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ABSTRACT 

	  
During mating, Drosophila melanogaster males transfer sperm and seminal fluid 
proteins (SFPs), which influence female physiology and biochemistry. Sex peptide 
(SP) is arguably the most influential SFP as it impacts nearly all aspects of the 
female post-mating response (PMR). Timing of sperm ejection, a newly described 
post-mating behaviour, has potentially large fitness consequences as a quick 
ejection can reduce the number of sperm available to store, and thus progeny 
production, as well as paternity share in multiply-mated females. However, the 
mechanisms that underlie this behaviour remain understudied. Here, we performed 
a neurogenetic screen to identify neural populations controlling sperm ejection via 
the expression pattern of genes previously identified to support the PMR, including 
those found to be involved in the SP-dependent neural circuitry. For this we 
screened Gal4 lines that represent the complete or partial expression pattern of 
selected female reproductive genes to ectopically express either a conditional 
activator or a conditional inhibitor of neuronal activity, manipulated neuronal 
activity, and observed the effect on the timing of sperm ejection. We isolated 
several Gal4 lines that labeled neurons that control ejection inhibition as well as 
those that support spontaneous ejection revealing two forms: an incompletely 
pushed-out mating plug and a complete removal of the ejaculate. Several of the 
identified Gal4 drivers overlap in expression with genes involved in the SP 
pathway, which led us to investigate the function of SP and its receptor (SPR) on 
the timing of sperm ejection. We uncovered an opposite effect of SP and SPR; 
mutations in SP decreased and mutations in SPR increased sperm ejection latency. 
Taken together, these data suggest a model of the female neuronal circuitry 
supporting sperm ejection and indicate that SP signaling acts on these neurons to 
delay ejection, which may function to increase male reproductive success. 



Neurogenetics of sperm ejection 

 
 

177 

INTRODUCTION 

	  
The post-mating response (PMR) in Drosophila melanogaster is a collection of 
behaviours that are uniquely displayed by an inseminated female to boost her 
offspring production. This response consists of overt behavioural changes such as 
an increase in egg laying, decrease in sexual receptivity, alterations in food 
preferences, and shifts in locomotor activity (for a review see Laturney and Billeter, 
2014; Chapter 2). In addition to these behaviours, hidden inside the female is her 
reproductive tract, which also demonstrates dramatic morphological and 
biochemical mating-related modifications in parallel. The insect reproductive tract 
includes a bursa (the site of ejaculate deposition) connected to two sperm storage 
organs (the sperm receptacle and the spermathecae), and opens into the oviduct, 
joining the ovaries to the lower reproductive tract to deliver the unfertilized egg 
(see Figure 2, Chapter 1). During mating, the virgin reproductive tract experiences 
stereotypical conformational changes, exposing the sperm mass to the entrance of 
the sperm receptacle and the spermathecae, permitting storage of a portion of the 
sperm (Adams and Wolfner, 2007). This is eventually followed by the removal of 
the surplus-sperm and the male-produced mating plug, referred to as the ejection, 
by extruding it out of her bursa and discarding it with her legs (Laturney and 
Billeter, 2016; Chapter 3; Lee et al., 2015; Snook and Hosken, 2004).  
 
Investigations into the fate of sperm in the female reproductive tract have revealed 
a collaboration between male-derived seminal compounds and female cellular 
substrates at nearly all stages of the sperm’s journey including entrance, 
maintenance and release from storage (Arthur et al., 1998; Avila and Wolfner, 2009; 
Avila et al., 2015; 2012; 2011; Bloch Qazi and Wolfner, 2003; Neubaum and 
Wolfner, 1999; Ravi Ram and Wolfner, 2007b; Ravi Ram et al., 2005; Schnakenberg 
et al., 2011; Wong et al., 2008) (Chapter 5). Recently, Lee and colleagues (2015) 
showed that females with reduced expression of diuretic hormone 44 (Dh44), a 
neuropeptide related to vertebrate corticotropin-releasing factor (CRF), or its 
receptor Dh44R1, displayed shorter ejection latency relative to controls (Lee et al., 
2015). The effect of this neural-hormonal pathway suggests the existence of a 
female-specific neuronal circuitry that supports sperm ejection.  
 
Identification of the neuronal circuitry supporting the female PMR, including 
sperm ejection, informs us not only on how neural circuits produce and modulate 
behaviour but also how females of different reproductive states coordinate 
behaviours to maximize reproductive success. The state transformation, from 
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virgin to mated female, is largely initiated by a component of the ejaculate, sex 
peptide (SP). SP is produced in the male reproductive tract and is transferred along 
with sperm in the ejaculate (Aigaki et al., 1991; Chapman et al., 2003b; Chen et al., 
1988; Liu and Kubli, 2003; Peng et al., 2005a). SP is the grand effector of the 
female PMR as it has been shown to increase egg related behaviour, decrease sexual 
receptivity (Aigaki et al., 1991; Chapman et al., 2003b; Liu and Kubli, 2003; Soller 
et al., 1999), and change food preference, sleep-wake activity patterns, and immune 
gene activity (Carvalho et al., 2006; Domanitskaya et al., 2007; Isaac et al., 2010; 
Peng et al., 2005b; Ribeiro and Dickson, 2010). SP is also necessary to release 
sperm from storage for fertilization (Avila et al., 2010). One receptor for this 
peptide has been identified, the sex peptide receptor (SPR; Yapici et al., 2008). SPR is 
both necessary and sufficient for the transmission of the SP signal to higher order 
brain centers (Feng et al., 2014; Hasemeyer et al., 2009; Rezával et al., 2012; Yang et 
al., 2009; Yapici et al., 2008). Artificial silencing of a small population of SPR-
expressing neurons rendered females unreceptive (Feng et al., 2014; Hasemeyer et 
al., 2009; Yang et al., 2009) suggesting that upon interaction with SP, these sensory 
neurons are silenced, initiating the induction of the PMR. Because of its broad 
involvement in the PMR, SP might be expected to influence sperm ejection as well.  
 
The involvement of this peptide is of particular importance as SP has been 
hypothesized to evolve under sexual conflict: to increase the reproductive success 
of the male at the cost of the female (Chapman et al., 2003a). Indeed, what little we 
know about sperm ejection already suggests that this behaviour may represent a 
post-mating behaviour in which this battle of the sexes is carried out. For example, 
in a polyandrous condition females that exhibit a shorter ejection latency after the 
second mating bias offspring paternity in favour of the first male, suggesting that 
the untimely removal of the unstored sperm dampened the process of sperm 
displacement. Moreover, females mutant for Dh44, the neuropeptide involved in 
sperm ejection, ejected soon after copulation (within an hour) resulting in a severe 
decrease in progeny production (Lee et al., 2015). Taken together, these findings 
suggest that the timing of ejection can influence sperm storage in general, and 
sperm competition in twice-mated females. Since shortened ejection latency 
appears to decrease male reproductive success, one would expect that male-derived 
components such as SP may function to delay sperm ejection. If so, the 
relationship between SP and this female behaviour might thus represent another 
case of sexual conflict.  
 
In the present study, we attempted to identify specific populations of neurons that 
regulate sperm ejection. We accomplished this via a Gal4 screen, taking advantage 
of the numerous genes already known to influence female reproduction. We drove 



Neurogenetics of sperm ejection 

 
 

179 

the expression of a temperature sensitive cation channel, dTrpA1 (Hamada et al., 
2008), that can activate neuronal firing and a temperature sensitive allele of 
dynamin, Shibirets1 (Kitamoto, 2001), that can block synaptic transmission to 
manipulate the activity of specific neuronal population. From this we found several 
Gal4 lines that influence the timing of sperm ejection. Amongst those, two general 
patterns of forced sperm ejection were observed: partial ejection from the bursa 
that could be triggered any time after mating, and a complete ejection that could 
only be artificially triggered one hour after the start of mating. Several of the Gal4 
drivers that could influence sperm ejection express genes that are in the SP 
pathway leading us to directly investigate the function of SP and its receptor in the 
timing of sperm ejection. We uncovered an opposite effect of SP and SPR in 
determining the speed of sperm ejection; SP delayed and SPR advanced the time of 
sperm ejection. These opposite effects are discussed in the light of sexual conflict 
theory. We propose a model of the neuronal circuitry that supports sperm ejection 
including time-gated elements and effector neurons that can trigger sperm ejection. 
Our results demonstrate that the female central nervous system is involved in the 
control of sperm ejection suggesting an active role of female in the determination 
of paternity after copulation. 
	  

MATERIAL AND METHODS 

Drosophila  stocks  and  strains  

Flies were reared on fly food medium containing agar (10g/L), glucose (167mM), 
sucrose (44mM), yeast (35g/L), cornmeal (15g/L), wheat germ (10g/L), soya flour 
(10 g/L), molasses (30 g/L), propionic acid and Tegosept; and is referred to as fly 
food in this report. All flies were raised in a 12:12 hour light/dark cycle (LD 12:12). 
Flies used for thermogenetic manipulation were raised at 18°C to minimize effector 
proteins influence during development, while all other flies were raised at 25°C. 
Virgins were collected 0-8 hours after eclosion using CO2 anesthesia and were aged 
in same-sex groups of 20 in vials for 5-7 days prior to testing.  
 
To acutely activate specific neuronal populations, females with the genotype 
“w1118;+;UAS-dTrpA1/TM6b” (Hamada et al., 2008; obtained from Bloomington 
Stock Center #26264) were crossed to males with various Gal4 drivers pre-selected 
based on their associated with the regulatory sequences of genes that influence 
female reproductive behaviours (Table 1).  
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UAS control females were generated by crossing “w1118;+;UAS-dTrpA1/TM6b” 
females to “w1118;+;+” males. To temporarily silence specific neuronal populations, 
females with the genotype “w1118;+;UAS-shits1” (Kitamoto 2001; obtained from 
Bloomington Stock Center #44222) were crossed to males from the same Gal4 line 
mentioned above (Table 1). UAS control females were generated by crossing 
“w1118;+;UAS- shits1” females to “w1118;+;+” males.  
 
Most Gal4 drivers were obtained from the Janelia fly light collection deposited at 
the Bloomington Stock Center. The remaining stocks were obtained by the 
following means: 5-HT7-gal4 (w-;+;p{5-HT7Dro-gal4}), was a gift from D. Nässel, 
ppk-gal4 (+;p{ppk-gal4};+), Tdc2-gal4 (w-;+;p{Tdc2-gal4}), ddc-gal4 (w1118;p{ddc-
gal4};+), fru-gal4 (+;+;frugal4/TM3,Sb,e), cha-gal4 (+;+;cha-gal4), and dsx-gal4 
(+;+;dsxgal4/TM6b) were gifts from S.F. Goodwin. All wild-type flies were from the 
strain Canton-S. SPR- mutants was of the genotype w-, Df(1R)Exel6234;+,+ (Yapici 
et al., 2008) and obtained from the Bloomington Stock Center. Control females 
were generated by crossing “w-, Df(1R)Exel6234;+,+” females to “w1118;+;+” males. 
Sex peptide mutant (SP-) were generated by crossing +;+;SP0/TM3,Sb females to 
+;+Δ130/TM3,Sb males (Liu and Kubli, 2003); SP control males were generated by 
crossing +;+;Δ130/TM3,Sb males to wild-type females. Both lines were a gift from 
E. Kubli. 
 

Gal4  screen  for  neurons  involved  in  sperm  storage  

 
Inhibition of sperm ejection: Sperm ejection inhibition assays were performed over a 20 
hour period and were started at Zeitgeber Time (ZT) 7 (4 pm). Individual females 
expressing UAS-dTrpA1 or UAS-Shibirets1 under the control of various Gal4 drivers, 
as well as their genetic controls, were paired with a single wild-type male in a 35 x 
10 mm petri dish layered with fly food by gentle aspiration. Dishes were visually 
inspected for copulations for 3 hours. Males were immediately discarded at the end 
of copulation, and the dishes containing a single mated female were transferred to 
either an incubator set at 29°C, or remained at 22°C on the lab bench beside the 
incubator. After 16 hours, all females and their associated dish were checked for 
the presence of a mating plug indicative of sperm ejection using a MZ10F 
stereomicroscope equipped with a UV light filter (Lung and Wolfner, 2001).  
 
Spontaneous sperm ejection: All spontaneous sperm ejection assays were performed 
over a 5-hr period and were started at Zeitgeber Time (ZT) 0 (9 am). Experimental 
females were of the same genotypes, and handled as indicated in the paragraph 
above. Immediately following the end of copulation, males were discarded and 



Neurogenetics of sperm ejection 

 
 

183 

females remained at 22°C for 2 hours after the start of mating (ASM). Dishes 
containing a single female were transferred to either an incubator set at 29°C, or on 
the lab bench beside the incubator and remained at 22°C. This heat treatment was 
15 minutes in duration. Immediately following the temperature treatment, all 
females were flash frozen with liquid nitrogen and stored in a -20 C freezer. 
Females were later scored for the presence of a mating plug in their reproductive 
tract.  
 
Experiments involving detailed manipulation of the timing of neuronal activation 
on ejection behaviour were carried out as for spontaneous sperm ejection. 
However, the time between start of copulation and temperature treatment varied: 
females were placed in the heat treatment (29°C or 22°C) at either 30, 60, 90, or 
120 minutes ASM for 10-15 minutes.  
 

Timing  of  sperm  ejection  assay  

 
To test the influence of SP and SPR on timing of sperm ejection, virgin males and 
females of the indicated genotypes were housed in groups of 6 males and 6 females 
in an 85 x 13 mm Petri dish. Start time of copulation was recorded for each dish. 
Immediately following the end of 6 successful copulations, all females were singly 
transferred to a petri dish 55 x 8mm with food. Dishes were checked every 30 
minutes for the presence of an ejected mating plug with a fluorescents microscope 
containing a UV filter. The mean ejection latency (time between copulation and 
ejection) was determined for each mating group. All assays were performed over a 
10-hour period and were started at Zeitgeber Time (ZT) 0 (9 am). 
 

Data  analysis  

 
Gal4 screen for neurons supporting sperm ejection: To determine if activating or silencing a 
specific population of neurons significantly influenced sperm ejection, we 
calculated the proportion of females that ejected for females placed at 22°C 
(control group) and females at 29°C (activated or silenced collectively called 
“manipulated group”) for each indicated genotype. We did not observe any genetic 
controls, +/UASdTrpA1 or +/UAS-shits1, ejecting at any time point during our 
various sperm ejection assays (data not shown), and therefore all comparisons were 
done within genotype (Gal4/UASdTrpA1 or Gal4/UAS-shits1) between 
“manipulated” and “control” groups. 
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To determine if neuronal manipulation influences the likelihood of females 
ejecting, we calculated the proportion of females that ejected for each group and 
performed a Fisher ‘s exact test to determine if more females at 29°C ejected 
compared to females of the same genotype and who remained at 22°C.  
 
To determine the functional role of SP and SPR on timing of ejection we calculated 
mean ejection latency for each group and analyzed the differences between 
appropriated groups using a standard least square mixed effect model with 
genotype as a main effect and mating dish as a random effect. The model was run 
using JMP v. 9.0 for Mac. 
 
 

RESULTS 

A  screen  for  neurons  affecting  sperm  ejection    

	  
The aim of this study was to identify neuronal populations that mediate the timing 
of sperm ejection. To accomplish this we used the Gal4-UAS system to temporarily 
manipulate the activity of defined groups of neurons and observe changes in 
ejection latency. We reasoned that since genes that influence female reproduction 
are mostly pleiotropic, affecting not just one but many aspects of the female PMR, 
those genes might also influence female sperm ejection. If that is the case, sub-
populations of neurons that express those genes are likely to be part of the 
neuronal substrate that controls sperm ejection. To address this hypothesis, we 
selected Gal4 drivers associated with genes previously connected with aspects of 
the female PMR that drive expression in the complete or partial expression pattern 
of such genes (Table 1). We also focused on genes primarily expressed in the 
nervous system. We used the Gal4 drivers to target the expression of either the 
temperature sensitive neuronal excitation inducer calcium ion channel dTrpA1 
(UAS-dTrpA1; Hamada et al., 2008) or the temperature sensitive synaptic blocker 
Shibirets1 (UAS- shits1; Kitamoto 2001). By acutely placing females with the various 
Gal4-UAS combinations at 29°C, we artificially activated neurons that expressed 
dTrpA1 or silenced neurons that expressed Shibirets1. To determine if the neuronal 
manipulation influenced sperm ejection we compared the ejection latency with 
females that also expressed the same thermosensitive machinery in the same subset 
of cells but were left at permissible temperatures (22°C) and therefore have normal 
neuronal activity. We screened these lines for both ejection inhibition and 
spontaneous ejection.  
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Neurons  that  delay  sperm  ejection  

	  
We began by investigating neurons with the potential to delay sperm ejection. 
Thermogenetic neuronal manipulation (either induction or blocking) started 
immediately following copulation and was applied for 16 hours (Figure 1A). This 
time was chosen as previous reports have all indicated that females usually eject 
within 10 hours of mating (Duménil et al., 2016; Laturney and Billeter, 2016; Lee et 
al., 2015; Manier et al., 2010) (Chapter 3). Retention of the sperm by the female 
after 16 hours time point would clearly indicate delayed ejection behaviour. 
 
We found that each genotype and temperature combination showed binary results 
with respect to ejection: all females either ejected or retained the ejaculate within 
their reproductive tract (Figure 1B and C). Although silencing various populations 
of neurons did not result in ejection inhibition (Figure 1B), the continuous artificial 
activation of 4 populations of neurons resulted in inhibited sperm ejection (Figure 
1C). However, activating random neuronal populations continuously for 16 hours 
could be harmful to females, leading to sperm retention for the trivial reason that 
the female died. We therefore removed females from the temperature treatment 
and continued our observations noting subsequent ejections and/or lethality of the 
treatment.  
 
Of the 4 Gal4/UAS-dTrpA1 combinations that indicated ejection inhibition (Figure 
1C), only dsx-gal4/UAS-dTrpA1 females remained alive and successfully ejected 
thereafter (data not shown). This demonstrates that cells that express dsx are 
specifically involved with sperm ejection, whereas the other 3 Gal4/UAS-dTrpA1 
combinations may have failed to eject due to fatality. 
	  
It is unclear if natural activation of dsx+ cells inhibit ejection in a normal post-
mated female or if ejection requires a series of coordinated activation and inhibition 
events, which is disrupted by our neuronal manipulation. Artificial silencing of 
these neurons may help to clarify this relationship because if silencing these cells 
also lead to ejection inhibition then it would be likely that sperm ejection requires 
both neuronal activation and inhibition. However, an investigation on the effect of 
temporarily silencing dsx-expressing cells was not possible as dsx-gal4/UAS-shits1 
flies died during pupation. Regardless of this limitation, it is clear that dsx 
expression labels cells involved in this post-mating behaviour.  
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Figure 1. Manipulation of neuronal activity influences sperm inhibition. (a) Schematic of heat treatment for sperm 
inhibition. Females were transferred to temperature condition (22°C or 29°C) directly after mating (approximately 20 
minutes after the start of mating). Arrows indicate duration of treatment. (b and c) Ratio of females of given genotype 
that failed to eject during assay at 29°C compared to 22°C. A result of 0 indicates as many females with modified 
neuronal activity ejected compared to controls; a result of 1 indicates all females with modified neuronal activity failed to 
eject and all controls ejected. N = 5 for each group. 
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This result is consistent with a previous report that activating a subpopulation of 
dsx-expressing neurons lead to a 2 hour delay in ejection (Lee et al., 2015) or longer 
(Laturney and Billeter, 2016; Chapter 3).	  As dsx is involved in the development and 
sexual differentiation of the reproductive organs including the somatic tissue that 
constitutes the genitalia (for a review see Baker and Belote, 1983), it is very likely 
that dsx-gal4 labels non-neuronal cells, including muscles of the reproductive tract. 
Therefore, it is unclear if artificial activation of a strictly neuronal population can 
accomplish complete ejection inhibition as we found here. Nevertheless, this result 
indicates that sperm ejection can be inhibited and that dsx+ neurons are likely 
involved.	  
	  

doublesex,  fruitless,  and  sex  peptide  receptor  label  neurons  that  can  activate  

spontaneous  ejection  

 
To investigate if defined populations of neurons can force spontaneous sperm 
ejection, we again manipulated mated females’ neuronal activity. Previously, we 
investigated sperm ejection latency in our wild-type strains (Duménil et al., 2016; 
Laturney and Billeter, 2016; Chapter 3) and determined that ejection latency is 
always greater than 2 hours ASM. Additionally, in preliminarily investigations we 
found that continuous exposure to 29°C for 2 hours immediately following 
copulation caused ejection in our UAS controls (w-;+;UAS-dTrpA1 and w-;+;UAS-
shits1; data not shown), indicating that a prolonged heat treatment can influence 
ejection behaviour. Therefore, we developed a spontaneous sperm ejection assay 
whereby mated females expressing either dTrpA1 or Shibirets1 in a defined 
population of cells, experienced an acute temperature treatment (either 22°C or 
29°C) for 15 minutes commencing after 2 hour interval (22°C; Figure 2A). In 
addition to this quantitative measure, we also made a qualitative inspection and 
noted the type of ejection that females displayed. We observed two types of 
ejections: a complete ejection whereby the mass was completely removed; and a 
partial ejection whereby the mating plus was protruding but the rest of the ejaculate 
remained in the reproductive tract. We classified these two types of ejections as a 
“complete ejection” or as a “partial ejection”, respectively. 
 
The effect of our neuronal manipulation on spontaneous ejection was probabilistic, 
as opposed to binary, meaning that either activating (Figure 2B) or silencing (Figure 
2C) certain populations of neurons lead to a greater probability of ejection.  
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We found that activating dsx-expressing neurons and two subsets of SPR-
expressing neurons (GMR78G02 and GMR78G09; Figure 2B), or silencing fru16 
neurons (Figure 2C), significantly increased the likelihood of ejection 
(Supplementary Table 1). Interestingly, we found that dsx-expressing cells, when 
artificially activated, also inhibited sperm ejection (see Figure 1C). This 
inconsistency reflects the type of ejection these females perform. Females with 
activated dsx+ neurons partially ejected (Figure 2D), but never fully. Although we 
took this into account for our spontaneous ejection assay, we only considered 
complete ejections for our ejection inhibition assay for ease of scoring. We 
conclude that by artificially manipulating neuronal activity we can trigger 
spontaneous sperm ejection. 
 

Time  dependent  and  independent  effects  of  neuronal  manipulation  on  spontaneous  

ejection  

 
To validate our spontaneous sperm ejection assay, as well as further investigate 
selected Gal4/UAS combinations, we tested the existence of a critical period 
during which sperm ejection could be triggered. We manipulated neuronal activity 
of females expressing dTrpA1 via selected Gal4 drivers by exposing flies to 29°C 
for 15 minutes at 30, 60, 90 or 120 minutes after the start of mating (Figure 3A). 
We tested the 4 Gal4/UAS combinations that, when neuronal activity was 
manipulated, resulted in females displaying significantly more sperm ejection 
behaviour relative to controls (Figure 2C and D; referred to as “identified” group). 
Additionally, we also identified groups of females that displayed an obvious 
increase in ejection, but not significantly more (Figure 2C and D; referred to as 
“trend” group); as well as various lines where no obvious differences were found.  
 
A comparison of the ejection behaviour of each Gal4/UAS combination over time 
for the “identified” lines revealed two general patterns of spontaneous ejection 
(Figure 3B): either a high proportion of ejections at all time points, or a timed 
response with more females ejecting as time passed. Both dsx-gal4/UAS-dTrpA1 

Figure 2. Manipulating neuronal activity increases spontaneous sperm ejection behaviour. (a) Schematic of 
spontaneous sperm ejection temperature treatment protocol. Arrows indicate duration. (b and c). Proportion of control 
(blue) and manipulated (pink) females expressing dTrpA1, B, or Shibire, C, that ejected. Proportions compared using a 
Fishers Exact Test. * = p < 0.05. N = 5 for each group. (d) Example of a partial ejection. Images of mated females that 
express dTrpA1 in dsx+ cells directly after temperature treatment. Experimental female (29°C, right) protrudes the mating 
plug, and control female (22°C, left) fully contains ejaculate within her reproductive tract. Opening of the reproductive 
tract indicated with red arrow.  
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and GMR78G09-gal4/UAS-dTrpA1, an SPR line, displayed a high proportion of 
ejections at all time points (Figure 3B), which almost exclusively consisted of partial 
ejections (Table 2). Conversely, both fru16-gal4/UAS-shits1 and GMR78F02-
gal4/UAS-dTrpA1 displayed a timed response of ejections (Figure 3B), with the 
ability to artificially trigger ejection only 60 minutes ASM. Those ejections almost 
exclusively consisted of complete ejections meaning that the mating plug and 
sperm mass were fully removed from their reproductive tract (Table 2). This 
suggests that there is an association between type of ejection (complete or partial) 
and time-specific response. 
 

 

Figure 3. Different neuronal population influence sperm ejection in a time-dependent manner. (a) 
Representation of spontaneous sperm ejection protocol of heat treatment. Females were transferred to heat treatment 
either 30, 60, 90, or 120 minutes ASM for 10-15 minutes. (b and c) Normalized (experimental-control) proportions of 
females displaying ejection behaviour over 4 time points for given genotype for the “identified group”, B; and 4 of the 
genotypes of the “trend group”, C. Sample size ranged from 10 to 17 per group. 
 

Table 2. Ejection type is associated with the time-specific effect. Break-down of the proportion of females of 
given genotype that ejected at each time point and the type of ejection they exhibited. P = partial ejection; C = 
complete ejection; N = no ejection; T = total. 
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Assessment of time-dependent sperm ejection in the non-significant “trend lines” 
and “control” groups (Figure 3C; Supplementary Figure 1) revealed no influence of 
the neuronal populations covered by all but two of those drivers, confirming that 
most of these neuronal populations do not support sperm ejection. We did find, 
however, differences between manipulated and control females in two genotypes: 
tsh-gal4/UAS-dTrpA1 and GMR78G02-gal4/UAS-dTrpA1, another subset of SPR-
expressing neurons. Interestingly, the activation of tsh+ neurons showed mainly 
partial ejections at all time points (Figure 3C), mimicking the effect of dsx-gal4 and 
GMR78G09-gal4 (Figure 3B), while GMR78G02+ neurons showed an increase in 
tendency to eject over time and mainly complete ejections (Figure 3C; Table 2), 
mimicking fru16-gal4 and GMR78F02-gal4 (Figure 3B).  
 
Although we found three subsets of SPR-expressing neurons that most likely 
support sperm ejection in either a time-dependent or independent manner (Figure 
3B and C), manipulating other subsets of SPR-expressing neurons did not influence 
sperm ejection such as GMR78F06-gal4 and GMR78F12-gal4 (Figure 3C), 
suggesting that only a subset of the SPR-expressing neurons are involved in sperm 
ejection. 
 
Overall, we validated our Gal4 screen for neurons for spontaneous sperm ejection 
and identified two distinct patterns of ejection: neurons that can be activated at any 
time point to produce a partial ejection, and neurons that when manipulated at later 
time points are much more likely to produce a complete ejection. Together, this 
suggests that a putative neuronal circuitry that supports sperm ejection contains 
both time-gated neurons and neurons that can trigger sperm ejection, albeit partial, 
at any moment. These elements suggest a neuronal circuit that can support 
modulation of sperm ejection timing by the female nervous system. A model will 
be proposed in the conclusion section.  
	  

Sex  peptide  increases  sperm  ejection  latency  

	  
Three of the six Gal4-drivers that trigger spontaneous ejection from artificial 
activation correspond to different regulatory regions of SPR. This indirectly 
suggests a functional role for the sex peptide pathway in regulating sperm ejection. 
To determine the involvement of this we mated wild-type females to either mutant 
males that do not produce SP or their genetic controls. After a successful 
copulation, females were isolated and ejection latency was determined and 
compared between groups (Figure 4A). Statistical analysis revealed that females 
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who failed to receive SP during copulation displayed shorter ejection latency 
relative to control, F (1, 29.69) = 13.50, p = 0.0009). This result is consistent with 
predictions made by sexual conflict theory that SP should function to delay ejection 
in order to increase the reproductive success of the male.  
	  
	  

	  

	  

We also explored the role of SPR in the timing of sperm ejection by determining 
the ejection latency of SPR-mutant females, the only known receptor for this 
peptide (Yapici et al., 2008). We mated mutant females or their genetic controls to 
wild-type males, and again determined the mean ejection latency for each group 
(Figure 4B). Surprisingly, mutant females were slower to eject relative to their 
controls (F (1, 39.06) = 33.81, p < 0.0001), which is not consistent with the 
observation that failure to receive SP decreased ejection latency (Figure 4A). It is, 
however, consistent with a role of the sex peptide pathway in mediating sexual 
conflict, which will be explored in the discussion. Taken together, we conclude that 
SP does function to increase sperm ejection latency providing yet another function 
to a concerted pathway controlling female PMR. 

 

 

Figure 4. Sex peptide and its receptor have opposite effects on sperm ejection latency. Box-plots representing 
ejection latency of wild-type females mated to either males that produced sex peptide (dark blue) or males that did 
not, a; and females that express the receptor for sex peptide (dark pink) or females that do not (light pink) mated to 
wild-type males, b. Number of replicates is indicated between brackets. *** = p < 0.001, **** = p < 0.0001. 
Whiskers represent min to max. 
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DISCUSSION  

	  
Females exert control over sperm from the moment of ejaculate receipt during 
copulation (Adams and Wolfner, 2007) up to the coordinated release of sperm 
from storage during fertilization and egg laying (Avila et al., 2012; 2015). This 
control is important for optimal usage of sperm and maximizing fecundity. A more 
controversial role of female’s control of sperm fate is the selective usage of sperm 
from one versus another mate; known as cryptic female choice. Indeed, when a 
female mates with several males their sperm are held simultaneously within her 
reproductive tract where they compete for chances of fertilizing eggs. There is 
strong evidence that females influence the outcome of this sperm competition, 
favoring one male over the other (Chow et al., 2010; 2012; Civetta and Clark, 2000; 
Clark and Begun, 1998; Clark et al., 1999; Fiumera et al., 2006; 2007). The timing of 
sperm ejection can influence this process because it determines not only how many 
partners she has, but also the ratio of offspring from each one. The removal of the 
ejaculate increases females’ post-mating attractiveness leading to increased chances 
of courtship from potential mates and often results in relative quick remating 
(Laturney and Billeter 2016; Chapter 3). Moreover, variation in the timing of 
remating (Chapter 4) and variation in the timing of ejection (Lüpold et al., 2013) 
both influence patterns of paternity. Taken together these data indicate that sperm 
ejection might be a component of cryptic female choice. However one incomplete 
part of the picture is whether there is active control over sperm ejection by the 
female nervous system and whether the female can actively manipulate sperm. 
Here we reveal the existence of a complex neuronal substrate that modulates sperm 
ejection. This neuronal substrate is labeled by expression of SPR, which we show is 
an active player in the timing of sperm ejection. 
 

A  neuronal  circuitry  supporting  sperm  ejection  

 
We propose a model of the organization of the circuitry supporting both the 
production and modulation of sperm ejection. There were two main types of 
sperm ejection behaviours triggered by artificial neuronal manipulation: partial 
ejection that can be triggered any time after mating in nearly 100% of experimental 
females, and complete ejection that could only be triggered in a portion of 
experimental females that increase over time after mating (Figure 3B and C; Table 
2). We first speculate that the Gal4 drivers that were able to trigger a partial sperm 
ejection at any moment after copulation either label motor neurons that project to 
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the reproductive tract, or label neurons that synapse directly onto neurons that do 
so. Activation of these neurons at any time point would send a direct signal to the 
muscles of the reproductive tract to start contracting resulting in the expulsion of 
the ejaculate. Moreover, we hypothesize that these neurons would be specific to the 
abdomen and would not innervate the circuitry responsible for the movement of 
the hind legs required for pulling out the extruded plug. This would also explain the 
nature of the response: protrusion of the mating plug out of the reproductive tract.  
 
We next speculated that the Gal4 drivers that produce a time-dependent complete 
ejection (Figure 3B and C; Table 2) would label interneurons more centrally located 
in the fly brain. Because activating or silencing these neurons only led to complete 
ejections after a sufficient amount of time passing, we suggest that these neurons 
only influence sperm ejection once a dominant inhibitory factor was lifted. We thus 
predict that there is a timed inhibitor switch within the circuitry that supports 
sperm ejection. This time-dependent switch may function to reduce premature 
ejections as removal of the ejaculate before a sufficient amount of time to store 
sperm and/or absorb the ejaculate components reduces female fecundity. This is 
supported by reports that maximum sperm storage is achieved approximately 1 
hour ASM (Manier et al., 2010) and that ejections before this time can cause 
significant reductions in sperm storage and offspring production (Lee et al., 2015). 
As females modulate sperm ejection timing based on social context (Laturney and 
Billeter, 2016; Chapter 3), this inhibitory signal would be affected by state and 
experience of the female to modulate timing of ejection. As timing of sperm 
ejection can influence paternity patterns in the context of polyandry (Lüpold et al., 
2013), these timed neurons might be central to cryptic female choice. 
 
This proposed timed inhibitory signal may be a part of the neuronal pathway that 
expresses the neuropeptide Dh44. Females with reduced expression of either 
diuretic hormone 44 (Dh44) or its receptor (Dh44R1) exhibited significantly 
reduced ejection latency compared to controls suggesting that this neuromodulator 
normally functions to delay sperm ejections (Lee et al., 2015). Although both the 
hormone as well as its receptor have broad expression patterns, the influence of the 
pathway on ejection was reduced to a small population of neurons in the pars 
intercerebralis (PI) expressing dh44 (indicated by yellow arrow, Figure 5A), as well 
as small clusters of dsx+ neurons expressing the Dh44 receptor projecting in the 
protocerebrum close to Dh44-expressing neurons and at the tip of the abdominal 
ganglion probably innervating the reproductive tract (Figure 5B; Lee et al., 2015).   
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Figure 5. Proposed neuronal 
circuitry that supports sperm 
ejection. (a-f). Expression patterns of 
indicated gal4 driver visualized with 
UAS-mCD8-GFP reporter (green) and 
neuropil counterstain (nc82, magenta; 
excluding f) in brain (right in a and b, 
top in c-f) and ventral nerve cord (left 
in a and b, bottom in c-f). Images were 
obtained from various sources: Dh44-
gal4 and Dh44R1-gal4 (Lee et al., 2015); 
fru16-gal4 (Billeter and Goodwin, 2004); 
remaining images were obtained via Fly 
Light (http://flweb.janelia.org/). AG in 
panel b refers to the abdominal 
ganglion. (g) Proposed neuronal 
circuitry that supports sperm ejection 
behaviour in post-mated females. 
Female body is represented in white 
with the body segment (right) and 
organ indicated. Neurons and function 
that comprise this circuit are 
represented. Yellow arrow indicates 
Dh44+ neurons in the pars 
intercerebralis. 
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Of the neurons that we identified in this study, it is likely that the partial ejection 
Gal4 drivers might correspond to Dh44R1 neurons in the abdominal ganglion or 
the Dh44 neurons that directly innervate them, as these neurons, when artificially 
activated with thermogenetic techniques also induced ejection inhibition (Lee et al., 
2015). These three Gal4 lines are: dsxGal4, which is documented to co-expressed 
with Dh44R1 in some neurons (Lee et al., 2015), and is sufficient to trigger partial 
sperm ejection at any point after mating (Figure 3B); tsh-gal4 is expressed in all 
neurons of the ventral nerve cord (VNC) and therefore overlaps with the Dh44 
and Dh44R1 neurons in the ventral nerve cord identified by Lee et al. (2015); and 
finally the SPR line, GMR78G09-gal4. We do not currently know the exact overlap 
between Dh44 or Dh44R1 and this Gal4 line, but this line is expressed in neurons 
innervating the protocerebrum and abdominal ganglion, where Dh44 and its 
receptor are expressed (Figure 5C). However, based on the expression pattern 
alone it is not possible to deduce the polarity if the neurons in the VNC and 
therefore this must be verified in the future. This is possible via staining the 
neuronal population with a dendritic marker such as Dscam17.1-GFP. Expression 
of dsx in GMR78G09+ neurons can be determined by intersectional with the 
genotype GMR78G09-gal4 dsxFLP UAS-FRT-Stop-FRT-EGFP. Using the Gal4-
UAS system, GMR78G09-gal4 drives the expression of the UAS-FRT-Stop-FRT-
EGFP construct. With the presence of the stop codons, this would be unable to 
drive the expression of GFP. However, if dsx is also expressed in the same cell, dsx 
drives the expression of Flipase, which then removes the stop codon and allows for 
the expression of GFP. Samples of the brain and VNC of these females could then 
be easily imaged and co-expression determined. 
 
If the Dh44 pathway was indeed the inhibitor, we would expect that the timed 
neurons we identified here as part of Gal4 drivers, fru16-Gal4, GMR78G02-gal4 and 
GMR78F02-gal4 must either be upstream of the dh44+ PI neurons or share 
synaptic space, allowing for the dh44+ neurons to modulate their synaptic output. 
Based on the expression pattern of these three lines, we predict that GMR78G02-
gal4 neurons project to the PI and may synapse onto the dh44+ neurons (indicated 
by yellow arrow, Figure 5D), whereas GMR78F02-gal4 and fru16-gal4 appear to 
share the same projection pattern as dh44+ PI neurons and therefore this hormone 
may influence the sensitivity the neurons they synapse on (Figure 5E and F).  
 
The resulting neuronal circuitry model (Figure 5G) predicts two mechanisms. One, 
an unidentified mechanism would achieve the breakdown of Dh44 or reduce the 
sensitivity of Dh44R1 neurons to this neuromodulator, allowing the female to 
eventually eject. Two, at some point in the circuitry there is a split with neurons 
projecting to the reproductive tract to control uterus specific contractions, and 
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neurons projecting to the hind legs to control hind leg grooming of the abdomen. 
Our assay permitted identification of the former, but not the latter. Recently, the 
neuronal substrate supporting hind leg grooming has achieved much attention. 
Indeed this behaviour is supported by the nervous system (Seeds et al., 2014; 
Pitmon et al., 2016;  Lanikae et al., 2016).  
 
We have identified new components of the neuronal circuitry for sperm ejection. 
Further studies using intersectional method that will allow functional testing of 
smaller subsets of neurons, coupled with Dh44-co-expression experiment will 
unravel the neuronal circuit underlying sperm ejection and bring us closer to a 
understanding neuronal substrate that regulate female post-copulatory ejaculate 
manipulation. 
 

Sex  peptide  is  an  example  of  sexual  conflict  over  sperm  ejection  

 
We found that sub-populations of neurons that express SPR, the only identified 
receptor for male-produced SP, are involved in controlling sperm ejection latency. 
This led us to investigate the function of the sex peptide pathway in sperm ejection. 
Although the transition from virgin to maternal phenotype is required for females 
to produce offspring, variation in post-mating behaviour can influence both male 
and female reproductive success. For example, polyandry is advantageous to 
females in order to increase genetic diversity of offspring; however, this comes at 
the cost to her previous mates that will reduce the number of offspring they sire 
(Chapter 4). This creates a conflict between the sexes with respect to female 
remating rate. Therefore, SP may function to mediate sexual conflict in the favour 
of the male by reducing female sexual receptivity and therefore chances of 
remating. Consistent with this role, males that perceive increased sperm 
competition via exposure to other males transfer more SP during copulation 
(Wigby et al., 2009). In the context of polyandry, SP may also function to increase 
chances of paternity (Chow et al., 2010). Interestingly, sperm ejection may function 
to modulate the outcome of sperm competition. Females that display a short 
ejection latency after a second mating event also sire less offspring from the second 
male, suggesting that ejection latency may function to control the amount of 
exchange between second male sperm in the uterus and first male sperm in the 
storage organs (Lüpold et al., 2013). Although there is ample evidence to suggest 
that males would benefit from an extended ejection latency, the role of SP in the 
modulation of timing of ejection had not yet been investigated. Here we show that 
females who mated with SP- males advanced sperm ejection latency, indicating that 
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SP normally functions to delay sperm ejection, consistent with a role beneficial to 
male fitness. Interestingly, females lacking the receptor for SP show a delayed 
ejection latency showing that SPR normally functions to advance sperm ejection, 
consistent with a role beneficial to females because it speeds up sperm ejection 
affording them the opportunity to mate at a higher rate.   
 
The antagonistic relationship between SP and SPR is of interest in the light of the 
finding that SP and SPR alleles show strong interactions indicative of co-evolution 
(Chow et al., 2010). The SPR gene is located on the X chromosome, where genes 
important for female fitness are under stronger selection in the female than in 
males because the X chromosome spends 3 times more time in a female than in a 
male. This female gene affecting the fate of sperm appears particularly poised to 
coevolve with SP, which is a male-expressed autosomal gene. SP and SPR may, 
therefore, evolve in a sexual antagonistic manner, which would explain the 
opposite effect of SP and SPR on female sperm ejection latency. 

While this antagonistic effect of these two genes on ejection behaviour makes sense 
in the light of sexual conflict, the mechanistic basis of the interaction between this 
ligand and its receptor is puzzling. One would predict that mutations in a ligand or 
its cognate receptor should lead to the same phenotype, not opposite ones. A 
growing body of literature suggests SPR may function in other pathways or 
systems, independent of SP. For instance, although 6-8 SPR+ sensory neurons in 
the female reproductive tract are necessary and sufficient to elicit the PMR upon 
reception of SP in the ejaculate (Hasemeyer et al., 2009; Yang et al., 2009; Yapici et 
al., 2008) SPR is broadly expressed in females (Yapici et al., 2008). Moreover, SPR 
is also broadly expressed in the male central nervous system (Yapici et al., 2008), 
where it is very unlikely to interact with SP, which is confined to the reproductive 
tract. SPR also binds to myoinhibitory peptides (MIPs), which do not induce the 
SP-mediated post-mating switch (Kim et al., 2010; Poels et al., 2010). As the an 
ortholog of SPR in the silkworm, Bombyx mori, is important for development 
(Yamanaka et al., 2010), it is possible that the increased ejection latency found in 
the present study could also be due to unintended changes to the central nervous 
system. Finally, the role of SPR as the only receptor for SP has also been 
questioned as mutant females still respond to SP with increase ovulation, and this 
response is amplified with a leaky blood brain barrier (Haussmann et al., 2013). 
Despite SPR involvement in other processes, SP and SPR both clearly are involved 
in the modulation of timing of sperm ejection. 
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CONCLUSION 

 
The complete neuronal circuitry that supports sperm ejection will surely uncover 
how this behaviour can be modulated by females, possibly by identifying 
mechanisms that modulate the ability of hormones and neuromodulators like Dh44 
to influence ejection inhibition. Interestingly, in the attempt to investigate female 
control over reproduction we uncovered evidence that timing of ejection may also 
be an arena for sexual conflict and sex peptide signaling pathway appears to be 
involved. This exemplifies the process of sexual conflict, as it is a continual arms 
race of adaptation and counter-adaptation between the sexes to optimize 
reproductive success. Therefore, any system that may increase the reproductive 
success of one sex at the cost to the other is an obvious target for selection on the 
other sex to modulate the effects.  However, if dsx is also expressed in the same 
cell, dsx drives the expression of Flipase, which then removes the stop codon and 
allows for the expression of GFP. Samples of the brain and VNC of these females 
could then be easily imaged and co-expression determined.  
 
If the Dh44 pathway was indeed the inhibitor, we would expect that the timed 
neurons we identified here as part of Gal4 drivers, fru16-Gal4, GMR78G02-gal4 and 
GMR78F02-gal4 must either be upstream of the dh44+ PI neurons or share 
synaptic space, allowing for the dh44+ neurons to modulate their synaptic output. 
Based on the expression pattern of these three lines, we predict that GMR78G02-
gal4 neurons project to the PI and may synapse onto the dh44+ neurons (indicated 
by yellow arrow, Figure 5D), whereas GMR78F02-gal4 and fru16-gal4 appear to 
share the same projection pattern as dh44+ PI neurons and therefore this hormone 
may influence the sensitivity the neurons they synapse on (Figure 5E and F).  
 
The resulting neuronal circuitry model (Figure 5G) predicts two mechanisms. One, 
an unidentified mechanism would achieve the breakdown of Dh44 or reduce the 
sensitivity of Dh44R1 neurons to this neuromodulator, allowing the female to 
eventually eject. Two, at some point in the circuitry there is a split with neurons 
projecting to the reproductive tract to control uterus specific contractions, and 
neurons projecting to the hind legs to control hind leg grooming of the abdomen. 
Our assay permitted identification of the former, but not the latter. Recently, the 
neuronal substrate supporting hind leg grooming has achieved much attention. 
Indeed this behaviour is supported by the nervous system (Seeds et al., 2014; 
Pitmon et al., 2016;  Lanikae et al., 2016).  
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We have identified new components of the neuronal circuitry for sperm ejection. 
Further studies using intersectional method that will allow functional testing of 
smaller subsets of neurons, coupled with Dh44-co-expression experiment will 
unravel the neuronal circuit underlying sperm ejection and bring us closer to a 
potential neuronal substrate for cryptic female choice. 
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Supplementary Figure 1. Modification of the activity various populations of neurons had little to no 
influence on spontaneous sperm ejection. Normalized (experimental-control) proportions of females 
displaying ejection behaviour over 4 time points for given genotype for the dTrpA1 “trend group”, A, Shibire 
“trend group”, B, and the “control group”, C. N ranged from 10 to 17 per group. 
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Fisher's exact test 

 

Selection for validation of 
screen 

Gal4 
 

UAS-
dTrpA1   

UAS-
Shibirets1 

 

UAS-
dTrpA1   

UAS-
Shibirets1 

crz 
 

1.00 
 

1.00 
 

exp > 0.5 
  

5-HT7 
 

1.00 
 

0.45 
   

exp > 0.5 

ap 
 

0.44 
 

lethal 
    

cha 
 

1.00 
 

1.00 
    

tsh 
 

1.00 
 

lethal 
 

exp > 0.5 
  

vglut 
 

1.00 
 

1.00 
    

ddc 
 

1.00 
 

0.44 
   

(c<e) 

dNPF 
 

0.52 
 

0.52 
 

exp > 0.5 
 

(c>e) 

dsx 
 

0.048 
 

lethal 
 

p < 0.05 
  

fru 
 

1.00 
 

1.00 
 

 (c<e) 
  

fru16 
 

0.44 
 

0.008 
   

p < 0.05 

ppk 
 

1.00 
 

1.00 
    

Tdc2 
 

1.00 
 

1.00 
    

GMR80B06 
 

1.00 
 

1.00 
 

 (c>e) 
  

GMR80C01 
 

1.00 
 

1.00 
    

GMR80C03 
 

1.00 
 

unavaila
ble 

 
 (c=e) 

  
GMR49D10 

 
0.080 

 
0.45 

 
exp > 0.5 

  
GMR47E07 

 
1.00 

 
1.00 

    
GMR47D09 

 
1.00 

 
1.00 

    
GMR49B06 

 
1.00 

 
1.00 

    
GMR35D10 

 
0.44 

 
1.00 

 
 (c>e) 

  
GMR74A09 

 
1.00 

 
1.00 

    
GMR74A11 

 
1.00 

 
1.00 

 
(c>e) 

 
(c<e) 

GMR83A12 
 

1.00 
 

0.58 
   

(c>e) 

GMR83A10 
 

1.00 
 

1.00 
 

 (c=e) 
  

GMR83B06 
 

1.00 
 

1.00 
    

GMR12F06 
 

1.00 
 

unavaila
ble 

    
GMR29G10 

 
1.00 

 
1.00 

 
 (c<e) 

  
GMR30C11 

 
1.00 

 
0.44 

    
GMR25F04 

 
0.52 

 
1.00 

 
exp > 0.5 

  
GMR25H03 

 
1.00 

 
DNM 

    
GMR14H04 

 
1.00 

 
0.21 

   
exp > 0.5 

GMR14H05 
 

1.00 
 

1.00 
    

GMR16H03 
 

1.00 
 

0.44 
   

(c<e) 

GMR18C12 
 

1.00 
 

1.00 
    

GMR78F03 
 

1.00 
 

1.00 
    

GMR78G02 
 

1.00 
 

1.00 
 

(c<e) 
  

GMR78G09 
 

0.048 
 

1.00 
 

p < 0.05 
  

GMR78F02 
 

0.048 
 

0.47 
 

p < 0.05 
  

GMR78F06 
 

0.57 
 

1.00 
 

(c>e) 
  

GMR78F12 
 

1.00 
 

1.00 
 

(c<e) 
 

 (c=e) 

 
 

 

 

Supplementary Table 1. Comparison of ejection behaviour of manipulated and control females. Gal4 line listen 
and the outcome of the Fisher exact test comparing manipulated and controls females give for both Gal4/UAS-dTrpA1 
and Gal4/UAS-shibirets1. Based on the outcome of the Gal4 screen, several Gal4/UAS combination were selected to 
validate the spontaneous ejection assay. Red = identified group, manipulated females displayed significantly more 
ejections relative to controls; pink = trend group, manipulated females displayed more ejections relative to controls, green 
= control group, no obvious differences between manipulated and control group. 

 





 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


