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In many species, two sexes must cooperate to produce offspring and assure fitness. Males 
initiate courtship to seduce females and females decide whether they mate or not. Female 
sexual receptivity, the likelihood to accept mating, is thus a very influential behaviour 
affecting offspring production. Furthermore, females can mate multiple times. The multiple 
mating of females divides female receptivity into virgin and post-mating receptivity. As 
virgins, females cannot afford to have a low level of receptivity as mating is necessary to 
initiate offspring production and low receptivity increases the time spent unfertilized and 
thereby the chance to die without offspring (Kokko and Mappes, 2005). This is one 
explanation as to why virgin females have a higher level of receptivity than already fertilized 
females. Mated females are hypothesized to have a lower level of receptivity and only engage 
in mating to increase the quality of the offspring as they have already ascertained 
reproduction with the first mating (Kokko and Mappes, 2005). Post-mating receptivity is, 
therefore, suggested to function to increase genetic diversity of offspring (Billeter et al., 2012; 
Jennions and Petrie, 2000), increase offspring quality through a trade-up of mate (Bleu et al., 
2012; Jennions and Petrie, 2000; Long et al., 2010; Seeley and Dukas, 2011) or to avoid male 
harassment (Newport and Gromko, 1984; Rowe, 1992). Here, I hypothesize that female 
receptivity can be influenced by her genome, the immediate environment she encounters and 
her previous experiences. However, how these factors influence female receptivity and 
whether virgin and post-mating receptivity are affected similarly is still largely unknown. In 
this thesis, my aim was to investigate how female receptivity is determined in Drosophila 
melanogaster. I will first describe the genes, environmental factors and previous experiences I 
identified influencing female receptivity, after which I will integrate the different findings and 
suggest new areas of exploration.  

In chapter 3, we first investigated how food availability influences female 
receptivity. Food availability is necessary for mated females to produce eggs and for the 
survival of the offspring (Becher et al., 2012; Bownes et al., 1988; Lee et al., 2008; 
Terashima, 2004). We, therefore, hypothesized that food has a direct influence on female 
sexual receptivity. We measured the effect of fly food consisting of many different 
ingredients and questioned which of its components stimulate female receptivity. First, the 
presence of food was tested and this increases mated female receptivity, but virgin receptivity 
is unaffected. Next, all food components were tested separately to see which components 
influence female receptivity. Both yeast and glucose increase mated female receptivity in a 
dose dependent fashion. To understand how these components are sensed by females to 
inform their receptivity, the nutritional (calories) and hedonic (sensory cue) values were 
tested separately and in combination for both yeast and glucose. For both food components, 
females need the nutritional and hedonic value to be present during the receptivity assay to 
increase mating. For yeast, the hedonic value is partially explained by acetic acid sensed 
through ionotropic odorant receptors Ir75a. The nutritional value of yeast influencing mated 
female receptivity is related to its protein content. For sugar, the hedonic value is the sweet 
taste, sensed via taste receptor Gr64a, that needs to be combined with the caloric content.  
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In chapter 4, we next explored the effect of immediate social context and early long-term 
social experience on female receptivity. Individuals adjust their social interactions to their 
immediate social context, while long-term exposure to a given social context can have lasting 
influences on future social interactions. Immediate social context and early social experience 
can affect behaviour differently. Males, for example, increase aggression when encountering 
other males if they have been socially isolated, but decrease aggression when encountering 
males after long-term social experience with other males (Hoffman, 1990; Liu et al., 2011; 
Svetec and Ferveur, 2005; Ueda and Kidokoro, 2002). Being part of a group provides female 
fruit flies with numerous benefits like lower predation risk and increased offspring survival, 
due to communal egg-laying (Duménil et al., 2016; Lin et al., 2015; Lof et al., 2009; 
Wertheim et al., 2002a; Yang et al., 2008), which supports offspring development because 
higher density of adults and larvae decreases the growth rate of fungi on the food substrate 
(Wertheim et al., 2002b). Since being part of a group increases the fitness of females, they 
would benefit from matching their receptivity to the immediate social context to maximize 
this. Indeed, we find that females have higher post-mating receptivity when they experience 
higher social density during reproduction. Detection of fly pheromones is sufficient to signal 
this social context. However, when females are exposed to a group of females during the first 
few days of her adult life, both virgin and post-mating receptivity decrease once they are 
exposed to males. This early social experience is sensed through several sensory modalities, 
namely olfaction, vision and touch.  

In chapter 5, we identified the odorant receptors Or47b and Or88a as necessary and 
sufficient for mated female receptivity. The odorant receptor Or47b is part of a sexually 
dimorphic circuit (Stockinger et al., 2005) and important for male sexual behaviours (Dweck 
et al., 2015b; Lin et al., 2016; Lone et al., 2015; Pitts et al., 2016; Wang et al., 2011; Zhuang 
et al., 2016). Or47b and Or88a-expressing neurons respond to fly odours from both males 
and females (van der Goes van Naters and Carlson, 2007) and have the same ligands 
including methyl laurate (Dweck et al., 2015b; Lin et al., 2016; Pitts et al., 2016). Here, we 
find that a null mutation of the Or47b gene decreases post-mating receptivity, while lacking 
Or88a leads to increased virgin receptivity. However, both odorant receptor neurons are 
necessary and sufficient to adjust post-mating receptivity to wild-type levels. This suggests 
that these two receptors and their neurons work in close relation to determine female 
receptivity, Or47b for post-mating receptivity in specific and Or88a for both virgin and post-
mating receptivity.  

Finally, in chapter 6, we explored naturally varying genes associated with female 
receptivity and the tissue these genes are expressed in. Within a population, sexual receptivity 
levels may vary due to genetic variation. Using a genome wide association study (Huang et 
al., 2014; Mackay et al., 2012), we investigated phenotypic variation in virgin mating latency, 
latency to first remating and the number of copulations in 24h and generated lists of 
associated genetic variation sites. This study shows that both the phenotypes and the 
underlying genetic variation differ for virgin and post-mating receptivity. All genes associated 
with virgin and post-mating receptivity are part of three main systems; digestive, reproductive 
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and central nervous system. The central nervous system genes differ for virgin and post-
mating receptivity. Many of the genes for virgin receptivity are involved in odour processing, 
whereas a higher incidence of genes for post-mating receptivity are associated with memory 
formation and the mushroom bodies, which is the brain area involved in learning and memory 
(Davis, 1993; Owald et al., 2015). Further analysis of a subset of central nervous system 
genes and their possible involvement in memory processes for post-mating receptivity weakly 
implicated one candidate gene, namely Pde8, within the mushroom bodies. Overall, this study 
provides proof that virgin and post-mating receptivity are distinct processes and it implies 
memory processing as a novel site of interest for post-mating receptivity.  
 In summary, this thesis identified three main themes influencing female sexual 
receptivity (illustrated in figure 1). First, environmental factors supporting fitness, such as 
food, influence female post-mating receptivity. Second, virgin and post-mating receptivity 
rely on distinct genetic architectures. Third, female receptivity, especially post-mating, is 
affected by several cues and a brain area for learning and memory is proposed to be of 
importance. I will discuss these three themes in more detail and propose future directions in 
relation to the findings presented here and in the field. 

 
Figure 1: Summary of factors influencing female receptivity. Female receptivity is subdivided in virgin and post-
mating receptivity. The factors determining female receptivity include experience, genetics and environment. The 
thesis chapters in which each factor is investigated in detail is indicated. For a virgin female, social experience in early 
life impacts her receptivity as well as genetic variation and an odorant receptor, Or88a, which is expressed in neurons 
that project to the olfactory bulb in the brain. For a mated female, her previous mating experience as well as social 
experience in early life influence her receptivity. Genetic variation also determines mated female receptivity and 
expression of a gene in the Mushroom Bodies (MB) in the brain are involved as well as an odorant receptor, Or47b, 
whose neurons project to the olfactory bulb in the brain. Additionally, for mated female receptivity, immediate 
environmental cues influence receptivity, namely the hedonic and nutritional value of sugar and yeast (present in 
rotting fruits, for example) and the odour of conspecifics.  
 
Environmental cues influence female receptivity 
High virgin receptivity is hypothesized to ensure the female does not remain unfertilized 
(Kokko and Mappes, 2005). Indeed, in chapter 3, we find that virgin females mate 
irrespective of food availability. Their receptivity is, therefore, not dependent on conditions 
being optimal for reproduction. Post-mating receptivity, however, has been suggested to be a 
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costly trait (Chapman et al., 1995; Fedorka et al., 2007; Kamimura, 2007; Kuijper et al., 2006; 
Schwenke and Lazzaro, 2017; Short et al., 2012) and may serve to improve the quality and 
diversity of offspring (Jennions and Petrie, 2000). Therefore, post-mating receptivity is 
expected to be influenced by the environment as females can only incur the costs of multiple 
mating in rich environments since increased investment in offspring production only makes 
sense in environments that promote offspring survival and provide an opportunity to produce 
higher offspring quality and diversity. For example, high availability of food supports the 
production of eggs and offspring survival (Bownes et al., 1988; Lee et al., 2008; Terashima, 
2004). Whereas, the presence of males provides the opportunity to choose and increase 
offspring quality and diversity and the presence of other mothers increases the number of 
successful offspring (Etienne et al., 2002; Lof et al., 2009; Wertheim et al., 2002b). Here, 
chapter 3 and 4 show that rich immediate environmental conditions (high availability of food 
and high number of conspecifics) increase post-mating receptivity, whereas poor conditions 
(no food or a single pair) reduce post-mating receptivity. Females thus adjust their post-
mating sexual receptivity to their environment. However, no direct proof of increased fitness 
is provided, but the increase of female receptivity does match high quality environments.  

How individuals respond to the environment differs, for instance as seen in chapter 3 
and 4 between wild-type strains. In chapter 3, females from the Oregon-R strain only respond 
to an increase in immediate social context when food is available, while the Canton-S strain 
responds modestly to the change in social context even when food is absent (chapter 3, figure 
1A). Similarly, in chapter 4 Oregon-R females only respond with a change in virgin 
receptivity to early social experience and Canton-S also show changes in post-mating 
receptivity (chapter 4, figure 2A-C). This suggests more plastic responses to the environment 
from Canton-S females than Oregon-R females. The reasoning is that rich environments, like 
high availability of food and many conspecifics to mate with, should increase female sexual 
receptivity and offspring production, as the environment offers chances to produce high 
quality offspring and a high survival rate. Then why do not all strains respond in the same 
manner? The difference in plasticity of receptivity could have evolved from different 
selection pressures (Partridge and Harvey, 1988). For example, when a population evolves in 
a stable environment, there is no need to evolve plastic behaviour (de Jong, 1995; Thompson, 
1991), whereas populations from changing environments may need to evolve plastic 
behaviour to cope with the rate of change (de Jong, 1995; Thompson, 1991). Whether the 
strains Oregon-R and Canton-S have indeed evolved in stable versus changing environments 
is still open for investigation as well as whether adaptation to the nutritional and social 
environment leads to increased lifetime reproductive success. Variation in the level of post-
mating receptivity and its plasticity can now be studied more intensively. For example, the 
occurrence of different levels of plasticity within and between wild populations can be 
correlated to the environment and reproductive success to present proof of the hypothesis 
described here. After assessment of plasticity in wild populations, experimental evolution 
approaches can be applied to determine the survival of each population in changing and stable 
environments to determine whether the plasticity in female receptivity is indeed adaptive in 
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one environment and not the other. In conclusion, female receptivity, post-mating receptivity 
in particular, shows a plastic response to the environment and the level of plasticity differs per 
strain. 
 
Virgin and post-mating receptivity rely on different mechanisms  
Previous work has shown that the neuronal network determining virgin receptivity consists of 
neurons involved in sensing or reacting to different cues displayed by males during courtship 
(Aranha et al., 2017; Bussell et al., 2014; Kurtovic et al., 2007; Zhou et al., 2014). In contrast, 
post-mating receptivity is influenced by sperm availability in female storage (Lefevre and 
Jonsson, 1962; Letsinger and Gromko, 1985; Newport and Gromko, 1984) and the female’s 
nutritional environment or state (Chapman and Partridge, 1996; Harshman et al., 1988; 
Schultzhaus and Carney, 2017). This suggests that mated females, contrary to virgin females 
consider other cues besides those displayed by males attempting to mate with them. Indeed, 
post-mating receptivity is affected by food availability (chapter 3) and social context (chapter 
4), while virgin receptivity is unaffected. These results suggest that mated females determine 
their receptivity based on different rules than virgin females. Additionally, chapter 5 shows 
that an odorant receptor necessary and sufficient for determining post-mating receptivity does 
not affect virgin receptivity and chapter 6 shows that variation in virgin mating latency is not 
correlated to post-mating receptivity. Together, this suggests that virgin receptivity is 
determined through different mechanisms than post-mating receptivity rather than an upgrade 
of the receptivity mechanism after mating. 
  Most studies on neuronal networks controlling female sexual receptivity focus on 
virgin receptivity. When post-mating receptivity is considered, the main focus is on the 
change in receptivity influenced by Sex peptide (Sp), a male accessory gland peptide 
transferred during mating which decreases female receptivity (Aigaki et al., 1991; Chapman 
et al., 2003; Chen et al., 1988; Liu and Kubli, 2003), assuming that post-mating receptivity is 
a modulation of the virgin receptivity mechanism. However, with the findings presented here, 
it is worthwhile to go beyond this and consider whether the pathways uncovered are specific 
to either virgin or post-mating receptivity. The pathway for virgin receptivity, for example, 
included neurons expressing the apterous gene that modify walking speed (Aranha et al., 
2017) and abdominal-B-expressing neurons that promote pausing behaviour (Bussell et al., 
2014) without triggering the post-mating switch. This leads to the conclusion that the authors 
measured a change in virgin receptivity and not a premature switch to post-mating behaviour. 
However, these findings do not show whether post-mating receptivity itself is affected. To do 
that, females silenced for these neurons can be tested for their post-mating receptivity, either 
by injecting Sp to mimic the post-mating response or by temporal silencing of the neurons to 
allow for normal virgin receptivity before testing. If these pathways are exclusive to virgin 
receptivity, post-mating receptivity should be similar to that of controls. Similarly, silencing 
components of the post-mating pathways can be tested for continued virgin receptivity by 
mating them with males lacking Sp. In this case, females should be as receptive to the second 
male as they were to the first, because they lack the cue switching them to a mated state, and 
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silenced individuals should behave like the controls. With this approach, even the role of Sp 
itself can be addressed as it is suggested to reduce receptivity, but perhaps it functions to 
switch a female from the virgin receptivity pathway to the post-mating receptivity pathway.   

It could be expected that some parts of the underlying pathways are similar for 
female virgin and post-mating receptivity as both result in the same outcome, namely 
copulation. It is especially surprising that the neuronal pathway uncovered for virgin 
receptivity would not affect post-mating receptivity. The virgin pathway is involved in 
responses during male courtship, like sensing the courtship song and male pheromone cVA 
(Zhou et al., 2014) and the female pausing response (Aranha et al., 2017; Bussell et al., 2014), 
which are all elements that mated females take into account when they encounter a potential 
mate. The results presented here illustrate that there are different mechanisms in play and that 
the two types are uncorrelated, but they do not exclude the possibility that there is a common 
mechanism underlying virgin and post-mating receptivity. Some evidence suggests that virgin 
and post-mating receptivity are influenced by the same pathway. For example, mutations in 
the insulin signalling pathway, a pathway that responds to nutrients and is involved in 
development, metabolism, stress resistance, fecundity and lifespan, increases virgin 
receptivity and reduces post-mating receptivity (Sakai et al., 2014; Watanabe and Sakai, 
2015; Wigby et al., 2011). Further research could help explain where the underlying 
pathways diverge and what pathways are shared for virgin and post-mating receptivity by 
measuring both, when female sexual behaviour is studied. 
 
Receptivity involves integration processes 
Here, I describe how food (chapter 3), immediate social context and early social experience 
(chapter 4) can influence female post-mating receptivity. Chapter 5 shows that the odorant 
receptor Or47b, that detects fly odours (Dweck et al., 2015b; Lin et al., 2016; Pitts et al., 
2016; van der Goes van Naters and Carlson, 2007) is necessary for wild-type levels of post-
mating receptivity. Whereas the odorant receptor Or88a, also detecting fly odours (Dweck et 
al., 2015b; Pitts et al., 2016; van der Goes van Naters and Carlson, 2007), is involved in 
virgin receptivity as well as post-mating receptivity. Virgin receptivity is further affected by 
early social experience (chapter 4). How these different factors are integrated is unclear. It is, 
however, likely that integration of cues needs to take place for both virgin and mated female 
receptivity. A first glimpse of how this is organized comes from the findings in chapter 6 
which suggest that genes from the digestive system, reproductive system and the central 
nervous system are involved in determining both types of receptivity. From these systems, the 
site of integration most likely resides in the central nervous system, because that is where 
known areas for integration are located. These areas are the lateral horn, implicated in 
integration of olfactory cues for innate processes (Jefferis et al., 2007), and the mushroom 
bodies, implicated in the integration of olfactory cues for learning and memory towards motor 
output (Heisenberg, 2003; Owald and Waddell, 2015). Both these areas, the mushroom 
bodies and the lateral horn, receive input from the olfactory system including odorant receptor 
neurons for Or67d sensing the male pheromone cVA, Or47b and Or88a as well as other 
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sensory modalities (Grosjean et al., 2011; Jefferis et al., 2007; Vosshall and Stocker, 2007). 
The mushroom bodies were implicated in several of the central nervous system genes for 
receptivity, more so for post-mating than virgin receptivity. Studies on the mushroom bodies 
and female receptivity, however, have shown that they do not impact virgin mating when 
ablated (Fleischmann et al., 2001; Neckameyer, 1998), suggesting that the integration 
processes for virgin receptivity do not reside in the mushroom bodies. This leaves the lateral 
horn as possible area of integration for virgin receptivity which theoretically fits since virgin 
receptivity is hypothesized to be a more innate response and is less affected by environmental 
cues. However, no direct test has been presented to show the involvement of either brain area. 
For the mushroom bodies, we attempted to include neuron silencing directed into the 
mushroom bodies by the Gal4-UAS system, but these females did not survive until testable 
age, leaving us unable to test female receptivity. This suggests that normal mushroom body 
development is necessary for female development. Alternatively, our method might not have 
been as limited to the mushroom bodies and might have affected other parts of the fly leading 
to the decreased survival, since other accounts have successfully tested virgin female 
receptivity after mushroom body ablation at the larval stage (Fleischmann et al., 2001; 
Neckameyer, 1998). However, it has also been shown that mushroom body defects lead to 
changes in locomotor activity (Martin et al., 1998; Neckameyer and Matsuo, 2008) which 
may affect survival and mating behaviour. Future investigation might, therefore, benefit from 
temporal silencing of this brain area only during the receptivity assay to exclude potential 
developmental problems and minimize the effects on locomotor activity. Nevertheless, some 
proof for the involvement of the mushroom bodies is provided in chapter 6, where the 
knockdown of the phosphodiesterase gene Pde8 within the mushroom bodies decreases 
mated female receptivity. This suggests that the mushroom bodies could indeed be an 
important site for determining post-mating receptivity.    
 
Final remarks  
Here, I have shown that both nature (genes) and nurture (environmental influences and 
experiences) influence female sexual receptivity. Most of this work has focused on 
manipulating the environment females experience and applying compounds mimicking food 
and social context during female sexual receptivity assays. Additionally, candidate genes and 
neuron activity have been manipulated to study their involvement in female receptivity and a 
GWAS was performed to generate new hypotheses. These methods have provided proof and 
explanations of how one receptor is necessary for mated female receptivity and how 
environmental cues are detected to influence this same receptivity, while leaving virgin 
female receptivity unaffected. Additionally, I have suggested several areas of investigation 
like the digestive system, the reproductive system and the central nervous system as well as 
lists of candidate genes involved in either virgin or post-mating receptivity for further 
exploration. Together, the factors identified in this thesis expand our understanding of female 
receptivity, both virgin and post-mating as well as the relation between the two.
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