
1 

 

                                                                             Department of Zoology 
 
  
 

Licentiate Thesis 
 

 

 

 

 

The genetic basis of sexually selected interactive 
phenotypes 

 

Matilda Pembury Smith 
 

 

 

 

 

 

 

 

 

 

 

 

 

Ecology 

 

2023: 3              ISSN: 1403-5227 

The genetic basis of sexually selected interactive phenotypes 

 



2 

 

Author: Matilda Q. R. Pembury Smith 

Examiner: Sören Nylin 

Opponent: Elina Immonen 

Supervisor: Rhonda Snook 

Assistant Supervisor(s): John Fitzpatrick  

Field of Study: Ecology 

Evaluation Group: Elina Immonen, Sören Nylin, David Wheatcroft 

Date of Seminar: 2023-06-09 

 

 

 

 

 

  



3 

 

The thesis is based on the following articles, which are referred to in the text by their Roman 
numerals: 

I. Pembury Smith, M. Q. R. and Snook. R. The impact of indirect genetic effects on sperm 
ejection: how partner genotype influences shared sexually selected traits. Manuscript. 

II. Pembury Smith, M. Q. R. and Snook, R. Quantitative genetics of interactive pre- and post-
copulatory traits. Manuscript. 

Candidate contributions to thesis articles* 

#Candidate contributions to thesis articles 

 

 

 

#Contribution explanation 

 

Minor: contributed in some way, but contribution was limited.  

Significant: provided a significant contribution to the work. 

Substantial: took the lead role and performed the majority of the work.   

 

  

  

I 

 

II 

 

Conceived the study 

 

Minor Minor 

Designed the study 

 
Significant Significant 

Collected the data 

 
Substantial Substantial 

Analysed the data 

 
Substantial Substantial 

Manuscript preparation 

 
Substantial Substantial 



4 

 

Table of Contents 
Summary .................................................................................................................................... 6 

Sammanfattning ........................................................................................................................ 6 

Kappa ......................................................................................................................................... 7 

Introduction ........................................................................................................................................ 7 

Interactive phenotypic framework ................................................................................................. 7 

The importance of IGEs when investigating sexually selected traits .............................................. 8 

Applying an interactive framework to sexually selected behavioural traits .................................. 9 

The challenges when using an interactive framework to examine sexually selected behavioural 

traits ................................................................................................................................................ 9 

Aims ................................................................................................................................................... 10 

Future Directions .............................................................................................................................. 13 

Acknowledgements ........................................................................................................................... 14 

References ........................................................................................................................................ 15 

Chapter 1: The impact of indirect genetic effects on sperm ejection: how partner genotype 

influences shared sexually selected traits ................................................................................... 21 

Abstract ............................................................................................................................................. 21 

1. Introduction ................................................................................................................................ 21 

2. Materials and Methods .............................................................................................................. 23 

2.1 Fly Stocks ................................................................................................................................ 23 

2.2 Production of focal individuals ............................................................................................... 23 

2.3 Quantifying sperm ejection .................................................................................................... 23 

2.4 Statistical Analysis ................................................................................................................... 24 

 2.4.1 Analytical Approach ........................................................................................................ 24 

2.4.2 Direct Genetic Effects ..................................................................................................... 25 

2.4.3 Indirect Genetic Effects ................................................................................................... 26 

3.   Results ......................................................................................................................................... 27 

3.1 Direct Genetic Effects ............................................................................................................. 27 

3.2 Indirect Genetic Effects ........................................................................................................... 30 

4.   Discussion .................................................................................................................................... 33 

5.   References  .................................................................................................................................. 36 

6.   Supplementary Material ............................................................................................................. 41 

Chapter 2: Quantitative genetics of interactive pre- and post-copulatory traits ........................... 45 

Abstract ............................................................................................................................................. 45 

1. Introduction ................................................................................................................................ 45 

2. Materials and Methods .............................................................................................................. 48 



5 

 

2.1 Fly Stocks ................................................................................................................................. 48 

2.2 Production of focal individuals ............................................................................................... 48 

2.3 Quantifying phenotypic measurements ................................................................................. 48 

2.4 Statistical Analysis ................................................................................................................... 49 

2.4.1 Analytical Approach ........................................................................................................ 49 

 2.4.2 Direct Genetic Effects ..................................................................................................... 50 

2.4.3 Indirect Genetic Effects ................................................................................................... 52 

2.4.4. Phenotypic and Genetic Correlation between Phenotypic Traits ................................. 53 

3.   Results ......................................................................................................................................... 53 

3.1 Direct Genetic Effects ............................................................................................................. 53 

3.2 Indirect Genetic Effects ........................................................................................................... 56 

3.3 The relationship between pre- and post-copulatory traits .................................................... 59 

4.   Discussion .................................................................................................................................... 59 

5.   References  .................................................................................................................................. 64 

6.   Supplementary Material ............................................................................................................. 71 

 

  



6 

 

Summary 

In polyandrous mating systems, both pre- and post-copulatory traits determine the reproductive 

success of an individual. Many traits that arise from either episode of sexual selection cannot be 

defined outside the context of a reproductive interaction. Such traits are examples of interactive 

phenotypes, in which the total genetic variation that can respond to selection depends on partner 

genotype (indirect genetic effects; IGE). Additionally, when these traits describe the duration of a 

reproductive interaction, the phenotypic value expressed will be the same in each sex. As the 

phenotypic optima rarely aligns between the sexes, such interactive phenotypes are often 

antagonistic. Theoretical models have predicted that IGEs influence the outcome of sexual conflict as 

well as the evolutionary potential of a given trait. However, few studies have examined the impacts 

of IGEs on interactive antagonistic pre- and post-copulatory traits. In this thesis, I conducted a 

quantitative genetic study on three antagonistic sexually selected interactive phenotypes that 

represent sequential stages of the reproductive process. In all three traits, only a single shared 

phenotype is expressed in both sexes, despite the outcome likely mediated by sex-specific traits. 

Chapter I focuses on the post-copulatory sexually selected trait sperm ejection, which describes the 

amount of time during which sperm is retained in the female reproductive tract after copulation, 

influencing the outcome of competitive fertilisation. Chapter II examines the pre-copulatory trait 

mating latency (which acts as a proxy for sexual attractiveness) and copulation duration. Additionally, 

using data from Chapter I, the phenotypic and genetic correlations between all three traits were 

examined. We found that sperm ejection and mating latency are heritable, and that direct and IGEs 

underly their phenotypic variation, suggesting that the evolutionary dynamics of these traits are likely 

influenced by partner genotype via sexually antagonistic coevolution. In comparison, we found limited 

evidence that copulation duration is influenced by IGEs despite showing that both male and female 

genotype individually influence phenotypic variation. We also observed significant phenotypic 

correlations between traits but weak evidence of additive genetic correlations, suggesting that 

episodes of selection may act independently allowing individual traits to evolve separately. Together, 

our findings demonstrate the quantitative genetic basis behind phenotypic variation in interactive 

traits subject to sexual conflict, and the potential relationship between pre- and post-copulatory 

episodes of selection.  

Sammanfattning 

I polyandriska parningssystem avgör både pre- och postkopulatoriska egenskaper individens 
reproduktiva framgång. Många egenskaper som uppstår som en konsekvens av pre- och 
postkopulatorisk sexuell selektion kan endast definieras i kontexten av en reproduktiv interaktion. 
Sådana egenskaper är exempel på interaktiva fenotyper, där den totala genetiska variationen som kan 
svara på selektion är beroende av partnergenotypen (indirekta genetiska effekter; IGE). Dessutom, 
när dessa egenskaper beskriver varaktigheten på en reproduktiv interaktion, kommer det fenotypiska 
värdet som uttrycks att vara detsamma i båda könen. Eftersom fenotypiska optimum sällan matchar 
båda könen, är sådana interaktiva fenotyper ofta antagonistiska. Enligt teoretiska modeller påverkar 
IGE både utfallet av sexuell konflikt såväl som den evolutionära potentialen för en given egenskap. 
Men få studier har undersökt effekterna av IGE på interaktiva antagonistiska pre- och 
postkopulatoriska egenskaper. I denna licentiatavhandling genomförde jag en kvantitativ genetisk 
studie på tre sexuellt selekterade antagonistiska interaktiva fenotyper som representerar steg i 
reproduktionsprocessen. I alla tre egenskaper uttrycks endast en gemensam fenotyp i båda könen, 
trots att utfallet troligtvis påverkas av könspecifika egenskaper. Kapitel I fokuserar på den sexuellt 
selekterade postkopulatoriska egenskapen spermie-ejektion, som beskriver den tid under vilken 
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spermier behålls i den honliga reproduktionskanalen efter kopulation, vilket i sin tur påverkar utfallet 
av befruktning under konkurrens. Kapitel II undersöker den prekopulatoriska egenskapen 
parningslatens (som fungerar som en proxy för sexuell attraktivitet) och kopulationsvaraktighet. 
Dessutom undersöktes fenotypiska och genetiska korrelationer mellan alla tre egenskaper med data 
från Kapitel I. Vi fann att spermie-ejektion och parningslatens är ärftliga och att både direkta genetiska 
effekter och IGEs ligger bakom deras fenotypiska variation, vilket antyder att de evolutionära 
dynamikerna för dessa egenskaper troligtvis påverkas av partnergenotypen genom sexuellt 
antagonistisk samevolution. Jämförelsevis fann vi begränsade belägg för att kopulationsvaraktighet 
påverkas av IGE trots att vi visade att både hanars och honors individuella genotyper påverkar 
fenotypisk variation. Vi observerade också signifikanta fenotypiska korrelationer mellan egenskaper 
men svaga belägg för additiva genetiska korrelationer, vilket antyder att selektionsepisoder kan verka 
oberoende och möjliggöra att enskilda egenskaper utvecklas separat. Tillsammans visar våra resultat 
den kvantitativa genetiska grunden bakom fenotypisk variation i interaktiva egenskaper under sexuell 
konflikt samt den potentiella relationen mellan pre- och postkopulatoriska episoder av selektion. 

Introduction 

Interactive phenotypic framework 

Understanding the evolution of behaviour is complex as its flexibility and environmental sensitivity 
makes it difficult to empirically determine the acts of selection (Bailey, Marie-Orleach and Moore, 
2018). Specifically, traits that are only expressed during social interactions can be hard to define as 
explicit quantitative phenotypes, as they are determined, at least in part, by a conspecific individual 
(Moore, Brodie III and Wolf, 1997). Such traits, known as “interactive phenotypes”, include behaviours 
that are influenced by the phenotype of a conspecific, such as learning (Agrawal, 2001), movement 
(Signor et al., 2017a, 2017b), and egg laying rate (Brommer, Rattiste and Wilson, 2008). Other 
interactive phenotypes cannot be defined outside the context of an interaction, such as aggression 
(Camerlink et al., 2013; Saltz, 2013; Anderson, Scott and Dukas, 2017), cooperation (Crespi, 2001; 
Edenbrow et al., 2017) and predator-prey interactions (Bleakley and Brodie III, 2009). The latter also 
includes phenotypes that represent characteristics of an interaction where only a single shared 
phenotype can be measured in both conspecifics (Dingemanse and Araya-Ajoy, 2015), such as the 
latency to cannibalisation (Bleakley et al., 2013) or mating (i.e. mounting latency in Bailey and Zuk, 
2012).  

In a standard quantitative genetics framework, phenotypes of a focal individual are partitioned into 
direct genetic and environmental effects (Falconer, 1996) (Figure 1 A). Here, the environmental effects 
describe non-genetic abiotic factors. However, interactive phenotypes are cases in which simple 
evolutionary models are inappropriate. During a social interaction, the genotype of the conspecific 
represents a component of the focal individual’s environment (Moore, Brodie III and Wolf, 1997). If 
the conspecific genotype is variable and influences focal phenotype, the environmental component 
of focal trait expression can itself be heritable and evolve (Wolf, Brodie III and Moore, 1999; 
McGlothlin et al., 2010). As a result, when determining the genetic architecture of an interactive 
phenotype, quantitative models must incorporate indirect genetic effects (IGEs) which describe the 
influence of interacting genotypes on a focal phenotype (Moore, Brodie III and Wolf, 1997; Wolf, 
Brodie III and Moore, 1999; Santostefano et al., 2017). IGEs can alter evolutionary trajectories, 
resulting in phenotypes different to those predicted by traditional quantitative models (Moore, Brodie 
III and Wolf, 1997; McGlothlin et al., 2010) as they can increase or decrease both trait evolution and 
trait variance (Bailey and Moore, 2012). As a result, identifying IGEs and studying their impact on 
evolutionary dynamics is required when describing the inheritance, evolution, and maintenance of 
adaptive variation in interactive phenotypes.  

Recent quantitative genetic analyses have begun to model the effects of IGEs when examining the 
evolution of interactive phenotypes. Two main theoretical approaches have been used (McGlothlin 
and Brodie III, 2009; Baud et al., 2022): Variance Partitioning and the Trait-Based Approach. The 
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former quantifies the magnitude with which IGEs influence a focal phenotype relative to direct genetic 
effects (reviewed in Cheverud, 1984). The latter approach uses a model to describe how the 
phenotype of a focal individual is influenced by an interaction with a conspecific (Moore, Brodie III 
and Wolf, 1997; Bijma, 2014). Using this approach, the focal individual’s phenotype can be partitioned 
into:  

𝑧𝑖 =  𝑎𝑖 +  𝑒𝑖 + 𝛹𝑧𝑗
′ 

where 

𝑧𝑗
′ =  𝑎𝑗 +  𝑒𝑗  

Here 𝑧𝑖  denotes the interactive phenotype of focal individual 𝑖, 𝑎𝑖  the additive genetic effects, 𝑒𝑖 the 
general environmental effects and 𝑧𝑗

′ the phenotype of the interacting individual which is, in turn, 

made up of the additive genetic effects 𝑎𝑗 and the general environmental effects 𝑒𝑗 of interacting 

individual 𝑗. The interaction coefficient 𝛹 describes the effect of the 𝑗 partner’s phenotype on the 
phenotype (𝑧𝑖) of the focal individual 𝑖. It therefore outlines the strength and direction in which an 
interactive phenotype changes as a consequence of the genes expressed by a social partner (IGEs; 
Figure 1 B). For example, if 𝛹 is zero the interactive phenotype in the focal individual is unaffected by 
IGEs, whereas if 𝛹 > 0 it increases trait expression and vice versa. Interestingly, empirical work has 
shown that 𝛹 can vary by genotype (Kent et al., 2008; Bleakley and Brodie III, 2009; Bailey and Zuk, 
2012; Marie-Orleach et al., 2017), sex (Edenbrow et al., 2017) and environment (Signor et al., 2017b). 
𝛹 can therefore be used to make evolutionary predictions about the effects of IGEs across 
generations.  

The importance of IGEs when investigating sexually selected traits 

Sexually selected traits are interactive phenotypes as they arise from an interaction between two 
reproductive partners. Subsequently, when investigating the link between genotype and phenotype 
in order to examine trait evolutionary potential, IGEs must be identified, as this can change inferences 
on the causes of variation. For example, the lek paradox describes the phenomenon whereby 
substantial additive genetic variance is observed in many traits despite the expectation of strong 
directional sexual selection (Kirkpatrick and Barton, 1997; Qvarnström, Brommer and Gustafsson, 
2006; Miller and Moore, 2007; Danielson-François, Zhou and Greenfield, 2009; Bailey and Moore, 
2012). One explanation is that IGEs can result in selection based on genetic compatibility between 
copulating genotypes, producing indirect genetic benefits which drive non-directional trait selection. 
As a result, IGEs can contribute to the maintenance of genetic variation for a given sexually selected 
trait (Miller and Moore, 2007).  

IGEs also play a critical role in sexually selected traits that mediate sexual conflict (Moore and Pizzari, 
2005). Traditional models of sexual selection have predicted that the evolution of sexually selected 
traits occurs via mutual coevolution as it selects for genes that confer an overall reproductive 
advantage to both partners (Andersson, 1994). However, as the reproductive interests of the sexes 
rarely align, many sexually selected interactive phenotypes are antagonistic traits where phenotypic 
expression increases fitness in one sex whilst simultaneously reducing partner fitness (Arnqvist and 
Rowe, 2005). The “chase-away hypothesis” (Holland and Rice, 1998) predicts that antagonistic trait 
expression can stimulate cyclical evolution of adaptations and counteradaptations. Theoretical 
models of sexual conflict in interactive phenotypes using a quantitative genetic perspective have 
shown that IGEs can stimulate the rapid evolution of multiple antagonistic traits above standard 
predicted rates, even in the absence of additive genetic variation (Moore and Pizzari, 2005). Therefore, 
understanding the indirect genetic basis of an interactive antagonistic trait can provide additional 
insights into the role of selection on such traits, how this influences the evolutionary trajectories of 
the sexes, and how this may also contribute to the maintenance of trait variation in a population.   
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Applying an interactive framework to sexually selected behavioural traits  

Recent work utilising an interactive phenotypic approach has examined IGEs on sexually selected trait 
expression by deriving 𝛹. For example, the IGE of female genotype has been found to underly variance 
in sexually selected male cuticular hydrocarbon profile in Drosophila (Petfield et al., 2005; Kent et al., 
2008), and male body mass and advertisement song in the lesser waxmoth Achroia grisella (Danielson-
François, Zhou and Greenfield, 2009). Interestingly, population-level variation also appears to 
influence the strength of IGEs. For example, the direction and strength of IGEs on female choosiness 
varied between different geographically isolated populations of the field cricket Teleogryllus 
oceanicus (Bailey and Zuk, 2012).  

Researchers have also quantified the IGE on antagonistic interactive traits. For example, in D. 
melanogaster, the genotype of male mating partners significantly influenced copulation duration 
(Edward et al., 2014), a trait thought to mediate sexual conflict. Additionally, the hermaphroditic 
flatworm, Macrostomum lignano, performs a post-copulatory sucking behaviour to remove 
components of the ejaculate from storage after copulation (Schärer, Joss and Sandner, 2004; Vizoso, 
Rieger and Schärer, 2010). As the timing of this behaviour influences fertilisation success, selectively 
removing the ejaculate benefits the sperm recipient via cryptic “female” choice, at a cost to the sperm 
donor. The propensity of this sucking behaviour has been shown to be dependent on the genotype of 
the sperm donor and sperm recipient (Marie-Orleach et al., 2017). As a result, genetic variance in both 
the ability resist sucking behaviour and propensity to suck suggests that phenotypic outcome is heavily 
influenced by IGEs and has likely evolved via sexually antagonistic coevolution (Marie-Orleach, Janicke 
and Schärer, 2013; Marie-Orleach et al., 2017). 

The challenges when using an interactive framework to examine sexually selected behavioural traits 

While empirical work has begun to investigate the underlying quantitative genetic basis of interactive 
sexually selected phenotypes, a number of challenges remain. First, when examining behaviours that 
arise as a product of a sexual interaction, traditional interactive phenotypic models cannot be used to 
derive 𝛹. This is because 𝛹 is calculated by regressing the phenotypic value in one individual onto the 
value of a separate measured phenotype expressed in the interacting partner. However, when the 
trait of interest is the duration of a reproductive interaction between two individuals (i.e. copulation 
duration), the phenotypic value measured is the same for each individual. When this occurs, 𝛹 must 
be derived in a different manner according to the relationship: 

𝑧𝑘
𝑚 =  𝑎𝑘

𝑚 +  𝑒𝑘
𝑚 +  𝛹𝑎′𝑗

𝑓
 

Here, we examine to what extent interactive phenotypic expression (𝑧𝑘
𝑚) in a focal male genotype 𝑘 

is influenced by the genotype of its female partner 𝑗. 𝑧 represents an interactive phenotype which is 
the product of an interaction between a focal male, 𝑘, and an interacting female, 𝑗. 𝑎𝑘

𝑚 represents the 

additive genetic effects and 𝑒𝑘
𝑚 the environmental effects of the focal male 𝑘, with 𝑎′𝑗

𝑓
 defining the 

additive genetic effects of the interacting female partner 𝑗. 𝛹 is therefore the interaction coefficient, 
outlining the extent to which interacting partner genotype influences the phenotypic outcome in the 
focal individual (Figure 1 C; Figure 2 B). As this is a shared interactive trait, this can be examined 
reciprocally in each sex (Figure 1 D; Figure 2 B).  As a result, quantifying the extent to which IGEs 
influence interactive phenotypes when only a shared phenotype is expressed provides valuable 
insights on trait evolution. However, to date this has not been examined.  

A second challenge lies in the fact that, although 𝛹 can be calculated irrespective of specific partner 
traits through which IGEs are mediated, undetected latent variables may influence estimates of 𝛹 and 
therefore conclusions about the influence of IGEs (Bailey and Hoskins, 2014). Polyandry, in which a 
female copulates with multiple males within one reproductive cycle, generates intense pre-copulatory 
selection for traits that control mating success (Andersson, 1994). This mating system also drives post-
copulatory selection for traits that influence successful fertilization (Parker, 1970; Eberhard, 1996; 
Birkhead and Pizzari, 2002) via sperm competition and/or cryptic female choice (Eberhard, 1996; 
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Snook and Hosken, 2004). Therefore, to ascertain the evolutionary potential of sexually selected 
interactive phenotypes, the total strength of selection on any given trait depends on the phenotypic 
and genetic relationship between pre- and post-copulatory traits. When investigating the phenotypic 
relationship, the phenotype-linked fertility hypothesis predicts a positive correlation between pre- 
and post-copulatory fitness if male secondary sexual characteristics reflect their fertility (Sheldon, 
1994). Alternatively, a negative phenotypic correlation between pre- and post-copulatory fitness may 
be observed if there is a trade-off between investing in secondary sexual characteristics (in order to 
acquire matings) and ejaculate components (in order to increase fertilisation success) (Parker and 
Pizzari, 2010), known as sperm competition game theory (Simmons, Lüpold and Fitzpatrick, 2017). If 
there is positive genetic relationship between pre- and post-copulatory fitness (due to pleiotropy 
and/or linkage between traits), this results in correlated changes between phenotypes, enhancing 
trait evolutionary potential (Kvarnemo and Simmons, 2013), whereas negative genetic relationships 
slow the rate of evolutionary change (Nelson and Crone, 1999). Therefore, in order to accurately 
determine the consequences of sexual selection under polyandry, investigating both phenotypic and 
genetic relationship between pre- and post-copulatory traits is required as it has the potential to alter 
coevolutionary responses (Walsh and Lynch, 2018).  

 

Figure 1. Path diagram depicting quantitative genitive analysis of noninteractive (A), interactive (B), and shared interactive 
(C & D) phenotypes. Variables associated with a male individual are shown with the 𝑚 superscript, and variables associated 
with a female are shown with the 𝑓 superscript. Variables associated with an interacting individual are denoted with an 

apostrophe. (A) Noninteractive phenotype, where the phenotype of female individual 𝑗 (𝑧𝑗
𝑓

) is determined by additive 

genetic effects (𝑎𝑗
𝑓

) and the environment (𝑒𝑗
𝑓

) (adapted from Moore et al. 1997). (B) Interactive phenotype, where the 

phenotype of a focal male 𝑘 (𝑧𝑘
𝑚) is influenced by additive genetic and environmental effects but also by the (non-shared) 

phenotype of an interacting female (𝑧′𝑗
𝑓

). The magnitude of this interaction is denoted by 𝛹 which is a partial regression 

coefficient obtained from regressing focal male phenotype (𝑧𝑘
𝑚) on the phenotype of his partner (𝑧′𝑗

𝑓
). (C) Interactive 

phenotype, where the phenotype examined in the focal and interacting individual share the same value. As a result, you 
cannot regress the phenotype of one individual onto a separate phenotype in another individual. Instead, measurements of 
the interaction coefficient can be derived by examining effects arising from additive genetic effects of the interacting partner 

(in this case the female 𝑎′𝑗
𝑓

) on the shared phenotype in a focal sex (in this case the male 𝑧𝑘
𝑚). The reciprocal of this analysis 

(D) can also be derived.  

Aims 

Using a quantitative genetics approach, we investigate how direct genetic effects and IGEs influence 
interactive phenotypic expression and variance in the promiscuous species D. melanogaster. In this 
species, the formation of structured ejaculates, described as a mating plug, is a critical component of 
reproduction as it acts as a mechanism to retain sperm in the uterus and therefore facilitate efficient 
sperm storage (Parker, 1970; Schneider, Atallah and Levine, 2017). However, only around 10-20% of 
sperm is stored, with a white sac comprising of both the sperm mass and the mating plug ejected by 

A B C D 
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the female after copulation (Lee et al., 2015). The timing of this ejection (described as sperm ejection) 
is a mediator of post-copulatory sexual selection (Snook and Hosken, 2004; Manier et al., 2010; Lüpold 
et al., 2013; Firman et al., 2017). Moreover, it is an interactive phenotype in which only a single shared 
phenotype can be measured in both sexes, despite the outcome likely mediated by sex-specific traits 
(Dingemanse and Araya-Ajoy, 2015). Longer plug retention provides more time in which sperm can be 
stored in the female’s sperm storage organs, increasing paternity success (Manier et al., 2010, 2013; 
Lüpold et al., 2013, 2020). Therefore, ejection time is thought to be an intrinsic source of sexual 
conflict as phenotypic optima may differ between the sexes (Arnqvist and Rowe, 2005; McDonough-
Goldstein, Pitnick and Dorus, 2022). Although recent investigations have shown a significant female-
by-male genotypic interaction underlying variation in this phenotype (Lüpold et al., 2020), the extent 
to which IGEs influence phenotypic variation has not yet been quantified.  

Mating latency – the time from a pair being introduced to copulation beginning – is a pre-copulatory 
sexually selected trait which is inversely proportional to mating rate (Fulker, 1966; Jennions and Petrie, 
1997). Increased mating rate increases male fitness, driving strong directional selection for traits that 
reduce latency (Arnold and Duvall, 1994). In contrast, females are expected to have an optimal mating 
rate (Arnqvist and Nilsson, 2000) that may not align with that of her partners, resulting in an 
evolutionary conflict between the sexes over mating latency (Holland and Rice, 1998; Arnqvist and 
Nilsson, 2000). Additionally, copulation duration – the length of time from the male copulatory organ 
entering the female until the male and female disengage – has been shown to influence paternity via 
mate guarding (Parker, 1970; Alcock, 1994), altering female post-mating behaviour (Chapman et al., 
1995), and facilitating the removal of rival sperm (Parker, 1970). As such, there may be selection on 
males to prolong copulation duration beyond what is optimal for females, resulting in antagonistic 
selection in both sexes to control duration. However, the extent with which direct and IGEs influence 
phenotypic variation in both traits is still debated. 

In this thesis we investigate the extent to which direct and IGEs underly variation in pre- and post-
copulatory sexually selected traits using a novel diallel quantitative genetics approach. To acquire 
these data, we crossed 11 isofemale lines from the D. melanogaster Genetic Reference Panel (DGRP; 
Mackay et al., 2005; Huang et al., 2014) in a full diallel mating design excluding reciprocal crosses 
(Figure 3). For each cross, mating latency, copulation duration (Chapter II) and ejection time (Chapter 
I) were measured (Figure 3).  

In Chapter I we investigate the extent to which direct and IGEs underly variation in the post-copulatory 
sexually selected trait sperm ejection. Direct genetic effects are derived by identifying significant line-
specific and sex-specific phenotypic responses (Figure 2 A). Line-specific (additive) effects (“𝑙” in Figure 
2 A) describes to what extent the overall mean phenotypic value of each genotype differs from the 
population average, independent of sex. It is therefore the additive effect of a genotype when male 
and when female on phenotypic outcome. Sex-specific effects (“𝑠” in Figure 2 A) describe to what 
extent the mean phenotypic value of each genotype differs when it is male or female. To examine the 
potential for IGEs, we modify traditional models that calculate 𝛹 to derive values for an interactive 
trait in which both the male and female share the same phenotypic value (Figure 1 C & D). 𝛹 describes 
to what extent the overall mean phenotypic value of a given focal genotype of a given sex differs 
(positively or negatively) to the phenotype expressed when it is crossed with a specific interacting 
genotype of the opposite sex (Figure 1 C & D; Figure 2 B). In doing so we identify the capacity with 
which IGEs influence an antagonistic post-copulatory sexually selected trait.  

To examine the total strength of selection on any given trait, the relationship between pre- and post-
copulatory fitness must be taken into consideration. Prior work has emphasised the importance of 
examining the relationship between numerous interactive phenotypes when clarifying the 
evolutionary dynamics of a focal trait (Bailey and Hoskins, 2014; Bailey, Marie-Orleach and Moore, 
2018). Therefore, in Chapter II, we apply the methods used in Chapter I to identify the extent to which 
direct genetic effects and IGEs underly variation in a pre-copulatory trait (mating latency) and 
copulation duration. By incorporating data collected for Chapter I, we examine three interactive 
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phenotypes that represent sequential stages of the reproductive process and investigate their 
phenotypic and genetic relationships. In doing so we identify whether these results support the 
phenotype-linked fertility hypothesis or the sperm competition game theory model, and examine how 
their relationships may influence the evolutionary potential of any given trait.  

 

 

Figure 2. A schematic to describe how Direct Genetic Effects and Indirect Genetic Effects were quantified for a given 
phenotype. Direct genetic effects (A) are composed of Line-Specific Effects (l) and Sex-Specific Effects (s). Line-specific 
(additive) effects describe to what extent the overall mean phenotypic value of each genotype differs from the population 
average, independent of sex. Sex-Specific Effects (s) describe to what extent the mean phenotypic value of each genotype 
differs when it is male or female. Indirect Genetic Effects (B) describe how the genotype of an interacting individual influences 
the phenotype of a focal individual. Indirect genetic effects are examined for each sex. 𝛹 when the focal line is female 
quantifies the extent to which the phenotypic value expressed between a focal female and an interacting male differs from 
the focal female’s phenotypic average. 𝛹 when the focal line is male quantifies the opposite. A legend (C) describes each 
component presented in figures (A) and (B). This figure is modified from Supplementary Figure S2 in both Chapter I and II. 

A B 

C 
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Figure 3. A schematic of the diallel mating design. Eleven isofemale lines were crossed in a full diallel mating design excluding 
reciprocal crosses (represented as a black square), representing 110 possible male-by-female genotypic crosses. For each 
genotypic cross, one male and one female from different lines were introduced into a chamber. Analysis of ejection time, 
the duration in minutes from copulation ending to the female ejecting, is presented in Chapter I. A photo of ejection is 
presented, with the ejection mass highlighted by a white circle. Analysis of mating latency, the time from a pair being 
introduced to copulation beginning, and copulation duration, the length of time from the male copulatory organ entering 
the female until the male and female disengage, is presented in Chapter II. Measurements of ejection from Chapter I were 
used when comparing the phenotypic and genetic relationship between all three traits in Chapter II. A pairing between male 
861 and female 627 is illustrated in the figure, of which there were 19 replicates. This figure is modified from the 
Supplementary Figure S1 in Chapter II. 

Future Directions 

In Chapter I, the extent to which the genotype of both sexes influences the post-copulatory sexually 
selected trait sperm ejection is explored. Our results suggest that the timing of sperm ejection is a 
heritable trait and that direct genetic effects, IGEs, and sexual conflict play a clear role in the 
maintenance of trait variance. Knowledge of the genetic architecture of sperm ejection in both sexes 
is a prerequisite to understanding both its adaptive significance and phenotypic variation. In both 
chapters isofemale lines are used from the DGRP (Mackay et al., 2005; Huang et al., 2014). These are 
fully sequenced homozygous inbred D. melanogaster strains which enable association mapping 
between genomic regions and trait variance. A number of candidate genes that influence sperm 
storage and ejection have been identified (Lee et al., 2015; Avila and Wolfner, 2017; Chen et al., 2019; 
Wigby et al., 2020). However, the underlying sequence variants that cause differences in sperm 
ejection remain largely unidentified. Identifying these causal variants would shed light on the genomic 
systems in which sexual selection acts, as well as provide a greater understanding on the role of sexual 
selection in phenotypic variance and diversification. Future work will provide this gap in knowledge. 

In Chapter II, the extent to which IGEs influence pre- and post-copulatory traits was identified. We 
showed that the genotypes of both sexes and their interaction had a significant effect on mating 
latency but not copulation duration, highlighting that the influence of IGEs on phenotypic outcome is 
not consistent across all interactive phenotypes. Our data supports the phenotype-linked fertility 
hypothesis, showing a positive relationship between sperm ejection time (the length of time sperm is 
retained) and the speed at which an individual copulated (inverse of mating latency). However, our 
research did not directly identify specific traits that contribute to variation in mating latency and 
competitive fertilization. Therefore, further work is required to make predictions about their influence 
on trait diversification and the maintenance of phenotypic and genetic variation. Additionally, there 
was limited evidence to suggest that this phenotypic relationship was observed at the genetic level. 
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In our study only the correlations between additive genetic effects, which describes the average effect 
of each genotype independent of sex, were examined. As a result, future work examining how these 
relationships genetically covary with sex and cross would provide greater detail on whether the 
phenotypic correlations observed have a genetic basis.  
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Chapter 1 

The impact of indirect genetic effects on sperm ejection: how 
partner genotype influences shared sexually selected traits  

Matilda Q.R. Pembury-Smith and Rhonda R. Snook 

Abstract 1 

Sexual reproduction requires an interaction between the sexes. When females mate multiply, sexual 2 

selection and sexually antagonistic coevolution (SAC) can occur, resulting in the widespread evolution 3 

of sex-specific traits that influence male and female fitness. One such trait is sperm ejection, which is 4 

when females eject sperm from the reproductive tract after copulation, the timing of which is sexually 5 

antagonistic. Like many sexually selected traits, it is also an interactive phenotype, in which expression 6 

is influenced or defined by conspecific interactions. In such cases, the genotype of the interacting 7 

partner becomes a heritable component of the focal individual’s environment, generating indirect 8 

genetic effects (IGEs). Both SAC and IGEs are predicted to influences the evolutionary dynamics of a 9 

trait, and thus a standard quantitative genetic approach that assumes environmental variation is not 10 

heritable is inappropriate to understanding the evolution of these ubiquitous sexually selected 11 

interactive phenotypes. Here we use a novel diallel quantitative genetics approach which partitions 12 

direct and indirect genetic architecture, using multiple Drosophila melanogaster isofemale lines, to 13 

understand the underlying genetics and evolution of sperm ejection time. We show that sperm 14 

ejection is heritable, and that both an individual’s own genotype (direct effect) and the genotype of 15 

their partner (IGEs) influence the timing of sperm ejection. By using this unique approach, we are also 16 

able to show that both direct effects and the magnitude of IGEs are sex-specific, providing evidence 17 

that IGEs influence antagonistic coevolution in this trait. Together, these data demonstrate the 18 

underlying quantitative genetic basis behind phenotypic variation on a key fitness-related trait subject 19 

to sexual conflict.  20 

1. Introduction 21 

Polyandry, in which females mate with multiple males within one reproductive cycle, promotes the 22 

overlap of male ejaculates which compete to fertilize the female ova (Birkhead and Møller, 1993).  23 

Females can benefit from extra copulations (Arnqvist and Nilsson, 2000; Jennions and Petrie, 2000), 24 

whereas, for each polyandrous mating, male paternity assurance and reproductive success decreases 25 

(Chapman et al., 2003). This fitness difference between the sexes creates conflict over optimal 26 

remating rate, generating post-copulatory sexual selection (Parker, 1970; Birkhead and Pizzari, 2002) 27 

via intra-sexual selection (sperm competition; Parker, 1970), and inter-sexual selection (cryptic female 28 

choice; Eberhard, 1996; Birkhead, 1998). Both processes can stimulate sexually antagonistic 29 

coevolution between males and females which selects for shared antagonistic traits (i.e. intra-locus 30 

conflict;  Bonduriansky and Chenoweth, 2009; Van Doorn, 2009; Schenkel et al., 2018) and sex-specific 31 

manipulation and/or resistance traits (i.e. inter-locus conflict; Rice and Holland, 1997; Pennell and 32 

Morrow, 2013; Dapper and Wade, 2016; Firman et al., 2017) in order to control paternity.  33 

One mechanism in which males attempt to control female remating and subsequent paternity share 34 

is via mating plugs. Such plugs have independently evolved in a diverse range of taxa as a post-35 

copulatory mate guarding strategy (Reviewed in Parker, 1970). These structures influence male 36 
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fertilization success as they reduce sperm loss, facilitate sperm storage, and control female post-37 

mating responses by reducing receptivity to remating (Schneider, Mangels and Dean, 2016). In 38 

Drosophila melanogaster, the mating plug is formed within the female reproductive tract (FRT) and is 39 

largely composed of proteins (i.e. seminal fluid proteins; SFPs) (Lung and Wolfner, 2001) as well as 40 

pheromones, such as cis-vaccenyl acetate, which decrease female attractiveness in future copulations 41 

(Laturney and Billeter, 2016). The timing of plug ejection influences the amount of time sperm has to 42 

move into storage, biasing sperm use and subsequently influencing the outcome of competitive 43 

fertilization (Snook and Hosken, 2004; Manier et al., 2010; Lüpold et al., 2013; Firman et al., 2017). As 44 

paternity in this species is largely determined by the proportion of each male’s sperm in storage 45 

(Manier et al., 2010; Lüpold et al., 2012), males benefit from long ejection times (Lüpold et al., 2013). 46 

Whether longer ejection times maximise female fitness is unclear (Lüpold et al., 2013). Thus, the 47 

timing of ejection is thought to be a source of sexual conflict (Arnqvist and Rowe, 2005; McDonough-48 

Goldstein, Pitnick and Dorus, 2022).  49 

Multiple sex-specific effects have been linked to the timing of its ejection in D. melanogaster, such as 50 

SFP composition and FRT secretions (McDonough-Goldstein, Pitnick and Dorus, 2022). The role of both 51 

sexes in mediating sperm ejection timing is unsurprising as this trait is an interactive phenotype. 52 

Interactive phenotypes describe traits which require or are influenced by conspecific interactions, 53 

generating indirect genetic effects (IGEs) as the interacting conspecific genotype becomes a heritable 54 

environmental component of the focal individual (Moore, Brodie III and Wolf, 1997). IGEs can 55 

influence among-individual variation and the evolution of the trait by either accentuating or 56 

diminishing the rate of selection (Moore, Brodie III and Wolf, 1997; Wolf, Brodie III and Moore, 1999; 57 

Bleakley and Brodie III, 2009; McGlothlin et al., 2010; Bailey and Moore, 2012; Dingemanse and Araya-58 

Ajoy, 2015). For example, IGEs are expected to influence antagonistic coevolution and the outcome of 59 

sexual conflict, stimulating strong selection for adaptations and counter-adaptations above standard 60 

predicted rates (Moore and Pizzari, 2005). In doing so, IGEs can facilitate the maintenance of genetic 61 

variation for a given trait, potentially resolving the lek paradox (Kirkpatrick and Barton, 1997; 62 

Qvarnström, Brommer and Gustafsson, 2006; Miller and Moore, 2007; Danielson-François, Zhou and 63 

Greenfield, 2009; Bailey and Moore, 2012). Subsequently, interactive trait evolution may be different 64 

when using an interactive phenotypic framework from those predicted using a standard genetic 65 

framework, in which the environmental component is considered not heritable, as the indirect effect 66 

of one sex may have evolutionary relevance on the direct effect of the opposite sex. 67 

For many interactive phenotypes that exist exclusively as a product of a reproductive interaction, such 68 

as sperm ejection, only a single shared phenotype can be measured for both sexes, despite the 69 

outcome likely mediated by sex-specific traits (Dingemanse and Araya-Ajoy, 2015). Examining how 70 

IGEs influence the outcome of interactive traits where there is one shared phenotype should improve 71 

understanding of phenotypic variance in sexually selected traits and subsequent evolutionary patterns 72 

(Moore, Brodie III and Wolf, 1997; Moore and Pizzari, 2005; McGlothlin et al., 2010; Bailey, Marie-73 

Orleach and Moore, 2018). Despite this relevance, relatively few studies have examined the role of 74 

IGEs on sexually selected interactive phenotypes (but see Danielson-François, Zhou and Greenfield, 75 

2009; Bailey and Zuk, 2012; Marie-Orleach, Janicke and Schärer, 2013; Bailey and Hoskins, 2014; 76 

Marie-Orleach et al., 2017), and even fewer have examined this in traits where phenotypic value is 77 

shared by both sexes, with those that have not quantifying the direction and magnitude of IGEs 78 

(Edward et al., 2014).  79 
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We use an interactive phenotypic framework to identify the extent to which sperm ejection is directly 80 

influenced by the genotype of each focal sex and indirectly by the interacting sex. We partition these 81 

effects by taking a quantitative genetic diallel approach (Lenarcic et al., 2012) using eleven isofemale 82 

lines from the D. melanogaster Genetic Reference Panel (DGRP; Mackay et al., 2012). This allows us 83 

to directly and reciprocally manipulate the genetic component of the social environment to identify 84 

direct genetic effects and quantify the influence of IGEs using the parameter 𝛹 (Moore, Brodie III and 85 

Wolf, 1997). In this framework, the focal individual represents the direct genetic component and the 86 

opposite interacting sex represents the indirect environmental component. We find that sperm 87 

ejection is a heritable trait, and that phenotypic variance is attributed to both direct and IGEs, that are 88 

both genotype and sex-specific. Our results outline the role of IGEs on a key fitness-related trait 89 

subject to sexual conflict and sexual selection, and expose the underlying quantitative genetic basis 90 

behind phenotypic variation in this trait. 91 

2. Materials and Methods 92 

2.1 Fly Stocks 93 

Eleven randomly selected isogenic lines from the D. melanogaster Genetic Reference Panel were used 94 

for this study (DGRP-21, -45, -101, -235, -358, -517, -627, -730, -820, -859, -861; Mackay et al., 2012; 95 

Huang et al., 2014). DGRP lines originate from a single wild population collected in Raleigh, North 96 

Carolina, in 2003, where 20 generations of full-sibling matings were conducted for each line, resulting 97 

in a panel of 205 inbred lines that have been sequenced. In our lab, all lines were housed in standard 98 

culture vials containing 5ml of a standard food medium (1L water: 80g medium cornmeal, 18g dried 99 

yeast, 10g soya flour, 80g malt extract, 40g molasses, 8g agar, 25 mL of 10% Nipagin, 4 mL of propionic 100 

acid) at 12-h light:12-h dark cycle. No ethical approval was required for the work. These stocks were 101 

used to generate experimental animals. Flies and all experiments were kept at 25°C. 102 

2.2 Production of focal individuals 103 

To generate focal individuals, each line was placed in food vials. Each vial had a ca. 1:1 sex ratio and 104 

20 individuals per vial. Parent flies were removed after three days and, ca. eight days later, virgin focal 105 

offspring were collected within 2h after eclosion under light CO2 anaesthesia. Sexes were housed 106 

separately with 10-15 individuals per vial prior to experiments. Focal individuals were collected across 107 

five consecutive days, followed by five consecutive days of experiments, making up a single ten-day 108 

block. 14 blocks were performed. Thus, focal individuals for subsequent experiments were six days 109 

old. 110 

2.3 Quantifying sperm ejection 111 

We measured ejection time as the time from when the male’s copulatory organ disengages from the 112 

female until the time at which the female ejects. To acquire these data, all isofemale lines were 113 

crossed in a full diallel mating design excluding reciprocal crosses, producing 110 crosses in total 114 

(Figure S1). Between 14 and 26 matings were conducted for each cross (Figure 1). 115 

One male and one female from different randomly selected DGRP lines were introduced into a 3D-116 

printed black plastic chamber, consisting of a cuboid of 34 mm x 33 mm x 9 mm with a hemispherical 117 

cavity of diameter 20 mm and depth 7 mm (Hopkins et al., 2019) (Figure S1). A glass coverslip was 118 

used to cover the cavity as each sex was introduced. Each chamber contained a drop of an agar-sugar 119 

solution to avoid desiccation stress. The male was always introduced into the chamber first.  120 
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Approximately 90 pairs were mated each day and all chambers were filmed with a camcorder 121 

(Panasonic HC-V180 or Sony HDR-CX405). All chambers were observed every 3-5 minutes for 1 hour 122 

after the pair was introduced to identify the end of copulation (note that most copulations in the lines 123 

we used occur within the first hour). Following the end of copulation, each chamber was scanned 124 

using a fluorescent light at ca. ten-minute intervals to identify the time of ejection, with exact timings 125 

verified using video playback. If the pair had not ejected after nine hours following copulation, then 126 

the chamber was filmed overnight. If ejection was clearly visible on the video recording, then this data 127 

point was kept, otherwise the pair was excluded from the analysis. 128 

2.4 Statistical Analysis 129 

2.4.1 Analytical Approach 130 

We first examine direct genetic effects: how an individual’s genotype influences phenotypic outcome 131 

(Figure S2 A). This is divided into two components: line-specific (additive) effects and sex-specific 132 

effects. Line-specific (additive) effects (“𝑙” in Figure S2 A) describes to what extent the mean 133 

phenotypic value of each genotype in turn differs from the population average, independent of sex. 134 

For example, genotype 45 may have an overall mean ejection time of 60 minutes which is significantly 135 

shorter than the population average which is 120 minutes. Sex-specific effects (“𝑠” in Figure S2 A) 136 

describe to what extent the mean phenotypic value of each genotype differs when it is male or female. 137 

For example, genotype 45 may have an overall mean ejection time of 60 minutes, however, there may 138 

be a strong contrast between the sexes (i.e. 30 minutes when male and 90 minutes when female), or 139 

the sex-specific mean ejection times could be very similar (i.e. 58 minutes when male and 62 minutes 140 

when female). The former case would indicate a strong sex-specific effect, and the latter a weak or 141 

insignificant effect.  142 

Next, we examine indirect genetic effects: how the genotype of an interacting individual influences 143 

the phenotype of a focal individual (Figure S2 B). In these cases, for each copulating pair, one sex will 144 

represent the “focal genotype” and the partner will be the “interacting genotype”. IGEs are measured 145 

for each sex in turn and describe to what extent the mean phenotypic value of the focal genotype 146 

differs when it is paired with an interacting genotype. When we are examining the IGE on females, the 147 

focal genotype will be female and the interacting genotype will be male (“𝛹: Focal female line” in 148 

Figure S2 B), and vice versa (“𝛹: Focal male line” in Figure S2 B).  149 

For each sex and genotype, we measure (i) the strength and direction of each IGE for each interacting 150 

genotype, and (ii) the overall magnitude of the IGE on the focal genotype. The strength and direction 151 

of IGEs describes to what extent the mean phenotypic value of a given focal genotype differs 152 

(positively or negatively) when it is crossed with a specific interacting genotype. For example, female 153 

genotype 45 may have an overall mean ejection time of 90 minutes. However, when it is paired with 154 

male genotype 21 it has a mean ejection time of 120 minutes: this implies a strong positive IGE. The 155 

overall magnitude of the IGE can be quantified by observing how the mean phenotypic value of a focal 156 

genotype (of a given sex) varies when it is crossed with all other interacting genotypes. For example, 157 

in female genotype 45 we could observe that (i) the ejection time of female genotype 45 takes a large 158 

range of values when paired with different male genotypes, that differ from the mean ejection time 159 

of female genotype 45 – the overall magnitude of IGE is large; (ii) only a few interacting male 160 

genotypes drive an ejection time with a large deviation from the phenotypic average of female 161 

genotype 45 – the overall magnitude of IGE is small; or (iii) the ejection time of line 45 females does 162 
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not deviate from their overall average for any interacting male genotype – the overall magnitude of 163 

IGE is close to or equal to 0. 164 

2.4.2 Direct Genetic Effects 165 

To assess line-specific (additive) genetic effects (the phenotype without regard to focal sex) and sex-166 

specific effects (the phenotypic value when considering the sex of the focal individual), analyses were 167 

performed using the package BayesDiallel (Lenarcic et al., 2012) in R v 3.4.4 (R Core Team, 2016). 168 

Bayesian Diallel models are described by a quote string of characters, with the full model containing 169 

seven heritable components (𝐵𝑆𝑎𝑏𝑚𝑣𝑤; Lenarcic et al., 2012). Our model included four components 170 

from the full model and the random covariate batch (labelled 1 to 14) to predict how much of the total 171 

interactive phenotypic variance is explained by each component in the model, which is given below: 172 

𝑦𝑖 = 𝜇 + ෍ 𝑢𝑖
(𝑟)

𝑅

𝑟=1
⏟

𝑅𝑎𝑛𝑑𝑜𝑚

+ (𝑙𝑗ሾ𝑖ሿ + 𝑙𝑘ሾ𝑖ሿ)
⏟

𝑙𝑖𝑛𝑒 (𝑙)

+ (𝑠𝑗ሾ𝑖ሿ − 𝑠𝑘ሾ𝑖ሿ)
⏟

𝑠𝑒𝑥 (𝑠)

+ (𝐼ሼ𝑗ሾ𝑖ሿ≠𝑘ሾ𝑖ሿሽ𝑣(𝑗𝑘)ሾ𝑖ሿ)
⏟

𝑐𝑟𝑜𝑠𝑠−𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 (𝑣)

+ (𝐼ሼ𝑗ሾ𝑖ሿ≠𝑘ሾ𝑖ሿሽ𝑤(𝑗𝑘)ሾ𝑖ሿ)
⏟

𝑐𝑟𝑜𝑠𝑠−𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑠𝑒𝑥 (𝑤)

 173 

Raw data for ejection time (⁠𝑦𝑖) is measured for all individual pairings where 𝑗ሾ𝑖ሿ, 𝑘ሾ𝑖ሿ, and (𝑗𝑘)ሾ𝑖ሿ, 174 

respectively describe the female, male and female-male combination relevant to the specific pairing 𝑖 175 

where 𝑖 ∈  ሼ1, . . . , 𝑛ሽ. The σ 𝑢𝑖
(𝑟)𝑅

𝑟=1 term represents the contribution of the random effect which for 176 

single phenotypic outcome always includes an effect of experimental batch as 𝑢𝑖
(𝑟)

~𝑁(0, 𝜏𝑟
2) for each 177 

𝑟 ∈ ሼ1, . . . , 𝑅ሽ. Genotypic line-specific effects 𝑙 are modelled as random effects and provide estimates 178 

of the average ejection time of a genotype for female 𝑗 in combination with male 𝑘 and is equivalent 179 

to the proportion of additive genetic variability. Sex-specific effects 𝑠 are modelled as symmetric 180 

(random effect) deviations from the 𝑙 model and describes an additional increase or decrease in the 181 

mean ejection time induced by a line being female, with male as a reference (Cockerham and Weir, 182 

1977). The components 𝑙 and 𝑠 are equivalent to 𝑎 and 𝑚 in Equation 16 of Lenarcic et al. (2012), and 183 

outline the direct genetic effects that influence ejection time (Figure S2 A). BayesDiallel analysis also 184 

outlines IGEs which describe interactions between specific copulatory pairs. These are modelled as 185 

two types of random effect departures from the 𝑙𝑠 model: cross-specific effects 𝑣 (model differences 186 

specific to a given pair independent of reciprocal effects, i.e. crosses 𝑗𝑘 and 𝑘𝑗 have the same effect), 187 

and cross-specific sex effects 𝑤 (model deviations from cross-specific effects due to differences 188 

between reciprocal crosses, i.e. crosses 𝑗𝑘 and 𝑘𝑗 have different effects). Overall both describe the 189 

extent to which ejection time from a specific cross varies from what would be expected based on the 190 

average performance of the genotypes involved (Murphy et al., 2008); and, in the case of 𝑤, if this is 191 

sex-specific (Figure S2 B). However, as cross-specific effects represent fewer observations, these 192 

results are strongly subject to Bayesian adaptive shrinkage which pulls extreme but sparsely supported 193 

means towards the middle (Lenarcic et al., 2012). As a result, IGEs using this method are often vague 194 

meaning that other, more direct approaches are more appropriate when calculating IGEs. Here our 195 

direct approach is to calculate 𝛹 (see section 2.4.3 below).  196 

Ejection time for all estimates were log-transformed and calculated from multiple posterior draws, 197 

leading to a complete posterior distribution of each model component. These are summarized as 198 

highest posterior density intervals (HPD) such that credibility intervals excluding zero indicate strong 199 

evidence that an effect is different from the average. The variance of each group, e.g. 𝜏𝑎
2, was modeled 200 

with a weak inverse gamma prior 𝜏𝑎
−2 (df = 0.02, mean = 0.2), and the prior for fixed effect 𝜇 is set to 201 
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a vague normal distribution 𝜇 ~ 𝑁(0, 103) as described in Lenarcic et al. (2012). Posterior distributions 202 

were estimated for all parameters using an efficient MCMC Gibbs sampler with 5 chains, 10, 000 203 

iterations and a burn-in of 100.  204 

In order to report the overall relative contribution of each model component, diallel variance 205 

projections (VarP) were calculated (Crowley et al., 2014). This approach is a heritability-like measure 206 

which uses the posterior predictive distribution of effects from the model to simulate future, 207 

complete, perfectly balanced diallels of the same genotypic lines. Unlike traditional heritability, it is 208 

calculated based on heritable components of the diallel rather than variance components, which 209 

increases interpretability, stability and accuracy (Crowley et al., 2014). In each simulated dataset, the 210 

contribution of each component in the model (i.e. 𝑙 and 𝑠) is calculated as its sum of squares divided 211 

by the total phenotype sum of squares. The resulting proportion, the VarP, provides a prospective 212 

summary describing how much each component in the model influences phenotypic variation. 213 

Subsequently, the total VarP[𝑙  + 𝑠  + 𝑣 + 𝑤] is equivalent to broad-sense heritability and VarP[𝑙] is 214 

related to narrow-sense heritability (Lenarcic et al., 2012; Maurizio et al., 2017). Estimates for VarPs 215 

are calculated in the same way as the HPD summaries with credibility intervals excluding zero providing 216 

strong evidence that an effect explains a significant proportion of the phenotypic variance. 217 

2.4.3 Indirect Genetic Effects 218 

IGEs were derived by calculating 𝛹 for each male-by-female interaction using R v 4.2.0 (R Core Team, 219 

2016). Up until now the interaction coefficient 𝛹 has be calculated for traits in which the phenotypes 220 

of interest can be measured in both focal and interacting individuals. In these cases, 𝛹 is calculated 221 

by regressing focal phenotype onto a separate interacting phenotype. However, sperm ejection 222 

requires a different approach. We provide a framework in which 𝛹 can be calculated for phenotypes 223 

when separate measurements cannot be taken for each sex. Separate models were derived for each 224 

sex-specific focal line (Figure S2 B). The below formula describes how 𝛹 is derived for a single focal 225 

female genotype 𝑗, but is equally applicable to a focal male with appropriate change of notation. We 226 

define 227 

𝑧𝑘ሾ𝑖ሿ =  𝛽0 + 𝛽1𝑧ҧ  + 𝜳𝑿𝑲 + 𝝎𝑏𝒀𝐵 + 𝜀ሾ𝑖ሿ 228 

where 229 

𝑿𝑲 =  ൜
1 𝑖𝑓 𝐾 = 𝑘
0 𝑖𝑓 𝐾 ≠ 𝑘

 230 

Here, 𝑧𝑘ሾ𝑖ሿ denotes the measured ejection time for the 𝑖th trial within the 𝑘th interacting male 231 

genotype. 𝑧ҧ is the mean phenotype of the focal female line. 𝛽0 is the intercept and 𝛽1 the slope of 𝑧ҧ. 232 

𝑿𝐾 is a vector representing each individual 𝑘th interacting male genotype. This means that 𝐾 always 233 

takes the value of one of our interacting eleven lines. For example, when examining sperm ejection in 234 

a specific cross (𝑧𝑘ሾ𝑖ሿ) between focal female line 101 and interacting male line 21, 𝑘 = genotype 21 235 

(“𝛹: Focal female line” in Figure S2 B). The vector 𝑿𝑲 = 1 when 𝐾 = 𝑘, otherwise 𝑿𝑲 will = 0 (i.e. if you 236 

are deriving 𝛹 for focal female line 101 when crossed with male line 21, you will only derive a value 237 

of 𝛹 when 𝑘 is 21). Strictly speaking, 𝛹 is an intercept term from the random effect’s model. However, 238 

as 𝑿 is a binary variable, it can also be interpreted as the gradient describing to what extent each 239 

interacting male genotype influences focal female genotype. 𝜔𝐵 denotes an effect of batch, fitted as 240 

a random effect. 𝒀𝐵 has the same properties as 𝑿𝑲 but describes each batch. 𝜀 is the residual error 241 
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term. Ejection time was standardized within line to have a mean of 0 and a standard deviation of 1, 242 

meaning that the average phenotype (𝑧ҧ) and intercept (𝛽0) for a given line for each sex is 0. By doing 243 

so, the formula simplifies to:   244 

𝑧𝑘ሾ𝑖ሿ =  𝜳𝑿𝑲 + 𝝎𝑏𝒀𝐵 +  𝜀ሾ𝑖ሿ 245 

and: 246 

𝑧𝑗ሾ𝑖ሿ =  𝜳𝑿𝑱 + 𝝎𝑏𝒀𝐵 +  𝜀ሾ𝑖ሿ 247 

when describing a single focal male genotype where, 𝑧𝑗ሾ𝑖ሿ denotes the measured ejection time for the 248 

𝑖th trial within the 𝑗th interacting female genotype (“𝛹: Focal male line” in Figure S2 B). 249 

Restricted Maximum Likelihood Model was used to fit the model parameters which were fitted for 250 

each sex separately within each line, with ejection time log transformed. The model was fitted using 251 

the lme4 function. When 𝛹 is measured on standardized traits it takes values between -1 and 1.  When 252 

values of 𝛹 were outside this range due to large variation around model estimates they were reported 253 

as -1 and 1 respectively. For focal genotypes unaffected by the interacting genotype, 𝛹 = 0⁠. 𝛹 is 254 

negative for phenotypes where the interacting genotype reduces trait expression from the phenotypic 255 

average⁠ of the focal line, and positive when it increases trait expression. This analysis depicts the 256 

strength and direction of IGEs for each male-by-female cross. To analyse the overall magnitude of IGEs 257 

for each focal genotype, we quantified the overall variance in 𝛹 when male and female respectively. 258 

For a given focal genotype, if the variance in 𝛹 is large for a given sex, then the magnitude of IGEs is 259 

strong with interacting genotypes having an overall strong effect on phenotypic outcome. For a given 260 

focal genotype, if the variance in 𝛹 is small for a given sex, the opposite conclusion can be drawn. An 261 

F-test was used to determine if variance in 𝛹 was significantly different between the sexes.  262 

3. Results 263 

3.1 Direct Genetic Effects  264 

The timing of sperm ejection displayed substantial phenotypic variation (Figure 1). This variation was 265 

heritable with narrow-sense heritability (additive line-specific genetic effects), and sex-specific effects 266 

explaining a significant proportion of the phenotypic variance (Figure S3 A), and results are robust to 267 

the small variation in sample size between cells (Figure S4). The significant line-specific effect was 268 

largely driven by two genotypes (101 and 45), both displaying ejection times significantly shorter than 269 

the population average (Figure 2 A). Significant sex-specific effects were observed in three genotypes 270 

(517, 627 and 820; Figure 2 B). Genotypes 517 and 627 displayed significantly longer ejection times 271 

when the focal individual of that line was female mated to males from different lines, compared to 272 

when the focal individual of those lines were male mated to females from different lines (Figure 2 B). 273 

Genotype 820 displayed a significant sex-specific effect in the opposite direction (Figure 2 B).   274 
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Figure 1. Variation in the timing of sperm ejection. The colour of each cell represents the shared mean sperm ejection time 275 
expressed by a male and a female from two different DGRP lines. The lines are ordered left to right from the line displaying 276 
the shortest duration to the longest duration, when male and female respectively. Cell colour represents mean ejection time 277 
for each cross, the darker the colour the longer the ejection time. Within line crosses were not conducted and are denoted 278 
in white. The number in each cell is the sample size for each pairing.   279 
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Figure 2. Highest posterior density (HPD) intervals identifying genotypic lines that display significant direct genetic effects 280 
for ejection time based on the 𝒍𝒔𝒗𝒘 model. Line-Specific Effects (A) denote how mean ejection time for a given genotype 281 
is related to the population average (vertical grey line), independent of sex. Any bar to the left of the vertical line suggests 282 
that the mean ejection time for this genotype, independent of sex, is shorter than the population average. Sex-Specific Effects 283 
(B) denote the average deviation in ejection time when a genotype is female compared to the overall average ejection time 284 
of that genotype (vertical grey line), with male as a baseline. Any bar that does not overlap zero indicates that, for that 285 
genotype, mean ejection time between the sexes is significantly different from each other. Any bar to the left of the vertical 286 
line suggests that the mean ejection time for this genotype, is significantly longer when male than female, and vice versa 287 
when to right of the vertical line. For each effect, thin and thick horizontal lines show the 95 and 50% HPD intervals, 288 
respectively, with short vertical bars indicating the posterior mean. HPD intervals that do not include zero we consider to be 289 
statistically significant at 95% credibility. Details on how Line-Specific and Sex-Specific effects were calculated can be found 290 
in Supplementary Figure S2. Note that line order in this figure contrasts from the other figures and is not in increasing 291 
numerical order.   292 
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3.2 Indirect Genetic Effects 293 

IGEs will be seen when trait expression of the focal individual is strongly influenced by the genotype 294 

of the interacting partner. In this analysis, IGEs will be observed when specific crosses between a focal 295 

genotype and an interacting partner genotype deviate from the focal genotype’s sperm ejection 296 

average. Within each genotypic line, mean ejection time displayed considerable diallel cross-specific 297 

variation in comparison to the population average for both sexes (Figure 3). That is, the focal sex sperm 298 

ejection time could be either greater or lesser than the population average when paired with a specific 299 

interacting genotype (Figure 3). This pattern indicates that, for a given focal genotype, phenotypic 300 

outcome will vary depending on the interacting genotype.  301 

To quantify IGEs we estimate 𝛹 which describes to what extent an interacting genotype (the heritable 302 

environmental component) influences focal individual phenotype for each genotypic line. For almost 303 

all genotypic lines, the direction and strength of 𝛹, depicted by the sign and size respectively, was 304 

cross-specific (Figure 4). That is, the strength and direction with which an interacting genotype alters 305 

the phenotypic outcome of a focal genotype is dependent on both the focal and interacting genotype. 306 

Additionally, the magnitude of 𝛹 for each focal genotype was sex-specific, with males displaying 307 

significantly larger variation compared to females (Figure 4; F = 0.33, df = 109, p < 0.001). This result 308 

indicates that males have a weaker IGE on focal female phenotype compared to the IGE of females on 309 

focal male phenotype. In addition, two genotypes (21 and 730) showed 𝛹 values close to or equal to 310 

zero when examining focal female trait expression. This result indicates that the interacting male 311 

genotype did not shift trait expression in these focal females from their average phenotype. In 312 

comparison, no focal male genotype displayed 𝛹 values that were close to or equal to zero across all 313 

female interacting genotypes. IGEs (cross-specific and cross-specific sex effects) were also calculated 314 

using a BayesDiallel approach (Figure S3), however, due to Bayesian shrinkage as outlined in the 315 

methods, calculations of 𝛹 are more robust when analysing IGEs. 316 
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Figure 3. Variation in sex-specific mean ejection time for each focal genotype when crossed with an interacting genotype 317 
compared to the population average. Each box represents a focal genotype, denoted by the grey label above each graph. 318 
Within each box, each point represents the mean ejection time and standard deviation when each focal male (blue) or female 319 
(red) genotype is crossed with a specific interacting genotype, denoted on the y axis. The vertical dashed line represents the 320 
average ejection time of the population. A point left of the dashed line suggests that the mean ejection time for the cross 321 
involving those lines is shorter than the population average. 322 
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Figure 4. The sex-specific estimates of 𝜳 for sperm ejection time when each focal genotypic line is paired with each 323 
interacting genotype. Each box above represents a focal genotype, denoted by the grey label above each graph. Within each 324 
box, each point represents the 𝛹 value when each focal male (blue) or female (red) genotype is crossed with a specific 325 
interacting genotype, denoted on the y axis. The vertical dashed line represents the average sperm ejection time of the focal 326 
genotype, when male and female respectively. The further away a point is from the dashed line, the greater the phenotype 327 
deviates from the focal genotypes’ phenotypic average when crossed with that specific interacting genotype: representing 328 
the strength of the IGE. A point left of the dashed line suggests that an interacting genotype drives an ejection time shorter 329 
than the focal genotypes’ phenotypic average: representing the direction of the IGE. Each box below summarises the overall 330 
mean ± SD of 𝛹 when the focal male (blue) or female (red) genotype is crossed with all interacting genotypes of the opposite 331 
sex: representing the magnitude of IGEs. Details on how 𝛹 is calculated when the focal genotype is male and female can be 332 
found in Supplementary Figure S2.  333 
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4. Discussion 334 

We aimed to reveal the underlying quantitative genetic basis of sperm ejection, a sexually selected 335 

trait, by considering that this is an interactive phenotype, subject to both genetic influences of the 336 

focal individual and the heritable environment component of the interacting sex. Using this modified 337 

quantitative genetic framework, we show that sperm ejection timing is heritable and that both direct 338 

effects and IGEs play a key role in trait expression. By using a diallel approach we found significant 339 

line- and sex-specific effects influence sperm ejection timing, and identify the specific genotypes that 340 

drive these significant effects. We also show that the magnitude with which IGEs influence phenotypic 341 

variation was genotype- and sex-specific, with focal female ejection time less affected by interactive 342 

male genotypes than in the opposite direction. To date, work examining interactive phenotypes has 343 

largely been dominated by experiments focusing on traits in which separate phenotypic values can be 344 

measured in each sex. Our work fills a research gap by quantifying the role of direct and IGEs on an 345 

antagonistic trait in which the phenotypic value is shared between the sexes and whose fitness 346 

consequences are well-described (Lüpold et al., 2012, 2013). In doing so we identify the capacity with 347 

which direct and IGEs maintain post-copulatory trait variation, and examine how sexual conflict plays 348 

a role in the evolutionary trajectories of the sexes. 349 

A traditional quantitative genetics framework derives heritability by examining the additive influence 350 

of parent genes on offspring phenotype. Here, additive line-specific genotypic effects represent a 351 

heritability-like measure, indicating whether intrinsic effects of genotype, independent of sex, 352 

significantly contribute to ejection time. Our diallel study found that the timing of sperm ejection is 353 

heritable and that line-specific genotypic effects and sex-specific effects significantly contribute to 354 

phenotypic variation. Taken together, these patterns suggest that there is substantial phenotypic 355 

variation in the population that is maintained by direct genotypic effects, providing significant genetic 356 

variation for evolution to act on. Additionally, significant sex-specific effects support the idea that 357 

sperm ejection is a sexual conflict trait and that antagonistic interactions contribute to the phenotypic 358 

variation observed. 359 

Identifying the direct genetic contribution is insufficient to understanding putative evolutionary 360 

responses to selection when considering the evolution of interactive phenotypes. As predicted, we 361 

show that IGEs influence phenotypic variance in sperm ejection. Within each focal genotypic line, both 362 

the strength and the direction of 𝛹 varied depending on the interacting genotype, showing that the 363 

phenotypic outcome clearly depends on the reproductive partner. IGEs likely contribute to the 364 

persistence of sperm ejection time variance within a population, providing support for the idea that 365 

IGEs provide a resolution to the lek paradox (Miller and Moore, 2007). Such variation may be 366 

maintained through genotype-dependent trait preferences in each sex, and/or sexual conflict. The 367 

latter would mediate the evolution of multiple antagonistic male persistence and/or female resistance 368 

traits among the tested lines, meaning that the ability to disrupt a partner’s influence on phenotypic 369 

outcome is cross dependent (Moore and Pizarri, 2005).  370 

We also show that the magnitude of this IGE is large, and displays significant sex-specific variation, 371 

with male interacting phenotype having less influence on focal female phenotype than the reverse. 372 

Although it seems reasonable to assume that females would benefit from flexibly adjusting ejection 373 

time according to partner genotype (Lüpold et al., 2013), it has been suggested that, under sexual 374 

conflict, limited variation in 𝛹 represents a reduced effect of manipulation by an interacting genotype 375 

(Moore and Pizarri, 2005). Subsequently, our results indicate strong selection for traits that counteract 376 
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male manipulation across all lines via sexually antagonistic coevolution, with certain genotypes better 377 

able to resist male manipulation than others. These results corroborate previous work suggesting that 378 

the timing of ejection is explained by the genotypes of both sexes (Lüpold et al., 2020) using a different 379 

D. melanogaster genetic background. As this previous study used limited numbers of isofemale lines 380 

and did not use a quantitative genetic framework that considers the effect of the interacting 381 

phenotypes, our analysis expands on what was previously known about this trait, quantifying the 382 

extent to which genotype- and sex-specific IGEs influence phenotypic outcome.  383 

Additionally, our results show that 𝛹 shows genotype-specific variation within a population, meaning 384 

that 𝛹 itself, the extent with which interacting genotypes influence focal phenotype, can itself 385 

respond to selection, the prerequisite conditions for 𝛹 to evolve (Chenoweth, Rundle and Blows, 386 

2010; Kazancıoğlu, Klug and Alonzo, 2012). Our experimental design ensures that variation in 𝛹 is not 387 

an experimental artifact as we eliminated sources of within-line and abiotic variation. Consequently, 388 

within population variation in 𝛹 observed provides evidence that the strength and direction of IGEs 389 

on sperm ejection may evolve over time and provides an additional mechanism by which IGEs can 390 

shape the evolution of this sexually selected trait. 391 

The present study cannot address the genetic basis underlying variance in sperm ejection time, but 392 

there are several genetic mechanisms that have been proposed. Allelic variation in candidate genes 393 

associated with sperm ejection likely contribute to cross-specific phenotypic variance (Wigby et al., 394 

2020). Numerous ejaculatory bulb seminal fluid protein genes have been identified as candidates 395 

influencing sperm ejection time. For example, PEBme is required for efficient coagulation of the 396 

mating plug and the maintenance of sperm in the female reproductive tract (Avila, Cohen, et al., 2015), 397 

and PEBII influences plug size and female post mating responses (Avila, Wong, et al., 2015). Specifically 398 

in females, the receptor Dh44R1, as part of the Dh44 neuronal pathway, has been shown to affect 399 

sperm retention and storage (Lee et al., 2015). Similarly, the thermosensitive cation channel TRPA1 400 

(dTrpA1) in doublesex-expressing cells influences sperm ejection, with higher activation resulting in 401 

the suppression of mating plug ejection (Laturney and Billeter, 2016). After transfer, many SFPs are 402 

processed (e.g., via proteolytic cleavage) (Avila and Wolfner, 2017), or bind to receptors within the 403 

FRT in order to function (Chapman, 2001). As a result, any variation in the FRT, even under a constant 404 

male genotype, may change SFP function depending on female genotype, influencing phenotypic 405 

outcome. Other candidates that are known to influence sperm storage and female remating rate, 406 

traits that are linked to the timing of ejection, may also represent useful candidates. For example, 407 

Acp36DE (Neubaum and Wolfner, 1999) and Acp29AB (Wong et al., 2008) have been shown to 408 

influence sperm storage, and genomic variation in sex peptide (SP), a seminal fluid protein gene that 409 

affects female post mating response, influences paternity success depending on allelic variation in the 410 

female SP receptor SPR (Chow, Wolfner and Clark, 2010). However, confirmation that allelic variation 411 

has a direct influence on sperm ejection in any of the genes outlined above has not yet been tested 412 

and warrants further investigation in order to pinpoint the exact genetic variants underlying this trait.  413 

In conclusion, by treating ejection time as an interactive phenotype, we provide a more 414 

comprehensive understanding of its underlying genetic mechanisms. Our results support the idea that 415 

IGEs have a strong influence on sexually selected phenotypes likely evolving via sexually antagonistic 416 

coevolution. We also show that IGEs contribute to the maintenance of phenotypic and genetic 417 

variation, which may be an underappreciated mechanism to explain the lek paradox. We also provide 418 

evidence that 𝛹 itself can evolve, for which empirical support has been observed only a handful of 419 

times. By incorporating greater genetic variation than previously utilized, and capitalizing on 420 
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sequenced isofemale lines, this work will enable future research to pinpoint new candidate genes, and 421 

identify allelic variation in existing candidate genes, that underlie the phenotypic variation in sperm 422 

ejection time. 423 
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6. Chapter 1 – Supplementary Material 

 

Supplementary Figure S1. A schematic of the diallel mating design. Eleven isofemale lines were crossed in a full diallel 

mating design excluding reciprocal crosses (represented as a black square), representing 110 possible male-by-female 

genotypic crosses. For each genotypic cross, one male and one female from different lines were introduced into a chamber. 

The duration in minutes from copulation ending to the female ejecting was recorded as the ejection time. A photo of the 

latter is shown, with the ejection mass highlighted by a white circle. Between 14 and 26 matings were recorded for each 

cross. A pairing between male 861 and female 859 is illustrated in the figure. A pairing between these two lines was 

conducted 20 times.   
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Supplementary Figure S2. A schematic to describe how Direct Genetic Effects and Indirect Genetic Effects were 
quantified for ejection time. Direct genetic effects (A) are composed of Line-Specific Effects (l) and Sex-Specific 
Effects (s). Line-Specific Effects are derived by comparing the average ejection time when a focal line is paired 
with all other interacting genotypic lines, independent of sex, to the population average. Sex-Specific Effects (s) 
are derived by comparing the average ejection time deviation when the focal line is female, with male as a 
baseline, compared to the overall average ejection time of that line. Indirect Genetic Effects (B) are composed 
of Cross-Specific Effects (v), Cross-Specific Sex Effects (w), 𝛹 when the focal line is female and 𝛹 when the focal 
line is male. Cross-Specific Effects (v) are derived by comparing the predicted ejection time for a given cross 
(between a focal genotype and an interacting genotype) based on the average ejection time of each line 
respectively to the actual average ejection time of that specific cross, independent of sex. Cross-Specific Sex 
Effects (w) are derived by comparing the average ejection time deviation when the focal line is female for a given 
cross to the average ejection time of that specific cross (with the focal line when male as a baseline; i.e. 101 x 
21 vs 21 x 101). 𝛹: Focal female line is quantified by identifying the extent to which the average ejection time 
for a given focal line when female (101) differs from the average ejection time when that focal female line is 
paired to a specific interacting male genotype (21). 𝛹: Focal male line is quantified by identifying the extent to 
which the average ejection time for a given focal line when male (101) differs from the average ejection time 
when that focal male line is paired to a specific interacting female genotype (21). A legend (C) describes each 
component presented in figures (A) and (B).  
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Supplementary Figure S3. BayesDiallel analysis of sperm ejection time. (A) VarP Plot describing the variance projection of 

each diallel class. It predicts how much of the total phenotypic sum of squares is explained by each model component. The 

percentage of the variance in ejection time explained by diallel effects, a broad-sense heritability like measure, is 28%. 

Additive genotypic effects (𝑙), a narrow-sense heritability like measure, explain 11% ± 3%.  Sex-specific effects (𝑠) account 

for 11% ± 2%. Cross-specific interactions (𝑣 and 𝑤) both account for 6% ± 2%. The black dotted line represents the significance 

threshold, so any model component that overlaps the dotted line does not explain a significant amount of the phenotypic 

variance. (B) Highest posterior density (HPD) intervals of sperm ejection based on the cross-specific effects (𝑣) from the 𝑙𝑠𝑣𝑤 

model. (C) Highest posterior density (HPD) intervals of sperm ejection based on the cross-specific sex effects (𝑤) from the 

𝑙𝑠𝑣𝑤 model. For each effect in (B) and (C), thin and thick horizontal lines show the 95 and 50% HPD intervals, respectively, 

with short vertical bars indicating the posterior mean. HPD intervals that do not include zero we consider to be statistically 

significant at 95% credibility. Overall there was no significant cross-specific or cross-specific sex effects. Details on how model 

effects (𝑙 , 𝑠, 𝑣, 𝑤) are calculated can be found in Supplementary Figure S2. 
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Supplementary Figure S4. Observed (A) and Predicted (B) means from the BayesDiallel model. Shading indicates log 
ejection time on a scale from 1.92 log-mins (lighter) to 2.45 log-mins (darker) from a total of 2056 pairings between eleven 
male and female DGRP lines. (A) The average phenotypic value for each pairing represented as shaded cell, where darker 
shading represents a longer ejection time. Crossed boxes indicate the absence of pairings. (B) The average phenotypic value 
for each pairing that would be expected on the basis of the model and the observed data, incorporating all uncertainty due 
to finite sampling and prior uncertainty about the parameters. The observed and predicted mean ejection times were largely 
similar, suggesting that the distributions predicted by the model largely represent our raw data. Note that genotype order is 
not in numerical order and differs from the other figures.  
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Chapter 2 

Quantitative genetics of interactive pre- and post-copulatory traits  

Matilda Q.R. Pembury-Smith and Rhonda R. Snook 

Abstract 1 

In polyandrous mating systems, reproductive success is dependent on both pre- and post-copulatory 2 

traits. These traits may either trade-off between each other or positively correlate when the pre-3 

copulatory trait is indicative of overall fitness. Simultaneously, many pre- and post-copulatory traits 4 

are interactive phenotypes, where the total genetic variation that can respond to selection depends 5 

on heritable indirect genetic effects (IGEs), in this case the genotype of the social partner. Models 6 

predict that IGEs play an important role in the evolutionary potential of a given trait. However, the 7 

impacts of IGEs on interactive pre- and post-copulatory traits, and how this may influence the 8 

relationship between pre- and post-copulatory episodes of sexual selection have rarely been 9 

examined. Here we take a quantitative genetic approach to identify the direct and indirect genetic 10 

architecture of three traits that span pre- and post-copulatory sexual selection in multiple isofemale 11 

lines of D. melanogaster. We found strong evidence that both direct and IGEs maintain phenotypic 12 

variation in mating latency, which measures mate attractiveness, and sperm ejection, which measures 13 

post-mating fertilisation success. We found limited evidence that copulation duration is influenced by 14 

IGEs despite both male and female genotype individually influencing phenotypic variation. While we 15 

observed significant phenotypic correlations between traits there was only weak evidence of additive 16 

genetic correlations, suggesting that for these traits, episodes of selection may act independently. 17 

Together, these data outline the underlying quantitative genetic basis behind phenotypic variation in 18 

interactive phenotypes that represent sequential stages of the reproductive process, to provide a 19 

better understanding of trait evolutionary dynamics across episodes of selection.  20 

1. Introduction 21 

Pre-copulatory sexual selection drives the evolution of traits that influence mating success 22 

(Andersson, 1994). Likewise, in polyandrous mating systems, spatial and temporal overlap of 23 

competing sperm from rival males drives post-copulatory sexual selection. Post-copulatory sexual 24 

selection favours the evolution of traits that influence fertilisation success via increasing sperm 25 

competitive ability (sperm competition; Parker, 1970) and traits that enable females to bias sperm use 26 

and storage of competing ejaculates (cryptic female choice; Thornhill, 1983; Eberhard, 1996; Birkhead, 27 

1998). Consequently, in polyandrous species, paternity success is affected by secondary sexual 28 

characteristics and traits that influence fertilisation success. Relative pre- and post-copulatory trait 29 

investment may depend on their energetic costs and the importance of both selection episodes to 30 

fitness (Lüpold et al., 2014). The phenotype-linked fertility hypothesis (Sheldon, 1994) predicts a 31 

positive correlation between pre- and post-copulatory fitness if the former is indicative of genetic 32 

quality (reviewed by Sheldon, 1994; Johnstone, 1995; Rowe and Houle, 1997). In contrast, as trait 33 

investment is metabolically expensive (Remick, 1992; Rowe and Houle, 1997), sperm competition 34 

game theory predicts a trade-off between pre- and post-copulatory trait investment, resulting in a 35 

negative correlation between pre- and post-copulatory fitness (Pitnick, 1996; Simmons, Lüpold and 36 

Fitzpatrick, 2017).  37 

To understand the evolution of traits subject to sexual selection, the genetic basis of these correlations 38 

must also be examined (Simmons, Lüpold and Fitzpatrick, 2017). Positive genetic covariance between 39 
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pre- and post-copulatory fitness (due to pleiotropy and/or linkage between traits) suggests correlated 40 

changes between phenotypes, enhancing trait evolutionary potential (Kvarnemo and Simmons, 2013). 41 

In comparison, negative covariance slows the rate of evolutionary change (Nelson and Crone, 1999). 42 

Existing work has demonstrated both positive (Simmons and Kotiaho, 2002; Hosken et al., 2008) and 43 

negative (Evans, 2010; Simmons, Tinghitella and Zuk, 2010) genetic correlations between traits 44 

involved in pre- and post-copulatory episodes of selection. However, other work has found that pre- 45 

and post-copulatory traits are genetically uncorrelated, suggesting that each episode of selection acts 46 

independently (Travers, Garcia-Gonzalez and Simmons, 2016; Collet and Sztepanacz, 2022). 47 

Therefore, investigating both phenotypic and genetic correlations between pre- and post-copulatory 48 

traits is required to fully understand their relationship, and the capacity for coevolutionary responses 49 

to selection.  50 

Understanding how selection causes evolutionary change in a given trait requires discerning its 51 

underlying genetic variance. This is particularly interesting when examining the genetic basis of 52 

interactive phenotypes, traits which require or are influenced by conspecific interactions. Here, the 53 

conspecific genotype becomes a heritable environmental component of the focal individual, 54 

generating indirect genetic effects (IGEs). IGEs are the influence of conspecific genotypes on 55 

phenotypic outcome (Moore, Brodie III and Wolf, 1997; Wolf, Brodie III and Moore, 1999; Bleakley 56 

and Brodie III, 2009; McGlothlin et al., 2010), and can therefore facilitate the maintenance of 57 

phenotypic variance, and influence the rate of selection and evolution of a given trait (Moore, Brodie 58 

III and Wolf, 1997; Wolf, Brodie III and Moore, 1999; Bleakley and Brodie III, 2009; McGlothlin et al., 59 

2010; Bailey and Moore, 2012; Dingemanse and Araya-Ajoy, 2015).  60 

Many sexually selected interactive phenotypes represent characteristics of an interaction between 61 

two copulating individuals, such as the latency to mate. In these traits, only a single shared phenotype 62 

can be measured for both sexes (Dingemanse and Araya-Ajoy, 2015). For such phenotypes, IGEs are 63 

expected to generate inter-locus sexual conflict (Rice and Holland, 1997; Pennell and Morrow, 2013; 64 

Dapper and Wade, 2016; Firman et al., 2017). This is because phenotypic outcome affects the fitness 65 

of both sexes, yet the phenotypic optima rarely align, resulting in antagonistic selection on sex-specific 66 

traits. As a result, studies that only examine genetic variance in a single sex and ignore IGEs limit their 67 

ability to detect underlying genetic variation in antagonistic traits. Despite this, to date no study has 68 

quantified the impact of direct and IGEs on single shared pre- and post-copulatory traits, and how this 69 

may influence the relationship between episodes of selection. To address this research gap, we take 70 

a quantitative genetics approach using the polyandrous species Drosophila melanogaster. We identify 71 

the extent to which phenotypic variance is directly influenced by the genotype of each focal sex and 72 

indirectly by the interacting sex, and their phenotypic and genetic correlation, in three traits that span 73 

pre- and post-copulatory sexual selection episodes: the latency to mate, copulation duration and the 74 

timing of sperm ejection.  75 

Mating latency, the time from a pair being introduced to copulation beginning, is an interactive pre-76 

copulatory trait and a standard measure of female preference and male attractiveness (Fulker, 1966; 77 

Jennions and Petrie, 1997). As mating latency influences individual copulation frequency, there will be 78 

selection in males to reduce duration. Whether longer mating latencies maximise female fitness is 79 

unclear; however, existing work has suggested that females benefit from mating rates lower than the 80 

male optima (Holland and Rice, 1998). As a result, antagonistic selection pressures likely act on both 81 

sexes to control phenotypic outcome. Despite this, in D. melanogaster, the quantitative genetic 82 
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mechanisms underlying this trait are ambiguous, with conflicting results reported in the literature. For 83 

example, existing work has suggested that female genotype alone (Mackay et al., 2005), the genotypes 84 

of both sexes individually (Tennant, Sonser and Long, 2014), or their joint interaction (Ratterman et 85 

al., 2014) contribute to phenotypic variance. In addition, work examining heritability specifically has 86 

found that mating latency is heritable (Hoffmann, 1999), whereas others have found no such evidence 87 

of heritability, with neither genotype significantly contributing to phenotypic variance (Taylor, Evans 88 

and Garcia-Gonzalez, 2013). However, in all mentioned studies different populations or genetic lines 89 

were used which may contribute to the inconsistencies, and in the latter study mating latency was 90 

measured using a random sample of females which may inflate estimates of phenotypic variance and 91 

thus underestimate heritability. Therefore, replication using additional genotypes would provide 92 

further insight on trait heritability, the extent with which each sex contributes to phenotypic variation, 93 

and subsequently the degree to which this trait is under conflict in this species. 94 

Copulation duration is defined as the length of time from the male copulatory organ entering the 95 

female until the male and female disengage. In some species there is a positive correlation between 96 

copulation duration and the amount of sperm that enters the female. This means that longer 97 

copulations facilitate sperm transfer, increasing paternity success (Edvardsson and Canal, 2006). In 98 

other species, such as D. melanogaster, sperm transfer is unrelated to the duration of copulation. 99 

However, copulation duration can also have functions additional to sperm transfer that influence 100 

paternity — these include mate guarding (Parker, 1970; Alcock, 1994), altering female post-mating 101 

behaviour (Chapman et al., 1995; Singh and Singh, 1999), and facilitating the removal of rival sperm 102 

(Parker, 1970). As such, there may be selection in males to prolong copulation beyond what is optimal 103 

for females, resulting in antagonistic selection in both sexes to control duration. However, the extent 104 

to which the genotype of each sex contributes to the timing of copulation and whether this trait is 105 

under conflict in D. melanogaster is still ambiguous. Some studies have suggested that copulation 106 

duration is a heritable trait and that the genotype of both sexes contribute to phenotypic outcome 107 

(Edward et al., 2014). In contrast, others have found no evidence of heritability (Taylor, Evans and 108 

Garcia-Gonzalez, 2013; Travers, Garcia-Gonzalez and Simmons, 2016). However, as mentioned 109 

previously, the latter work may have under estimated heritability due to random female sampling, 110 

necessitating further experiments.  111 

Finally, the timing of sperm ejection is a known mechanism of post-copulatory sexual selection. In D. 112 

melanogaster, mating plugs (a post-copulatory sex-specific trait) form within the female reproductive 113 

tract (Parker, 1970; Lung and Wolfner, 2001; Schneider, Mangels and Dean, 2016). Plug formation 114 

alters male paternity as it increases sperm storage potential and reduces female attractiveness in 115 

future copulations (Schneider, Mangels and Dean, 2016). Therefore, the timing of plug ejection 116 

influences the outcome of competitive fertilisation (Snook and Hosken, 2004; Manier et al., 2010; 117 

Lüpold et al., 2013; Firman et al., 2017). Specifically, longer ejection times increase male paternity 118 

(Lüpold et al., 2013) as this is largely determined by the proportion of each male’s sperm in storage 119 

(Manier et al., 2010; Lüpold et al., 2012). The timing of ejection is therefore thought to be an intrinsic 120 

source of sexual conflict as females may optimise fitness based on an ejection time different from her 121 

partner’s optima (Arnqvist and Rowe, 2005; McDonough-Goldstein, Pitnick and Dorus, 2022). Previous 122 

work has shown that sperm ejection in D. melanogaster is determined by genetic variance in both 123 

sexes, and their interaction (Lüpold et al., 2020), with recent work quantifying the magnitude and 124 

direction with which conspecific genotypes influence a focal individual’s phenotype (Pembury Smith 125 

& Snook, unpublished; Chapter I). However, the extent to which the timing of sperm ejection 126 
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correlates phenotypically and genetically with the other two fitness-related traits in this species 127 

remains unknown.  128 

We use a quantitative genetic framework to examine to what extent phenotypic variance is influenced 129 

by the genotype of each focal sex and indirectly by the interacting sex in pre- and post-copulatory 130 

traits, and to what extent their relationship phenotypically and genetically correlate. We employ a full 131 

diallel cross design using eleven isofemale lines from the D. melanogaster Genetic Reference Panel 132 

(DGRP; Mackay et al., 2005; Huang et al., 2014). This framework allows us to directly and reciprocally 133 

manipulate the genetic component of the social environment (the interacting sex) to identify direct 134 

genetic effects, as well as to what extent male and female genotype, and their interaction, contribute 135 

to phenotypic variation. This design improves upon existing work by increasing the power to detect 136 

underlying genetic variation. In cases where phenotypic variation is influenced by a significant male-137 

by-female genotypic interaction, we quantify the influence of IGEs using the parameter 𝛹 (Moore, 138 

Brodie III and Wolf, 1997). After experimentally determining direct and IGEs for each trait, we then 139 

ascertain the relationship between all pair-wise comparisons of the three traits. In doing so, we test 140 

whether phenotypic and genetic correlations are consistent with the mutually exclusive prediction of 141 

the phenotype-link fertility hypothesis or the sperm competition game theory model. As both 142 

hypotheses have strong implications for trait evolutionary potential, examining this relationship 143 

provides insight into the capacity with which an interaction between both episodes of selection 144 

influences trait evolution.  145 

2. Materials and Methods 146 

2.1 Fly Stocks 147 

Eleven randomly selected isogenic lines from the DGRP were used for this study (DGRP-21, -45, -101, 148 

-235, -358, -517, -627, -730, -820, -859, -861; Mackay et al., 2005; Huang et al., 2014). DGRP lines 149 

originate from a single wild population collected in Raleigh, North Carolina, in 2003, where 20 150 

generations of full-sibling matings were conducted for each line, resulting in a panel of 205 inbred 151 

lines that have been sequenced. In our lab, all lines were housed in standard culture vials containing 152 

5ml of a standard food medium (1L water: 80g medium cornmeal, 18g dried yeast, 10g soya flour, 80g 153 

malt extract, 40g molasses, 8g agar, 25 mL of 10% Nipagin, 4 mL of propionic acid) at 12h light:12h 154 

dark cycle. No ethical approval was required for the work. These stocks were used to generate 155 

experimental animals. Flies and all experiments were kept at 25°C. 156 

2.2 Production of focal individuals 157 

To generate focal individuals, each line was placed in food vials. Each vial had a ca. 1:1 sex ratio and 158 

20 individuals per vial. Parent flies were removed after three days and, ca. eight days later, virgin focal 159 

offspring were collected within 2h after eclosion under light CO2 anaesthesia. Sexes were housed 160 

separately with 10-15 individuals per vial prior to experiments. Focal individuals were collected across 161 

five consecutive days, followed by five consecutive days of experiments, making up a single ten-day 162 

block. 14 blocks were performed. Thus, focal individuals for subsequent experiments were six days 163 

old. 164 

2.3 Quantifying phenotypic measurements 165 

We measured mating latency (the delay between a pair being introduced into a vial and the time at 166 

which copulation started), copulation duration (the length of time from the male copulatory organ 167 



49 

 

entering the female until the male and female disengage), and ejection time (the delay between the 168 

end of copulation and the time at which the female ejected). To acquire these data, all isofemale lines 169 

were crossed in a full diallel mating design excluding reciprocal crosses, producing 110 crosses in total 170 

(Figure S1).  171 

One male and one female from different randomly selected DGRP lines were introduced into a 3D-172 

printed black plastic chamber, consisting of a cuboid of 34 mm x 33 mm x 9 mm with a hemispherical 173 

cavity of diameter 20 mm and depth 7 mm (Hopkins et al., 2019) (Figure S1). A glass coverslip was 174 

used to cover the cavity as each sex was introduced. Each chamber contained a drop of an agar-sugar 175 

solution to avoid desiccation stress. The male was always introduced to the chamber first.  176 

Approximately 90 pairs were mated each day and all chambers were filmed with a camcorder 177 

(Panasonic HC-V180 or Sony HDR-CX405). The exact time at which a pair was introduced into a 178 

chamber was recorded. All chambers were observed every 3-5 minutes for 1 hour after the pair was 179 

introduced to identify the end of copulation (note that most copulations in the lines we used occur 180 

within the first hour). Following the end of copulation, each chamber was scanned using a fluorescent 181 

light at ca. ten-minute intervals to identify the time of ejection. Exact timing of mating latency, 182 

copulation duration and ejection was verified using video playback. If the pair had not ejected after 183 

nine hours following copulation, then the chamber was filmed overnight. If ejection was clearly visible 184 

on the video recording, then this data point was kept, otherwise the pair was excluded from the 185 

analysis. 186 

Between 17 and 31 matings were observed for each cross producing a total of 2247 copulations for 187 

which we have measurements of mating latency and copulation duration (Figure 1). Analysis on Direct 188 

Genetic Effects (Section 2.4.2) and Indirect Genetic Effects (Section 2.4.3) for mating latency and 189 

copulation duration used this data set. Measurements for ejection time were excluded for 191 190 

matings due to a technical fault with the camera. These datapoints were excluded from all analysis 191 

including sperm ejection. 192 

2.4 Statistical Analysis 193 

2.4.1 Analytical Approach 194 

First, we identify whether there is a significant effect of male genotype, female genotype and their 195 

interaction on phenotypic outcome.   196 

Next, we examine direct genetic effects: how an individual’s genotype influences phenotypic outcome 197 

(Figure S2 A). This is divided into two components: line-specific (additive) effects and sex-specific 198 

effects. Line-specific (additive) effects (“𝑙” in Figure S2 A) describes to what extent the mean 199 

phenotypic value of each genotype in turn differs from the population average, independent of sex. 200 

For example, genotype 45 may have an overall mean mating latency of 60 minutes which is 201 

significantly shorter than the population average which is 120 minutes. Sex-specific effects (“𝑠” in 202 

Figure S2 A) describe to what extent the mean phenotypic value of each genotype differs when it is 203 

male or female. For example, genotype 45 may have an overall mean mating latency of 60 minutes, 204 

however, there may be a strong contrast between the sexes (i.e. 30 minutes when male and 90 205 

minutes when female), or the sex-specific mean mating latency could be very similar (i.e. 58 minutes 206 

when male and 62 minutes when female). The former case would indicate a strong sex-specific effect, 207 

and the latter a weak or insignificant effect.  208 
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Finally, if there is a significant interactive effect between male and female genotype of phenotypic 209 

outcome we examine indirect genetic effects: how the genotype of an interacting individual influences 210 

the phenotype of a focal individual (Figure S2 B). In these cases, for each copulating pair, one sex will 211 

represent the “focal genotype” and the partner will be the “interacting genotype”. IGEs are measured 212 

for each sex in turn and describe to what extent the mean phenotypic value of the focal genotype 213 

differs when it is paired with an interacting genotype. When we are examining the IGE on females, the 214 

focal genotype will be female and the interacting genotype will be male (“𝛹: Focal female line” in 215 

Figure S2 B), and vice versa (“𝛹: Focal male line” in Figure S2 B).  216 

For each sex and genotype, we measure (i) the strength and direction of each IGE for each interacting 217 

genotype, and (ii) the overall magnitude of the IGE on the focal genotype. The strength and direction 218 

of IGEs describes to what extent the mean phenotypic value of a given focal genotype differs 219 

(positively or negatively) when it is crossed with a specific interacting genotype. For example, female 220 

genotype 45 may have an overall mean mating latency of 90 minutes. However, when it is paired with 221 

male genotype 21 it has a mean mating latency of 120 minutes: this implies a strong positive IGE. The 222 

overall magnitude of the IGE can be quantified by observing how the mean phenotypic value of a focal 223 

genotype (of a given sex) varies when it is crossed with all other interacting genotypes. For example, 224 

in female genotype 45 we could observe that (i) the mating latency of female genotype 45 takes a 225 

large range of values when paired with different male genotypes, that differ from the mean mating 226 

latency of female genotype 45 – the overall magnitude of IGE is large; (ii) only a few interacting male 227 

genotypes drive a mating latency with a large deviation from the phenotypic average of female 228 

genotype 45 – the overall magnitude of IGE is small; or (iii) the mating latency of line 45 females does 229 

not deviate from their overall average for any interacting male genotype – the overall magnitude of 230 

IGE is close to or equal to 0. 231 

2.4.2 Direct Genetic Effects 232 

Sources of variation were analysed using mixed model nested ANOVA with type III sum of squares in 233 

R v 4.2.0 (R Core Team, 2016). Variance component estimation were conducted using Restricted 234 

Maximum Likelihood in a mixed model fitted with the lmer function (package lme4; Bates et al., 2014). 235 

All phenotypic variables were log-transformed to ensure normality. For each response variable 236 

(mating latency, copulation duration and ejection time) we built a model with male genotype, female 237 

genotype and their interaction as independent variables. Batch (labelled 1 to 14) was included as a 238 

random effect.  239 

To assess line-specific (additive) genetic effects (the phenotype without regard to focal sex) and sex-240 

specific effects (the phenotypic value when considering the sex of the focal individual), analyses were 241 

performed using the package BayesDiallel (Lenarcic et al., 2012) in R v 3.4.4 (R Core Team, 2016). 242 

Bayesian Diallel models are described by a quote string of characters, with the full model containing 243 

seven heritable components (𝐵𝑆𝑎𝑏𝑚𝑣𝑤; Lenarcic et al., 2012). Our model included four components 244 

from the full model and the random covariate batch to predict how much of the total interactive 245 

phenotypic variance is explained by each component in the model, which is given below: 246 

𝑦𝑖 = 𝜇 + ෍ 𝑢𝑖
(𝑟)

𝑅

𝑟=1
⏟

𝑅𝑎𝑛𝑑𝑜𝑚

+ (𝑙𝑗ሾ𝑖ሿ + 𝑙𝑘ሾ𝑖ሿ)
⏟

𝑙𝑖𝑛𝑒 (𝑙)

+ (𝑠𝑗ሾ𝑖ሿ − 𝑠𝑘ሾ𝑖ሿ)
⏟

𝑠𝑒𝑥 (𝑠)

+ (𝐼ሼ𝑗ሾ𝑖ሿ≠𝑘ሾ𝑖ሿሽ𝑣(𝑗𝑘)ሾ𝑖ሿ)
⏟

𝑐𝑟𝑜𝑠𝑠−𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 (𝑣)

+ (𝐼ሼ𝑗ሾ𝑖ሿ≠𝑘ሾ𝑖ሿሽ𝑤(𝑗𝑘)ሾ𝑖ሿ)
⏟

𝑐𝑟𝑜𝑠𝑠−𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑠𝑒𝑥 (𝑤)

 247 
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Raw data for a given phenotype (⁠𝑦𝑖) is measured for all individual pairings where 𝑗ሾ𝑖ሿ, 𝑘ሾ𝑖ሿ, and (𝑗𝑘)ሾ𝑖ሿ, 248 

respectively describe the female, male and female-male combination relevant to the specific pairing 249 

𝑖, where 𝑖 ∈ ሼ1, . . . , 𝑛ሽ. The σ 𝑢𝑖
(𝑟)𝑅

𝑟=1 term represents the contribution of the random effect which for 250 

single phenotypic outcome always includes an effect of experimental batch as 𝑢𝑖
(𝑟)

~𝑁(0, 𝜏𝑟
2) for each 251 

𝑟 ∈ ሼ1, . . . , 𝑅ሽ. Genotypic line-specific effects 𝑙 are modelled as random effects and provide estimates 252 

of the average phenotypic value of a genotype for female 𝑗 in combination with male 𝑘, and is 253 

equivalent to the proportion of additive genetic variability. Sex-specific effects 𝑠 are modelled as 254 

symmetric (random effect) deviations from the 𝑙 model, and describe an additional increase or 255 

decrease in the mean phenotype induced by a line being female, with male as a reference (Cockerham 256 

and Weir, 1977). The components 𝑙 and 𝑠 are equivalent to 𝑎 and 𝑚 in Equation 16 of Lenarcic et al. 257 

(2012), and outline the direct genetic effects that influence a given phenotype (Figure S2 A). 258 

BayesDiallel analysis also outlines IGEs which describe interactions between specific copulatory pairs. 259 

These are modelled as two types of random effect departures from the 𝑙𝑠 model: cross-specific effects 260 

𝑣 (model differences specific to a given pair regardless independent of reciprocal effects, i.e. crosses 261 

𝑗𝑘 and 𝑘𝑗 have the same effect), and cross-specific sex effects 𝑤 (model deviations from cross-specific 262 

effects due to differences between reciprocal crosses. i.e. crosses 𝑗𝑘 and 𝑘𝑗 have different effects). 263 

Overall both outline the IGEs, describing the extent to which a phenotypic value from a specific cross 264 

varies from what would be expected based on the average performance of the genotypes involved 265 

(Murphy et al., 2008); and, in the case of 𝑤, if this is sex-specific (Figure S2 B). However, as cross-266 

specific effects represent fewer observations, these results are strongly subject to Bayesian adaptive 267 

shrinkage which pulls extreme but sparsely supported means towards the middle (Lenarcic et al., 268 

2012). As a result, cross-specific effects using this method are often vague, meaning that other more 269 

direct approaches are more appropriate when calculating IGEs. Here our direct approach is to 270 

calculate 𝛹 (see section 2.4.3 below).  271 

Mating latency, copulation duration, and ejection time for all estimates were log-transformed and 272 

calculated from multiple posterior draws, leading to a complete posterior distribution of each model 273 

component. These are summarised as highest posterior density intervals (HPD), such that credibility 274 

intervals excluding zero indicate strong evidence that an effect is different from the average. The 275 

variance of each group, e.g. 𝜏𝑎
2, was modelled with a weak inverse gamma prior 𝜏𝑎

−2 (df = 0.02, mean 276 

= 0.2), and the prior for fixed effect 𝜇 is set to a vague normal distribution 𝜇~𝑁(0, 103) as described 277 

in Lenarcic et al. (2012). Posterior distributions were estimated for all parameters using an efficient 278 

MCMC Gibbs sampler with 5 chains, 10,000 iterations and a burn-in of 100. Direct genetic effects for 279 

ejection time were derived prior to this experiment (Pembury Smith and Snook, unpublished; Chapter 280 

I).   281 

In order to report the overall relative contribution of each model component, diallel variance 282 

projections (VarP) were calculated (Crowley et al., 2014). This approach is a heritability-like measure 283 

which uses the posterior predictive distribution of effects from the model to simulate future, 284 

complete, perfectly balanced diallels of the same genotypic lines. Unlike traditional heritability, it is 285 

calculated based on heritable components of the diallel rather than variance components, which 286 

increases interpretability, stability and accuracy (Crowley et al., 2014). In each simulated dataset, the 287 

contribution of each component in the model (i.e. 𝑙 and 𝑠) is calculated as its sum of squares divided 288 

by the total phenotype sum of squares. The resulting proportion, VarP, provides a prospective 289 

summary describing how much each component in the model influences phenotypic variation. 290 
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Subsequently, the total VarP[𝑙 + 𝑠 + 𝑣 + 𝑤] is equivalent to broad-sense heritability and VarP[𝑙] is 291 

related to narrow-sense heritability (Lenarcic et al., 2012; Maurizio et al., 2017). Estimates for each 292 

VarP are calculated in the same way as the HPD summaries, where credibility intervals excluding zero 293 

provide strong evidence that an effect explains a significant proportion of the phenotypic variance. 294 

2.4.3 Indirect Genetic Effects 295 

IGEs were derived by calculating 𝛹 for each male-by-female interaction using R v 4.2.0 (R Core Team, 296 

2016). Up until now the interaction coefficient 𝛹 had be calculated for traits in which the phenotypes 297 

of interest can be measured in both focal and interacting individuals. We provide a framework in which 298 

𝛹 can be calculated for phenotypes when separate measurements cannot be taken for each sex. 299 

Separate models were derived for each sex-specific focal line (Figure S2 B). The below formula 300 

describes how 𝛹 is derived for a single focal female genotype 𝑗, but is equally applicable to a focal 301 

male with appropriate change of notation. We define 302 

𝑧𝑘ሾ𝑖ሿ =  𝛽0 +  𝛽1𝑧ҧ  + 𝜳𝑿𝑲 + 𝝎𝑏𝒀𝐵 +  𝜀ሾ𝑖ሿ 303 

where 304 

𝑿𝑲 =  ൜
1 𝑖𝑓 𝐾 = 𝑘
0 𝑖𝑓 𝐾 ≠ 𝑘

 305 

Here, 𝑧𝑘ሾ𝑖ሿ denotes the measured phenotype for the 𝑖th trial within the 𝑘th interacting male genotype. 306 

𝑧ҧ is the mean phenotype of the focal female line. 𝛽0 is the intercept and 𝛽1 the slope of 𝑧ҧ. 𝑿𝐾 is a 307 

vector representing each individual 𝑘th interacting male genotype. This means that 𝐾 always takes 308 

the value of one of our interacting eleven lines. For example, when examining a given phenotype 𝑧𝑘ሾ𝑖ሿ 309 

in a specific cross between focal female line 101 and interacting male line 21, 𝑘 = genotype 21 (“𝛹: 310 

Focal female line” in Figure S2 B). The vector 𝑿𝑲 = 1 when 𝐾 = 𝑘, otherwise 𝑿𝑲 will = 0 (i.e. if you are 311 

deriving 𝛹 for focal female line 101 when crossed with male line 21, you will only derive a value of 𝛹 312 

when 𝑘 is 21). Strictly speaking, 𝛹 as calculated here is an intercept term from the random effect 313 

model. However, as 𝑿 is a vector of binary variables, it can also be interpreted as the gradient 314 

describing to what extent each interacting male genotype influences focal female genotype. 𝜔𝐵 315 

denotes an effect of batch, fitted as a random effect. 𝒀𝐵 has the same properties as 𝑿𝑲 but describes 316 

each batch. 𝜀ሾ𝑖ሿis the residual error term. All phenotypes were standardised within line to have a mean 317 

of 0 and a standard deviation of 1, meaning that the average phenotype (𝑧ҧ) and intercept (𝛽0) for a 318 

given line for each sex is 0. By doing so, the formula simplifies to:   319 

𝑧𝑘ሾ𝑖ሿ = 𝜳𝑿𝑲 + 𝝎𝑏𝒀𝐵 + 𝜀ሾ𝑖ሿ 320 

and: 321 

𝑧𝑗ሾ𝑖ሿ = 𝜳𝑿𝑱 + 𝝎𝑏𝒀𝐵 + 𝜀ሾ𝑖ሿ 322 

when describing a single focal male genotype where, 𝑧𝑗ሾ𝑖ሿ denotes the measured phenotype for the 323 

𝑖th trial within the 𝑗th interacting female genotype (“𝛹: Focal male line” in Figure S2 B). 324 

Restricted Maximum Likelihood Model was used to fit the model parameters which were fitted for 325 

each sex separately within each line, with all phenotypic variables log transformed. The model was 326 

fitted using the lmer function. When 𝛹 is measured on standardised traits it takes values between -1 327 

and 1.  When values of 𝛹 were outside this range due to large variation around model estimates they 328 

were reported as -1 and 1 respectively. For genotypes unaffected by the interacting genotype, 𝛹 = 0⁠. 329 
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𝛹 is negative for phenotypes where the interacting genotype reduced trait expression from the 330 

phenotypic average⁠ of the focal line, and positive when it increases trait expression. This analysis 331 

depicts the strength and direction of IGEs for each male-by-female cross. To analyse the overall 332 

magnitude of IGEs for each focal genotype, we quantified the overall variance in 𝛹 when male and 333 

female respectively. For a given focal genotype, if the variance in 𝛹 is large for a given sex, then the 334 

magnitude of IGEs is strong with interacting genotypes having an overall strong effect on phenotypic 335 

outcome. If the variance in 𝛹 is small for a given sex, the opposite conclusion can be drawn. An F-test 336 

was used to determine if variance in 𝛹 was significantly different between the sexes. IGEs for ejection 337 

time were derived prior to this experiment (Pembury Smith and Snook, unpublished; Chapter I).   338 

2.4.3 Phenotypic and Genetic Correlation between Phenotypic Traits 339 

Phenotypic correlations were analysed using linear mixed models in R v 4.2.0 (R Core Team, 2016). 340 

Variance component estimations were conducted using Restricted Maximum Likelihood in a mixed 341 

model fitted with the lmer function (Bates et al., 2014). Batch, male genotype and female genotype 342 

were included as random effects. Two models were produced, the first included copulation duration 343 

as the dependent variable and mating latency as the independent variable. Here the dependent 344 

variable copulation duration was log transformed to assume normality. The second included ejection 345 

time as the dependent variable, and mating latency, copulation duration and their interaction as 346 

independent variables. Ejection time was log transformed to assume normality and mating latency 347 

and copulation duration were scaled to reduce the effect of multicollinearity. Collinearity was checked 348 

using the vif function.  349 

The pairwise genetic relationship between the three traits were examined using Pearson’s correlation 350 

coefficients between line-specific (additive) effect estimates from the BayesDiallel analysis (See 351 

section 2.4.2 above) (Turner et al., 2018) using R v 3.4.4 (R Core Team, 2016). This identifies whether 352 

the derived intrinsic effect of each genotype has a significant genetic effect on the relationship 353 

between each trait.  354 

3. Results 355 

3.1 Direct Genetic Effects 356 

Mating latency displayed substantial phenotypic variation (Figure 1 A). This phenotypic variation was 357 

heritable, with (additive) line-specific effects (narrow-sense heritability) and sex-specific effects 358 

explaining a significant proportion of the phenotypic variance (Figure S3 A). These results are robust 359 

to the small variation in sample size between cells (Figure S5 A & B). We also found that both male 360 

genotype and female genotype independently had a significant effect on phenotypic outcome (Table 361 

1). Examining each genotype individually, the significant line-specific effect observed was largely 362 

driven by four genotypes (45, 517, 861 and 235; Figure 2 A). The first two displayed significantly longer 363 

mating latencies than the population average whereas the latter two displayed the opposite. The 364 

significant sex-specific effect was largely driven by two genotypes, 517 and 21, which displayed 365 

opposite sex-specific patterns (Figure 2 B). The former showed a significantly longer mating latency 366 

when the focal individual of that line was male mated to females from different lines compared to 367 

when the focal individual of that line was female mated to males from different lines (Figure 2 B). The 368 

latter showed the opposite sex-specific pattern.  369 

In comparison to mating latency, copulation duration showed limited phenotypic variance, with mean 370 

duration only ranging from 13 minutes to 23 minutes (Figure 1 B). Although both male genotype and 371 
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female genotype contributed significantly to phenotypic variance (Table 1), with VarP analysis 372 

showing significant narrow-sense heritability (Figure S4 A), HPD plots revealed no significant line-373 

specific or sex-specific deviations from the population average (Figure 2 C & D). This result is robust, 374 

despite small variation in sample size between cells (Figure S5 C & D).  375 

Similar to mating latency, male genotype, female genotype (Table 1), narrow-sense heritability (line-376 

specific effects) and sex-specific effects (Pembury Smith and Snook, unpublished; Chapter I) 377 

significantly influenced variation in sperm ejection time.  Taken together, these results suggest that 378 

phenotypic variation in the timing of ejection is significantly influenced by direct genetic effects.  379 

Figure 1. Variation in interactive phenotypic traits. The colour of each cell represents the shared mean mating latency (A) 380 
and copulation duration (B) expressed by a male and a female from two different DGRP lines. The darker the colour the 381 
longer the duration. The specific genotypic crosses than generate comparatively longer or shorter durations differ between 382 
traits. Although, both interactive traits display some phenotypic variation, the scale of phenotypic variation in copulation 383 
duration (B) is five times smaller than mating latency (A). Within line crosses were not conducted and are denoted in white. 384 
The number in each cell is the sample size for each pairing.  385 

Table 1. Mixed model nested ANOVAs for interactive phenotypes.  386 

Interactive Phenotype Source of Variance DF MS DenDF F P 

Mating Latency Male Genotype 10 45.9 1783.0 45.5 < 0.001 

 
Female Genotype  10 15.9 2005.4 15.8 < 0.001 

 
Male Genotype x Female Genotype 89 1.7 2250.4 1.7  0.0001 

Copulation Duration Male Genotype 10 2.3  2146.9 47.0 < 0.001 

 
Female Genotype  10 0.5 2224.7 9.6 < 0.001 

 
Male Genotype x Female Genotype 89 0.1 2296.5 1.2 0.09 

Ejection Time  Male Genotype 10 2.9 1889.7 16.2 < 0.001 

 Female Genotype  10 7.2 1921.9 40.0 < 0.001 

 Male Genotype x Female Genotype 89 0.2 1935.3 1.3 0.03 

  387 
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Figure 2. Highest posterior density (HPD) intervals for mating latency (A-B) and copulation duration (C-D) based on the 388 
𝒍𝒔𝒗𝒘 model. For each effect, thin and thick horizontal lines show the 95 and 50% HPD intervals, respectively, with short 389 
vertical bars indicating the posterior mean. HPD intervals that do not include zero we consider to be statistically significant 390 
at 95% credibility. Line-Specific Effects (A & C) denote how mean phenotype for a given genotype is related to the population 391 
average (vertical grey line), independent of sex. Any bar to the left of the grey vertical line suggests that the mean phenotypic 392 
value for this genotype, independent of sex, is shorter than the population average. Sex-Specific Effects (B & D) denote the 393 
average phenotypic deviation when a genotype is female compared to the overall average phenotypic value of that genotype 394 
(vertical grey line), with male as a baseline. Any bar to the left of the grey vertical line suggests that the mean phenotypic 395 
value for that genotype is significantly longer when male than female. Details on how Line-Specific and Sex-Specific effects 396 
were calculated can be found in Supplementary Figure S2. Note that the line order in this figure contrasts from the other 397 
figures and is not increasing in numerical order.   398 
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3.2 Indirect Genetic Effects 399 

IGEs will be seen when trait expression of the focal individual is strongly influenced by the genotype 400 

of the interacting partner. In this analysis, IGEs will be observed when specific crosses between a focal 401 

genotype and an interacting partner genotype deviate from the focal genotype’s phenotypic average. 402 

Variation in mating latency was significantly influenced by an interaction between male and female 403 

genotype (Table 1). Within each genotypic line, mean mating latency displayed considerable cross-404 

specific variation in comparison to the population average for both sexes (Figure 3). That is, mating 405 

latency in the focal sex could either be greater or lesser than the population average when paired with 406 

a specific interacting genotype. Taken together, these results suggest that for a given focal genotype, 407 

mating latency will vary depending on the interaction between a specific male and female genotype.  408 

To calculate the effect of IGEs on mating latency we derive 𝛹 which describes to what extent an 409 

interacting genotype influences the phenotype of the focal individual for each genotypic line. The 410 

direction and strength of 𝛹 , depicted by the sign and size respectively, was cross-specific (Figure 4). 411 

This result suggests the strength and direction with which an interacting genotype alters the 412 

phenotypic outcome of a focal genotype is dependent on both the focal and interacting genotype. 413 

This was observed in both sexes across all focal genotypes. Additionally, the magnitude of 𝛹 was sex-414 

specific (Figure 4). We found that, for a given focal genotype, overall variation in 𝛹 was significantly 415 

larger when female than when male (Figure 4; F = 2.69, df = 109, p > 0.001). This suggests that 416 

interacting males have a comparatively stronger effect on the focal female phenotype compared to 417 

the indirect genetic effect of interacting females on focal male phenotype. This effect was largely 418 

driven by interacting male genotype 517 which had a strong positive influence on phenotypic outcome 419 

for almost all focal female lines, displaying 𝛹 values consistently close to 1. IGEs (cross-specific and 420 

cross-specific sex effects) were also calculated using a BayesDiallel approach (Figure S3), however, due 421 

to Bayesian shrinkage as outlined in the methods, calculations of 𝛹 are more robust when analysing 422 

IGEs. 423 

When investigating the effect of IGEs on copulation duration, we observed no significant interactive 424 

effect (Table 1), and no cross-specific effects (Figure S4). Taken together, this suggests that IGEs have 425 

limited influence on phenotypic variation.  426 

As found when examining mating latency, variation in sperm ejection time was significantly influenced 427 

by an interaction between male and female genotype (Table 1), with mean ejection time displaying 428 

cross-specific variation in comparison to the population average for both sexes (Pembury Smith and 429 

Snook, unpublished; Chapter I). The timing of sperm ejection also displayed large cross-specific 430 

variation in the strength and direction of 𝛹 (Pembury Smith and Snook, unpublished; Chapter I). 431 

Together, these results show that IGEs underly variation in this phenotype. Interestingly, sperm 432 

ejection time also showed sex-specific variation in the magnitude of 𝛹, but displayed the opposite 433 

pattern to mating latency, showing that the indirect genetic effect of females on focal male phenotype 434 

was significantly greater than the indirect genetic effect of males on focal female phenotype (Figure 435 

5).  436 
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Figure 3. Variation in sex-specific mean mating latency for each focal genotype when crossed with an interacting genotype 437 
compared to the population average. Each box represents a focal genotype, denoted by the grey label above each graph. 438 
Within each box, each point represents the mean mating latency and standard deviation when each focal male (blue) or 439 
female (red) genotype is crossed with a specific interacting genotype, denoted on the y axis. The vertical dashed line 440 
represents the average mating latency of the population. A point left of the dashed line suggests that the mean mating 441 
latency for the cross involving those lines is shorter than the population average. 442 
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Figure 4. The sex-specific estimates of 𝜳 for mating latency when each focal genotypic line is paired with each interacting 443 
genotype. Each box above represents a focal genotype, denoted by the grey label above each graph. Within each box, each 444 
point represents the 𝛹 value when each focal genotype, male (blue) or female (red) is crossed with a specific interacting 445 
genotype, denoted on the y axis. The vertical dashed line represents the average mating latency of the focal genotype 446 
(average of the eleven isofemale lines), when male and female respectively. The further away a point is from the dashed 447 
line, the greater the phenotype deviates from the focal genotypes’ phenotypic average when crossed with that specific 448 
interacting genotype: representing the strength of the IGE. A point left of the dashed line suggests that an interacting 449 
genotype drives a mating latency shorter than the focal genotypes’ phenotypic average: representing the direction of the 450 
IGE. Each box below summarises the overall mean ± SD of 𝛹 when the focal male (blue) or female (red) genotype is crossed 451 
with all interacting genotypes of the opposite sex: representing the magnitude of IGEs. Details on how 𝛹 is calculated when 452 
the focal genotype is male and female can be found in Supplementary Figure S2. 453 

Figure 5. The magnitude of sex-specific IGEs for ejection time for each focal genotype. Each box represents a focal genotype, 454 
denoted by the grey label above each graph. Within each box, a point represents the overall mean ± SD of 𝛹 when the focal 455 
male (blue) or female (red) genotype is crossed with all interacting genotypes of the opposite sex: representing the 456 
magnitude of IGEs. The greater the SD, the greater 𝛹 varies, meaning that the phenotype of the focal genotype shows large 457 
variation depending on the interacting genotype they are crossed with. Details on how 𝛹 is calculated when the focal 458 
genotype is male and female can be found in Supplementary Figure S2. 459 
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3.3 The relationship between pre- and post-copulatory traits  460 

We observed a significant positive phenotypic correlation between mating latency and copulation 461 

duration (Table 2). We also found a significant negative phenotypic correlation between mating 462 

latency and ejection time (which could also be described as a positive phenotypic correlation between 463 

the speed at which mating occurred and sperm ejection time), and a significant positive correlation 464 

between copulation duration and ejection time (Table 2). There was no significant interaction 465 

between copulation duration and mating latency on ejection time, suggesting that copulation 466 

duration does not significantly influence the relationship between mating latency and ejection time 467 

(Table 2). Additionally, when examining the genetic correlations between traits, we found no 468 

significant line-specific (additive) correlations between any of the phenotypes measured (Table S1). 469 

Table 2. Linear mixed effects model examining the phenotypic relationships between interactive phenotypes.  470 

Interactive Phenotype Source of Variance Est Std. Error DF T    P Cond. 𝐑𝟐 

Copulation Duration Mating Latency 0.04 0.01  2424 7.98 < 0.001 0.24 

Ejection Time  Mating Latency -0.04 0.01 2016 -34.1 < 0.001 0.26 

 Copulation Duration  0.02 0.01 2013 2.2 0.027  

 Mating Latency:Copulation Duration 0.005 0.009 2028 0.5 0.617  

 471 

4. Discussion 472 

We aimed to examine the quantitative genetic basis of and correlation between three interactive 473 

phenotypes that span episodes of pre- and post-copulatory sexual selection. We used isofemale lines 474 

of D. melanogaster which allowed us to quantify the extent to which each trait is subject to genetic 475 

influences of the focal individual and the interacting individual (the heritable environment 476 

component). By using a modified quantitative genetic framework, we found significant line-specific 477 

and sex-specific effects influence mating latency and sperm ejection, and identify the specific 478 

genotypes that drive these significant effects in the former. We also show that the magnitude with 479 

which IGEs influence variation in mating latency was genotype- and sex-specific, with focal male 480 

phenotype less affected by the genotype of the interacting female than in the opposite direction. 481 

Variation in copulation duration was also heritable, but we found limited evidence that IGEs influence 482 

phenotypic variance in this trait. We found significant phenotypic correlations between all three traits 483 

However, these relationships were absent at the additive genetic level. By using this approach, we 484 

have quantified the role of direct and IGEs on interactive antagonistic traits, identified the capacity for 485 

sexual conflict, and examined the relationship between traits that experience different episodes of 486 

sexual selection to understand the extent with which this may influence trait evolutionary potential.  487 

A traditional quantitative genetics framework derives heritability by examining the additive influence 488 

of parent genes on offspring phenotype. Here, additive line-specific genotypic effects represent a 489 

heritability-like measure, indicating whether intrinsic effects of genotype, independent of sex, 490 

significantly contribute to phenotypic variation. By using this framework, we show that the mating 491 

latency is heritable, with direct genetic effects (line- and sex-specific) influencing phenotypic variation 492 

in mating latency. We also identify the specific genotypes that show significant line-specific and sex 493 

specific effects. In doing so we expand on previous corroborating work which has suggested that 494 

mating latency is a heritable trait and that the genotypes of both sexes contribute to phenotypic 495 
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variance (Ratterman et al., 2014). These results suggest that there is a large amount of additive genetic 496 

variation available to respond to selection underlying this trait. Additionally, as inter-sexual conflict 497 

drives genotypic variance in the ability to control phenotypic outcome, significant sex-specific effects 498 

support the idea that mating latency is a sexual conflict trait, and that antagonistic interactions 499 

maintain phenotypic variation in the population and influences the evolutionary trajectories of the 500 

sexes.  501 

In addition to direct genetic effects, IGEs influence phenotypic variation in mating latency. Within each 502 

focal genotypic line, we show that phenotypic outcome depended on the genotype of the interacting 503 

partner. Theoretical models of sexual conflict in interactive phenotypes predict fluctuating patterns 504 

of selection in each sex for multiple persistence and resistance traits (Moore and Pizzari, 2005). Taken 505 

together, these results suggest that substantial phenotypic variation in the population is maintained 506 

via antagonistic interactions between the sexes. In addition, we show that the magnitude of 𝛹 was 507 

sex-specific, with focal male phenotype less affected by the genotype of the interacting female than 508 

in the opposite direction. Large 𝛹 values have been proposed as an indicator of strong conspecific 509 

influence on focal phenotype (Moore and Pizzari, 2005). This may suggest that there is a strong effect 510 

of interacting male manipulation, with certain focal female genotypes better able to resist this 511 

manipulation than others. Alternatively, we expect females to benefit from flexibly adjusting mating 512 

latency according to partner genotype. Large variation in 𝛹 was predominantly driven by interacting 513 

male genotype 517 which showed significantly longer mating latencies than the population average. 514 

As increased mating latencies have negative fitness consequences in males (Holland and Rice, 1998), 515 

this result may suggest that there is strong selection in females to control phenotypic outcome and 516 

that large variation in 𝛹 is due to females adjusting mating latency based on interacting male 517 

genotype.  518 

Courtship behaviour in Drosophila is a complex polygenic process that involves numerous visual, 519 

auditory, physical and chemical signals (Mackay et al., 2005), with many of the underlying genes 520 

spanning multiple biological processes (Hall et al., 1980). Although the present study does not identify 521 

the exact mechanisms underlying variation in mating latency, a number of candidate genes have been 522 

proposed. For example, desat1 is a gene regulating the amount of 7-T, a principal cuticular 523 

hydrocarbon, in males. Males with increased levels of 7-T display reduced mating latency, suggesting 524 

that allelic variance in desat1, underlying variable 7-T expression, may influence mating latency in this 525 

species (Grillet, Dartevelle and Ferveur, 2005). Similarly, female mutants for the desat1 enzyme are 526 

less able to detect variation in 7-T (Grillet, Dartevelle and Ferveur, 2005), suggesting that allelic 527 

variation at this gene in females can also influence mating latency. When examining females 528 

specifically, mutations in 7, 11-diene pheromones have been shown to alter mating latency (Marcillac 529 

and Ferveur, 2004; Ueyama et al., 2005). Additionally, both the Painless (Pain) TRP channel (Sakai et 530 

al., 2009) and dopamine regulation (Neckameyer et al., 2000; Andretic, van Swinderen and 531 

Greenspan, 2005) play a critical role in mating latency with female pain mutants or those with reduced 532 

dopamine content reducing mating latency compared to wildtypes. Despite these strong candidates, 533 

confirmation that allelic variation has a direct influence on mating latency (and subsequent fitness) 534 

has not been tested and warrants further investigation to pinpoint the focal and interacting genetic 535 

variants underlying the substantial phenotypic variation in mating latency.  536 

Similar to mating latency, significant narrow-sense heritability, male line and female line contributed 537 

to phenotypic variance in copulation duration. This result is in line with work showing significant 538 
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broad-sense heritability (Gaertner et al., 2015), but counters others (Taylor, Evans and Garcia-539 

Gonzalez, 2013). As the latter study used a random sample of females, this emphasises the importance 540 

of accounting for female genotype when estimating trait heritability. Despite finding significant 541 

narrow-sense heritability, no specific genotypes showed significant line-specific or sex-specific effects. 542 

In our analysis, measurements of heritability are prospective and suggest that direct genetic effects 543 

would likely impact future experiments. Subsequently, this result suggests that narrow-sense 544 

heritability in this phenotype is driven by deviations between individual genotypes rather than the 545 

population average. Unlike mating latency, the interaction between male line and female line did not 546 

significantly influence phenotypic variation. This result also corroborates existing work in D. 547 

melanogaster (Ratterman et al., 2014) which also used individuals from the DGRP. As this study and 548 

our own utilised different isofemale lines, this provides substantial evidence that copulation duration 549 

is influenced by the genotype of both sexes, but that IGEs have limited influence on phenotypic 550 

variation across a large variety of genotypes. Early work has shown that copulation duration is less 551 

sensitive to environmental variation in comparison to mating latency (MacBean and Parsons, 1967). 552 

Our results expand on this and show that, despite being an interactive phenotype, copulation duration 553 

is also less sensitive to the heritable environmental component. Taken together, these results provide 554 

limited evidence that copulation duration is a sexual conflict trait. This is unsurprising as sperm 555 

delivery does not occur continuously throughout copulation in D. melanogaster (Gilchrist and 556 

Partridge, 2000), with limited evidence that it influences reproductive success and fitness (Fricke et 557 

al., 2009; Dore, Bretman and Chapman, 2020). Instead, copulation duration may be influenced by sex-558 

specific traits that evolve independently in the absence of sexually antagonistic coevolution, as it is in 559 

the interest of both sexes that copulation is successful once it has begun (Tennant, Sonser and Long, 560 

2014).  561 

A number of candidate genes associated with copulation duration have been identified in D. 562 

melanogaster. Most candidates to date have been shown to disrupt the physical interaction between 563 

the sexes, stimulating (Baba et al., 1999) or preventing termination (Kuniyoshi et al., 2002). For 564 

example, fru-mutant males display significantly longer copulations due to defective abdomen muscles 565 

that make them unable to disengage from the female (Lee et al., 2000; Jois et al., 2018, 2022). 566 

Although variation in these candidates could contribute to the significant male genotypic effect 567 

observed in our study, it is more likely that allelic variation in other candidates are involved as we 568 

observed no obvious defects in the act of copulation. For example, significantly longer copulations 569 

have been observed in males that lack the functioning clock genes per and tim (Beaver and 570 

Giebultowicz, 2004). Despite a few named candidates, the underlying genetic architecture of 571 

copulation duration remains largely unresolved, with work examining candidate genes in females 572 

particularly lacking. As we observed that the genotype of both males and females independently 573 

contribute to phenotypic variation, future work looking at the underlying genetic basis of copulation 574 

durations in both sexes would improve understanding on the genetic architecture of this trait.   575 

Significant narrow-sense heritability, sex specific effects and IGEs contributed to variance in the timing 576 

of sperm ejection (Pembury Smith and Snook, unpublished; Chapter I). In addition, the magnitude of 577 

IGEs were sex-specific, with females displaying consistently smaller variance in 𝛹 than males for the 578 

same focal genotype, suggesting that there is strong selection in females to counter male 579 

manipulation. Interestingly, this was opposite to the sex-specific pattern observed in mating latency, 580 

with females displaying consistently larger variance in 𝛹 than males. It has been suggested that limited 581 

variation in 𝛹 may represent reduced influence of manipulation by interacting genotypes (Moore and 582 
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Pizzari, 2005). Based on this, our results may suggest that pre-copulatory sexual selection may be more 583 

strongly driven by male genotype and post-copulatory sexual selection by female genotype. However, 584 

when examining mating latency, we show that large variation in 𝛹 is predominantly due to focal 585 

females consistently displaying a longer mating latency when paired with specific interacting male 586 

genotypes. As a long mating latency reduces male fitness, we provide more support for the idea that 587 

variation in 𝛹, when examining mating latency, is driven by the focal female rather than the 588 

interacting male genotype. However, the patterns observed need to be tested across more traits and 589 

in different taxa in order to draw accurate conclusions on the extent to which the influence of 590 

interacting genotypes differs between episodes of selection. 591 

When examining the phenotypic relationship between traits, there was a significant positive 592 

phenotypic correlation between the speed at which mating occurred and sperm ejection time. This 593 

result describes a positive correlation for fitness with individuals with shorter mating latencies 594 

(attractive males) displaying longer ejection times (resulting in more time to retain his ejaculate). This 595 

positive correlation between pre- and post-copulatory fitness is in line with previous work on 596 

Drosophila species (Hosken et al., 2008), and supports the phenotype-linked fertility hypothesis as we 597 

would expect females to retain sperm for longer from desirable males. Although the underlying 598 

mechanism behind this specific relationship is not known, in D. melanogaster courtship can trigger 599 

genotypic variation before copulation has begun, influencing post-copulatory trait expression in the 600 

opposite sex (Immonen and Ritchie, 2011). For example, the expression of Glucose dehydrogenase, a 601 

protein that facilitates sperm storage in mated females, increases in response to song stimulation (Iida 602 

and Cavener, 2004; Immonen and Ritchie, 2011). The connection between mate recognition and 603 

downstream post-copulatory traits has been implicated as a way in which females distinguish between 604 

males via cryptic female choice (Immonen and Ritchie, 2011), and could therefore contribute to the 605 

phenotypic relationship between pre- and post-copulatory traits observed.   606 

We also observed a significant phenotypic relationship between mating latency and copulation 607 

duration, showing that individuals that had a longer mating latency (unattractive males) copulated for 608 

a longer duration. This result suggests a potential trade-off between pre-copulatory traits and traits 609 

that increase copulation duration. This result is surprising as we found limited evidence that 610 

copulation duration is a sexual conflict trait and the association between copulation duration and 611 

reproductive success in this species is often weak or absent (Pitnick, 1991; Fricke et al., 2009; Price et 612 

al., 2012; Dore, Bretman and Chapman, 2020). Although our results indicate that there is also a 613 

positive relationship between copulation duration and ejection time, suggesting that males may be 614 

selected to increase copulation duration in order to prolong sperm retention, this was only marginally 615 

significant. Additionally, we observed no significant interactive effect between copulation duration 616 

and mating latency on ejection time, suggesting that extended copulation durations do not 617 

significantly influence the relationship between mating latency and ejection time. This suggests that 618 

mating latency, independent of copulation duration, has the strongest influence on the timing of 619 

sperm ejection. As a result, we provide limited evidence that there is selection in males to increase 620 

copulation duration following a long mating latency in order to increase sperm ejection time. 621 

Subsequently, the mechanism underlying an adjustment in copulation duration in response to mating 622 

latency remains unknown, and warrants further investigation. 623 

Despite observing significant phenotypic relationships between traits, we found limited evidence of 624 

underlying additive genetic correlations. This suggests that although the traits involved in both 625 
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episodes of selection are heritable and can evolve, they do so independently and do not have a 626 

common genetic basis. However, it should be noted that only genotypic correlations between additive 627 

line-specific effects were examined, meaning that a large proportion of the genotype-by-genotype 628 

variation is masked from the analysis. Future work examining how these relationships genetically 629 

covary with sex and cross would provide a more comprehensive understanding as to whether the 630 

phenotypic correlations between the interactive phenotypes observed have a genetic basis.  631 

In conclusion, using an interactive phenotypic framework we show that both mating latency and 632 

ejection time are strongly influenced by direct and IGEs, and that sexual conflict likely drives 633 

considerable phenotypic variation in these traits. Furthermore, the relationship between mating 634 

latency and ejection time suggests that pre-copulatory traits are indicative of genetic quality in males 635 

and are subsequently favoured via cryptic female choice mechanisms. In comparison, despite being 636 

an interactive phenotype, there was limited evidence to suggest that variation in copulation duration 637 

is influenced by IGEs, and that there is (ongoing) antagonistic selection for this trait. While we did 638 

observe significant phenotypic correlations between traits there was limited evidence that this had an 639 

underly genetic basis. By examining three interactive phenotypes that represent sequential stages of 640 

the reproductive process, we provide a better understanding of trait evolutionary dynamics. In 641 

addition, by using sequenced isofemale lines, this work contributes to future research that can 642 

pinpoint new candidate genes and the role of allelic variation in existing candidates that underly 643 

phenotypic variation, and how this may influence the relationship between pre- and post-copulatory 644 

fitness.  645 
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6. Chapter 2 - Supplementary Material 

 

Supplementary Table S1. Pearson’s correlation coefficient for Line-Specific (additive) effects from BayesDiallel model 

between interactive phenotypes.  How Line-Specific effects were calculated is outlines in Supplementary Figure S2. 

Interactive Phenotype Source of Variance Coefficient P 

Copulation Duration Mating Latency 0.26 0.45 

Ejection Time  Mating Latency 0.13 0.70 

 Copulation Duration  0.43 0.19 
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Supplementary Figure S1. A schematic of the diallel mating design. Eleven isofemale lines were crossed in a full diallel 

mating design excluding reciprocal crosses (represented as a black square), representing 110 possible male-by-female 

genotypic crosses. For each genotypic cross, one male and one female from different lines were introduced into a chamber. 

Mating latency, copulation duration and ejection time were recorded for each pair. A photo of the latter is shown, with the 

ejection mass highlighted by a white circle. A pairing between male 861 and female 627 is illustrated in the figure. A pairing 

between these two lines was conducted 19 times.   
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Supplementary Figure S2. A schematic to describe how Direct Genetic Effects and Indirect Genetic Effects were quantified 
for each phenotype measured. Direct genetic effects (A) are composed of Line-Specific Effects (l) and Sex-Specific Effects (s). 
Line-Specific Effects are derived by comparing the average phenotypic value when a focal line is paired with all other 
interacting genotypic lines, independent of sex, to the population average. Sex-Specific Effects (s) are derived by comparing 
the average phenotypic value deviation when the focal line is female, with male as a baseline, compared to the overall 
average phenotypic value of that line. Indirect Genetic Effects (B) are composed of Cross-Specific Effects (v), Cross-Specific 
Sex Effects (w), 𝛹: when the focal line is female and 𝛹: when the focal line is male. Cross-Specific Effects (v) are derived by 
comparing the predicted phenotype for a given cross (between a focal genotype and an interacting genotype) based on the 
average phenotype of each line respectively to the actual average phenotypic value of that specific cross, independent of 
sex. Cross-Specific Sex Effects (w) are derived by comparing the average phenotypic deviation when the focal line is female 
for a given cross to the average phenotypic value of that specific cross (with the focal line when male as a baseline; i.e. 101 
x 21 vs 21 x 101). 𝛹: Focal female line is quantified by identifying the extent to which the average phenotypic value for a 
given focal line when female (101) differs from the average phenotypic value when that focal female line is paired to a specific 
interacting male genotype (21). 𝛹: Focal male line is quantified by identifying the extent to which the average phenotypic 
value for a given focal line when male (101) differs from the average phenotypic value when that focal male line is paired to 
a specific interacting female genotype (21). A legend (C) describes each component presented in figures (A) and (B).  
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Supplementary Figure S3. BayesDiallel analysis of mating latency. (A) VarP Plot describing the variance projection of each 

diallel class. It predicts how much of the total phenotypic sum of squares is explained by each component for mating latency. 

The percentage of the variance in mating latency explained by diallel effects, which represents a broad-sense heritability like 

measure is 20%. Genotypic line effects, which represent a narrow-sense heritability like measure explain 10% ± 1%, sex-

specific effects account for 10% ± 1%, and both cross-specific interactions (𝑣 and 𝑤) account for 3% ± 1% respectively. The 

black dotted line represents the significance threshold, so any model component that overlaps with the dotted line does not 

explain a significant proportion of the phenotypic variance. (B) Highest posterior density (HPD) intervals of mating latency 

based on the cross-specific effects (𝑣) from the 𝑙𝑠𝑣𝑤 model. (C) Highest posterior density (HPD) intervals of mating latency 

based on the cross-specific sex effects (𝑤) from the 𝑙𝑠𝑣𝑤 model. For each effect, thin and thick horizontal lines show the 95 

and 50% HPD intervals, respectively, with short vertical bars indicating the posterior mean. HPD intervals that do not include 

zero we consider to be statistically significant at 95% credibility. Overall there was no significant cross-specific or cross-

specific sex effects. Details on how model effects (𝑙 , 𝑠, 𝑣, 𝑤) are calculated can be found in Supplementary Figure S2. 
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Supplementary Figure S4. BayesDiallel analysis of copulation duration. (A) VarP Plot describing the variance projection of 

each diallel class. It predicts how much of the total phenotypic sum of squares is explained by each component for copulation 

duration. The percentage of the variance in copulation duration explained by diallel effects, which represents a broad-sense 

heritability like measure is 20%. Genotypic line effects, which represent narrow-sense heritability like measure explain 11% 

± 4%, sex-specific effects accounting for 9% ± 3%, and cross-specific interactions (𝑣 and 𝑤) both accounting for 7% ± 3% 

respectively. The black dotted line represents the significance threshold, so any model component that overlaps with the 

dotted line does not explain a significant proportion of the phenotypic variance. (B) Highest posterior density (HPD) intervals 

of copulation duration based on the cross-specific effects (𝑣) from the 𝑙𝑠𝑣𝑤 model. (C) Highest posterior density (HPD) 

intervals of copulation duration based on the cross-specific sex effects (𝑤) from the 𝑙𝑠𝑣𝑤 model. For each effect, thin and 

thick horizontal lines show the 95 and 50% HPD intervals, respectively, with short vertical bars indicating the posterior mean. 

HPD intervals that do not include zero we consider to be statistically significant at 95% credibility. Overall there was no 

significant cross-specific or cross-specific sex effects. Details on how model effects (𝑙 , 𝑠, 𝑣, 𝑤) are calculated can be found in 

Supplementary Figure S2. 
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Supplementary Figure S5. Observed (A & C) and Predicted (B & D) means from the BayesDiallel model. The first heatmap 

on each row represents the observed phenotypic variation. Each cell represents the average mating latency (A) and 

copulation duration (C) for each pairing, where darker shading represents a longer duration. Duration (minutes) is presented 

on the log scale for both phenotypes. The second heatmap on each row represents the predicted phenotypic variation. Each 

cell represents the average mating latency (B) and copulation duration (D) for each pairing that would be expected in a future 

experiment based on the model and the observed data, incorporating all uncertainty due to finite sampling and prior 

uncertainty about the parameters. Crossed boxes indicate the absence of pairings. The observed and predicted mean 

phenotypes were largely similar, suggesting that the distributions predicted by the model largely represents our raw data. 

Note that the order of the lines is different from the other heatmaps presented and is not in numerical order.  
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