Fedorka, K. M., J. E. Linder, W. Winterhalter and D. Promislow, 2007 Post-mating disparity between potential and realized immune response in Drosophila melanogaster. Proc Biol Sci 274: 1211-1217.
Fukui, H. H., and M. H. Gromko, 1989 Female Receptivity to Remating and Early Fecundity in Drosophila Melanogaster. Evolution 43: 1311-1315.
Ganter, G. K., J. B. Desilets, J. A. Davis-Knowlton, A. E. Panaitiu, M. Sweezy et al., 2012 Drosophila female precopulatory behavior is modulated by ecdysteroids. J Insect Physiol 58: 413-419.
Garbe, D. S., A. S. Vigderman, E. Moscato, A. E. Dove, C. G. Vecsey et al., 2016 Changes in Female Drosophila Sleep following Mating Are Mediated by SPSN-SAG Neurons. J Biol Rhythms 31: 551-567.
Garlapow, M. E., L. J. Everett, S. Zhou, A. W. Gearhart, K. A. Fay et al., 2017 Genetic and Genomic Response to Selection for Food Consumption in Drosophila melanogaster. Behav Genet 47: 227-243.
Ge, S. X., E. W. Son and R. Yao, 2018 iDEP: an integrated web application for differential expression and pathway analysis of RNA-Seq data. BMC Bioinformatics 19: 534.
Gershman, B., O. Puig, L. Hang, R. M. Peitzsch, M. Tatar et al., 2007 High-resolution dynamics of the transcriptional response to nutrition in Drosophila: a key role for dFOXO. Physiol Genomics 29: 24-34.
Gioti, A., S. Wigby, B. Wertheim, E. Schuster, P. Martinez et al., 2012 Sex peptide of Drosophila melanogaster males is a global regulator of reproductive processes in females. Proc Biol Sci 279: 4423-4432.
Gruntenko, N. E., and I. Y. Rauschenbach, 2008 Interplay of JH, 20E and biogenic amines under normal and stress conditions and its effect on reproduction. J Insect Physiol 54: 902-908.
Harbison, S. T., S. Kumar, W. Huang, L. J. McCoy, K. R. Smith et al., 2019 Genome-Wide Association Study of Circadian Behavior in Drosophila melanogaster. Behav Genet 49: 60-82.
Hasemeyer, M., N. Yapici, U. Heberlein and B. J. Dickson, 2009 Sensory neurons in the Drosophila genital tract regulate female reproductive behavior. Neuron 61: 511-518.
Heifetz, Y., M. Lindner, Y. Garini and M. F. Wolfner, 2014 Mating regulates neuromodulator ensembles at nerve termini innervating the Drosophila reproductive tract. Curr Biol 24: 731-737.
Hsu, H. J., and D. Drummond-Barbosa, 2009 Insulin levels control female germline stem cell maintenance via the niche in Drosophila. Proc Natl Acad Sci U S A 106: 1117-1121.
Huang, W., A. Massouras, Y. Inoue, J. Peiffer, M. Ramia et al., 2014 Natural variation in genome architecture among 205 Drosophila melanogaster Genetic Reference Panel lines. Genome Res 24: 1193-1208.
Huang, X., J. T. Warren, J. Buchanan, L. I. Gilbert and M. P. Scott, 2007 Drosophila Niemann-Pick type C-2 genes control sterol homeostasis and steroid biosynthesis: a model of human neurodegenerative disease. Development 134: 3733-3742.
Hudry, B., E. de Goeij, A. Mineo, P. Gaspar, D. Hadjieconomou et al., 2019 Sex Differences in Intestinal Carbohydrate Metabolism Promote Food Intake and Sperm Maturation. Cell 178: 901-918 e916.
Ikeya, T., M. Galic, P. Belawat, K. Nairz and E. Hafen, 2002 Nutrient-dependent expression of insulin-like peptides from neuroendocrine cells in the CNS contributes to growth regulation in Drosophila. Curr Biol 12: 1293-1300.
Innocenti, P., and E. H. Morrow, 2009 Immunogenic males: a genome-wide analysis of reproduction and the cost of mating in Drosophila melanogaster females. J Evol Biol 22: 964-973.
Isaac, R. E., C. Li, A. E. Leedale and A. D. Shirras, 2010 Drosophila male sex peptide inhibits siesta sleep and promotes locomotor activity in the post-mated female. Proc Biol Sci 277: 65-70.
Ivanov, D. K., V. Escott-Price, M. Ziehm, M. M. Magwire, T. F. Mackay et al., 2015 Longevity GWAS Using the Drosophila Genetic Reference Panel. J Gerontol A Biol Sci Med Sci 70: 1470-1478.
Jayakumar, S., and G. Hasan, 2018 Neuronal Calcium Signaling in Metabolic Regulation and Adaptation to Nutrient Stress. Front Neural Circuits 12: 25.
Jehrke, L., F. A. Stewart, A. Droste and M. Beller, 2018 The impact of genome variation and diet on the metabolic phenotype and microbiome composition of Drosophila melanogaster. Sci Rep 8: 6215.
Jongens, T. A., B. Hay, L. Y. Jan and Y. N. Jan, 1992 The germ cell-less gene product: a posteriorly localized component necessary for germ cell development in Drosophila. Cell 70: 569-584.
Kalb, J. M., A. J. DiBenedetto and M. F. Wolfner, 1993 Probing the function of Drosophila melanogaster accessory glands by directed cell ablation. Proc Natl Acad Sci U S A 90: 8093-8097.
Kapelnikov, A., E. Zelinger, Y. Gottlieb, K. Rhrissorrakrai, K. C. Gunsalus et al., 2008 Mating induces an immune response and developmental switch in the Drosophila oviduct. Proc Natl Acad Sci U S A 105: 13912-13917.
Keene, A. C., E. R. Duboue, D. M. McDonald, M. Dus, G. S. Suh et al., 2010 Clock and cycle limit starvation-induced sleep loss in Drosophila. Curr Biol 20: 1209-1215.
LaFever, L., and D. Drummond-Barbosa, 2005 Direct control of germline stem cell division and cyst growth by neural insulin in Drosophila. Science 309: 1071-1073.
Langmead, B., C. Trapnell, M. Pop and S. L. Salzberg, 2009 Ultrafast and memory-efficient alignment of short DNA sequences to the human genome. Genome Biol 10: R25.
Lawniczak, M. K., and D. J. Begun, 2004 A genome-wide analysis of courting and mating responses in Drosophila melanogaster females. Genome 47: 900-910.
Lee, G., and J. H. Park, 2004 Hemolymph sugar homeostasis and starvation-induced hyperactivity affected by genetic manipulations of the adipokinetic hormone-encoding gene in Drosophila melanogaster. Genetics 167: 311-323.
Lehmann, M., 2018 Endocrine and physiological regulation of neutral fat storage in Drosophila. Mol Cell Endocrinol 461: 165-177.
Levy, F., D. Rabel, M. Charlet, P. Bulet, J. A. Hoffmann et al., 2004 Peptidomic and proteomic analyses of the systemic immune response of Drosophila. Biochimie 86: 607-616.
Lex, A., N. Gehlenborg, H. Strobelt, R. Vuillemot and H. Pfister, 2014 UpSet: Visualization of Intersecting Sets. IEEE Trans Vis Comput Graph 20: 1983-1992.
Liu, H., and E. Kubli, 2003 Sex-peptide is the molecular basis of the sperm effect in Drosophila melanogaster. Proc Natl Acad Sci U S A 100: 9929-9933.
Liu, W. W., and R. I. Wilson, 2013 Glutamate is an inhibitory neurotransmitter in the Drosophila olfactory system. Proc Natl Acad Sci U S A 110: 10294-10299.
Liu, Z., and X. Huang, 2013 Lipid metabolism in Drosophila: development and disease. Acta Biochim Biophys Sin (Shanghai) 45: 44-50.
Livak, K. J., and T. D. Schmittgen, 2001 Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25: 402-408.
Lyne, R., R. Smith, K. Rutherford, M. Wakeling, A. Varley et al., 2007 FlyMine: an integrated database for Drosophila and Anopheles genomics. Genome Biol 8: R129.
Mack, P. D., A. Kapelnikov, Y. Heifetz and M. Bender, 2006 Mating-responsive genes in reproductive tissues of female Drosophila melanogaster. Proc Natl Acad Sci U S A 103: 10358-10363.
Mackay, T. F., S. Richards, E. A. Stone, A. Barbadilla, J. F. Ayroles et al., 2012 The Drosophila melanogaster Genetic Reference Panel. Nature 482: 173-178.
Manning, A., 1962 A Sperm Factor Affecting the Receptivity of Drosophila Melanogaster Females. Nature 194: 252-253.
Masly, J. P., J. E. Dalton, S. Srivastava, L. Chen and M. N. Arbeitman, 2011 The genetic basis of rapidly evolving male genital morphology in Drosophila. Genetics 189: 357-374.
McGraw, L. A., A. G. Clark and M. F. Wolfner, 2008 Post-mating gene expression profiles of female Drosophila melanogaster in response to time and to four male accessory gland proteins. Genetics 179: 1395-1408.
McGraw, L. A., G. Gibson, A. G. Clark and M. F. Wolfner, 2004 Genes regulated by mating, sperm, or seminal proteins in mated female Drosophila melanogaster. Curr Biol 14: 1509-1514.
McGraw, L. A., G. Gibson, A. G. Clark and M. F. Wolfner, 2009 Strain-dependent differences in several reproductive traits are not accompanied by early postmating transcriptome changes in female Drosophila melanogaster. Genetics 181: 1273-1280.
Meethal, S. V., and C. Atwood, 2005 The role of hypothalamic-pituitary-gonadal hormones in the normal structure and functioning of the brain. Cell Mol Life Sci 62: 257-270.
Miller, P. B., O. T. Obrik-Uloho, M. H. Phan, C. L. Medrano, J. S. Renier et al., 2014 The song of the old mother: reproductive senescence in female drosophila. Fly (Austin) 8: 127-139.
Monastirioti, M., 2003 Distinct octopamine cell population residing in the CNS abdominal ganglion controls ovulation in Drosophila melanogaster. Dev Biol 264: 38-49.
Morozova, T. V., W. Huang, V. A. Pray, T. Whitham, R. R. Anholt et al., 2015 Polymorphisms in early neurodevelopmental genes affect natural variation in alcohol sensitivity in adult drosophila. BMC Genomics 16: 865.
Moshitzky, P., I. Fleischmann, N. Chaimov, P. Saudan, S. Klauser et al., 1996 Sex-peptide activates juvenile hormone biosynthesis in the Drosophila melanogaster corpus allatum. Arch Insect Biochem Physiol 32: 363-374.
Nassel, D. R., O. I. Kubrak, Y. Liu, J. Luo and O. V. Lushchak, 2013 Factors that regulate insulin producing cells and their output in Drosophila. Front Physiol 4: 252.
Neckameyer, W. S., 1998 Dopamine modulates female sexual receptivity in Drosophila melanogaster. J Neurogenet 12: 101-114.
Nelson, C. S., J. N. Beck, K. A. Wilson, E. R. Pilcher, P. Kapahi et al., 2016 Cross-phenotype association tests uncover genes mediating nutrient response in Drosophila. BMC Genomics 17: 867.
Nusse, R., and H. Varmus, 2012 Three decades of Wnts: a personal perspective on how a scientific field developed. EMBO J 31: 2670-2684.
Okamura, T., H. Shimizu, T. Nagao, R. Ueda and S. Ishii, 2007 ATF-2 regulates fat metabolism in Drosophila. Mol Biol Cell 18: 1519-1529.
Paik, D., Y. G. Jang, Y. E. Lee, Y. N. Lee, R. Yamamoto et al., 2012 Misexpression screen delineates novel genes controlling Drosophila lifespan. Mech Ageing Dev 133: 234-245.
Parisi, M. J., V. Gupta, D. Sturgill, J. T. Warren, J. M. Jallon et al., 2010 Germline-dependent gene expression in distant non-gonadal somatic tissues of Drosophila. BMC Genomics 11: 346.
Patel, R. T., J. L. Soulages, B. Hariharasundaram and E. L. Arrese, 2005 Activation of the lipid droplet controls the rate of lipolysis of triglycerides in the insect fat body. J Biol Chem 280: 22624-22631.
Peng, J., S. Chen, S. Busser, H. Liu, T. Honegger et al., 2005 Gradual release of sperm bound sex-peptide controls female postmating behavior in Drosophila. Curr Biol 15: 207-213.
Pizzari, T., R. Dean, A. Pacey, H. Moore and M. B. Bonsall, 2008 The evolutionary ecology of pre- and post-meiotic sperm senescence. Trends Ecol Evol 23: 131-140.
Pletcher, S. D., S. J. Macdonald, R. Marguerie, U. Certa, S. C. Stearns et al., 2002 Genome-wide transcript profiles in aging and calorically restricted Drosophila melanogaster. Curr Biol 12: 712-723.
Rajan, A., and N. Perrimon, 2011 Drosophila as a model for interorgan communication: lessons from studies on energy homeostasis. Dev Cell 21: 29-31.
Ravi Ram, K., and M. F. Wolfner, 2007 Seminal influences: Drosophila Acps and the molecular interplay between males and females during reproduction. Integrative and Comparative Biology 47: 427-445.
Reiff, T., J. Jacobson, P. Cognigni, Z. Antonello, E. Ballesta et al., 2015 Endocrine remodelling of the adult intestine sustains reproduction in Drosophila. Elife 4: e06930.
Rezaval, C., T. Nojima, M. C. Neville, A. C. Lin and S. F. Goodwin, 2014 Sexually dimorphic octopaminergic neurons modulate female postmating behaviors in Drosophila. Curr Biol 24: 725-730.
Rezaval, C., H. J. Pavlou, A. J. Dornan, Y. B. Chan, E. A. Kravitz et al., 2012 Neural circuitry underlying Drosophila female postmating behavioral responses. Curr Biol 22: 1155-1165.
Ribeiro, C., and B. J. Dickson, 2010 Sex peptide receptor and neuronal TOR/S6K signaling modulate nutrient balancing in Drosophila. Curr Biol 20: 1000-1005.
Rideout, E. J., A. J. Dornan, M. C. Neville, S. Eadie and S. F. Goodwin, 2010 Control of sexual differentiation and behavior by the doublesex gene in Drosophila melanogaster. Nat Neurosci 13: 458-466.
Ringo, J., B. Talyn and M. Brannan, 2005 Effects of precocene and low protein diet on reproductive behavior in Drosophila melanogaster (Diptera : Drosophilidae). Annals of the Entomological Society of America 98: 601-607.
Ringo, J., R. Werczberger, M. Altaratz and D. Segal, 1991 Female sexual receptivity is defective in juvenile hormone-deficient mutants of the apterous gene of Drosophila melanogaster. Behav Genet 21: 453-469.
Robinson, J. E., J. Paluch, D. K. Dickman and W. J. Joiner, 2016 ADAR-mediated RNA editing suppresses sleep by acting as a brake on glutamatergic synaptic plasticity. Nat Commun 7: 10512.
Robinson, M. D., D. J. McCarthy and G. K. Smyth, 2010 edgeR: a Bioconductor package for differential expression analysis of digital gene expression data. Bioinformatics 26: 139-140.
Robinson, S. W., P. Herzyk, J. A. Dow and D. P. Leader, 2013 FlyAtlas: database of gene expression in the tissues of Drosophila melanogaster. Nucleic Acids Res 41: D744-750.
Rubinstein, C. D., and M. F. Wolfner, 2013 Drosophila seminal protein ovulin mediates ovulation through female octopamine neuronal signaling. Proc Natl Acad Sci U S A 110: 17420-17425.
Schadt, E. E., 2009 Molecular networks as sensors and drivers of common human diseases. Nature 461: 218-223.
Scopelliti, A., C. Bauer, Y. Yu, T. Zhang, B. Kruspig et al., 2019 A Neuronal Relay Mediates a Nutrient Responsive Gut/Fat Body Axis Regulating Energy Homeostasis in Adult Drosophila. Cell Metab 29: 269-284 e210.
Shao, L., P. Chung, A. Wong, I. Siwanowicz, C. F. Kent et al., 2019 A Neural Circuit Encoding the Experience of Copulation in Female Drosophila. Neuron 102: 1025-1036 e1026.
Shen, L., 2019 GeneOverlap: Test and visualize gene overlaps. R package version 1.20.0.
Shinomiya, K., T. Karuppudurai, T. Y. Lin, Z. Lu, C. H. Lee et al., 2014 Candidate neural substrates for off-edge motion detection in Drosophila. Curr Biol 24: 1062-1070.
Short, S. M., and B. P. Lazzaro, 2010 Female and male genetic contributions to post-mating immune defence in female Drosophila melanogaster. Proc Biol Sci 277: 3649-3657.
Short, S. M., and B. P. Lazzaro, 2013 Reproductive status alters transcriptomic response to infection in female Drosophila melanogaster. G3 (Bethesda) 3: 827-840.
Short, S. M., M. F. Wolfner and B. P. Lazzaro, 2012 Female Drosophila melanogaster suffer reduced defense against infection due to seminal fluid components. J Insect Physiol 58: 1192-1201.
Sirot, L. K., A. Wong, T. Chapman and M. F. Wolfner, 2014 Sexual conflict and seminal fluid proteins: a dynamic landscape of sexual interactions. Cold Spring Harb Perspect Biol 7: a017533.
Sun, J., C. Liu, X. Bai, X. Li, J. Li et al., 2017 Drosophila FIT is a protein-specific satiety hormone essential for feeding control. Nat Commun 8: 14161.
Swevers, L., 2019 An update on ecdysone signaling during insect oogenesis. Curr Opin Insect Sci 31: 8-13.
Tan, Y., D. Yu, G. U. Busto, C. Wilson and R. L. Davis, 2013 Wnt signaling is required for long-term memory formation. Cell Rep 4: 1082-1089.
Thomson, T., and P. Lasko, 2005 Tudor and its domains: germ cell formation from a Tudor perspective. Cell Res 15: 281-291.
Toivonen, J. M., and L. Partridge, 2009 Endocrine regulation of aging and reproduction in Drosophila. Mol Cell Endocrinol 299: 39-50.
Trapnell, C., A. Roberts, L. Goff, G. Pertea, D. Kim et al., 2012 Differential gene and transcript expression analysis of RNA-seq experiments with TopHat and Cufflinks. Nat Protoc 7: 562-578.
Tu, M. P., C. M. Yin and M. Tatar, 2002 Impaired ovarian ecdysone synthesis of Drosophila melanogaster insulin receptor mutants. Aging Cell 1: 158-160.
Tu, M. P., C. M. Yin and M. Tatar, 2005 Mutations in insulin signaling pathway alter juvenile hormone synthesis in Drosophila melanogaster. Gen Comp Endocrinol 142: 347-356.
Vargas, M. A., N. Luo, A. Yamaguchi and P. Kapahi, 2010 A role for S6 kinase and serotonin in postmating dietary switch and balance of nutrients in D. melanogaster. Curr Biol 20: 1006-1011.
Walker, S. J., V. M. Corrales-Carvajal and C. Ribeiro, 2015 Postmating Circuitry Modulates Salt Taste Processing to Increase Reproductive Output in Drosophila. Curr Biol 25: 2621-2630.
Watanabe, K., and T. Sakai, 2016 Knockout mutations of insulin-like peptide genes enhance sexual receptivity in Drosophila virgin females. Genes Genet Syst 90: 237-241.
Whitaker, R., M. P. Gil, F. Ding, M. Tatar, S. L. Helfand et al., 2014 Dietary switch reveals fast coordinated gene expression changes in Drosophila melanogaster. Aging (Albany NY) 6: 355-368.
Wigby, S., C. Slack, S. Gronke, P. Martinez, F. C. Calboli et al., 2011 Insulin signalling regulates remating in female Drosophila. Proc Biol Sci 278: 424-431.
Wolfner, M. F., 1997 Tokens of love: functions and regulation of Drosophila male accessory gland products. Insect Biochem Mol Biol 27: 179-192.
Wolfner, M. F., 2002 The gifts that keep on giving: physiological functions and evolutionary dynamics of male seminal proteins in Drosophila. Heredity (Edinb) 88: 85-93.
Xue, L., and M. Noll, 2000 Drosophila female sexual behavior induced by sterile males showing copulation complementation. Proc Natl Acad Sci U S A 97: 3272-3275.
Yang, C. H., S. Rumpf, Y. Xiang, M. D. Gordon, W. Song et al., 2009 Control of the postmating behavioral switch in Drosophila females by internal sensory neurons. Neuron 61: 519-526.
Yang, Z., Y. Yu, V. Zhang, Y. Tian, W. Qi et al., 2015 Octopamine mediates starvation-induced hyperactivity in adult Drosophila. Proc Natl Acad Sci U S A 112: 5219-5224.
Yapici, N., Y. J. Kim, C. Ribeiro and B. J. Dickson, 2008 A receptor that mediates the post-mating switch in Drosophila reproductive behaviour. Nature 451: 33-37.
Yu, Y., R. Huang, J. Ye, V. Zhang, C. Wu et al., 2016 Regulation of starvation-induced hyperactivity by insulin and glucagon signaling in adult Drosophila. Elife 5.
Zhou, S., T. Mackay and R. R. Anholt, 2014 Transcriptional and epigenetic responses to mating and aging in Drosophila melanogaster. BMC Genomics 15: 927.
Zimmerman, J. E., M. T. Chan, O. T. Lenz, B. T. Keenan, G. Maislin et al., 2017 Glutamate Is a Wake-Active Neurotransmitter in Drosophila melanogaster. Sleep 40.
Ables, E. T., and D. Drummond-Barbosa, 2017 Steroid Hormones and the Physiological Regulation of Tissue-Resident Stem Cells: Lessons from the Drosophila Ovary. Curr Stem Cell Rep 3: 9-18.
Ahmad, M., L. He and N. Perrimon, 2019 Regulation of insulin and adipokinetic hormone/glucagon production in flies. Wiley Interdiscip Rev Dev Biol: e360.
Aigaki, T., I. Fleischmann, P. S. Chen and E. Kubli, 1991 Ectopic expression of sex peptide alters reproductive behavior of female D. melanogaster. Neuron 7: 557-563.
Ameku, T., and R. Niwa, 2016 Mating-Induced Increase in Germline Stem Cells via the Neuroendocrine System in Female Drosophila. PLoS Genet 12: e1006123.
Apger-McGlaughon, J., and M. F. Wolfner, 2013 Post-mating change in excretion by mated Drosophila melanogaster females is a long-term response that depends on sex peptide and sperm. J Insect Physiol 59: 1024-1030.
Avila, F. W., L. K. Sirot, B. A. LaFlamme, C. D. Rubinstein and M. F. Wolfner, 2011 Insect seminal fluid proteins: identification and function. Annu Rev Entomol 56: 21-40.
Avila, F. W., and M. F. Wolfner, 2017 Cleavage of the Drosophila seminal protein Acp36DE in mated females enhances its sperm storage activity. J Insect Physiol 101: 66-72.
Barnes, A. I., J. M. Boone, L. Partridge and T. Chapman, 2007 A functioning ovary is not required for sex peptide to reduce receptivity to mating in D. melanogaster. J Insect Physiol 53: 343-348.
Barnstedt, O., D. Owald, J. Felsenberg, R. Brain, J. P. Moszynski et al., 2016 Memory-Relevant Mushroom Body Output Synapses Are Cholinergic. Neuron 89: 1237-1247.
Benjamini, Y., and Y. Hochberg, 1995 Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple Testing. Journal of the Royal Statistical Society. Series B (Methodological) 57: 289-300.
Bloch Qazi, M. C., and M. F. Wolfner, 2003 An early role for the Drosophila melanogaster male seminal protein Acp36DE in female sperm storage. J Exp Biol 206: 3521-3528.
Boswell, R. E., and A. P. Mahowald, 1985 tudor, a gene required for assembly of the germ plasm in Drosophila melanogaster. Cell 43: 97-104.
Boutros, M., H. Agaisse and N. Perrimon, 2002 Sequential activation of signaling pathways during innate immune responses in Drosophila. Dev Cell 3: 711-722.
Boyer, A., A. K. Goff and D. Boerboom, 2010 WNT signaling in ovarian follicle biology and tumorigenesis. Trends Endocrinol Metab 21: 25-32.
Buch, S., C. Melcher, M. Bauer, J. Katzenberger and M. J. Pankratz, 2008 Opposing effects of dietary protein and sugar regulate a transcriptional target of Drosophila insulin-like peptide signaling. Cell Metab 7: 321-332.
Campo, D., K. Lehmann, C. Fjeldsted, T. Souaiaia, J. Kao et al., 2013 Whole-genome sequencing of two North American Drosophila melanogaster populations reveals genetic differentiation and positive selection. Mol Ecol 22: 5084-5097.
Carvalho, G. B., P. Kapahi, D. J. Anderson and S. Benzer, 2006 Allocrine modulation of feeding behavior by the Sex Peptide of Drosophila. Curr Biol 16: 692-696.
Chapman, T., J. Bangham, G. Vinti, B. Seifried, O. Lung et al., 2003 The sex peptide of Drosophila melanogaster: female post-mating responses analyzed by using RNA interference. Proc Natl Acad Sci U S A 100: 9923-9928.
Chen, P. S., E. Stumm-Zollinger, T. Aigaki, J. Balmer, M. Bienz et al., 1988 A male accessory gland peptide that regulates reproductive behavior of female D. melanogaster. Cell 54: 291-298.
Chintapalli, V. R., J. Wang and J. A. Dow, 2007 Using FlyAtlas to identify better Drosophila melanogaster models of human disease. Nat Genet 39: 715-720.
Chow, C. Y., M. F. Wolfner and A. G. Clark, 2013 Large neurological component to genetic differences underlying biased sperm use in Drosophila. Genetics 193: 177-185.
Cichewicz, K., and J. Hirsh, 2018 ShinyR-DAM: a program analyzing Drosophila activity, sleep and circadian rhythms. Commun Biol 1.
Clemmons, A. W., S. A. Lindsay and S. A. Wasserman, 2015 An effector Peptide family required for Drosophila toll-mediated immunity. PLoS Pathog 11: e1004876.
Cognigni, P., A. P. Bailey and I. Miguel-Aliaga, 2011 Enteric neurons and systemic signals couple nutritional and reproductive status with intestinal homeostasis. Cell Metab 13: 92-104.
Dalton, J. E., T. S. Kacheria, S. R. Knott, M. S. Lebo, A. Nishitani et al., 2010 Dynamic, mating-induced gene expression changes in female head and brain tissues of Drosophila melanogaster. BMC Genomics 11: 541.
De Gregorio, E., P. T. Spellman, G. M. Rubin and B. Lemaitre, 2001 Genome-wide analysis of the Drosophila immune response by using oligonucleotide microarrays. Proc Natl Acad Sci U S A 98: 12590-12595.
De Gregorio, E., P. T. Spellman, P. Tzou, G. M. Rubin and B. Lemaitre, 2002 The Toll and Imd pathways are the major regulators of the immune response in Drosophila. EMBO J 21: 2568-2579.
Delbare, S. Y. N., C. Y. Chow, M. F. Wolfner and A. G. Clark, 2017 Roles of Female and Male Genotype in Post-Mating Responses in Drosophila melanogaster. J Hered 108: 740-753.
Delhomme, N., I. Padioleau, E. E. Furlong and L. M. Steinmetz, 2012 easyRNASeq: a bioconductor package for processing RNA-Seq data. Bioinformatics 28: 2532-2533.
Della Torre, S., V. Benedusi, R. Fontana and A. Maggi, 2014 Energy metabolism and fertility: a balance preserved for female health. Nat Rev Endocrinol 10: 13-23.
Doroszuk, A., M. J. Jonker, N. Pul, T. M. Breit and B. J. Zwaan, 2012 Transcriptome analysis of a long-lived natural Drosophila variant: a prominent role of stress- and reproduction-genes in lifespan extension. BMC Genomics 13: 167.
Dove, A. E., B. L. Cook, Z. Irgebay and C. G. Vecsey, 2017 Mechanisms of sleep plasticity due to sexual experience in Drosophila melanogaster. Physiol Behav 180: 146-158.
Droujinine, I. A., and N. Perrimon, 2013 Defining the interorgan communication network: systemic coordination of organismal cellular processes under homeostasis and localized stress. Front Cell Infect Microbiol 3: 82.
Droujinine, I. A., and N. Perrimon, 2016 Interorgan Communication Pathways in Physiology: Focus on Drosophila. Annu Rev Genet 50: 539-570.
Dupuis, J., T. Louis, M. Gauthier and V. Raymond, 2012 Insights from honeybee (Apis mellifera) and fly (Drosophila melanogaster) nicotinic acetylcholine receptors: from genes to behavioral functions. Neurosci Biobehav Rev 36: 1553-1564.
Ekengren, S., and D. Hultmark, 2001 A family of Turandot-related genes in the humoral stress response of Drosophila. Biochem Biophys Res Commun 284: 998-1003.
Fear, J. M., L. G. Leon-Novelo, A. M. Morse, A. R. Gerken, K. Van Lehmann et al., 2016 Buffering of Genetic Regulatory Networks in Drosophila melanogaster. Genetics 203: 1177-1190.
Fedorka, K. M., J. E. Linder, W. Winterhalter and D. Promislow, 2007 Post-mating disparity between potential and realized immune response in Drosophila melanogaster. Proc Biol Sci 274: 1211-1217.
Fukui, H. H., and M. H. Gromko, 1989 Female Receptivity to Remating and Early Fecundity in Drosophila Melanogaster. Evolution 43: 1311-1315.
Ganter, G. K., J. B. Desilets, J. A. Davis-Knowlton, A. E. Panaitiu, M. Sweezy et al., 2012 Drosophila female precopulatory behavior is modulated by ecdysteroids. J Insect Physiol 58: 413-419.
Garbe, D. S., A. S. Vigderman, E. Moscato, A. E. Dove, C. G. Vecsey et al., 2016 Changes in Female Drosophila Sleep following Mating Are Mediated by SPSN-SAG Neurons. J Biol Rhythms 31: 551-567.
Ge, S. X., E. W. Son and R. Yao, 2018 iDEP: an integrated web application for differential expression and pathway analysis of RNA-Seq data. BMC Bioinformatics 19: 534.
Gershman, B., O. Puig, L. Hang, R. M. Peitzsch, M. Tatar et al., 2007 High-resolution dynamics of the transcriptional response to nutrition in Drosophila: a key role for dFOXO. Physiol Genomics 29: 24-34.
Gioti, A., S. Wigby, B. Wertheim, E. Schuster, P. Martinez et al., 2012 Sex peptide of Drosophila melanogaster males is a global regulator of reproductive processes in females. Proc Biol Sci 279: 4423-4432.
Gruntenko, N. E., and I. Y. Rauschenbach, 2008 Interplay of JH, 20E and biogenic amines under normal and stress conditions and its effect on reproduction. J Insect Physiol 54: 902-908.
Hasemeyer, M., N. Yapici, U. Heberlein and B. J. Dickson, 2009 Sensory neurons in the Drosophila genital tract regulate female reproductive behavior. Neuron 61: 511-518.
Hsu, H. J., and D. Drummond-Barbosa, 2009 Insulin levels control female germline stem cell maintenance via the niche in Drosophila. Proc Natl Acad Sci U S A 106: 1117-1121.
Huang, W., A. Massouras, Y. Inoue, J. Peiffer, M. Ramia et al., 2014 Natural variation in genome architecture among 205 Drosophila melanogaster Genetic Reference Panel lines. Genome Res 24: 1193-1208.
Huang, X., J. T. Warren, J. Buchanan, L. I. Gilbert and M. P. Scott, 2007 Drosophila Niemann-Pick type C-2 genes control sterol homeostasis and steroid biosynthesis: a model of human neurodegenerative disease. Development 134: 3733-3742.
Ikeya, T., M. Galic, P. Belawat, K. Nairz and E. Hafen, 2002 Nutrient-dependent expression of insulin-like peptides from neuroendocrine cells in the CNS contributes to growth regulation in Drosophila. Curr Biol 12: 1293-1300.
Innocenti, P., and E. H. Morrow, 2009 Immunogenic males: a genome-wide analysis of reproduction and the cost of mating in Drosophila melanogaster females. J Evol Biol 22: 964-973.
Isaac, R. E., C. Li, A. E. Leedale and A. D. Shirras, 2010 Drosophila male sex peptide inhibits siesta sleep and promotes locomotor activity in the post-mated female. Proc Biol Sci 277: 65-70.
Jongens, T. A., B. Hay, L. Y. Jan and Y. N. Jan, 1992 The germ cell-less gene product: a posteriorly localized component necessary for germ cell development in Drosophila. Cell 70: 569-584.
Kapelnikov, A., E. Zelinger, Y. Gottlieb, K. Rhrissorrakrai, K. C. Gunsalus et al., 2008 Mating induces an immune response and developmental switch in the Drosophila oviduct. Proc Natl Acad Sci U S A 105: 13912-13917.
Keene, A. C., E. R. Duboue, D. M. McDonald, M. Dus, G. S. Suh et al., 2010 Clock and cycle limit starvation-induced sleep loss in Drosophila. Curr Biol 20: 1209-1215.
LaFever, L., and D. Drummond-Barbosa, 2005 Direct control of germline stem cell division and cyst growth by neural insulin in Drosophila. Science 309: 1071-1073.
Langmead, B., C. Trapnell, M. Pop and S. L. Salzberg, 2009 Ultrafast and memory-efficient alignment of short DNA sequences to the human genome. Genome Biol 10: R25.
Lawniczak, M. K., and D. J. Begun, 2004 A genome-wide analysis of courting and mating responses in Drosophila melanogaster females. Genome 47: 900-910.
Lee, G., and J. H. Park, 2004 Hemolymph sugar homeostasis and starvation-induced hyperactivity affected by genetic manipulations of the adipokinetic hormone-encoding gene in Drosophila melanogaster. Genetics 167: 311-323.
Lehmann, M., 2018 Endocrine and physiological regulation of neutral fat storage in Drosophila. Mol Cell Endocrinol 461: 165-177.
Levy, F., D. Rabel, M. Charlet, P. Bulet, J. A. Hoffmann et al., 2004 Peptidomic and proteomic analyses of the systemic immune response of Drosophila. Biochimie 86: 607-616.
Lex, A., N. Gehlenborg, H. Strobelt, R. Vuillemot and H. Pfister, 2014 UpSet: Visualization of Intersecting Sets. IEEE Trans Vis Comput Graph 20: 1983-1992.
Liu, H., and E. Kubli, 2003 Sex-peptide is the molecular basis of the sperm effect in Drosophila melanogaster. Proc Natl Acad Sci U S A 100: 9929-9933.
Liu, W. W., and R. I. Wilson, 2013 Glutamate is an inhibitory neurotransmitter in the Drosophila olfactory system. Proc Natl Acad Sci U S A 110: 10294-10299.
Liu, Z., and X. Huang, 2013 Lipid metabolism in Drosophila: development and disease. Acta Biochim Biophys Sin (Shanghai) 45: 44-50.
Livak, K. J., and T. D. Schmittgen, 2001 Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25: 402-408.
Lyne, R., R. Smith, K. Rutherford, M. Wakeling, A. Varley et al., 2007 FlyMine: an integrated database for Drosophila and Anopheles genomics. Genome Biol 8: R129.
Mack, P. D., A. Kapelnikov, Y. Heifetz and M. Bender, 2006 Mating-responsive genes in reproductive tissues of female Drosophila melanogaster. Proc Natl Acad Sci U S A 103: 10358-10363.
Mackay, T. F., S. Richards, E. A. Stone, A. Barbadilla, J. F. Ayroles et al., 2012 The Drosophila melanogaster Genetic Reference Panel. Nature 482: 173-178.
Manning, A., 1962 A Sperm Factor Affecting the Receptivity of Drosophila Melanogaster Females. Nature 194: 252-253.
Masly, J. P., J. E. Dalton, S. Srivastava, L. Chen and M. N. Arbeitman, 2011 The genetic basis of rapidly evolving male genital morphology in Drosophila. Genetics 189: 357-374.
McGraw, L. A., A. G. Clark and M. F. Wolfner, 2008 Post-mating gene expression profiles of female Drosophila melanogaster in response to time and to four male accessory gland proteins. Genetics 179: 1395-1408.
McGraw, L. A., G. Gibson, A. G. Clark and M. F. Wolfner, 2004 Genes regulated by mating, sperm, or seminal proteins in mated female Drosophila melanogaster. Curr Biol 14: 1509-1514.
McGraw, L. A., G. Gibson, A. G. Clark and M. F. Wolfner, 2009 Strain-dependent differences in several reproductive traits are not accompanied by early postmating transcriptome changes in female Drosophila melanogaster. Genetics 181: 1273-1280.
Meethal, S. V., and C. Atwood, 2005 The role of hypothalamic-pituitary-gonadal hormones in the normal structure and functioning of the brain. Cell Mol Life Sci 62: 257-270.
Miller, P. B., O. T. Obrik-Uloho, M. H. Phan, C. L. Medrano, J. S. Renier et al., 2014 The song of the old mother: reproductive senescence in female drosophila. Fly (Austin) 8: 127-139.
Monastirioti, M., 2003 Distinct octopamine cell population residing in the CNS abdominal ganglion controls ovulation in Drosophila melanogaster. Dev Biol 264: 38-49.
Moshitzky, P., I. Fleischmann, N. Chaimov, P. Saudan, S. Klauser et al., 1996 Sex-peptide activates juvenile hormone biosynthesis in the Drosophila melanogaster corpus allatum. Arch Insect Biochem Physiol 32: 363-374.
Nassel, D. R., O. I. Kubrak, Y. Liu, J. Luo and O. V. Lushchak, 2013 Factors that regulate insulin producing cells and their output in Drosophila. Front Physiol 4: 252.
Neckameyer, W. S., 1998 Dopamine modulates female sexual receptivity in Drosophila melanogaster. J Neurogenet 12: 101-114.
Neubaum, D. M., and M. F. Wolfner, 1999 Mated Drosophila melanogaster females require a seminal fluid protein, Acp36DE, to store sperm efficiently. Genetics 153: 845-857.
Nusse, R., and H. Varmus, 2012 Three decades of Wnts: a personal perspective on how a scientific field developed. EMBO J 31: 2670-2684.
Okamura, T., H. Shimizu, T. Nagao, R. Ueda and S. Ishii, 2007 ATF-2 regulates fat metabolism in Drosophila. Mol Biol Cell 18: 1519-1529.
Paik, D., Y. G. Jang, Y. E. Lee, Y. N. Lee, R. Yamamoto et al., 2012 Misexpression screen delineates novel genes controlling Drosophila lifespan. Mech Ageing Dev 133: 234-245.
Parisi, M. J., V. Gupta, D. Sturgill, J. T. Warren, J. M. Jallon et al., 2010 Germline-dependent gene expression in distant non-gonadal somatic tissues of Drosophila. BMC Genomics 11: 346.
Patel, R. T., J. L. Soulages, B. Hariharasundaram and E. L. Arrese, 2005 Activation of the lipid droplet controls the rate of lipolysis of triglycerides in the insect fat body. J Biol Chem 280: 22624-22631.
Peng, J., S. Chen, S. Busser, H. Liu, T. Honegger et al., 2005 Gradual release of sperm bound sex-peptide controls female postmating behavior in Drosophila. Curr Biol 15: 207-213.
Pizzari, T., R. Dean, A. Pacey, H. Moore and M. B. Bonsall, 2008 The evolutionary ecology of pre- and post-meiotic sperm senescence. Trends Ecol Evol 23: 131-140.
Pletcher, S. D., S. J. Macdonald, R. Marguerie, U. Certa, S. C. Stearns et al., 2002 Genome-wide transcript profiles in aging and calorically restricted Drosophila melanogaster. Curr Biol 12: 712-723.
Rajan, A., and N. Perrimon, 2011 Drosophila as a model for interorgan communication: lessons from studies on energy homeostasis. Dev Cell 21: 29-31.
Ram, K. R., and M. F. Wolfner, 2007 Sustained post-mating response in Drosophila melanogaster requires multiple seminal fluid proteins. PLoS Genet 3: e238.
Ram, K. R., and M. F. Wolfner, 2009 A network of interactions among seminal proteins underlies the long-term postmating response in Drosophila. Proc Natl Acad Sci U S A 106: 15384-15389.
Ravi Ram, K., and M. F. Wolfner, 2007 Seminal influences: Drosophila Acps and the molecular interplay between males and females during reproduction. Integrative and Comparative Biology 47: 427-445.
Rezaval, C., T. Nojima, M. C. Neville, A. C. Lin and S. F. Goodwin, 2014 Sexually dimorphic octopaminergic neurons modulate female postmating behaviors in Drosophila. Curr Biol 24: 725-730.
Rezaval, C., H. J. Pavlou, A. J. Dornan, Y. B. Chan, E. A. Kravitz et al., 2012 Neural circuitry underlying Drosophila female postmating behavioral responses. Curr Biol 22: 1155-1165.
Ribeiro, C., and B. J. Dickson, 2010 Sex peptide receptor and neuronal TOR/S6K signaling modulate nutrient balancing in Drosophila. Curr Biol 20: 1000-1005.
Ringo, J., B. Talyn and M. Brannan, 2005 Effects of precocene and low protein diet on reproductive behavior in Drosophila melanogaster (Diptera : Drosophilidae). Annals of the Entomological Society of America 98: 601-607.
Ringo, J., R. Werczberger, M. Altaratz and D. Segal, 1991 Female sexual receptivity is defective in juvenile hormone-deficient mutants of the apterous gene of Drosophila melanogaster. Behav Genet 21: 453-469.
Robinson, J. E., J. Paluch, D. K. Dickman and W. J. Joiner, 2016 ADAR-mediated RNA editing suppresses sleep by acting as a brake on glutamatergic synaptic plasticity. Nat Commun 7: 10512.
Robinson, M. D., D. J. McCarthy and G. K. Smyth, 2010 edgeR: a Bioconductor package for differential expression analysis of digital gene expression data. Bioinformatics 26: 139-140.
Robinson, S. W., P. Herzyk, J. A. Dow and D. P. Leader, 2013 FlyAtlas: database of gene expression in the tissues of Drosophila melanogaster. Nucleic Acids Res 41: D744-750.
Shao, L., P. Chung, A. Wong, I. Siwanowicz, C. F. Kent et al., 2019 A Neural Circuit Encoding the Experience of Copulation in Female Drosophila. Neuron 102: 1025-1036 e1026.
Shen, L., 2019 GeneOverlap: Test and visualize gene overlaps. R package version 1.20.0.
Shinomiya, K., T. Karuppudurai, T. Y. Lin, Z. Lu, C. H. Lee et al., 2014 Candidate neural substrates for off-edge motion detection in Drosophila. Curr Biol 24: 1062-1070.
Short, S. M., and B. P. Lazzaro, 2010 Female and male genetic contributions to post-mating immune defence in female Drosophila melanogaster. Proc Biol Sci 277: 3649-3657.
Short, S. M., and B. P. Lazzaro, 2013 Reproductive status alters transcriptomic response to infection in female Drosophila melanogaster. G3 (Bethesda) 3: 827-840.
Short, S. M., M. F. Wolfner and B. P. Lazzaro, 2012 Female Drosophila melanogaster suffer reduced defense against infection due to seminal fluid components. J Insect Physiol 58: 1192-1201.
Sirot, L. K., A. Wong, T. Chapman and M. F. Wolfner, 2014 Sexual conflict and seminal fluid proteins: a dynamic landscape of sexual interactions. Cold Spring Harb Perspect Biol 7: a017533.
Sun, J., C. Liu, X. Bai, X. Li, J. Li et al., 2017 Drosophila FIT is a protein-specific satiety hormone essential for feeding control. Nat Commun 8: 14161.
Swevers, L., 2019 An update on ecdysone signaling during insect oogenesis. Curr Opin Insect Sci 31: 8-13.
Tan, Y., D. Yu, G. U. Busto, C. Wilson and R. L. Davis, 2013 Wnt signaling is required for long-term memory formation. Cell Rep 4: 1082-1089.
Thomson, T., and P. Lasko, 2005 Tudor and its domains: germ cell formation from a Tudor perspective. Cell Res 15: 281-291.
Toivonen, J. M., and L. Partridge, 2009 Endocrine regulation of aging and reproduction in Drosophila. Mol Cell Endocrinol 299: 39-50.
Tram, U., and M. F. Wolfner, 1999 Male seminal fluid proteins are essential for sperm storage in Drosophila melanogaster. Genetics 153: 837-844.
Trapnell, C., A. Roberts, L. Goff, G. Pertea, D. Kim et al., 2012 Differential gene and transcript expression analysis of RNA-seq experiments with TopHat and Cufflinks. Nat Protoc 7: 562-578.
Tu, M. P., C. M. Yin and M. Tatar, 2002 Impaired ovarian ecdysone synthesis of Drosophila melanogaster insulin receptor mutants. Aging Cell 1: 158-160.
Tu, M. P., C. M. Yin and M. Tatar, 2005 Mutations in insulin signaling pathway alter juvenile hormone synthesis in Drosophila melanogaster. Gen Comp Endocrinol 142: 347-356.
Vargas, M. A., N. Luo, A. Yamaguchi and P. Kapahi, 2010 A role for S6 kinase and serotonin in postmating dietary switch and balance of nutrients in D. melanogaster. Curr Biol 20: 1006-1011.
Walker, S. J., V. M. Corrales-Carvajal and C. Ribeiro, 2015 Postmating Circuitry Modulates Salt Taste Processing to Increase Reproductive Output in Drosophila. Curr Biol 25: 2621-2630.
Watanabe, K., and T. Sakai, 2016 Knockout mutations of insulin-like peptide genes enhance sexual receptivity in Drosophila virgin females. Genes Genet Syst 90: 237-241.
Whitaker, R., M. P. Gil, F. Ding, M. Tatar, S. L. Helfand et al., 2014 Dietary switch reveals fast coordinated gene expression changes in Drosophila melanogaster. Aging (Albany NY) 6: 355-368.
Wigby, S., C. Slack, S. Gronke, P. Martinez, F. C. Calboli et al., 2011 Insulin signalling regulates remating in female Drosophila. Proc Biol Sci 278: 424-431.
Wolfner, M. F., 1997 Tokens of love: functions and regulation of Drosophila male accessory gland products. Insect Biochem Mol Biol 27: 179-192.
Wolfner, M. F., 2002 The gifts that keep on giving: physiological functions and evolutionary dynamics of male seminal proteins in Drosophila. Heredity (Edinb) 88: 85-93.
Yang, C. H., S. Rumpf, Y. Xiang, M. D. Gordon, W. Song et al., 2009 Control of the postmating behavioral switch in Drosophila females by internal sensory neurons. Neuron 61: 519-526.
Yang, Z., Y. Yu, V. Zhang, Y. Tian, W. Qi et al., 2015 Octopamine mediates starvation-induced hyperactivity in adult Drosophila. Proc Natl Acad Sci U S A 112: 5219-5224.
Yapici, N., Y. J. Kim, C. Ribeiro and B. J. Dickson, 2008 A receptor that mediates the post-mating switch in Drosophila reproductive behaviour. Nature 451: 33-37.
Yu, Y., R. Huang, J. Ye, V. Zhang, C. Wu et al., 2016 Regulation of starvation-induced hyperactivity by insulin and glucagon signaling in adult Drosophila. Elife 5.
Zhou, S., T. Mackay and R. R. Anholt, 2014 Transcriptional and epigenetic responses to mating and aging in Drosophila melanogaster. BMC Genomics 15: 927.
Zimmerman, J. E., M. T. Chan, O. T. Lenz, B. T. Keenan, G. Maislin et al., 2017 Glutamate Is a Wake-Active Neurotransmitter in Drosophila melanogaster. Sleep 40.

Figure Legends
Figure 1: Diagram of the adult Drosophila endocrine network and gene expression comparisons. (A) Juvenile hormone (JH, blue), produced in the corpus allatum, stimulates production of ecdysone (green) and uptake of yolk proteins (not shown) in the ovaries. JH and ecdysone are regulated through signaling via the insulin/insulin-like signaling pathway likely through the Insulin-like peptides 2, 3, and 5 (Ilps2,3, and 5, red). Production of JH and ecdysone is also stimulated by male derived sex peptide (SP, purple). (B) The gene expression comparisons were all performed using RNA-seq. All samples are from eight-day old female adult head tissues. (1) This comparison examines the impact of the female germline in virgins. (2) This set of comparisons examines the impact of the female germline post-mating. (3) This set of comparisons examines the impact of the male germline post-mating. The post-mating comparisons were performed at one-day and three-day post-mating.
Figure 2Figure 1: Summary of shared, enriched pathways. A comparison of eEnriched KEGG and Reactome pathways and their associated P-values were determined using the Flymine portal (Benjamini-Hochberg corrected P-value <0.05) across. The 16 gene lists identified from the post-mating, gene expression comparisons were used for this analysis (described in Table 1Figure 1B—comparisons 2 and 3). The significance of the P-values are indicated as a heat map with more significant values indicated in greenred (p=2.38 x 10-38 for the most significant value),  and less significant values in redblue (P=0.05 for the least significant value) () and median in white. P-values are listed in Table S4).. The heat map was generated in Excel using a three-color scale across all conditions, with. The largest P-value is colored red, the smallest P-value colored green and the median P-value is colored yellow. All other values are colored proportionally. At the top are theThe pathways that are found in the most listsare sorted with those at the top found in the most lists. Empty cells indicate that the pathway was not enriched in the list. The induced and repressed lists of genes from the comparisons that examine the enriched pathways are shown for post-mating gene expression lists from experiments that examine the impact of the female (left side) and male (right side) germline are shown(left side. ) and the impact of the male germline (right side), for genes that are either induced (Ind) or repressed (Rep) compared to virgins. The female (purple) and male (green) germline status is indicated at the top, with (+ and color) indicating germline is present and (- and no color) indicating germline is absent. Numbers in the cells indicate the number of genes that were differentially expressed in the list from that pathway. All shared pathways found in more than one list are listed herepresented; those that appeared in only one condition are in Table 32.
Figure 32: Overlap of differentially expressed genes. Comparison of the 16 lists of genes that were differentially expressed at one- and three-days post-mating, using an Upset plot, which is conceptually similar to a Venn diagram. . Lists were separated into genes that were either induced or repressed by mating (Figure 1B—comparisons 2 and 3). The horizontal vertical histogram at the left shows the number of genes in each of the 16 lists. The vertical histogram on the right shows the number of overlapping genes. shows the intersection size (number of genes are shown above the shades of gray bars). The colored dots matrix below shows the condition(s) where the gene(s) are present, with a colored dot indicating the overlapping gene(s) are from that list and a gray dot indicating the overlapping gene(s) are not from that list. The number of lists the gene is present within is indicated on the bottom, from left to right, going from one list to eight lists, with each. For each category only showing the top five intersections are shown (by gene number). The horizontal histogram (colored bars) displays the number of genes that were present in each list. The image was adapted from the plot generated using the UpsetR package (LEX et al. 2014). The gene lists for both histograms include those induced by mating (Ind), or repressed by mating (Rep). The conditions are tud/+ female with a germline mated to Berlin male (FG), tud/+ female without a germline mated to Berlin male (FN), Berlin female mated to tud/+ male with a germline (MG), Berlin female mated to tud/+ male without a germline (MN). 1 and 3 indicate days post-mating.
Figure 43: Effect of the germline on female reproductive behaviors. The female genotypes are Berlin (Ber, green) and tud/+ (purple) with a germline (G+) and without (G-). The male genotypes are Berlin (Ber) and tud/+ with a germline (G+) and without (G-). The virgin (V) and mated (M) status of females is indicated. The impact of mating and germline on daytime (A) and nighttime (B) sleep, averaged across day 2-6 post-mating is shown. For each fly, the mean sleep is determined by ShinyR-DAM. Each column shows the average of the mean sleep across all flies for each condition. (A-C) Lighter shades indicate virgin conditions, and darker shades indicate mated conditions, with matching colors for females of the same strain background and germline status. The legend is on the top right: patterned bars indicate that either the female is lacking a germline (dots) or the male is lacking a germline (diagonal lines). The female genotypes are Berlin (green) and tud/+ (purple, with dots indicating no germline). The male genotypes that were used in the mating experiments are indicated beneath each bar graph: Berlin (no pattern) and tud/+ (diagonal indicating no germline; no pattern indicating with germline). (A) Average percent of daytime and (B) nighttime sleep across conditions. (A-B) Post-mating days 2-6 were averaged for each condition. Error bars show the standard error of the mean. Statistical analysis was done using an ANOVA, followed by a Tukey HSD post-hoc test. ANOVA tests were performed across strain, across all tud/+ females, and across all Berlin females, with values indicated (*; P <0.05), (**; P<0.005), (***; P <0.0005). The ANOVA analyses tested for the impact of strain, mating, germline status and their interactions. The data show average percent of flies asleep for virgin (V) and mated (M) females. (C) Preference for yeast-containing media vs sugar-containing media post-mating. Bar graphs show the percent of groups that preferred yeast-containing media for each condition. One- and three-days post-mating (PM) isThe days post-mating (PM) is  indicated (1 or 3 days). The assays with Berlin (Ber), tud/+ with a germline (G+), or tud/+ without a germline (G-) are indicated for each sex. (D) Female re-mating was assayed one- and three-days after the initial mating. A re-mating event was confirmed by the presence of GFP labeled sperm in the female seminal receptacle. Female reproductive organs were dissected within six hours of the DJ-GFP males being removed. Average percent re-mating of vial replicates are plotted, with error bars showing the standard error of the mean. Statistical analysis was done using an ANOVA between tud/+ females and Berlin females, separately. Tukey-HSD post-hoc test was performed on significant results *P <0.05 and **P<0.0005.Statistical analyses was done using an ANOVA (see Table S5), followed by a Tukey HSD post-hoc test. The categorical values for the Tukey HSD results are indicated where *=P <0.05, **=P<0.005, and ***=P <0.0005.

Figure 54: Genome Wide Association. (A) Phenotype plot in rank order. Boxplots illustrating the range of rank transformed re-mating (y-axis) for each strain (x-axis). Boxplots show quartiles via box and whiskers, and median with the bold black line. Outliers are single points outside of whiskers. Genotypes with percent re-mating and rank order are available in Table S7.
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