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Anisogamy and the evolution of sex determination cascades 
 
Anisogamous species, which are prevalent among e.g. animals and plants, are 
characterised by a bimodal distribution of gamete sizes, with females producing large 
oocytes and males producing small spermatozoa. According to evolutionary theory, 
this dichotomy has become established by disruptive selection on gametes, which 
favours individuals that produce either small or large gametes but disfavours 
individuals producing gametes of intermediate sizes. Disruptive selection on gamete 
size is caused by two factors: (1) all individuals are selected to minimize the size of 
their gametes which is assumed to correspond to a lower investment in terms of 
resources, and (2) the fitness of the zygote created by fusion between two gametes 
depends on their combined resource contribution. The first factor promotes the 
evolution of 'male' sperm, whereas the second promotes the evolution of 'female' 
oocytes as a counteradaptation to offset the cost of mating with an individual that 
contributes less gametic resources (Parker et al., 1972). Following specialisation in 
gamete size, males and females may come to be exposed to different selective 
pressures (Parker, 2006; Roze & Otto, 2011). They undergo sex-specific adaptations 
towards their reproductive role, resulting in male-female divergence in among others 
physiology, morphology, and in case of animals behaviour (Cox & Calsbeek, 2009). 
As divergence between males and females develops over evolutionary time and 
comes to involve more traits, it becomes ever more apparent that those who fail to 
commit to develop into either of the canalised sexual phenotypes are bound to suffer 
fitness costs (Haldane, 1922). Such intersexual individuals show reduced or even no 
reproductive success. Mechanisms that canalise the process of sex determination 
(SD) become selectively favourable because they enforce proper embryonic sexual 
development, preventing individuals from developing as intersexes and thereby 
ensuring full reproductive capability.  

Although SD mechanisms have a pivotal role in individual development and 
fitness, the manner in which sex is determined is highly evolvable (Bachtrog et al., 
2014; Beukeboom & Perrin, 2014). Sex is set by an initial cue, which directs the 
state of an underlying genetic pathway that executes the process of sexual 
differentiation. Initial cues can be either environmental or genetic, and SD 
mechanisms are classified as environmental SD (ESD) or genetic SD (GSD) 
mechanisms. In ESD systems, different environmental factors can function as the 
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initial cue, such as temperature (Janzen, 1994), acidity (Parker et al., 2018), or social 
context (Moyer & Nakazono, 1978). Temperature is however the most common cue 
and will therefore be assumed to be the cue when discussing ESD systems in general. 
Variation in GSD systems occurs in even more ways than for ESD systems. First, 
different chromosomal systems have been described, including the various sex 
chromosome systems (XY male heterogamety, ZW female heterogamety, and 
haploid UV systems) as well as several non-sex chromosome systems (haplodiploidy, 
paternal genome elimination). Within and between different chromosomal systems, 
different genes evolved to generate the initial cue conferring sexual identity. The 
underlying genetic machinery that interprets this initial cue and actually carries out 
the process of SD appears to diverge too. Altogether, across the tree of life an 
astounding variety of SD mechanisms has evolved. Understanding the evolutionary 
processes that have driven this diversification is one of the major open questions in 
contemporary evolutionary biology (Bachtrog et al., 2014).  

In this thesis, I study the evolution of novel GSD mechanisms, or SD 
transitions, focusing on the ultimate causes as well as the immediate consequences 
of these transitions in terms of early-stage sex chromosome evolution. Although SD 
transitions and sex chromosome evolution have mostly been considered as two 
separate processes, the two are clearly interconnected. First, SD is the primary 
function of sex chromosomes and GSD transitions can result in the formation of new 
sex chromosome systems. Additionally, similar evolutionary phenomena may be 
involved in SD transitions and sex chromosome evolution, such as sexually 
antagonistic selection and meiotic drive. In this introduction, I will first review the 
different evolutionary processes that are able to promote transitions in SD. Secondly, 
I will review the changes that sex chromosomes undergo throughout their evolution. 
Thirdly, I will review the genetics of SD in the housefly Musca domestica, whose 
multifactorial SD system has served as the main inspiration for this thesis and is 
therefore referred to in various chapters. Finally, I will provide an overview of the 
thesis and the topics addressed in each chapter. 

 
Evolution of sex determination mechanisms 
 
Differentiation between males and females is achieved by a genetic pathway whose 
state is set by an initial cue in both ESD and GSD systems. These pathways generally 
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consist of a regulatory cascade, where an initial cue regulates downstream target 
genes, who in turn regulate yet further downstream targets. SD systems have been 
theorized to evolve bottom-up, with the bottom-most components being most 
conserved and new components sequentially being added to the top of the SD 
cascade (Wilkins, 1995; Pomiankowski et al., 2004). Transitions in SD mechanisms 
can occur when a new SD gene replaces an existing SD gene at the top of the SD 
cascade, or when a new gene is added that regulates the formerly-topmost gene; 
variation in SD between species can be used to infer whether such transitions have 
occurred (Figure 1).  
 
Environmental versus genetic sex determination 
 
Evolution of SD cascades may also include transitions from ESD to GSD and vice 
versa, although the latter has received considerably less attention. Several 
hypotheses have been proposed for the evolution of ESD, though the differential 
fitness hypothesis (Charnov & Bull, 1977) is best supported (e.g Warner & Shine, 
2008). Male and female fitness may be differently affected by environmental 
conditions, e.g. when males have higher fitness at low temperatures and females 

Figure 1: Types of evolutionary change in sex determination cascades. (A) A basic SD cascade with only
a gene A can evolve to include other components. When different lineages recruit gene B respectively C,
this results in two different SD cascades (B→A and C→A). In both cases, a novel gene is added on top
of the cascade. Alternatively, an existing SD gene can be replaced by another gene, e.g. B by D, resulting
in a third SD system D→A. (B) Novel SD genes may not spread throughout the entire species range,
resulting in either partial control or polygenic control of the ancestral SD gene A. Under partial control, C
may control A in one subpopulation, but not the other. Under polygenic control, A may be controlled by
B in one subpopulation but D in another. Grey letters and arrows indicate the absence of an SD gene in
that subpopulation. 
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have higher fitness at high temperatures (Figure 2). Selection then favours the 
evolution of an SD cascade with temperature sensitivity. GSD mechanisms may lack 
this flexibility which can result in a fitness reduction across the population so that it 
is disfavoured relative to ESD.  

ESD comes with several drawbacks that may promote the evolution of GSD. 
First, environmental conditions are intrinsically variable, and can lead to substantial 
sex ratio biases under ESD. Biased sex ratios can lead to (local) extinctions due to 
one sex being rare or even absent (e.g. Santidrián Tomillo & Spotila, 2020). Sex 
ratio selection may then favour genetic variants that promote development into the 
rare sex, establishing a primitive GSD mechanism (Wilkins, 1995). Second, intralocus 
sexual conflict (IASC; see also Chapter 2) occurs when certain genetic variants are 
favoured in males but disfavoured in females and vice versa (Bonduriansky & 
Chenoweth, 2009). In GSD systems, this conflict can be resolved by the evolution of 
linkage between the SD gene and IASC loci, which has been implicated in sex 
chromosome evolution (discussed below). SD genes are transmitted exclusively 
through one sex, and linked regions are transmitted accordingly (Haig et al., 2014). 

 
Figure 2: Sex differences in fitness under different environmental conditions can promote the
evolutionary stability of environmental sex determination. Sex-by-environment (here assumed to be 
temperature) effects on fitness result in higher fitness for males when temperatures are low versus higher 
fitness for females when temperatures are high. This causes selection to promote temperature-sensitivity 
in SD whereby individuals develop as males under low temperatures but as females under high
temperatures so that their fitness is maximized. The dotted line indicates the temperature value where
sexes have equal fitness and indicates the transition point in environmental conditions between male
versus female development. 
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These regions are exposed to selection in only one sex, and may therefore become 
enriched for alleles that benefit this sex even if they would have severe fitness costs 
in the opposite sex (Jordan & Charlesworth, 2012). In ESD, such SD genes do not 
exist, no sex-limited region can be established, and the genetic load imposed by 
IASC is more likely to persist. This load can promote transitions to GSD as genes 
that promote development into one sex evolve near IASC loci (Muralidhar & Veller, 
2018). 
 
Evolutionary transitions in genetic sex determination 
 
Within GSD systems, changes in the initial cue can occur due to replacement of the 
cue gene by a gene with an identical function or by recruitment of novel genes into 
the cascade (Figure 1); here, I will discuss which evolutionary processes can promote 
such changes to SD cascades. Once a new SD gene arises via mutation, multiple SD 
systems coexist, corresponding to the different SD genes. Transitions in SD occur 
when the newly-mutated SD gene spreads to fixation. During the transition, multiple 
SD systems can co-exist. In absence of fitness effects, a stable sex ratio can be 
achieved even when multiple SD genes coexist (Bull & Charnov, 1977). Shifts in the 
frequency of the one SD gene due to genetic drift cause a small sex ratio bias. Sex 
ratio selection then promotes the loss of this SD gene as well as the increase in the 
other SD gene. Allele frequencies at both SD loci will then shift and a new equilibrium 
will be reached. Reiterated bouts of this process can result in the complete invasion 
of an SD gene (Bull & Charnov, 1977; Veller et al., 2017), so that transitions in SD 
can occur via neutral evolution. 

In many GSD systems, and particularly those with male or female 
heterogamety, the meiotic segregation of SD genes and sex chromosomes 
effectively enforces an equal sex ratio (Uller et al., 2007). Sex chromosome meiotic 
drive (Jaenike, 2001), i.e. elevated transmission rate of one of the sex chromosomes, 
can cause biased sex ratios. Hence, sex chromosome meiotic drive can promote the 
spread of other SD genes that restore the sex ratio. Alternatively, meiotic drive may 
also promote SD transitions despite a cost of sex ratio selection (Kozielska et al., 
2010). In this scenario, the enhanced transmission rate of the driving SD gene is 
sufficient to outweigh the costs of sex ratio selection, allowing it to spread in the 
population.  
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Biased sex ratios may also be favoured (Hamilton, 1967; Uller et al., 2007), 
such as when a conflict occurs between parties whose fitness is maximized under 
different sex ratios (Werren & Beukeboom, 1998). This is most obvious for elements 
that exhibit sex-biased inheritance patterns versus those that do not, such as sex 
chromosomes versus autosomes (Haig et al., 2014). Many cytoplasmic elements like 
mitochondria and chloroplasts, but also a range of endosymbiotic bacteria, are solely 
transmitted through the female germline and hence transmission to males 
represents an evolutionary dead end for these elements. Consequently, selection on 
maternally-transmitted elements favours mechanisms that increase the production 
of female offspring. This can eventually lead to a transition from nuclear to 
cytoplasmic GSD. Other parties may also engage in conflict over the SD process, 
such as parents versus offspring (Werren et al., 2002; Pen, 2006; Kuijper & Pen, 
2014). Both parents and offspring will be selected to maximize their own fitness and 
therefore seek to influence the SD process for their own benefit. Even in absence of 
full parental or zygotic control over sex, parent-offspring conflict can maintain 
variation in SD genes (Kozielska et al., 2006). Altogether, an individual’s sexual 
identity is subject to conflict between various parties at different levels of selection, 
resulting in an amalgam of selective pressures to bias sex to either the male or 
female state. 

Other explanations for SD transitions (which do not invoke sex ratio selection) 
have focused on the selective benefits conferred by certain SD genes or genes linked 
to new SD variants.  First, SD genes may have a direct positive effect on fitness and 
may therefore be selectively favourable (Bull & Charnov, 1977). Direct selection on 
SD genes is however considered to be rare as it requires the SD gene not only to 
affect an individual's sex, but additionally to have (pleiotropic) effects on its fitness 
via its effect on some other phenotype (van Doorn, 2014). Other models for SD 
transitions invoke indirect selection on SD genes as a result of selection acting on 
nearby linked genes. Meiotic drive genes can be considered one such type of linked 
selection. Sexually antagonistic selection on nearby genes (i.e. IASC loci) can also 
promote the invasion of new SD genes (van Doorn & Kirkpatrick, 2007, 2010), similar 
to how it may establish transitions from ESD to GSD (Muralidhar & Veller, 2018). 
Interestingly, accumulation of IASC loci has been proposed as a possible driver of 
sex chromosome evolution (see “Sexually antagonistic selection and sex-specific 
adaptation”). IASC may therefore have an important role in both the evolution of SD 
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and sex chromosomes. Empirical support for this second role is however largely 
lacking and still often inconsistent (e.g. (Wright et al., 2017; Charlesworth, 2018)).  

Finally, new SD genes may stabilize the existing SD cascade by improved sex-
specific regulation of SD genes (Pomiankowski et al., 2004). In this scenario, SD 
genes do not confer a fitness benefit per se, but rather help prevent misexpression 
of certain SD genes to ensure fidelity of the SD program. Alternatively, downstream 
SD genes may confer a fitness benefit when more highly expressed, but are 
constrained in their expression as their sex-determining function prevents them from 
occurring in a homozygous state. The evolution of an upstream regulator may relieve 
this constraint; in this case, the new SD gene can spread due to selection on other, 
potentially unlinked loci. 
 
Evolution of sex chromosomes 
 
Transitions in SD systems can have profound influences at a genomic scale, as it can 
enable the evolution of a new sex chromosome system. Here, I will review the 
evolutionary changes new sex chromosomes undergo, focussing primarily on the 
initial processes. Depending on the means by which sex is determined, the 
chromosome carrying the topmost gene of the cascade (i.e., the primary cue gene) 
may become destined to evolve into a mature sex chromosome. If the primary signal 
without fail induces development into one specific sex, then the region linked to this 
gene is limited to one sex. This sex-specific inheritance is vital to sex chromosome 
evolution; hence, no sex chromosomes are found in haplodiploid systems, such as 
those as found in Hymenoptera, where the primary signal gene(s) is passed through 
both mothers and fathers. Sex chromosomes differ from their autosomal 
counterparts in various aspects (Table 1), and may be central to evolutionary 
processes such as speciation (e.g. Kitano & Peichel, 2012; Demuth et al., 2014), 
sexual selection (Kirkpatrick & Hall, 2004), and genomic conflict (Werren & 
Beukeboom, 1998). Throughout their evolutionary history, sex chromosomes are 
thought to undergo several evolutionary steps to develop from near-homomorphic 
autosomes, which only differ with regards to the presence of the master sex-
determining gene, to full-fledged heteromorphic sex chromosomes, whose gene 
content has diverged between the two sex chromosomes.  
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Autosomes become sex chromosomes by acquiring a sex-determining function 
 
A new sex chromosome arises when a chromosome pair acquires a sex-determining 
function (Ohno, 1967). This can occur by translocation of an existing SD gene or by 
the de novo evolution of an SD gene on a former autosome, resulting in a proto-sex 
chromosome. Alternatively, existing sex chromosomes may fuse with autosomes to 
form neo-sex chromosomes (Peichel et al., 2004; Pease & Hahn, 2012; Zhou & 
Bachtrog, 2012a). Multiple fusion events can result in complex neo-sex chromosome 
systems such as in the platypus Ornithorhynchus anatinus in which ten neo-sex 
chromosomes exist (Rens et al., 2004; see also Fabig et al., 2016). Both proto-sex 
chromosomes and neo-sex chromosomes undergo similar evolutionary trajectories, 
although the ancestral sex chromosome may have already undergone sex 
chromosome evolution to some extent. For the remainder of this introduction, I will 
assume that the sex chromosome arose by the evolution of a male-determining gene 
on a novel proto-Y-chromosome; however, W-chromosomes carrying a female-
determining gene undergo similar evolutionary processes but in females instead of 
males. Likewise, X-chromosomes and Z-chromosomes evolve similar to each other 
as well.  
 
Sexually antagonistic selection, sex-specific adaptation and recombination 
suppression 
 
Similar to regular autosomes, young X- and Y-chromosomes are virtually identical to 
each other, differing only in a small region harbouring the SD gene. Old sex 
chromosomes may however be substantially differentiated from autosomes, and 
likewise the X- and Y-chromosomes be differentiated from each other. Sex 
chromosome differentiation is caused by the combined effect of recombination 
suppression on the Y-chromosome, and differences in exposure to selection in males 
and females for both the X- and the Y-chromosome. The presence of the SD gene 
establishes a male-linked region on the novel Y-chromosome which is transmitted 
only through males (Haig et al., 2014), resulting in it being exposed to selection in 
males only and sheltered from selection in females. For the novel X-chromosome, 
the opposite pattern holds but to a lesser extent; the region is more often 
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transmitted through females and accordingly is more often exposed to selection in 
females than in males. These different transmission and selection patterns promote 
the differentiation of this region between an Y- and X-chromosome. Sex-specific 
adaptation can then occur at IASC loci at which different alleles are favoured 
between males and females (Rice, 1984, 1987a). As the Y-chromosome is male-
limited, it becomes enriched for male-beneficial (and potentially female-detrimental) 
alleles. For X-chromosomes, female-beneficial alleles spread more easily, especially 
when dominant. Recessive male-beneficial alleles on the X_chromosome may 
however persist, as these can be sheltered from counterselection in heterozygous 
females but are maintained by positive selection in males (assuming the Y-
chromosome is fixed for the male-beneficial allele) (Rice, 1988; Graves, 2006).  
 On a new Y-chromosome, the sex-limited region is restricted to the 
immediate vicinity of the SD gene which becomes extended by the evolution of 
recombination suppression. Over time, this allows the entire Y-chromosome to 
become male-limited. Old Y-chromosomes generally show little to no recombination 
with the X-chromosome except for in a small region called the pseudoautosomal 

 
Figure 3: Sex determination, sexually antagonistic loci, and the suppression of recombination. (A) The 
presence of a sex-determining gene (SD) results in sex-linkage of the nearby region (denoted by the 
arrow). (B) This may allow genetic differentiation between males and females at a nearby locus under 
sexually antagonistic selection (denoted SA). (C) Linkage between the SD and SA loci is enhanced by
suppression of recombination (dark grey). (D) Subsequently, the sex-linked region expands, allowing a 
second SA locus to differentiate between males and females. (E) Recombination becomes suppressed
along a larger portion of the chromosome as it reaches this second SA locus. (F) Repetitions of these
processes may culminate in a largely non-recombining chromosome, whose gene content has diverged
significantly over time. Adapted from Rice (1996). 
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region (Page et al., 1987). Several ultimate mechanisms can lead to recombination 
suppression, of which selection against intersexual development and the resolution 
of IASC are considered most common. If SD occurs not by a single dominant allele 
but a combination of different genes, recombination between these genes may result 
in intersexual development in the offspring. Such offspring are swiftly selected 
against, and thus a recombination-suppressing mutation may provide evolutionary 
stability to this complex (Haldane, 1922; Fisher, 1931). With regards to IASC, linkage 
between the master SD gene and an allele beneficial to the heterogametic sex results 
in a co-adapted gene complex that confers a fitness benefit. Reiterations of this 
process may allow the complex to extend outward as new loci become linked to the 
previously-fixed co-adapted gene complex (Rice, 1987a) (Figure 3; this model is 
commonly referred to as the "sexual antagonism" model of sex chromosome 
evolution). A novel sex chromosome harbours a limited number of IASC loci, but 
translocation may result in further enrichment of this chromosome (Connallon & 
Clark, 2011; Carvalho et al., 2015). 
 
Chromosomal decay and suboptimal evolution in the absence of recombination 
 
Although recombination suppression is initially favoured as it helps maintain 
coadapted gene complexes on the Y-chromosome, it will in the long term also lead 
to the Y-chromosome's decay. Recombination enables the formation of novel 
haplotypes and for selection to work independently on individual loci. In absence of 
recombination, chromosomes face deterioration or, at best, suboptimal evolution 
because deleterious mutations are more prone to accumulate as a result of genetic 
drift or via linked selection on beneficial mutations (Charlesworth & Charlesworth, 
2000; Bachtrog, 2013). These effects have been formulated in the context of several 
related but distinct phenomena, being (1) Muller's ratchet; (2) Hill-Robertson 
interference; (3) background selection; and (4) genetic hitchhiking (See Box 1). 
Recently, an alternative but complementary process has been proposed, whereby 
deterioration of cis-regulatory elements of Y-linked genes via Muller's ratchet-like 
mutation accumulation promotes their selective silencing in conjunction with 
overexpression of X-linked counterparts  (Lenormand et al., 2020). 

The decay and reduced rate of adaptive evolution of the Y-chromosome 
following the evolution of suppressed recombination can cause the gene products 
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derived from this chromosome to function less efficiently than those of the X-
chromosome. Intralocus competition over substrate, where the proteins generated 
by different alleles compete with each other over a substrate, then induces selection 
for an increase in gene expression for loci on the X-chromosome relative to the Y-
chromosome (Rice, 1987b). Shifting this balance may occur through selective 
silencing on loci on the Y-chromosome, or by increased expression of those on the 
X-chromosome. Selective silencing may be achieved by transposons being 
incorporated into genes, effectively eliminating their expression (Steinemann & 
Steinemann, 1992, 1998), which under other circumstances might have a profoundly 
negative effect. Provided that the allele on the minor sex chromosome is not required 
to be functional through e.g. dosage sensitivity (Kaiser et al., 2011; Mank, 2013), 
the integration of transposons may actually provide a fitness benefit. Alternatively, 
the increased expression of loci on the X-chromosome may offer a way around such 
dosage sensitivity. This may actually represent a precursor state to full dosage 
compensation, and provides a fitness benefit to the upregulation of gene expression 
from the major sex chromosome (Charlesworth, 1978, but see Zhou & Bachtrog, 
2012a).  
 

Box 1: Recombination suppression results in mutation accumulation 
and suboptimal evolution on the Y-chromosome. 
 
Recombination between two loci results in the formation of new haplotypes 
when both loci harbour two different alleles. Recombination breaks up the 
association between an allele and its genetic background, and allow selection to 
act independently on this allele. On the Y-chromosome, recombination becomes 
suppressed, and selection can act less efficiently. This inefficacy results in four 
population genetic processes that together underlie the accumulation of 
mutations on and suboptimal evolution of the Y-chromosome: (1) Muller's 
ratchet; (2) Hill-Robertson interference; (3) background selection; and (4) 
genetic hitchhiking. 

Muller's ratchet (Muller, 1918, 1964) describes how (slightly) deleterious 
mutations may accumulate in the absence of recombination. Mutations may arise 
by chance and, provided they confer no or at worst a very minor fitness 
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disadvantage, may persist due to genetic drift (Rice, 1994). This may be the 
case for recessive mutations whose effect is sheltered by unmutated copies on 
the X-chromosome. As mutations keep on occurring, the number of 
chromosomes carrying a mutation is expected to increase, as in the absence of 
recombination these mutations cannot be purged (Rice, 1996a). In individuals 
carrying two different mutations, recombination results in one chromosome with 
two mutations and one without mutations. Without recombination, the constant 
mutation pressure leads to an increase in the number of chromosomes with a 
mutation, whereas the number of mutation-free chromosomes may only 
decrease in the absence of purifying selection (Rice, 1999). Genetic drift may 
result in changes in the frequency of mutation-free chromosomes, which can 
lead to the last mutation-free chromosome to eventually be lost. Alternatively, 
the last mutation-free chromosome may incur a mutation itself. After either of 
these events takes place, the least-loaded chromosome carries one mutation 
more compared to the ancestral state.  

Hill-Robertson interference (Hill & Robertson, 1966) occurs when two 
beneficial mutations compete with each other. Here, an initial mutation is 
spreading but not fixed in the population when a second mutation occurs on a 
linked locus, but on a chromosome without the initial mutation. Without 
recombination, these mutations will not be brought together on a single 
chromosome and both mutations continue to compete with each other 
(Charlesworth & Charlesworth, 2000). Eventually, the mutation conferring a 
higher fitness benefit will become fixed through natural selection, resulting in a 
loss of the lesser beneficial mutation. 

Background selection (Charlesworth et al., 1993; Peck, 1994) occurs when 
a beneficial mutation is unable to spread due to selection against the genetic 
background in which it arose. The presence of deleterious mutations, for 
example through Muller's ratchet, may prevent a beneficial mutation from 
sorting its effect. When a weakly beneficial mutation arises on a mutation-ridden 
chromosome, it may be lost when this chromosome acquires more mutations 
and subsequently transgresses the mutational load that causes it to be selected 
against (Rice, 1996a, 1999).  
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The spread of deleterious mutations may however also be facilitated by 
their linkage to loci under positive selection. Similar to the case of background 
selection, a novel beneficial mutation arises in a genotypic background with 
deleterious mutations. However, the selective benefit conferred by this mutation 
may surpass the selective deficit created by its background. This leads to genetic 
hitchhiking (Rice, 1987b), where deleterious mutations spread as a result of their 
association with a beneficial mutations. Recombination would allow the 
beneficial mutation to break free from its background resulting in a chromosome 
devoid of deleterious mutations while still in the possession of this single 
beneficial mutation.  

 
Survivor genes on late-stage sex chromosomes 
 
The differentiation of Y-chromosomes occurs by both adaptive evolution - resulting 
in enrichment for genes under IASC or with sex-specific functions - as well as by 
genetic decay due to the absence of recombination. Together these processes result 
in marked changes in the gene content of older Y-chromosomes. Primarily, SD genes 
are maintained, as mutations in these genes are likely to interfere with sexual 
differentiation and are thus not near-neutral, i.e. they do not have a small effect on 
fitness but instead are likely to be highly deleterious (Hawkins et al., 1992). This 
prevents such mutations from being maintained via genetic drift and therefore 
prevents mutations in these genes from accumulating via Muller's ratchet. IASC loci 
that came to be associated with the SD genes may also remain intact, provided that 
the selection pressure against their decay is sufficiently strong. These genes may 
not be essential, and therefore may accumulate mutations via Muller's ratchet, 
leading to their eventual demise. Formerly autosomal genes will also decay, either 
directly if dosage-insensitive or following evolutionary modification towards 
increased expression from alleles on the X-chromosome. As genes on the Y-
chromosome become inactivated, large chromosomal lesions may be selectively 
neutral, leading to severe size reductions (Graves, 2006). Ultimately, the remaining 
gene content on the minor sex chromosome becomes increasingly sexualized during 
its evolution. 
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 During early stages of the evolutionary process, gene numbers may have 
increased e.g. due to translocation of IASC loci, but gene numbers may also dwindle 
as other genes move away from the sex chromosomes (Emerson et al., 2004). This 
can be selectively advantageous for example for genes with functions in late 
gametogenesis. X-chromosomes often undergo meiotic silencing, which would 
prevent these genes from carrying out their function when X-linked (Wu & Xu, 2003). 
Translocation of X-chromosomal genes to the autosomes has been observed in, 
amongst others, D. melanogaster (Betrán et al., 2002; Vibranovski et al., 2009) and 
some mammals (Emerson et al., 2004), in which these genes indeed appear to be 
expressed predominantly in the testes. Effectively, these translocation events result 
in de-masculinization of the X-chromosome. 
 
Turnover of sex chromosomes 
 
Throughout their evolutionary development, sex chromosomes may face turnover 
and as a result a different chromosome pair may become the principal sex 
chromosomes via an SD transition. However, the presence of gametogenesis-related 
genes on the Y-chromosome observed in various species means it is required for 
male fertility (Lahn & Page, 1997). The Y-chromosome must thus be retained until 
these genes have taken up a new position in the genome. This can "lock in" a sex 
chromosome pair, preventing turnover to a new system even if selection otherwise 
favours this transition. However, sex chromosome turnover through the formation 
of neo-sex chromosomes is a common phenomenon in taxa such as fish (Kitano & 
Peichel, 2012; Kikuchi & Hamaguchi, 2013) and grasshoppers (Bugrov et al., 2016).  
Proto-sex chromosome formation may occur at elevated rates in species in which 
the SD gene shows transpositional activity such as the phorid fly Megaselia scalaris 
(Traut, 2010), strawberries (Wei et al., 2017; Tennessen et al., 2018), and the 
housefly Musca domestica (Green, 1980; Sharma, 2018). However, although 
mutational events may generate new SD genes and thereby create novel sex 
chromosomes, some selective benefit is generally needed to establish a full SD 
transition and concomitantly a new sex chromosome system.  

The process of sex chromosome turnover effectively resets the degenerative 
cycle of sex chromosome evolution, but the evolution of sex chromosomes may also 
have a different outcome. The process of minor sex chromosome degeneration 
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caused Y-chromosomes to be considered as being born to die, leading to a species 
to go extinct as individuals of the heterogametic sex are no longer produced (Graves, 
2006). This loss may also result in a change from an XY- or ZW-system to an XO- or 
ZO-system, though the Y-chromosome cannot be lost until its essential genes have 
translocated elsewhere.  

 
Genetics of sex determination in Musca domestica 
 
The housefly M. domestica has a multifactorial SD system in which different genes 
affect the SD process and can function as the SD gene. In this section, I first discuss 
the molecular mechanisms underlying SD in M. domestica; next, I discuss some 
previously-proposed hypotheses regarding the maintenance of multiple SD genes in 
this species and the support for these hypotheses. 
 
Molecular genetics of sex determination in houseflies 
 
The M. domestica SD cascade follows the generic structure that applies to most 
insect SD cascades, in which three functional components can be identified: (1) at 
the top, a primary signal conveys the sexual identity of its carrier; (2) a transducer 
then interprets and memorizes the signal and relays it downwards; and (3) a genetic 
switch that can direct development into males or females executes the order 
received from the transducer (Dübendorfer et al., 2002; Shearman, 2002). An 
overview of the SD cascade in M. domestica is provided in Figure 4. The key switch 
gene dsx, which directs sexual development, lies at the bottom of the SD cascade 
(Hediger et al., 2004). Dsx is expressed in individuals of both sexes, but its pre-
mRNA is differently spliced in males (DsxM) and females (DsxF). Each splice variant 
codes for a different active form of DSX protein that bind to downstream targets to 
direct sexual development. In addition to dsx, an ortholog of fruitless (fru) regulates 
courtship behaviour (Meier et al., 2013). Like dsx, fru pre-mRNA is also sex-
specifically spliced into several male-specific and female-specific isoforms, and its 
regulation is identical to that of dsx. Only dsx will be used for further discussion of 
the SD pathway of M. domestica. 
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Figure 4: Known molecular components of the sex determination mechanisms in the housefly Musca 
domestica. The depicted mechanism outlines the process of female sex determination in a regular tra/tra
female without M-factors. Boxes in dark grey indicate known M-factors that could inhibit (Mdmd) or 
prevent (Ag) the tra autoregulatory loop to induce masculinization. 
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Figure 5: Variation in sex determination mechanisms in some European populations of M. domestica. 
(A) Frequencies of autosomal M-factors and (B) traD-bearing females increase with decreasing latitude in 
Europe. In (A), XY denotes an M-factor on the sex chromosomes rather than the autosomes. In (B), 
females are defined as tra if they have a tra/tra genotype, and traD if they have a traD/tra genotype. Black 
dots in the corner of each bar indicate the collection site. Modified from Kozielska et al. (2008). 

 
Splicing of Dsx pre-mRNA is controlled by the transformer (tra) gene. Tra is 

active in females (Inoue & Hiroyoshi, 1986), and sets the splicing of dsx pre-mRNA 
to the female-specific mode in cooperation with transformer-2 (tra-2; Burghardt et 
al., 2005; Hediger et al., 2010). Tra activity is maintained through an autoregulatory 
loop in which TRAF/TRA-2 dimers bind to Tra pre-mRNA to splice it into the female-
specific functional form, TraF. The loop is initiated by maternally-provided TraF mRNA 
in the zygote (Dübendorfer & Hediger, 1998), which is translated into TRA. Because 
tra is by default active in developing zygotes, additional factors are required to de-
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activate it and achieve male development (so-called M-factors). Natural populations 
of M. domestica show distinctive variation in their M-factors (reviewed in Hamm et 
al., 2015). In the standard scenario, which is commonly found in higher-latitude 
populations (northern hemisphere), an M-factor is located on a heteromorphic Y-
chromosome (Hediger et al., 1998). In this case, females carry two X-chromosomes, 
and males carry an X-chromosome and a Y-chromosome. In lower-latitude 
populations, M-factors have been mapped to autosomes I to V (Franco et al., 1982), 
or may even be located on X-chromosomes (Denholm et al., 1985). Moreover, 
individuals may be homozygous for certain M-factors or carry different M-factors. 
Autosomal M-factors increase in frequency with decreasing latitude, as found in 
populations of amongst others Japan (Inoue et al., 1983; Tomita & Wada, 1989), 
Italy (Franco et al., 1982), Africa (Feldmeyer et al., 2008), North America (Hamm et 
al., 2005), and Australia (Hamm & Scott, 2009). This is commonly associated with a 
loss of the Y-chromosome in these populations, and hence all individuals carry two 
X-chromosomes (Çakır & Kence, 1996).  

M-factors found in different genomic locations may represent different ways 
to inhibit tra functionality, and thus be non-homologous genes that acquired a sex-
determining function independently (Bopp, 2010), or may simply be duplicated 
copies of a single ancestral gene (Green, 1980; Çakır & Kence, 2000). The M-factor 
on autosome III has recently been identified as a neo-functionalized paralogue of 
the M. domestica orthologue of nucampholin (ncm), which is an essential co-factor 
for the spliceosome (Kelly et al., 1997), and is termed Musca domestica male-
determiner (Mdmd) (Sharma et al., 2017). In addition, the M-factors on autosomes 
II to V as well as the X- and  Y-chromosome are homologous to Mdmd (Li et al., in 
prep). Although most M-factors are identical, it appears at least one different method 
to knock out the activity of the tra feedback loop exists in natural populations.  

M-factor homozygosity in natural populations implies the presence of a 
feminizing factor which is epistatic to M-factors. Indeed, in populations with high 
incidences of autosomal M-factors, females carry a gain-of-function allele of tra, 
namely traD (Figure 5). traD appears to be insensitive to inactivation by M-factors, 
and thus its carrier always develops into a female. In developing zygotes, Mdmd 
induces male development by interfering with the tra feedback loop, presumably by 
preventing the action of the TRA/TRA2-complex (Hediger et al., 2010). Following 
this, additional male-promoting factors may bind to the Tra pre-mRNA to directs its 



Chapter I 
 

30 

splicing into the male-specific TraM isoform. The traD allele in turn may lack the 
binding sites for the male-promoting factors, and hence its pre-mRNA product is 
always spliced in the female-specific isoform. Male-specific splicing of Tra pre-mRNA 
would then not be a passive process, but rather it would require M-factor activity to 
be achieved. Interestingly, germline transplantations reveal traD do not need to be  
inherited maternally to induce female development. In turn, Mdmd acts maternally 
to induce male-specific splicing of Tra, resulting in all-male offspring even when the 
donor father was heterozygous for an M-factor. That is, the transplanted germline 
consists of a mixture of gametes that either do or do not carry Mdmd, yet all of them 
will lack the TraF mRNA required to kick-start the tra feedback loop in the developing 
zygote (Dübendorfer & Hediger, 1998). Furthermore, in traD-carrying mothers, the 
maternal investment of TraF mRNA is negated by Mdmd in those gametes that carry 
the regular tra allele, resulting in male development, whereas the gametes carrying 
the traD-allele will always develop into females. These findings illustrate that the 
interaction between Mdmd and tra is not necessarily restricted to the developing 
zygote, but rather it may already take place in the maternal germline. Accordingly, 
a maternal effect male-determining gene Arrhenogenic (Vanossi Este & Rovati, 
1982) has been described in M. domestica that exploits this mechanism to induce 
maleness. Altogether, M. domestica features a large variation in SD mechanisms, 
wherein different genes involved in SD can confer the sexual identity. SD genes are 
found on different chromosomes, and M-factors in particular can be found on 
virtually every chromosome in this species.  
 
Persistence of multifactorial sex determination across different populations 
 
The presence of geographic variation in the frequencies of autosomal M-factors and 
the traD allele have drawn attention to their evolutionary history and the underlying 
selective pressures promoting their spread. Initially, the spread of Mdmd in M. 
domestica populations in Southern Europe was suggested to be due to linkage to an 
insecticide resistance gene (Franco et al., 1982). However, the frequency of MIII had 
not increased in Northern European populations by 2008, despite (prior) widespread 
use of insecticides in these regions (Kozielska et al., 2008, but see Højland et al., 
2014). Because geographic variation in SD genes followed a latitudinal cline, it was 
hypothesized that the benefit of the different M-factors and traD may stem from their 
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selective benefit at increased temperatures as experienced by populations at lower 
latitudes (Franco et al., 1982; Çakır & Kence, 1996). Variation in the frequency of 
autosomal M-factors was best explained by seasonality in temperature, whereas 
variation in humidity and yearly mean temperature were shown to be best able to 
explain variations in the frequency of traD (Feldmeyer et al., 2008).  

Temperature also affects the hypomorphic man mutant of tra (traman) 
(Schmidt, Hediger, Nöthiger, et al., 1997; Hediger et al., 2010). In heterozygous 
traman/tra females, maternal provisioning of TraF mRNA to the zygote is reduced, 
resulting in male-biased broods. Sex ratios produced by heterozygous females kept 
at 22 °C were less biased than those produced by females kept at 29 °C, suggesting 
traman may interfere more readily with tra function at elevated temperatures. 
Although temperature appears to play a role in maintaining autosomal M-factors and 
traD, it is still unresolved whether traD spread due to increased frequencies of 
autosomal M-factors, or whether these M-factors could spread only in the presence 
of traD. If M-factors of M. domestica indeed exhibit transpositional activity as 
previously suggested (Green, 1980), then this may cause male-biased sex ratios, 
and which would have favoured the spread of traD (Wilkins, 1995). Such a scenario 
would be in line with observations that traD alleles are identical in populations from 
almost all continents (Scott et al., 2014). However, as previously mentioned, 
autosomal M-factors homozygosity cannot occur in the absence of traD due to their 
restriction to males. An intriguing piece of evidence may come from the different 
viabilities associated with homozygosity for different M-factors. Homozygosity for MI 
appears to cause lethality, as crosses between females carrying germlines 
transplanted from heterozygous MI males and other such males failed to produce 
homozygous offspring (Schmidt, Hediger, Roth, et al., 1997). In other reports, 
homozygosity for autosomal M-factors appears to be similarly limited, except for MII 
and MIII (reviewed in (Hamm et al., 2015)). This suggests most M-factors are 
associated with recessive lethal mutations, a characteristic commonly seen on 
diverged sex chromosomes. In the ancestral state, these M-factors thus may have 
been male-limited and their genomic neighbourhoods have evolved towards 
diverged sex chromosomes. Although their distribution appears to be linked to 
climatic factors, the evolutionary steps by which autosomal M-factors and traD arose 
remain undetermined. 
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Current state of the art  
 
In this thesis, I explore the causes and consequences of transitions in SD 
mechanisms from a theoretical and experimental perspective. Previous (mostly 
theoretical) work on transitions in SD mechanisms has identified a variety of 
evolutionary phenomena that may promote or inhibit these processes described in 
my introduction. Despite providing a solid foundation for studying the evolution of 
SD, existing models of SD transitions are generally limited due to simplifying 
assumptions which can be overly restrictive and/or may not be fully validated. First, 
SD genes affect the evolution of nearby genomic regions and vice versa (van Doorn 
& Kirkpatrick, 2007, 2010), but this concept has not been fully explored. It is 
becoming increasingly clear that individual fitness and, by extension, adaptive 
evolution often has a complex genetic basis (e.g. (Hoban et al., 2016)). Second, 
many SD mechanisms involve a collection of interacting genes, yet these underlying 
mechanisms are often simplified to a system where sex is determined by 
presence/absence of a dominant allele at a single sex-determining locus that is 
replaced by a second locus with similar properties. Rather than being strictly 
dichotomous, sex is generally considered a threshold trait which commonly results 
in a male or female development; however, variation in SD genes and 
(environmental) perturbations of their activity may alter the outcome of this process 
so that these SD genes are in fact not fully dominant. It is not yet clear to what 
extent this affects the evolution of SD mechanisms. Third, multifactorial SD systems 
like that of M. domestica are poorly understood. Indeed, contemporary theories of 
SD evolution predict turnover in SD to occur in an identical manner throughout the 
entire population. Possibly, the evolution of multifactorial SD systems and simple SD 
systems (such as those described above) may be driven by the same evolutionary 
phenomena. For multifactorial SD the manner in which these phenomena affect SD 
transitions must however be more complex; this can be either that the selective 
pressures on SD genes must also work in a more complicated manner, or that these 
pressures are modulated by other phenomena in some yet unknown manner. Taken 
together, there is a rich body of work on transitions in SD mechanisms, but the 
complicated nature of SD and its consequences are generally inadequately 
addressed in existing models of SD transitions. 
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 In many systems, transitions in SD mechanisms are associated with turnover 
in sex chromosomes as the new SD gene arises on an autosome. Various theories 
have been proposed regarding the early stages of sex chromosome evolution (i.e. 
shortly after the turnover in SD mechanism), but many commonly-used model 
organisms harbour sex chromosomes that have long been established and therefore 
have been subject to genetic degeneration. This has led to the development of other 
model systems (e.g. Drosophila spp. (Zhou & Bachtrog, 2012a)) in which turnover 
has taken place more recently and degeneration is less severe. In species with 
multifactorial SD, crosses between populations or strains harbouring different SD 
genes allow for the de novo establishment of a sex chromosome pair. In particular, 
M. domestica may be amenable to such approaches because, in this species, 
(potential) SD genes are found on every chromosome. Such approaches however 
also require a framework for assessing fitness, which (1) takes into account sex 
differences in individual fitness and (2) can be applied to study existing theories of 
early-stage sex chromosome evolution (e.g. the ‘sexual antagonism’ theory). Further 
studies on sex chromosome evolution would thus benefit from the development of 
new experimental model systems including a proper framework for assessing fitness. 
 
Thesis overview 
 
Chapter 2: Making sense of intralocus and interlocus sexual conflict 
 
Sexual conflict arises in two main forms: intralocus and interlocus sexual conflict. 
Intralocus sexual conflict revolves around sex differences in the optimal phenotype 
and the associated genotype(s), and how this may result in conflicting selective 
pressures acting on loci that are shared between males and females. Interlocus 
sexual conflict occurs over the outcome of interactions between males and females 
with regard to reproduction. Both phenomena have a unique impact on the ecology 
and evolution of organisms, yet the distinction between them is often not sufficiently 
clear, resulting in errors in the design of experiments and interpretation of results. 
In this chapter, I outline the conceptual overlap between these two terms, as well 
as the various differences between them. 
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Chapter 3: Epistatic interactions between sex chromosomes and autosomes affect 
the stability of sex chromosomes systems 
 
Sex chromosomes originate from autosomes by evolution of SD genes, which over 
time become associated with sexually antagonistic genetic alleles as recombination 
becomes suppressed. Sex chromosomes generally comprise but a small portion of 
the genome, and may interact with their autosomal counterparts to affect fitness. 
However, existing models of transitions in SD mechanisms generally ignore such 
interactions, and instead assume that sex chromosomes only affect fitness due to 
direct fitness benefits of the SD gene or by enrichment for sexually antagonistic 
genetic variants. Here, I extend recent models of SD transitions by incorporating 
epistatic interactions between the sex chromosome and an autosomal locus, and 
assess under what conditions this impedes or promotes transitions between SD 
mechanisms. 
 
Chapter 4: Evolution of polymorphic sex determination system in heterogeneous 
environments 
 
SD mechanisms are commonly classified into environmental (ESD) or genetic (GSD) 
SD mechanisms. However, genetic processes are commonly affected by 
environmental conditions, and, in many species, sex can be determined by an 
individual's genotype at a certain locus, but where the sex-determining capacity of 
this locus may be overruled or otherwise affected by the environmental conditions 
in which an individual’s sex is determined. The impact of such genotype-by-
environment effects on individual SD and the evolution of SD mechanisms has not 
yet been theoretically investigated. In this chapter, I develop a model in which sex 
is determined by the activity of a genetic factor, which is in turn modulated by 
environmental conditions. I determine under what conditions novel SD variants may 
evolve, and how this can lead to intraspecific variation in SD along environmental 
gradients. Finally, I apply this model to illustrate how the polymorphic SD system of 
the housefly may have evolved via adaptive evolution. 
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Chapter 5: Establishment of baby-sex chromosomes using interpopulation crosses in 
the housefly Musca domestica 
 
Sex chromosome evolution results in the degeneration of the Y-/W-chromosome 
following the evolution of recombination suppression. This erodes signs of past 
(adaptive) evolution on these chromosomes so that our current understanding of 
early sex chromosome evolution is mostly theoretical. Previous work has sought to 
exploit naturally-occurring young sex chromosome systems to study these early 
stages using e.g. interspecific comparisons. In this chapter, I used a novel approach 
to generate young sex chromosomes by exploiting the multifactorial SD system of 
M. domestica. By introgressing autosomal M-factors from Italian populations into a 
Dutch genetic background, I managed to establish a new XY chromosome pair 
(baby-sex chromosomes), where the M-carrying autosome from Italian strains is 
converted into a baby-Y chromosome. This approach can be used in a repeatable 
manner and allows for sex chromosome evolution to be studied in real time. I 
additionally discuss how these baby-sex chromosomes may be used to test the 
'sexual antagonism' model of sex chromosome evolution. 
 
Chapter 6: Sex-specific fitness in the housefly Musca domestica 
 
Fitness plays an essential conceptual role in evolutionary biology, but understanding 
how individual fitness is achieved and even maximized is generally difficult or even 
impossible as it is unclear which selective pressures affect individuals and to what 
extent they do so. Moreover, these selective pressures may not be constant, but 
rather different individuals may face different selective pressures. Fitness is 
optimized under different conditions for males and females. In this chapter, I discuss 
conceptual issues regarding estimating fitness in general and sex-specific fitness in 
particular. Based on the sex roles in the housefly, the development of sex-specific 
fitness proxies are discussed. Furthermore, artificial selection for increased female 
fitness (based on a fitness proxy) is used to illustrate the applicability of such proxies. 
 
Chapter 7: Discussion  
 
This chapter contains the final summarizing discussion of this thesis. 
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Abstract  
 
Sexual conflict occurs because males and females are exposed to different selection 
pressures. This can affect many aspects of female and male biology, such as 
physiology, behavior, genetics and even population ecology. Its broad impact has 
caused widespread interest in sexual conflict. However, a key aspect of sexual 
conflict is often confused; it comprises two distinct forms: intralocus and interlocus 
sexual conflict (IASC and IRSC). Although both are caused by sex differences in 
selection, they operate via different proximate and ultimate mechanisms. IASC and 
IRSC are often not clearly defined as separate processes in the scientific literature, 
which impedes a proper understanding of each form as well as of their relative 
impact on sexual conflict. Furthermore, our current knowledge of the genetics of 
these phenomena is severely limited. This prevents us from empirically testing 
numerous theories regarding the role of these two forms of sexual conflict in 
evolution. Here, we clarify the distinction between IASC and IRSC, by discussing how 
male and female interests differ, how and when sex-specific adaptation occurs, and 
how this may lead to evolutionary change. We then describe a framework for their 
study, focusing on how future experiments may help identify the genetics underlying 
these phenomena. Through this, we hope to promote a more critical reflection on 
IASC and IRSC as well as underline the necessity of genetic and mechanistic studies 
of these two phenomena.  
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Introduction 
 

Males and females are often exposed to different selective pressures, leading to sex-
specific adaptations, and resulting in sexual dimorphism in traits such as behavior, 
body size and coloration (Parker et al., 1972). The symbiosis between the two sexes 
is a crucial component of their biology, but the fact that they are selected towards 
different ends means that what is adaptive to one sex can be maladaptive to the 
other (reviewed in Kuijper et al. 2012). Owing to this interconnectedness, sex-
specific adaptation in one sex may not occur independently of the other sex, 
potentially sparking an evolutionary conflict between the sexes, which can come in 
two distinct forms: intralocus and interlocus sexual conflict. 

Intralocus and interlocus sexual conflict (abbreviated IASC and IRSC 
respectively) both stem from differences in selection between the sexes, but are 
otherwise vastly different processes. IASC occurs when males and females have 
optimal fitness for different genotypes at a given locus (Lande, 1980; Bonduriansky 
& Chenoweth, 2009; van Doorn, 2009), and can be defined as a conflict in selection 
pressures experienced by alleles at this locus, causing different alleles to be favored 
in males and females. IRSC occurs when males and females interact (e.g. during 
reproduction) but the male's and the female's fitness are maximized under different 
conditions (Parker, 1979; Chapman et al., 2003); IRSC is therefore defined as a 
conflict between male and female individuals over the outcome of interactions 
between them.  

These definitions already highlight an essential difference between IASC and 
IRSC. For IASC, the conflict is only apparent from a population genetics perspective, 
playing out on evolutionary time scales by shifts in allele frequencies in response to 
the tension of selective pressures acting on males and females, and therefore it has 
traditionally aligned to the field of evolutionary genetics (e.g. Lande, 1980; Rice, 
1984). For IRSC, however, the conflict clearly takes place between individual males 
and females, as the outcome between interactions between them directly impacts 
their fitness. As such, the biological impact of IRSC is more apparent in the context 
of male and female reproductive behavior. Consequently, IRSC has been mainly 
considered from a behavioral ecology perspective in which it is treated as a 
specialized form of selfish behavior (e.g. Clutton-Brock & Parker, 1995). In addition 
to this, many differences exist between IASC and IRSC in terms of rates of 



Chapter II 
 

40 

evolutionary change, how and when fitness costs occur, and how male and female 
biology is intertwined (see also Table 1). Despite IASC and IRSC having traditionally 
been considered from entirely different perspectives and the various other 
differences between them, they have over time been lumped together under the 
term "sexual conflict".  

Unfortunately, the lumping together of these two distinct phenomena can be 
confusing; IASC and IRSC are often not clearly distinguished from one another in 
the literature, making it difficult to discern which of these is discussed (Tregenza et 
al., 2006) (see also Box 1). Although the distinction between these two phenomena 
has been previously discussed (e.g. Chapman et al., 2003; Arnqvist & Rowe, 2005), 
the amalgamation of IASC and IRSC continues to be a source of confusion, 
particularly for those new to these topics or who are only familiar with IASC or IRSC. 
Given that IASC and IRSC can influence many processes and therefore be of interest 
to numerous biological disciplines, a proper understanding of these phenomena may 
be beneficial even to those who do not work directly on these phenomena. 
Therefore, it is necessary to be aware of and account for the distinction between 
IASC and IRSC, not only in the literature, but even more so when designing 
experiments or interpreting results. Without this, experimental designs may lead to 
confounding interpretations of the results, or we may fail to formulate a proper 
explanation for these results. In turn, this leads to more misunderstanding about 
IASC and IRSC. Furthermore, although both 'intralocus' and 'interlocus' emphasize 
the role of genes in these conflicts, we still know very little about the genes involved. 
IASC and IRSC differ vastly in the underlying genetic architecture, and concomitantly 
in the relationship between genetic variation, sex, and individual fitness. This in turn 
results in different predictions regarding the evolutionary dynamics under IASC and 
IRSC. To test these theories empirically, it is essential that we learn which genes are 
involved in each conflict. Therefore, for future research on IASC and IRSC, it is 
necessary (1) to design experimental procedures that are tailored specifically to the 
conflict under investigation, and (2) to focus on unravelling the genetics that underlie 
these phenomena.  

Here, we will focus on the distinction between IASC and IRSC as well as their 
genetic bases, by discussing (1) what intra- and interlocus sexual conflict entail; (2) 
how is fitness determined and how does sex-specific adaptation occur under each 
conflict; (3) how this translates into emergent evolutionary patterns; (3) how this is 
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achieved at the genetic level; and (4) how to design experiments to identify the 
genes involved. We hope to contribute to a better understanding of the rich but 
often confusing literature on intra- and interlocus sexual conflict, and to promote 
further study on the role of genetics in these phenomena. 
 

Table 1: IASC and IRSC are both caused by sex differences in selective pressures. Despite this common
origin, they show distinct differences in various conflict aspects involving among others fitness,
adaptation, and evolution.  

Conflict aspect Intralocus sexual conflict Interlocus sexual conflict 

Sexes are connected by Shared genome/genetic 
architecture for shared traits 

Reproduction 

Males and females have optimal 
fitness for  

Different values for a shared 
trait 

Different reproductive scenarios 

Conflict takes place over Genetic composition of loci 
affecting shared trait 

Outcome of reproductive 
interactions 

Conflict takes place because Selection favors different 
genotypes in males and females 

Reproductive success is 
maximized under different 
conditions for males and 
females 

Fitness is determined by Genotype × phenotype (sex) 
effect 

Phenotype (own) × 
environment (mate pool) effect 

Fitness costs are imposed on 
affected individuals by 

Inheritance Social (reproductive) 
interactions 

Fitness costs caused by high-
fitness individuals are imposed 
on 

Opposite-sex offspring (Potential) mates 

Adaptation occurs By spread of alleles with sex-
specific benefits 

By alleles that provide a benefit 
in the current social 
environment 

The same genes are involved in 
male and female adaptation 

Yes (by definition) Typically not (different genes 
are assumed to affect each sex) 

Potential for male-female 
coevolution 

Not predicted Yes (including Red Queen 
dynamics) 

Sexual dimorphism evolves due 
to 

Conflict resolution Conflict manifestation 
(escalation) 

Timescale Evolutionary Ecological (outcome of 
interactions) to evolutionary 
(adaptation to social 
environment) 
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Box 1: Pitfalls in discussing and identifying intra- and interlocus sexual 
conflict 

 
IASC and IRSC are distinct evolutionary phenomena which share a common 
origin in sex differences in exposure to natural and sexual selection (Table 1). 
Unfortunately, scientific literature is sometimes unclear or even incorrect in 
interpreting effects of IASC or IRSC. Despite the differences between these two 
phenomena, understanding the literature in which they are discussed can thus 
be quite challenging. Here, we outline some common pitfalls in the discussion of 
IASC and IRSC, and provide some guidelines about how to navigate around 
them. 

 
(1) Misinterpreting fitness benefits and costs. 

 
Sexual selection acts differently on males and females, and therefore it plays a 
role in both IASC and IRSC. Fitness is determined differently in both conflicts, 
and consequently adaptation not only occurs differently in males and females, 
but also occurs differently under IRSC and IASC. Unfortunately, this difference 
is not always taken into account, resulting in observed fitness effects being 
misinterpreted. Under IASC, sex-specific adaptation occurs as alleles with sex-
specific benefits spread in the population. The opposite sex experiences fitness 
costs when they carry these alleles. Effectively, this cost is a genetic load that 
an individual may inherit; this is also why IASC can cause negative heritability of 
fitness from one parent to its opposite-sex offspring. Under IRSC, sex-specific 
adaptation occurs as individuals of one sex evolve adaptations to the other sex. 
The opposite sex experiences fitness costs not because of a genetic load, but 
because they encounter mates to whom they have not yet adapted. This cost is 
thus not inherited, but imposed by the environment.  

The difference in how fitness costs arise can be used to separate IASC 
from IRSC. Consider for example a male with a high fitness, as defined by his 
reproductive success. The male's high reproductive success can be, amongst 
other reasons, due to adaptation under IASC (carrying alleles with male-specific 
benefits) or IRSC (utilizing a reproductive strategy that results in him successfully 
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manipulating female mates). If it is due to IASC, then his sons should experience 
similar benefits, whereas his daughters should experience fitness costs from 
inherited alleles. In effect, fitness benefits from IASC result in fitness costs to 
opposite-sex offspring. If the male has high fitness because of IRSC, then the 
costs are imposed on his mates. That is, the male is more effective at mate 
manipulation. Hence, females who mate with this male experience reduced 
fitness relative to females that mate with males that are lower fitness (and 
therefore less effective at mate manipulation). In short, fitness costs of IRSC are 
environmentally imposed and thus experienced by the mate of a high-fitness 
individual, whereas fitness costs of IASC are imposed by inheritance and thus 
experienced by opposite-sex offspring of high-fitness individuals. 

 
(2) Ambiguity and the misuse of sexual conflict. 

 
IASC and IRSC are often referred to as forms of sexual conflict in a broad sense 
(i.e. sexual conflict then refers to the pair of these two phenomena). For 
example, this is used somewhat superficially to reflect on the general principle 
of sex differences in selective pressures. Although its superficial usage is correct, 
it is at times also used in a narrow sense in lieu of IASC or, more commonly, 
IRSC (i.e. to refer to IASC or IRSC specifically). The result is often ambiguous, 
and blurs the lines between IASC and IRSC. Effects of IRSC or IASC are then 
attributed to sexual conflict in the narrow sense as used by the authors, which 
can create misunderstanding when they are interpreted as being attributed to 
'sexual conflict' in the broad sense. As a result, IASC-derived effects could be 
incorrectly attributed to IRSC or vice versa. The use of sexual conflict in the 
narrow sense is thus often insufficiently specific. Using the terms IRSC and IASC 
avoids such confusion. Which of these phenomena is discussed can often be 
inferred from the context in which they are used, for example by determining 
how said conflict affects fitness as described under (1). Nonetheless, the use of 
sexual conflict in the narrow sense is deprecated, and care should be taken when 
interpreting effects attributed to sexual conflict in general. 
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(3) Inconsistency in vocabulary between papers. 
 

Building on (2), stylistic differences between papers may present another source 
of confusion. For example, IASC is often referred to as sexual antagonism, with 
genes under IASC being called sexually antagonistic genes. Likewise, a sexually 
antagonistic trait is a trait that is selected on differently between males and 
females. However, similar terms are used elsewhere to describe phenomena 
related to IRSC. For example, male-female coevolution under IRSC is often called 
sexually antagonistic coevolution, or an IRSC-related phenotype or trait may be 
considered sexually antagonistic as its presence may benefit the carrier, but 
simultaneously be detrimental to its mates. The actual conflict that is discussed 
can again be inferred from the context in most instances (though often with 
quite some effort). For other cases, such phrases are accompanied by other 
errors (e.g. fitness effects are wrongly interpreted, or when sexual conflict is 
misused), making it increasingly hard or even impossible to properly determine 
which of these conflicts is being discussed. Whether or not the use of phrases 
such as 'sexually antagonistic traits' is preferable is subject to debate, as writing 
style boils down to be a matter of taste. Being aware that these phrases can 
hold different meanings can help prevent misunderstandings; when they are 
encountered, it is often wise to reflect and determine which conflict is being 
discussed. Likewise, when using them it is often best to explicitly state the 
conflict they refer to in order to avoid uncertainty.  

 
Intralocus sexual conflict 

 
What is IASC? 

 
Adaptive evolution occurs when selection leads to the spread of alleles that confer 
fitness benefits, and the purging of alleles that confer fitness costs. Although natural  
selection may generally affect both sexes in similar ways, sexual selection affects 
males and females differently because of inherent differences between their sex 
roles. Differences in selective pressures can cause a trait possessed by both males 
and females (e.g. body size) to be differently affected by selection between them 
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(Connallon & Clark, 2014). When the same gene (or genes) affects this trait in males 
and females, intralocus sexual conflict occurs, because different alleles for a shared 
gene are selectively favored in males and females (Figure 1A). The classical example 
of such a trait is the body coloration of guppy fish (Fisher, 1931), with drab coloration 
being favored in females whereas red coloration is favored in males. Drab coloration 
provides a benefit to females through natural selection, as drably-colored individuals 
experience reduced predation risk relative to red individuals (Godin & McDonough, 
2003). In males, drab coloration has the same benefits, but nonetheless red 
coloration is selectively favorable because females prefer to mate with red males 
(Brooks & Endler, 2001). Therefore red coloration confers a net advantage, as the 
positive effects of sexual selection outweigh the costs imposed by natural selection. 
Assuming body coloration is regulated by the same genes in both sexes, this leads 
to IASC because alleles for drab, inconspicuous body coloration are selectively 
favored in females, whereas alleles for red coloration are selectively favored in 
males. IASC thus occurs when males and females share a genome which is selected 
to accommodate two different phenotypes, and consequently is a conflict over the 
genotype that affects the phenotype under sexually antagonistic selection. 

 
Fitness and adaptation under IASC 

 
Under IASC, the relationship between genetic variation and fitness, and therefore 
adaptation, differs from standard conditions, in the sense that genetic variants do 
not have identical effects in all individuals but rather have conflicting sex-specific 
effects (Lande, 1980; Bonduriansky & Chenoweth, 2009). This has important 
implications for evolution through effects at the individual level (i.e. via the 
relationship between genotype and fitness) and by extension at the population level 
(i.e. via how individual fitness effects translate to the spread of alleles). On the 
individual level, IASC may play an important role in determining fitness, depending 
on the number of loci experiencing IASC as well as how strongly selection acts on 
these loci. An individual may experience high fitness when it carries alleles that 
benefit its sex, or low fitness when carrying alleles that are detrimental to its sex. 
To assess the role of IASC in an individual's fitness, it is necessary to determine if 
its genotype is associated with decreased fitness in opposite-sex carriers (van Doorn, 
2009).  
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Figure 1: Intralocus sexual conflict. (A) IASC occurs when males and females have different optimal
genotypes. Sex-specific selection affects males and females differently, resulting in different fitness
landscapes for traits between the sexes (blue and pink curves). Fitness is then maximized at different 
trait values in males and females. When trait values are encoded by the same gene(s) in males and
females, each sex has a different optimal genotype. Here, a single locus A with alleles A1 and A2 encodes 
the trait value; the optimal genotype for females is A1A1, but A2A2 for males. (B) Sex-specific adaptation 
under IASC leads to maladaptation in the non-focal sex. When allele frequencies are at equilibrium, both
A1 and A2 may be present in the population, leading to males and females having on average suboptimal 
fitness because for both sexes the optimal allele is not fixed. When the selective pressures on one sex
are increased (as shown here by selection for increased female fitness), the equilibrium between A1 and 
A2 may be disturbed, and the female-beneficial A1 allele may increase in frequency. Over time, this may
lead to the fixation of A1, and the average female fitness (pink curve) increases (relative to the average
fitness at equilibrium or unselected controls) to the optimal fitness wFA1A1, while the average male fitness 
(blue curve) decreases to the suboptimal wMA1A1 (relative to the average fitness at equilibrium or
unselected controls). Note that within populations, male and female fitness components must be equal
(assuming equal sex ratios), and that the changes in fitness can only be observed by comparing between
e.g. populations selected for increased female fitness and control populations. 
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This can be achieved by comparing the fitness of its same-sex and opposite- 
sex offspring. For example, a female with high fitness may carry a substantial 
number of female-beneficial (male-detrimental) alleles at loci under IASC. When 
transmitted to her offspring, these alleles will have positive effects on her daughters' 
fitness, but negative effects on that of her sons. Relative to a female with fewer 
female-benefitial alleles, the daughters produced by the high-fitness female will 
exhibit higher fitness, whereas her sons will have reduced fitness when compared 
to the sons of a female with lower fitness. Such sex differences in the heritability of 
fitness have been previously described in, amongst others, red deer (Cervus elaphus 
L.) (Foerster et al., 2007) and great tits (Parus major L.) (Poissant et al., 2016), 
suggesting the existence of genetic variation with sexually antagonistic fitness 
effects. Similarly, Innocenti & Morrow (Innocenti & Morrow, 2010) showed that for 
a large number of genes in Drosophila melanogaster Meigen, the correlation 
between gene expression level and fitness may be different for males and females. 
This suggests that IASC may indeed occur at these loci in the form of sexually 
antagonistic selection on gene expression level.. Although our knowledge of the 
identity of IASC loci remains limited, these results suggest IASC occurs across 
various organismal groups. As such, IASC may be a common phenomenon in 
sexually-reproducing organisms, but has remained poorly reported because in many 
systems it may be infeasible or even impossible to determine whether a given 
genotype has such negative effects in carriers of the other sex. 

Under IASC, sex-specific adaptation occurs when alleles spread in the 
population that are positively selected in one sex, despite being negatively selected 
in the other sex. As these alleles have adverse effects in the other sex, adaptive 
evolution in one sex can effectuate maladaptive evolution in the other sex (Lande, 
1980; Rice & Chippindale, 2001). In turn, counter-selection in the other sex can limit 
the rate of and extent to which a given allele at an IASC locus may spread. 
Theoretical models predict that this tradeoff between costs and benefits in the two 
sexes plays an important role in the spread and maintenance of alleles at IASC loci 
and whether or not this may result in stable polymorphism (Jordan & Charlesworth, 
2012; Charlesworth et al., 2014). The evolutionary dynamics at IASC loci are further 
influenced by various other factors, such as population structure (Connallon, 2015), 
reproductive systems, and the position of IASC loci in the genome (particularly with 
regard to genetic sex-determining factors; Jordan and Charlesworth 2012). Although 
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IASC may be resolved by various evolutionary processes (further discussed below), 
the scope for sex-specific adaptation via the spread of alleles with sex-specific 
benefits is often constrained. 

 
Separating the genetic architectures of male and female fitness is crucial to IASC 
resolution 

 
Ongoing IASC is characterized by male and female phenotypes being derived from 
the same genetic architecture, but it may be resolved when males and female 
phenotypes evolve to be regulated by different genes (reviewed in Mank 2017). 
Several genomic processes can contribute to such a separation. First, loci under IASC 
may undergo duplication, which allows for different paralogs to become expressed 
in males and females (Ellegren & Parsch, 2007; Connallon & Clark, 2011; Parsch & 
Ellegren, 2013). Following this, they may acquire a sex-limited role, as was recently 
found for the gene duplicates Artemis (Arts) and Apollo (Apl) in D. melanogaster 
(VanKuren & Long, 2018), which are involved in respectively egg elongation and 
spermatid individualization. Arts and Apl arose by duplication some 200,000 years 
ago, followed by Arts becoming predominantly expressed in females, whereas Apl 
became active mostly in males. Moreover, both genes acquired mutations that 
benefit the sex in which they are expressed. Misexpression of either gene in the non-
benefitting sex results in reduced fitness, confirming that both genes are indeed 
sexually antagonistic. A similar but less complex solution is when IASC occurs solely 
over the expression level of a gene, in which case the same locus may be 
differentially expressed due to sex-specific regulation. Aside from sex-limited 
expression (i.e. a gene is only expressed in one sex), this may also include 
quantitative sex differences in gene expression levels, both of which occur 
abundantly in many species (Parsch & Ellegren, 2013). Although not all of these 
genes may have at one point been subject to IASC, it is nonetheless likely that these 
differences reflect to some degree sex-specific adaptation to divergent selective 
pressures. 

A second possibility for conflict resolution is via alternative splicing of pre-
mRNA, that may allow for males and females to derive different proteins from a 
shared gene (McIntyre et al., 2006). For example, alternative splicing is central to 
sex determination in many insects, in which genes such as doublesex and fruitless 
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(fru) are commonly differently spliced in males and females (Burtis and Baker 1989; 
Ito et al. 1996; Ryner et al. 1996; Gailey et al. 2006; reviewed in Verhulst et al. 
2010; Meier et al. 2013; Geuverink and Beukeboom 2014). Some have argued that 
these genes were originally under sexually antagonistic selection, which has been 
resolved by the evolution of sex-specific alternative splicing (e.g. Pomiankowski et 
al. 2004). Though this remains unconfirmed, it is clear that such genes can 
negatively affect fitness when not correctly regulated. For example, fru mRNA in D. 
melanogaster is differently spliced between males and females, yielding amongst 
others one male-specific splice product. This encodes a protein (FRUM) that is 
essential to males as it is required for correct male neuronal development and 
expression of sexual behaviors (Ito et al., 1996; Ryner et al., 1996; Demir & Dickson, 
2005; Billeter et al., 2006). FRUM misexpression is highly deleterious in females as it 
induces them to express male courtship behavior and it dramatically reduces female 
fecundity (Demir & Dickson, 2005; Rideout et al., 2007). Alternative splicing of Fru 
pre-mRNA allows for the correct fru products to be expressed in each sex. Given the 
deleterious effects of incorrect splicing in both sexes, fru is an example of a gene 
that may have been under intralocus sexual conflict ancestrally, which was resolved 
by evolving alternative splicing in males and females.  

Third,  genes become linked to a sex-determining gene, which allows allele 
frequencies to shift between males and females. For example, a gene on the sex-
determining Y chromosome in mammals will only be transmitted to males and can 
therefore be selected to undergo selection for male-benefit without repercussion for 
female fitness. This process has even been proposed to drive the evolution of sex 
chromosomes (Rice, 1987a), as well as shifts in sex determination mechanisms 
(Rice, 1986; van Doorn & Kirkpatrick, 2007, 2010; Muralidhar & Veller, 2018). Rice 
(1998) experimentally induced the effects of sex linkage on sex-specific adaptation 
at IASC loci. Exploiting the genetic toolkit for D. melanogaster, he limited a haploid 
chromosome set to males for 41 generations, mimicking the inheritance pattern of 
Y-chromosomes. Male carriers of this chromosome set experienced increased fitness, 
whereas fitness of female carriers was decreased; this suggests that male-limited 
transmission resulted in the spread of male-beneficial/female-detrimental alleles on 
these chromosomes. IASC loci that become linked to a sex-determining allele may 
undergo sex-specific adaptation in a similar way. 
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Each of the three abovementioned mechanisms of conflict resolution results 
in the effect of a gene being permanently limited to one sex. This leaves such genes 
exposed only to the selective pressures experienced by individuals of this sex (Patten 
et al., 2013), and sex-specific adaptive evolution can occur without constraints 
imposed by counterselection in the other sex. The rate at which IASC can be resolved 
by these mechanisms, and whether specific mechanisms are favored under specific 
conditions are open questions with regard to IASC. To answer such questions, it is 
necessary to identify genes that were previously under IASC and where it was 
resolved, or genes that are currently under IASC (Mank, 2017).  

 
Future research on IASC 

 
Because IASC has proven difficult to detect in many systems, there has been 
relatively little empirical work on this subject, and theoretical considerations have 
dominated its study. Our lack of knowledge regarding IASC genes means testing the 
predictions made by theoretical models is virtually impossible. Ongoing 
developments in sequencing technologies may prove useful when combined with 
artificial selection or experimental evolution approaches.  

Experimental procedures that aim to uncover the genes involved in IASC 
should first focus on unravelling which genes affect male fitness, which genes affect 
female fitness, and which affect both. This requires designing experimental 
procedures that can bias the rate at which sex-specific adaptation occurs, i.e. the 
extent to which sex-specific selection can affect evolutionary change. For example, 
restricting chromosomes to one sex (sensu Rice 1992, 1998) prevents them from 
being affected by selection in the opposite sex. Through this, a chromosome that is 
passed for example through males should become enriched for male-beneficial 
(female-detrimental) alleles. Alternatively, artificial selection for increased fitness in 
one sex may increase the frequency of alleles at IASC loci that benefit the focal sex 
(Prasad et al., 2007; Bonduriansky & Chenoweth, 2009). However, this requires 
selection regimes tailored to fit the sex under selection, as male and female fitness 
are constrained by different factors and hence must be assessed differently. For both 
types of approaches, the role of IASC in any sex-specific adaptation can be assessed 
by comparing the fitness of males and females (Figure 1B). For example, when 
selection pressures are skewed to allow for increased effects of female-specific 
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selection, then females from the selected strain should exhibit increased fitness, 
whereas males should exhibit decreased fitness relative to males and females from 
unselected control populations. Increased fitness in the focal sex combined with 
decreased fitness in the opposite sex indicates that sex-specific adaptation occurred 
at loci under IASC. Screening strains with male-biased and female-biased adaptation 
may lead to the identification of loci that evolve differently between strains (relative 
to unbiased controls), which represent candidate IASC genes. Unravelling the 
genetic architecture of IASC is a vital step to further our understanding of the role 
of this conflict in causing evolutionary change.  

 
Interlocus sexual conflict 

 
What is IRSC? 

 
Male-female differences in potential for and limitations in reproduction lie at the root 
of IRSC, which can be broadly defined as the conflict between two compatible mates 
over the course and, by extension, the outcome of a (potential) reproductive 
interaction between them. Males and females can take on distinctly different roles 
in reproduction, and although they both benefit from reproduction by the production 
of offspring, they may experience different costs depending on their investment into 
each offspring (Chapman et al., 2003; Kuijper et al., 2006; Gowaty, 2012). 
Consequently, sexual reproduction requires the interaction between two parties with 
distinct reproductive capacities and concomitantly, distinct interests.  

Classically, IRSC is considered in the context of male promiscuity versus 
female choosiness, and is often illustrated by a female refusing to mate with a certain 
male, and subsequent attempts by the male to subvert the female's decision (Parker, 
1979). IRSC may however occur at any point in mate-mate interactions; conflicts 
may arise over e.g. the use of sperm (Pitnick & Hosken, 2002), egg-laying rates 
(Pischedda et al., 2011; Carrillo et al., 2012), female remating behavior (Parker, 
2006), or parental care (Trivers, 1972). The key component in all cases of IRSC is 
that males and females reap optimal fitness under different, mutually exclusive 
outcomes. As males and females interact under IRSC, each is selected to achieve 
the outcome that is most favorable to themselves, even if this negatively affects the 
fitness of its mate. 
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IRSC as a social phenomenon in ecology and evolution 
 

In the context of IRSC, fitness is not intrinsically determined by one's genotype, but 
instead is a socially-influenced characteristic (Moore & Pizzari, 2005; Schneider et 
al., 2017). Fitness can be defined as the ability to achieve favorable outcomes in 
interactions with compatible mates, which can be realized either by successfully 
manipulating mates or by resisting manipulation by mates. Although IRSC-related 
manipulations may be quite cryptic, such as when females bias sperm usage as seen 
in D. melanogaster (Lüpold et al., 2013), other manipulations are blatantly obvious, 
such as traumatic insemination in bed bugs (Cimex lectularius L.) (Stutt & Siva-Jothy, 
2001). Because the classic example of IRSC is that of male promiscuity versus female 
choosiness, male behaviors are sometimes classified as "persistence" behaviors 
whereas female behaviors being labelled "resistance" behaviors (e.g. Arnqvist & 
Rowe, 2005). However, as mentioned above IRSC may occur over other matters as 
well, and in other instances it might be the female who persists in some way whereas 
the male will be the one resisting the female (e.g. by trying to get him to invest 
more time and energy in parental care). We therefore promote a different 
terminology,  IRSC-related behaviors in one sex are referred to as "manipulations" 
and the corresponding counteractions in the other sex are referred to as 
"counteradaptations". We use "manipulate" here to denote the suite of actions an 
individual may perform to maximize its fitness, rather than to suggest that all such 
actions may be subtle or sneaky. As is already implied above, the success rate of a 
given manipulation depends on whether the mate can resist manipulation or not 
(Parker, 1979). Assuming manipulations have a genetic basis (see also below), a 
novel successful manipulation will spread in the population – effectively, this 
represents sex-specific adaptation under IRSC (Holland & Rice, 1998; Rice, 2000). 
As it spreads, individuals of the other sex become more frequently exposed to it, 
and are therefore less likely to achieve a favorable outcome. Selection then favors 
counteradaptations in the 'maladapted' sex that confer resistance to this 
manipulation. An individual's fitness is therefore always context-dependent under 
IRSC; reaching its favored outcome depends not only on its own actions (i.e. 
performing a manipulation), but also on that of the mate (resisting the manipulation 
or not).  
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This principle can be extended from the individual level to cover males and 
females as distinct groups, in that each sex evolves in relation to the other sex and 
vice versa (Moore & Pizzari, 2005). The pool of individuals of one sex with which a 
given individual may mate (or more specifically, the manipulations utilized by them) 
effectively forms the selective environment to which the other sex is exposed and 
vice versa (Rice, 1996b, 2000). When one sex evolves, this changes the selective 
pressures acting on the other sex to resist the novel manipulation. Male-female 
coevolution reflects ongoing competition between the sexes to acquire control over 
reproduction, and is therefore often referred to as an arms race between them. The 
principle of male-female coevolution is perhaps most apparent in the context of two 
differentiating populations, in which case males and females of one population 
coevolve with each other, but not with those of the other population. Consider two 
populations A and B that are isolated from each other; females from A interact with 
males from A, and likewise females from B interact with males from B. Consequently, 
over time males and females from A become co-adapted to each other, as do females 
and males from B (Parker & Partridge, 1998). When individuals from A and B meet, 
the low level of co-adaptation may reveal hitherto cryptic IRSC phenotypes (Rowe 
et al., 2003). That is, interpopulation breeding may yield markedly different numbers 
of offspring than intrapopulation breeding, owing to low levels of co-adaptation 
between males and females. For example, reduced offspring numbers might be 
produced if males are unable to exploit females. This has also been suggested to 
represent an incipient stage of speciation, in which reproductive isolation occurs 
between populations due to divergent evolutionary trajectories driven by male-
female coevolution (reviewed in Parker and Partridge 1998). Inversely, manipulation 
by one sex may be highly successful because the other sex has not evolved to the 
corresponding counteradaptation. Such effects are seen for example in the housefly 
Musca domestica L. (Andrés & Arnqvist, 2001), in which females mated to males 
from other populations generally exhibited higher oviposition rates than females 
mated to males from their own population. As this example illustrates, the selective 
environment in which individuals of one sex evolve is determined by the individuals 
of the opposite sex that they may encounter; sex-specific adaptation of one sex 
directly alters the environment to which the other sex is selected to adapt. 
Consequently, male-female coevolution is a cornerstone feature of the evolutionary 
impact of IRSC (Rice, 2000).  
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Figure 2 Evolutionary change under IRSC can promote ongoing diversification in different ways. When
males and females have different interests in reproduction, they both may express certain phenotypes
(i.e. manipulations or counteradaptations) to achieve an outcome that increases their own fitness even
when this decreases the fitness of their mates. (A) Male-female coevolution promotes ongoing change at
a pair of loci which encode sex-specific phenotypes. Here, the male and female phenotype are determined
by respectively a locus A and a locus B. Invasion of a novel allele A2 at locus A can invoke the spread of
a new allele B2 at locus B, which itself can cause a second new allele A3 to spread at locus A, Repetitions 
of this process can lead to alternating evolution at loci A and B. (B) New genes may acquire a role in
IRSC, after which selection will favor the evolution of a correlated response in the other sex via alteration
of genes underlying the interacting phenotype. Here, males and females originally express no sex-specific 
phenotypes that affect IRSC, and all potential IRSC loci (A through D) are fixed for their "naïve" allele
(A1 to D1, white). At some point, a new allele A2 at locus A spreads that confers a manipulation phenotype
in males through its interaction with B in females. This triggers the spread of a counteradaptive allele B2 

to negate the effect of A2. Similarly, loci C and D may eventually become involved as well when a
manipulation allele spreads on C. Note that the evolutionary dynamics at the interacting loci A and B as 
well as C and D here are simplified, and that they may also follow those as described under (A), such
that newly-evolved IRSC loci may also come to exhibit ongoing turnover of alleles. (C) Fitness of males
and females during coevolutionary bouts of male adaptation-female counteradaptation. 
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Ongoing male-female coevolution promotes novelty in two ways: by changing 
existing manipulations, or by evolving novel manipulations altogether (Figure 2). In 
both cases, counteradaptations are expected to evolve to match newly-evolved 
manipulations. When selection simply favors alteration of existing manipulations 
(e.g. because of IRSC being mediated in a match/mismatch type of manner), 
perpetual coevolution can occur between male and female traits such that they are 
constantly changing, which may even lead to Red Queen dynamics (for a more 
thorough discussion of Red Queen dynamics under IRSC, see Brockhurst et al. 2014). 
An alternative fate for newly-evolved manipulations is that they are negated by 
subsequent evolution of counteradaptations. In such cases, rather than having 
continuous coevolution between the sexes, this instead may occur in distinct bouts. 
Regardless of the fate of a newly-evolved manipulation, the key principle for 
evolutionary change under IRSC remains the same: evolution of one sex alters the 
selective environment to which the other sex is exposed, thereby influencing 
evolutionary change in this other sex as well, which together can promote continuous 
evolutionary change in both sexes. 

Obviously, existing manipulations at one point evolved as novel manipulations 
(see e.g. Figure 2 in Holland and Rice 1998). Manipulation phenotypes may evolve 
de novo when these exploit a pre-existing bias (e.g. sensory) in the other sex (Arak 
& Enquist, 1993). Here, 'bias' does not necessarily imply preference, but instead 
should be considered simply as a component of the mate's biology that is susceptible 
to manipulation. For example, Sex peptide (SP) in D. melanogaster encodes a 
seminal fluid protein that is transferred from males to females during reproduction 
(Chapman et al., 1995). There, it binds to Sex peptide receptor (SPR), which is 
expressed in the brain and in various female reproductive tissues (Yapici et al., 
2008). The SP-SPR interaction affects several processes involved in the female's 
post-mating response, most notably oogenesis and sperm usage (Liu & Kubli, 2003; 
Chow et al., 2010); effectively, this allows males to influence female behavior. 
Although SPR was originally named for its interaction with SP, its presence in species 
lacking SP suggests that it may also have other functions; indeed, SPR interacts also 
with a range of myoinhibitory proteins (Kim et al., 2010). Presumably, SP evolved 
because it allowed males to manipulate female reproductive behavior, even though 
its receptor SPR was not originally involved in this component of female biology. 
Other IRSC phenotypes may evolve in a similar fashion, as male and female 
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phenotypes together produce emergent pleiotropic effects on the outcome of 
interactions between two compatible mates. 

 
IRSC is subject to constant change in its underlying genetic architectures 

 
The potential for new manipulations to evolve and for existing phenotypes to change 
also leaves its marks on a genetic level. Genetic models for IRSC assume that a given 
locus A affects the manipulation performed by males, and a second locus B affects 
that of females (e.g. Rice and Holland 1997; Rice 2000), such as SP and SPR 
described above. The outcome of reproductive interactions is determined by the 
interaction between the female and male phenotypes. Genetic variation at A is under 
selection in males, with genetic variants that result in a more successful male 
phenotype (i.e. ones that are more likely to achieve a male-beneficial outcome) are 
under positive selection, and likewise for locus B in females. A and B are commonly 
assumed to have no function in respectively females and males, and would therefore 
be selectively neutral in these sexes. Following the example of SP and SPR, we would 
then expect that genetic variation for SP is only under selection in males, and SPR 
is only under selection in females. Note that this need not necessarily be the case, 
and alleles that are advantageous to one sex may be disadvantageous to the other, 
resulting in these IRSC loci being involved also in IASC; we discuss this scenario in 
Box 2. Sex-specific adaptation occurs when alleles for successful male strategies 
spread at locus A or when alleles for successful female strategies spread at locus B 
(Rice, 1998). As a consequence of male-female coevolution, sex-specific adaptation 
at locus A may also trigger the spread of other alleles at locus B (e.g. Clark et al. 
2009). Thus, similar to how interacting phenotypes evolve under IRSC, the genes 
encoding these phenotypes are also expected to coevolve. 

As previously discussed, IRSC can promote the evolution of novel 
manipulation phenotypes, which also means that genes can become involved in 
IRSC. Prior to the evolution of SP, SPR presumably did not play a role in IRSC in 
Drosophila spp. When SP arose, both it and its target receptor SPR became involved 
in IRSC. Through such evolutionary developments, IRSC might lead to the evolution 
of numerous such manipulations, and therefore the genetic basis of IRSC can grow 
more and more expansive.  



Making sense of sexual conflict 
 

57 

As new manipulations evolve, new counteradaptations may also evolve, which 
can lead to two evolutionary scenarios. First, when modification of the initial 
manipulation allows it to subvert the counteradaptation, this can lead to ongoing 
coevolution between them. On the genetic level, the underlying loci for both these 
phenotypes tend to have high evolutionary rates (such as seen in genes with a 
reproductive function (Haerty et al. 2007; reviewed in Swanson and Vacquier 2002) 
and may harbor higher levels of genetic variation (e.g. Hall et al. 2010). Second, if 
variations on the initial manipulation phenotype have no such effects, then the 
counteradaptation simply negates the action of the manipulation. Although the rate 
at which either phenotype evolves may initially be high, the absence of coevolution 
means that the underlying genes exhibit neither the high evolutionary rates nor the 
elevated genetic variation. The key principles of evolutionary change in IRSC 
genetics are therefore that (1) diversification occurs in which genes are involved in 
IRSC, and (2) the involved genes can be constantly evolving (when the phenotypes 
they encode do so), sometimes at substantially higher rates than genes that are not 
involved. 
 

Box 2: Can genes be involved in both IASC and IRSC? 
 

Sex-specific adaptation under intra- or interlocus sexual conflict is commonly 
considered only in isolation, in that typically only one of these phenomena is 
studied. However, both processes may involve, at least to some extent, the same 
genes, particularly considering that both IASC and IRSC are likely to involve traits 
involved in reproduction (Stewart et al., 2010). Traits that are affected by 
selection as a consequence of interlocus sexual conflict (e.g. when a larger body 
size in males results in an increased ability to coerce females to mate) may also 
be involved in intralocus sexual conflict (e.g. if females experience optimal fitness 
at smaller body sizes) (Pennell & Morrow, 2013). If body size is then controlled 
by the same genes in both sexes, then they are involved in both intra- and 
interlocus sexual conflict. More generally, an allele with sex-specific benefits 
through interlocus sexual conflict may be involved in intralocus sexual conflict 
when it is detrimental to the fitness of opposite-sex carriers (Table 2). Interlocus 



Chapter II 
 

58 

sexual conflict may then even drive the divergence in optimal trait values 
between the sexes, thereby sparking intralocus sexual conflict.  

When traits are involved in both IASC and IRSC, this may also lead to 
different evolutionary dynamics relative to when these genes would only be 
involved in one of these processes (Pennell et al., 2016). For example, IRSC may 
produce arms races between males and females which could result in escalatory 
evolution of the traits involved (i.e. manipulations and counteradaptations). 
Pennell et al. (2016) developed a model in which the outcome of male-female 
interactions was determined by the difference between the level of persistence 
exhibited by males and the level of resistance exhibited by females (similar to 
Rowe et al., 2005), with larger differences being more beneficial to males but 
detrimental to females. In the absence of IASC, this model could produce a 
variety of outcomes, including continuous cyclical coevolution and escalatory 
coevolution between male and female traits, depending on factors such as the 
strength of selection. Under conditions that would otherwise result in escalatory 
evolution, Pennell et al. (2016) showed that IASC may acts as a form of balancing 
selection in the vicinity of evolutionary equilibria, thereby preventing male-
female coevolution from causing escalatory evolution of male persistence and 
female resistance. Interestingly, when the outcome of IRSC was modelled based 

Table 2 The strength and sign of selection acting on alleles may differ between males and females,
resulting in different evolutionary trajectories. Positive selection in either sex results in it spreading
by natural selection, whereas negative selection results in its loss. Intralocus sexual conflict occurs
when both these effects occur in that an allele experiences positive selection in one sex, but negative
selection in the other (grey cells). When alleles are selectively neutral in both sexes, their spread or
loss occurs solely through genetic drift. Alleles that increase an individual's fitness through interlocus
sexual conflict are positively selected in at least one sex; if its influence on the fitness of opposite-
sex carriers is negative, it is also involved in intralocus sexual conflict. 

  Selective effect in females 

 + 0 - 

Selective 
effect in 
males 

+ 
Spread through natural 
selection 

Spread through natural 
(sex-specific) selection 

Intralocus sexual 
conflict 

0 
Spread through natural 
(sex-specific) selection 

Neutral evolution 
Purged through natural 
selection 

- 
Intralocus sexual 
conflict 

Purged through natural 
selection 

Purged through natural 
selection 
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on the complementarity between male and female traits (rather than the 
difference between them), IASC could also prevent the system from reaching 
equilibria, resulting instead in cyclical patterns of coevolution in which the sign 
of selection acting on male and female traits switches before reaching stable 
values. As such, the interaction between IASC and IRSC may yield surprising 
dynamics depending on the mechanisms by which these phenomena affect the 
traits involved.  

 
Future research on IRSC 

 
Owing to its potential as a driver of evolutionary change, IRSC has garnered 
substantial interest from evolutionary biologists. Perhaps unsurprisingly, despite 
multitudes of predictions on its evolutionary dynamics, we still know little about the 
mechanisms that mediate male-female conflicts, i.e. which phenotypes are the actual 
manipulations or counteradaptations that are currently involved in IRSC. IRSC 
phenotypes may be cryptic, either in the sense that the phenotype is difficult to 
observe (e.g. secretion of harmful seminal fluid proteins; Chapman et al. 1995; 
Birkhead and Pizzari 2002), or that the effect of a previously-evolved trait in one sex 
is masked by correlated evolutionary responses in the other sex (e.g. when a 
counteradaptation negates its effects; Andrés and Arnqvist 2001; Rowe et al. 2003). 
Moreover, ongoing IRSC can promote the evolution of more and diverse 
manipulation phenotypes, and IRSC may be mediated by multiple male and female 
phenotypes. For example, in D. melanogaster, the last male to mate with a female 
usually sires the majority of her offspring through last male sperm precedence 
(LMSP) (Manier et al. 2010; reviewed in Pitnick and Hosken 2002). Female remating 
reduces the proportion of offspring sired by a given male, who are thus selected to 
inhibit such behavior. Males have evolved several adaptations to do so, such as the 
transfer of SP during mating described above, but e.g. also by depositing anti-
aphrodisiac pheromones (AAPs) onto the female during copulation (Zawistowski & 
Richmond, 1986). These render her unattractive to other males, who are less 
inclined to court such a female, thereby increasing the likelihood of paternity of the 
first male over her offspring. Although this may benefit the male, the female's fitness 
is not maximized under these conditions. Recent findings indicate females may use 
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several countermeasures to subvert male attempts to maximize their own fitness 
through LMSP. Females can actively shed AAPs to restore their sexual attractiveness 
(Laturney & Billeter, 2016). Moreover, although LMSP is extensively documented for 
twice-mated females, LMSP is reduced when females mate with three or more males 
(Billeter et al., 2012). In thrice-mated females who remated sooner (i.e. those with 
reduced remating latencies), the effects of LMSP were even further reduced, though 
these effects were not found in twice-mated females (Laturney et al., 2018). By 
altering their mating behavior, females may modulate the effects of LMSP, and 
therefore can have an active role in biasing the paternity among offspring instead of 
passively undergoing male manipulation. As these examples illustrate, the conflict 
over female mating behavior has led to the evolution of various male manipulations 
and counteradaptations in D. melanogaster. It also highlights the necessity for 
studies on IRSC to integrate various phenotypes expressed by either males or 
females, and to analyze if and how the expression (or lack thereof) of certain 
phenotypes affects opposite-sex fitness. Although complete phenotypic surveys may 
be far from tractable, male and female phenotypes need to be more thoroughly 
investigated to understand when and how they may have a role in IRSC. Future work 
on IRSC should also seek to determine how these mechanisms themselves may be 
liable to evolutionary change. In this light, understanding the function of the 
multitude of reproduction-related phenotypes displayed by males and females, and 
how these affect the other sex will be essential.    

 Considering that the IRSC phenotypes are often not fully understood, it 
should come as no surprise that we know even less about the genetic basis of these 
phenotypes. Artificial selection and experimental evolution procedures, combined 
with genomic and/or transcriptomic approaches, may be powerful tools to identify 
which genes are involved in IRSC, similar to how they may be used to do so for 
IASC. Here, however, the social nature of IRSC must be taken into account, as 
outcomes of reproductive interactions are affected by genetic variation in both males 
and females alike (Schneider et al., 2017). This calls for approaches in which 
variation in both sexes is explicitly included in studies (e.g. Chow et al. 2010), but 
can also be achieved using approaches in which genetic variation in one sex is 
artificially negated (e.g. Rice 1998). Following the process of sex-specific adaptation, 
genomic and transcriptomic sequencing can be applied to identify candidate loci that 
show signs of adaptive evolution. Confirming the involvement of these loci in sex-
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specific adaptation under IRSC requires not only demonstrating that they increase 
fitness of the bearer, but also that they decrease the fitness of its mates. Both these 
fitness effects may however be context-dependent, and therefore it is necessary to 
first test for these effects in conditions under which sex-specific adaptation took 
place (i.e. by testing focal individuals together with mates from the non-coevolving 
population). Similarly, it remains to be tested whether  sex-specific adaptation under 
IRSC is prone to occur at the same loci, or whether different replicate experiments 
may yield substantially different results. Altogether, future research on IRSC should 
be aimed at (1) identifying which phenotypes play a role in male-female interactions, 
(2) determining how these phenotypes are encoded on a genetic level, and (3) 
understanding how the social environment drives evolutionary change in these 
genes. 

 
Conclusion 

 
The observation that males and females are differently selected upon can result in 
two evolutionary conflicts between the sexes: IASC and IRSC. Although they are 
both caused by conflicting sex-specific selection, adaptation to these selective 
pressures occurs differently under IASC than under IRSC. Consequently, the 
resulting evolutionary dynamics, as well as the impact on the genomic level, also 
differ between them. Here, we have discussed IASC and IRSC, and the differences 
between them, to promote a more critical reflection on these phenomena in past, 
present, and future work. We present this clarification to enable others to make 
sense of these two forms of sexual conflict. 

Theoretical explorations of IASC- and IRSC have yielded a variety of 
predictions on their evolutionary dynamics. Testing these hypotheses will require in-
depth knowledge of the genes involved in the conflict under investigation. 
Determining how genetic variation in these genes relates to differences in fitness 
will be crucial to understanding when, how, and at what rate sex-specific adaptation 
occurs. Evolve-and-resequence approaches in which sex-specific adaptation is 
experimentally enabled may provide insights into the identity of genes involved in 
either IASC and/or IRSC. However, given the different conditions under which sex-
specific adaptation take place in these conflicts, care should be taken to discern 
between them in these procedures as to prevent confounding effects. In this regard, 



Chapter II 
 

62 

the difference in which fitness costs are manifest under IASC and IRSC makes it 
possible to distinguish between them to assess their role in sex-specific adaptation. 

Although sexual selection has been studied predominantly in species with 
separate sexes, the potential for and impact of these conflicts in other mating 
systems (i.e. involving hermaphrodites) receives substantially less attention, even 
though early work on sexual conflicts in such systems (e.g. Charnov, 1979) may 
have laid the groundwork for research on this subject in gonochorists (Schärer & 
Janicke, 2009). Gonochorism, in which individuals develop into either a male or a 
female, does by far not apply to all sexual organisms; instead, hermaphroditism and 
reproductive modes in which hermaphrodites coexist along males and/or females 
are commonly found in many large and important organismal groups such as plants, 
algae and lower metazoans (Bachtrog et al., 2014; Beukeboom & Perrin, 2014). Both 
IASC and IRSC may have a profound evolutionary impact in such species (see also 
Box 3).  

As mentioned at the outset, sexual dimorphism is typically considered as a 
consequence of sex-specific adaptation. Such adaptations may arise through both 
IASC and IRSC. Under the former, sexual dimorphism is a result of conflict resolution, 
whereas under the latter it is due to conflict manifestation. Its absence should not 
be interpreted as proof of absence of intra- or interlocus sexual conflict. Rather, it is 
possible that the former may have not yet been resolved, and the latter may not 
have yet developed. Developing research questions to investigate to what extent 
and at what rate both processes contribute to the evolution of sexual dimorphism 
will benefit from a thorough consideration of what IASC and IRSC actually entail. 
The key hurdle to achieving this will be the ability to account for the subtle 
differences in the origin of selection, and consequently the nature of sex-specific 
adaptation under both processes.  
 

Box 3: The scope for IASC and IRSC in different reproductive systems 
 

IASC and IRSC are evolutionary conflicts between males and females, and are 
commonly discussed in the context of gonochorism (or dioecy in plants). Many 
species are not gonochoristic (Bachtrog et al., 2014; Beukeboom & Perrin, 2014), 
and instead one individual may exhibit both male and female functionality, i.e. 
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simultaneous or sequential hermaphrodites. Aside from pure gonochorism and 
pure hermaphroditism, hermaphrodites and males and/or females may coexist 
to form yet other reproductive systems such as gynodioecy (Charlesworth & 
Charlesworth, 1978; Bachtrog et al., 2014). Although male and female 
reproductive functions can co-occur in one individual, this does not mean that 
IASC and IRSC are absent in non-gonochoristic species (Bedhomme et al., 2009). 
Instead, it is necessary to reconsider both as conflicts between male and female 
functions which may or may not be isolated from one another (Schärer & Pen, 
2013; Schärer, 2017). To understand the role of IASC and IRSC in non-
gonochoristic species, it is crucial to consider how these processes may involve 
hermaphrodites, and how their presence may influence the dynamics of IASC 
and IRSC (Schärer et al., 2014).  

 
Intralocus sexual conflict 

 
In hermaphrodites, a single genotype (and for simultaneous hermaphrodites, a 
single phenotype) needs to accommodate both the male and female sex function 
in one individual. IASC in hermaphrodites occurs when the male and female 
fitness components are maximized for different genotypes (Figure 1). In effect, 
this resembles a genetic constraint, in which alleles with positive effects on male 
reproductive function are associated with decreased female function or vice 
versa (Jordan & Connallon, 2014; Olito, 2016). On a population level, stable 
polymorphism at IASC loci may occur, with both male-beneficial/female-
detrimental and male-detrimental/female-beneficial alleles persisting in 
hermaphroditic populations (Jordan & Connallon, 2014; Olito, 2016). Effectively, 
some hermaphrodites then are "better males", whereas others are "better 
females". If and when such effects may favor the evolution of gonochorism 
(sensu Charlesworth and Charlesworth 1978) remains unanswered (Velzen et 
al., 2009).  

IASC in hermaphroditic systems is steadily attracting interest, but it has 
not yet been considered extensively in complex mating systems in which 
hermaphrodites coexist with males and/or females. Such systems may allow us 
to determine whether loci that affect tradeoffs between female and male 
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functions of hermaphrodites are also under sexually antagonistic selection in 
male and female individuals (and vice versa). If so, then an allele that for 
example increases the fitness of females but decreases that of males should 
likewise increase female fitness component in hermaphrodites whilst decreasing 
the male fitness component. Selection in females may then promote the spread 
of such alleles in e.g. a gynodioecious species, despite the negative effects on 
the male fitness component of hermaphrodites. Inversely, alleles that increase 
the male fitness component of hermaphrodites may spread due to similar effects, 
despite decreasing fitness in female carriers. The evolutionary dynamics of IASC 
loci in such systems relative to pure gonochoristic or hermaphroditic systems 
remains a topic of future research. 
 
Interlocus sexual conflict 

 
Like with gonochorists, IRSC in non-gonochoristic species occurs between two 
compatible mates whose fitness is maximized for different reproductive 
scenarios. Hermaphrodites can interact with males due to their female function 
(and vice versa), with females due to their male function, and with other 
hermaphrodites via both sex functions. In this light, it is better to think of IRSC 
as the conflict which occurs because the individual's male fitness component and 
the female fitness component of its compatible mate are maximized under 
different conditions. Different reproductive systems allow for different 
compatible mating pairs to be formed (Figure 3); hermaphrodites are however 
compatible with all other individuals, which allows them to engage in more types 
of interactions than single-sex individuals.  

Despite this difference, hermaphrodites are still subject to the same 
principles as gonochorists, in that the pool of compatible mates shapes the 
selective pressures to which an a hermaphrodite is exposed (Beekman et al., 
2016). Through the female fitness component, they are affected by interactions 
with individuals exhibiting the male sex function (males and other 
hermaphrodites), and they are similarly affected via the male fitness component  
by individuals exhibiting the female function. Additionally, the dual potential of 
hermaphrodites may also be subject to conflict, as a hermaphrodite's allocation 
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to the male and female sex role might be manipulated by its mates (e.g. Marie-
Orleach et al. 2017). As oogenesis is energetically more costly than 
spermatogenesis per gamete, hermaphrodites may seek to increase their mates' 
egg production (or more generally when one sex role is more costly than the 
other; Bedhomme et al. 2009). Inhibiting the male reproductive function may 
provide similar benefits by reducing 'male-male' competition in hermaphrodites 
(Beekman et al., 2016). This is seen in for example the great pond snail Linnaean 
stagnalis L., which transfer seminal fluid proteins (SFPs) during copulation. 
Exposure to SFPs in L. stagnalis reduces paternity success in subsequent mating 
attempts (Nakadera et al., 2014). Hermaphrodites may also be choosier as to 
whose sperm they use to fertilize their eggs. That is, they willingly transfer sperm 
to other hermaphrodites whilst refusing to accept sperm from their mates. 
Coevolutionary patterns such as observed in gonochorists are likely to occur in 
non-gonochorists as well, in the sense that adaptations that are beneficial to one 
sex function may evolve, and counteradaptations that benefit the other sex 
function arise in response. However, the different number and types of 
interactions that may take place in non-gonochoristic species may lead to yet 
other patterns of adaptive evolution as the embodiment of and relationship 
between these coevolving functions differs from gonochorists. 

 

Figure 3 Possible reproductive interactions under different reproductive systems. (A) Gonochorism;
(B) hermaphroditism; (C) gynodioecy; (D) androdioecy; (E) trioecy. Colored circles indicate presence
of that sex in the reproductive system; hashed grey circles indicate absence; arrows indicate mate
compatibility between sexes. 
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Abstract  
 
Sex determination (SD) is an essential and ancient developmental process, but the 
genetic systems that regulate this process are surprisingly variable. In some taxa 
(e.g. mammals), SD mechanisms are highly conserved, whereas in others (e.g. 
amphibians and fish) SD mechanisms are very diverse. Why SD mechanisms vary so 
much between groups is a longstanding question in evolutionary biology. SD genes 
are generally located on sex chromosomes which also carry genes that interact 
epistatically with autosomes to affect fitness. To what extent this affects the 
evolutionary stability of SD mechanisms is still unknown. Here, we explore how 
epistatic interactions between either an ancestral or a novel sex chromosome and 
an autosomal gene affect the conditions under which an evolutionary transition to a 
new SD system occurs.  We find that when the ancestral sex chromosome engages 
in epistatic interactions, epistasis enhances its stability so that the ancestral sex 
chromosome pair is retained under conditions where transitions would otherwise 
occur. This occurs both when weaker fitness effects are associated with the ancestral 
sex chromosome pair or stronger fitness effects associated with a newly-evolved SD 
gene. However, the probability that novel SD genes invade a population is unaffected 
if they arise near genes involved in epistasis. These results shed new light on the 
evolvability of SD mechanisms and the stability of some sex chromosome systems. 
Because sex chromosome-autosome interactions are abundant and can take several 
forms, they may play a large role in promoting the maintenance of sex 
chromosomes. 
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Introduction 
 
In sexually-reproducing species, the process of sex determination (SD) is an 
essential part of an individual's development, but the manner in which the sexual 
phenotype is set is far from conserved. An astounding variety of SD mechanisms has 
been described (Bachtrog et al., 2014; Beukeboom & Perrin, 2014); among 
organisms with genetic sex determination systems (GSD) there exists large variation 
in the genes and mechanisms that control the sexual phenotype. In most GSD 
systems, the primary SD gene lies on a sex chromosome, resulting in either male 
heterogamety (males XY, females XX) or female heterogamety (females ZW, males 
ZZ). In some organismal groups, the SD gene (and by extension, the sex 
chromosome pair) that determines sex is strongly conserved, such as the SRY gene 
and the XY system of therian mammals (Graves, 2006). However, other organismal 
groups exhibit substantially more variation, with different sex chromosome systems 
present in different species (Vicoso, 2019), such as in lizards (Ezaz et al., 2009; 
Pokorná & Kratochvíl, 2016), teleost fishes (Mank, 2009), and flies (Vicoso & 
Bachtrog, 2015). In addition to interspecific variation in SD mechanisms, intraspecific 
SD variation exists in several species, such as the southern platyfish Xiphophorus 
maculatus, in which X, Y, and W chromosomes are found (Orzack et al., 1980), and 
the housefly Musca domestica, in which some populations have an XY system and 
others a ZW system (Feldmeyer et al., 2008; Hamm et al., 2015). The variability of 
SD mechanisms between and within organismal groups suggests that evolutionary 
turnovers between SD systems occur readily (Vicoso, 2019; Meisel, 2020).  

 Various population genetic models have been developed for evolutionary 
turnovers in SD systems (reviewed in van Doorn, 2014), of which two are of most 
interest here. First, sex ratio selection can favour a new SD gene when it induces 
development into the sex with the higher fitness, typically the minority sex (Fisher, 
1930; Wilkins, 1995, but see Pen, 2006). Sex ratios can be biased due to e.g. sex 
chromosome meiotic drive (Jaenike, 2001; Kozielska et al., 2010), and selection can 
then favour a new SD gene that brings the sex ratio closer to 50:50. However, sex 
ratio selection can also favour rather than counteract deviations from equal sex ratios 
(Uller et al., 2007), and SD genes may also evolve when they actually cause such 
deviations (Kuijper & Pen, 2014). Second, linkage with sexually antagonistic (SA) 
loci has been proposed as a selective force in SD turnovers. As the regions flanking 



Chapter III 
 

72 

an SD locus are transmitted through males and females at different rates, SA loci 
can become genetically differentiated between the sexes. For example, a male-
determining allele might become linked to a male-beneficial allele (on a primordial 
Y-chromosome) whereas chromosomes lacking the male-determining allele can 
become enriched for female-beneficial alleles (X-chromosome) (Rice, 1984; Jordan 
& Charlesworth, 2012; Charlesworth et al., 2014). Effectively, the SA locus and the 
SD locus evolve to form a co-adapted gene complex, and depending on the fitness 
effects and degree of linkage of SA and SD loci, the new gene complex may spread 
(van Doorn & Kirkpatrick, 2007, 2010).  

The acquisition of an SD gene on a chromosome initiates a process of sex 
chromosome differentiation (reviewed in (Charlesworth et al., 2005; Bachtrog et al., 
2011; Schenkel & Beukeboom, 2016)). SA genes are expected to accumulate on the 
sex chromosomes along with the evolution of suppressed recombination on the Y-
chromosome (or the W chromosome in ZW systems) (Rice, 1987a, 1996a). 
Subsequent degradation and masculinization of the Y-chromosome can help stabilize 
the SD system, by preventing it from becoming either fixed or lost (Marin & Baker, 
1998). Overall, the stability of an SD mechanism can be affected by the association 
between the SD gene and nearby linked genes, and depending on the function of 
these linked genes different selective pressures may act on the SD gene.  

Models on the evolution of SD mechanisms often focus on direct selection on 
the SD gene or the sex chromosome on which it is located. However, sex 
chromosomes represent only a fraction of the genome and the autosomes typically 
make up the majority. Besides direct effects on the individual (e.g. by determining 
its sex), sex chromosomes may also have indirect effects through interactions with 
other (autosomal) genes, such as in humans (Bellott et al., 2014) and Drosophila 
melanogaster (Lemos et al., 2008; Jiang et al., 2010); in both species, the Y-
chromosome harbours multiple genes that extensively regulate X-chromosomal 
and/or autosomal gene expression, and thereby eventually affect fitness. The 
evolution of gene expression differences and dosage compensation in recently-
formed sex chromosome systems suggests that even from an early point on sex 
chromosomes may interact with autosomes to affect fitness (Lachance et al., 2011; 
Zhou & Bachtrog, 2012b; Archer et al., 2017). This is not surprising as sex 
chromosomes are thought to originate from autosomes (Ohno, 1967), and may prior 
to becoming sex chromosomes have been involved in autosome-autosome epistatic 
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interactions. Although SA genes may accumulate on the sex chromosomes, they 
could also remain on the autosomes but become regulated by sex-chromosomal 
genes that control their expression (Parsch & Ellegren, 2013). Thus, although the 
sex chromosomes represent a specialized part of the genome, they can have crucial 
effects on autosomal gene expression and individual fitness by interacting with other 
components of the genome. Whether and how these interactions can influence the 
stability of SD mechanisms has however not been investigated yet. 

Our aim is to investigate whether epistasis between autosomes and sex 
chromosomes can affect the stability of SD systems. We build on previous work by 
Van Doorn & Kirkpatrick (2007, 2010) who investigated the influence of SA loci on 
transitions between SD mechanisms. Their models focus on two unlinked SD genes, 
each of which is linked to an SA locus. This mimics a situation in which the ancestral 
sex chromosome pair has begun differentiating into a full-fledged sex chromosome 
as described above, but has not yet undergone extensive genetic differentiation; the 
novel SD gene then arises near an autosomal SA locus. Depending on the selective 
pressures acting on the SA loci, the new SD gene may then invade or not. Such 
transitions can be between identical sex chromosome systems (e.g. between 
different male heterogamety systems; van Doorn & Kirkpatrick, 2007) or between 
different types of sex chromosome systems (e.g. male heterogamety to female 
heterogamety or vice versa; van Doorn & Kirkpatrick, 2010). We focus here 
specifically on how epistasis alters the scope for turnover as predicted by these 
previous models. Thus, we investigate how epistatic interactions can affect the 
occurrence of SD transitions.    
 
Methods 
 
Model overview 
 
We provide here a conceptual description of our model; a more technical treatment 
is presented in the Appendix. We work with discrete, non-overlapping generations 
and random mating in a population with an infinite size. Offspring genotypes are 
determined based on Mendelian segregation whilst accounting for recombination, 
followed by viability selection based on their relative fitness. Our model features a 
diploid genome consisting of four different linkage groups (Figure 1A). The first three 
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linkage groups (XY, I, and II) each carry one SD locus and one SA locus, that 
recombine at a rate 𝑟 that can vary per linkage group. The fourth linkage group 
carries a single locus, called EPI, that interacts epistatically with the SA locus on XY, 
I, or II to affect male fitness. Each locus has two possible alleles (referred to as the 
non-focal and focal alleles). The non-focal allele corresponds to a recessive allele 
without phenotypic effects (generally denoted +), whereas the focal allele affects 
the sex (for SD loci) or fitness (for SA loci) of an individual. We refer to the focal 
alleles by the name of their respective loci; all allele frequencies reported represent 
the frequencies of these focal alleles.  

For the SD loci on XY and I, the focal allele constitutes a male-determining 
factor (Y and A respectively), whereas the SD locus on II corresponds to a dominant 
female determiner (W) which overrides the action of Y. The terms male and female 
are interchangeable, and hence the model also applies to e.g. competing female-

 
Figure 1: Model overview. (A) Genetic components of the model. All loci are labelled with their focal
allele. Recombination rates between the SD and SA loci are given by 𝑟 , 𝑟 , and 𝑟  for linkage groups 
XY, I, and II respectively. (B) SD transitions scenarios considered. Epistatic interactions between loci are
indicated in green. Only linkage groups which harbour SD genes involved in the transition and the linkage
group carrying the EPI locus are depicted. All scenarios start out with a population where Y is the ancestral
SD locus into which we introduce a new SD allele (either A or W). 
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determining genes or transitions from female to male heterogamety. The SD 
genotypes that can be formed under either Y→A and Y→W transitions and their 
corresponding sex are listed in Table 1.  

Genotypic fitness is defined as the relative viability of individuals carrying a 
particular genotype. An individual's fitness is determined by the genotype at the SA 
loci, whose effects depend on the individual's sex. Fitness effects of the focal allele 
at a single SA locus are determined by its fitness effect sizes in males and females 𝑠  and 𝑠  in homozygotes and additionally the sex-specific dominances for these 
effects in heterozygotes ℎ  and ℎ  (for details see Table 2). SAY and SAA both have 
positive effects in males (𝑠 > 0)  and inversely negative effects in females (𝑠 < 0). 
Conversely SAW has positive effects in females but negative effects in males (See 
Supplementary Table S1). A female's total fitness is given by the product of the 
fitness scores of all SA loci, i.e.: 

 
 𝑤   = 𝑤 × 𝑤 × 𝑤  (1a). 
  

Table 1: Possible genotype combinations for SD loci and the resulting sex of the individual. Under Y→A 
and Y→W the genotypes that can exist under each SD transition scenario are depicted. 

XY I II1 Sex Y→A Y→W 

+/+ +/+ +/+ Female ✓ ✓ 

Y/+ +/+ +/+ Male ✓ ✓ 

Y/ Y +/+ +/+ Male  ✓ 

+/+ A/+ +/+ Male ✓  

Y/+ A/+ +/+ Male ✓2  

+/+ +/+ W/+ Female  ✓ 

Y/+ +/+ W/+ Female  ✓ 

Y/ Y +/+ W/+ Female  ✓ 
1 The W/W genotype at II cannot be obtained in our model as the W allele cannot be transmitted through
males.  
2 A low frequency of A alleles is introduced by mutation across all genotypes present in the population at
that time; this results in small numbers of Y/+; A/+ individuals that decrease in frequency over time due
to producing a 75% sex ratio (compared to favoured 50% sex ratios for males with a single Y or a single
A allele). 
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Here 𝑤 , 𝑤 , and 𝑤  refer to the locus-specific fitness scores at the SAY, SAA 
and SAW loci. In males, epistasis can further affect fitness, and therefore their fitness 
is given by: 
 𝑤 = 𝑤 × 𝑤 × 𝑤 × 𝑤  (1b). 

 
Here 𝑤  represents the fitness effect of epistasis. This is the outcome of 
interactions between an SA locus and the EPI locus.  
 
Epistasis scenarios and epistatic fitness effects 
 
We let EPI interact with different SA genes to reflect situations in which either the 
established SD gene or the novel invading SD gene is linked to an SA locus that 
interacts epistatically with an autosomal gene. Epistatic interactions between EPI 
and an SA locus only occur in males, and their effects depend both on the genotype 
at the SA locus as well as the genotype at the EPI locus. We consider three 
standardized scenarios which we refer to as dominance, overdominance and 
coadaptation (see also Table 3). In effect, these epistasis types mimic different 
selective scenarios; directional selection for dominance epistasis (favouring 
increased frequencies for both the SA locus and EPI), stabilizing selection for 
overdominance epistasis (favouring SA/+; EPI/+ double heterozygotes) and 
disruptive selection for coadaptation dominance (favouring either SA/SA; EPI/EPI or 
+/+; +/+ double homozygotes). Although numerous alternative epistasis types are 
conceivable, they ultimately conform to minor variations to those considered here in 
that they share an underlying selective scenario. Interactions between the SA locus 
and EPI affect male fitness multiplicatively according to the factor 𝑤 = 1 + 𝜎𝜀, 
where 𝜀  denotes the epistasis effect size, and the binary factor 𝜎   determines 

Table 2. Genotype by sex fitness effects for SA loci. A + is used to denote a wildtype allele, and SA a
focal allele (SAY, SAA, or SAW). Each SA locus has sex-specific dominance parameters (ℎ  and ℎ ) and 
fitness parameters (𝑠  and 𝑠 ). 𝑠 × 𝑠 < 0 reflects SA selection at each locus. default parameter values
are used for ℎ = 0.6, ℎ = 0.4 for SAY and SAA and ℎ = 0.4, ℎ = 0.6 for SAW. 

Sex +/+ SA/+ SA/SA 
Males 1 1 + ℎ × 𝑠  1 + 𝑠  

Females 1 1 + ℎ × 𝑠  1 + 𝑠  
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whether or not epistasis occurs or not. Table 3 lists the values of 𝜎  for every 
genotype combination in the different epistasis scenarios.  
 
Model initialization and sex determination transition types 
 
In each scenario, we start with a standard XY system with a single male-determining 
allele Y which is fixed on the paternally-inherited copy in males. New SD genes are 
not present in the ancestral population but arise later by mutation. For each separate 
simulation, we randomly sample the parameter values associated with the fitness 
effects of each SA gene and likewise the epistasis effect size. All these parameter 
values are sampled from a uniform distribution with range (0, 0.05). In addition, we 
perform a set of simulations where the effect of epistasis is set to zero (𝜀 = 0) to 
validate that when epistasis has no effect, the type of epistasis does not affect the 
outcome of potential SD transitions (for a detailed explanation, see "Data analysis"). 
Parameter values are resampled for every new simulation so that each features a 
unique set of parameter values. For simplicity, we assume 𝑠 = −𝑠  for each SA 
locus. The SA alleles considered in the simulation as well as the EPI allele have an 
initial frequency of 0.25 in both sexes and on both the maternal and the paternal 
chromosome. Given that the selective effects of the SA alleles and the epistasis 
effects are allowed to vary, the allele frequencies upon initialisation are unlikely to 
correspond to an equilibrium state. We therefore include a burn-in period of 10,000 

Table 3. Epistatic interactions under different scenarios. The different numerical values indicate the
factor σ in the epistasis term 1 + σϵ, which determines the epistasis interaction effect. 

 EPI genotype SA genotype 

  +/+ SA/+ SA/SA 

Dominance +/+ 0 0 0 

EPI/+ 0 1 1 

EPI/EPI 0 1 1 

Overdominance +/+ 0 0 0 

EPI/+ 0 1 0 

EPI/EPI 0 0 0 

Coadaptation +/+ 1 0 0 

EPI/+ 0 0 0 

EPI/EPI 0 0 1 
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generations during which the allele frequencies at the SA and EPI loci can evolve to 
an approximate equilibrium state. After this, the novel SD gene (A or W) is 
introduced at a low frequency (10-4). We continue the simulation until a total of 
200,000 generations has been reached and determine if an SD turnover took place 
by analyzing the SD allele frequencies.  

We consider here both transitions between different male heterogamety 
systems (Y replaced by A) as well as a transition from male to female heterogamety 
(Y fixed and W invades as a dominant female-determiner). Because we also vary the 
SA gene interacting with EPI, this results in a total of four different SD transition 
scenarios, being (1) Y→A (SAY epistasis); (2) Y→A (SAA epistasis); (3) Y→W (SAY 
epistasis); and (4) Y→W (SAW epistasis) (Figure 1B). We focused on the fitness 
effects of SA genes and the epistasis effect, and standardized other parameters such 
as recombination rates. These standardized parameter values for all transition 
scenarios are listed in Supplementary Table S1. The selective effect parameters for 
the SA loci linked to SD loci involved (SAY and SAA for the Y→A transition; SAY and 
SAW for the Y→W transition) and the epistasis effect size 𝜀 were randomly sampled 
from uniform distributions with range (0,0.05) for each independent simulation. For 
each combination of the four SD transitions and the three epistasis types, we ran 1,000 independent simulations. 
 
Data analysis 
 
Model simulations, data analyses, and data visualisation were performed in R (v. 
4.0.2; R Development Core Team, 2020) and RStudio (v. 1.2.5033; RStudio Team, 
2020) using the ‘cowplot’ (Wilke, 2019), ‘mgcv’ (Wood, 2017), ‘viridis’ (Garnier, 
2018), and ‘tidyverse’ (Wickham et al., 2019) packages. To interpolate between 
sampled parameter values, we fitted generalized additive models (GAMs) with 
binomial distribution and logit link to the rounded frequency (i.e. 0 or 1) of focal SD 
genes on either the paternally-inherited (A in Y→A transitions) or maternally-
inherited (W in Y→W transitions) allele. In our simulations, allele frequencies of SD 
genes typically evolve to frequencies that are very close to 0 and 1, but may 
nonetheless not fully reach either value. This can result in a failure to fit a binomially-
distributed GAM; to prevent this issue we round these allele frequencies. We used a 
full tensor smooth spline between the epistasis effect size 𝜀 and the selective effect 
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parameters of the SA loci involved in the SD transition as predictor variables (Y→A: 
SAY and SAA; Y→W: SAY and SAW). In fitting the GAMs, we assumed a level-specific 
trend and smoothness for each combination of epistasis type and the SA locus 
involved in epistasis. In addition, we fit separate GAMs for simulations where  𝜀 = 0 
to confirm that the outcome of SD transitions is unaffected by the types of epistasis 
when the effect of epistasis is zero; this analysis is performed separately as GAMs 
fail to distinguish between the qualitative difference between 𝜀 = 0 and 𝜀 ≠ 0. The 
GAM configurations used here correspond to a model I configuration as defined in 
Pedersen et al. (2019). Thin plate regression splines with extra shrinkage were used 
as base functions. 
 
Results 
 
In our analysis, we focused on the fitness effects of the SA loci linked to the ancestral 
and novel SD gene, as well as the effect size of epistasis on whether or not the new 
SD gene could invade or not. We additionally varied the type of SD transition (male 
heterogamety to male heterogamety (Y→A) or male heterogamety to female 
heterogamety (Y→W)), the type of epistatic interactions (coadaptation, dominance, 
and overdominance), and which SA locus engaged in epistatic interactions. We find 
that the SA effects of the linked loci remain a key determinant of whether or not SD 
transitions may take place conform Van Doorn & Kirkpatrick (2007, 2010). However, 
epistatic interactions of different types affect the range of parameter values for 
which transitions take place. We find that the parameter range resulting in an SD 
transition is differently affected depending on (1) the type of SD transition, (2) the 
type of epistasis, and (3) the gene which interacts with EPI. 
 For the Y→A scenarios, we find that interactions between SAY and EPI tend 
to have a stabilizing effect on the Y allele as the male-determiner under dominance 
and overdominance epistasis (Figure 2). More specifically, the minimal effect of SAA 
that results in an SD transition from Y to A is higher when SAY interacts with EPI.  
The stabilizing effect is more pronounced when the effect of epistasis 𝜀 is higher i.e. 
epistasis has a stronger effect. This effect however does not apply under 
overdominance epistasis involving SAA, where we instead observe that the scope for 
turnover is virtually unaffected (Figure 2, lower right panel).  In contrast to the 
stabilizing effect of epistasis under dominance and overdominance epistasis, we find 
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that for coadaptation epistasis the effect of epistasis tends to be destabilizing (Figure 
2, Supplementary Figure 1). When SAY interacts with EPI, we find that A can invade 
for a large range of parameter values except for when epistasis is weak. Similarly, 
when SAA interacts with EPI, we find that A fails to invade and instead Y is 
maintained. 

In the Y→W transitions, we find that the effects of epistasis on the scope 
for turnover are comparable to those under Y→A transitions (Figure 3). Some 
differences do however exist; first, the effects of epistasis are much weaker for 
overdominance and underdominance epistasis when SAY is involved. We find that 
overdominance epistasis involving SAW has virtually no effect on the invasive  

 
Figure 2: Maintenance of Y male heterogamety versus transition to A male heterogamety in Y→A 
transitions. Y may be maintained as the sex-determining locus depending on the strength of SA effects
associated with SAY (horizontal axis) and SAA (vertical axis) as well as the effect of epistasis (differently-
coloured lines). Lines indicate boundaries for the maintenance of Y, with Y being maintained when
parameter values are below the boundary line and A invading when they are above the line (see
indications in the plots). Horizontal bars indicate different epistasis types, whereas vertical bars indicate
the SA locus involved in epistasis. 
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capacity of W, which is similar to the case in Y→A transitions where overdominance 
epistasis involving SAA does not affect the scope for turnover. Taken together, 
overdominance epistasis involving the SA locus linked to the novel SD gene appears 
to have no effect on the conditions which permit this new SD gene to invade. For 
coadaptation epistasis, we again find that when SAY is involved this tends to promote 
turnover to W (Figure 3, Supplementary Figure 2). When SAW is involved, the 
dynamics are slightly more complicated; when the sexually antagonistic fitness effect 
of SAY is relatively weak, the effect of epistasis tends to favour its maintenance as 
the SD gene for higher values of W. However, as the selective effects associated 
with SAY are higher, the scope for turnover becomes larger. Interestingly, the 

 
Figure 3: Maintenance of Y male heterogamety versus transition to W female heterogamety in Y→W 
transitions. Y may be maintained as the sex-determining locus depending on the strength of SA effects
associated with SAY (horizontal axis) and SAW (vertical axis) as well as the effect of epistasis (differently-
coloured lines). Lines indicate lower boundaries for the invasion of W, with W being unable to invade and
therefore Y being maintained as the sex-determining gene when parameter values are below the
boundary line and W invading and Y being fixed when they are above the line (see indications in the
plots). Horizontal bars indicate different epistasis types, whereas vertical bars indicate the SA locus
involved in epistasis. 
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strength of epistasis appears not to have a major effect on the scope for turnover; 
rather it is only the presence/absence of epistasis that affects the outcome.  
 
Discussion 
 
We investigated whether epistatic interactions can affect the stability of and explain 
turnovers in SD mechanisms. Our model builds on previous work by Van Doorn and 
Kirkpatrick (2007, 2010), who showed that SA selection can drive evolutionary 
transitions between SD mechanisms. Our model is an extension in that male fitness 
can be affected by an epistatic interaction between an SA locus on the ancestral or 
the novel pair of sex chromosomes and a neutral autosomal locus. We considered 
transitions between different male heterogamety systems and from male 
heterogamety to female heterogamety in combination with three different types of 
epistatic interactions. We furthermore varied the strength of epistasis as well as the 
SA loci involved, and whether the ancestral sex chromosome or the invading sex 
chromosome is involved in epistasis.  
 We found that epistasis can affect the scope for SD transitions, but the 
manner in which it does so depends on a variety of factors. Under dominance and 
overdominance epistasis, epistasis tends to have either very little effect on the 
outcome of SD transitions (e.g. overdominance involving SAA or SAW), or tends to 
promote maintenance of the ancestral sex chromosome pair. A possible explanation 
is that the allele frequencies of the SA locus on the ancestral sex chromosome pair 
have already diverged between the X- and Y-chromosome. As the male-limited Y-
chromosome becomes enriched for the male-beneficial SAY allele, interactions 
between EPI and SAY occur more frequently than interactions between EPI and SAA 
or SAW, who start out as autosomal SA genes and hence have a lower frequency in 
males. Effectively, under these conditions epistatic interactions are capable of 
enhancing stability of an ancestral SD system, but fail to enhance the invasive 
capacity of a new SD system; therefore, the effects of epistasis do not equally affect 
all SD genes. Instead, differentiation of the established sex chromosome pair leads 
to enrichment for alleles that engage in epistasis, thereby promoting its stability. 
Autosomal loci cannot become differentiated, so that they are not enriched for alleles 
involved in epistasis, and therefore novel autosomal SD alleles do not experience the 
same benefit from epistatic interactions.  
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For coadaptation epistasis, the effects of epistasis tended to be destabilizing 
so that it facilitates turnover. Under this scenario, doubly-homozygous males (e.g. 
SAY/SAY; EPI/EPI or +/+; +/+ genotypes) experience a fitness benefit from 
epistasis. When the epistasis effect becomes sufficiently strong, it tends to favour 
transition to a state where the SAY and EPI alleles are both fixed or lost, depleting 
the genetic variance at this locus so that the X- and Y-chromosome are no longer 
differentiated. This negates the possibility for SA selection, which would normally 
help maintain the sex chromosome pair, and instead opens up the scope for new SD 
genes to invade conform the basic models by Van Doorn & Kirkpatrick (2007, 2010) 
on which our models were based. The disruptive effect of coadaptation epistasis on 
the sex chromosomes involved might have occurred because we assumed that this 
type of epistasis only occurs in double homozygotes. Instead, Y-chromosomal loci 
may be considered to be hemizygous so that coadaptation epistasis could occur in 
SAY; EPI/EPI or +; +/+ genotypes. This could have a stabilizing effect as SA genetic 
variation between the X- and Y-chromosome may persist while epistasis strengthens 
the benefit of bearing the Y-chromosome. As coadaptation epistasis in our model 
favours fixation of the SA locus involved for either allele, it nullifies the ability for SA 
selection to favour the spread or maintenance of the linked SD locus. This results in 
the destabilization of the existing SD system or the inability of novel SD genes to 
invade. 

The effects of epistasis provide another explanation for the apparent stability 
of some sex chromosome systems such as those of mammals. Although new SD 
genes may be able to arise via mutation in such systems, they generally fail to spread 
as the ancestral SD gene is stabilized owing to genetic differentiation between the 
chromosome on which it is located and its complement (e.g. Y- and X-
chromosomes). This includes for example male-essential genes on the Y-
chromosome that prevent its loss (e.g. as in the case of the Y→A transitions) or the 
decayed nature of older Y-chromosomes preventing fixation of Y, as homozygous YY 
individuals experience severe fitness costs (e.g. as in the case of Y→W transitions) 
(Bull & Charnov, 1977; Graves, 2006; van Doorn, 2014). Both of these effects 
however mostly apply to older sex chromosome pairs that have already persisted for 
extended periods of time, whereas the stabilizing effect of epistasis as reported here 
can apply from the very onset of sex chromosome evolution. Although these effects 
are less substantial, they may be sufficient to prevent early displacement of an SD 
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gene once established (although a sufficiently strong selective pressure on the new 
SD gene may still enable a transition). Over time, other factors such as acquisition 
of male-essential genes or recessive deleterious mutations may then further enhance 
the stability of ancestral sex chromosomes so that these can persist over extended 
periods of time. 

As a caveat to the above, it must be noted that the effects of epistasis 
appear to depend on the type of SD transition considered, with the effects of 
epistasis being more pronounced in Y→A transitions as compared to Y→W 
transitions. A possible explanation is that under the latter, Y is fixed rather than lost. 
If the Y-bearing chromosome has become enriched for SAY alleles (conform (Rice, 
1987a; Jordan & Charlesworth, 2012)), the frequency of male-beneficial epistatic 
interactions does not decrease directly as F spreads in the population. This instead 
only drops later as the Y-bearing chromosome is no longer male-restricted, and 
therefore the frequency of SAY on this chromosome may decrease as well. Even 
then, the frequency of SAY in this new ‘quasi-autosomal’ state may still be higher 
than the frequency of SAY on the ancestral X chromosome (i.e. the non-Y-bearing 
chromosome that existed prior to the spread of F and fixation of Y), which may have 
been enriched for the female-beneficial non-focal allele at the SAY locus. Under Y→A 
transitions, A-bearing males must also bear two such ‘X-chromosomes’ which 
severely reduces their odds of experiencing the benefits of epistasis. This poses an 
additional burden to the invasion of A that does not apply to invasion of F.  

We focused here specifically on a model involving SA loci, but other 
mechanisms capable of driving SD transitions may likewise be modulated by the 
effects of epistatic interactions (e.g. meiotic drive (Kozielska et al., 2010)). The 
benefit of Y-chromosomal differentiation with regard to SA loci, resulting in an 
increased frequency of epistasis may apply more broadly to other genes as well, 
with the only requirement being that the Y-chromosome becomes enriched for an 
allele that engages in epistatic interactions. Examples of this include the evolution 
of Y-chromosomal regulating genes such as those regulating the expression of 
autosomal SA genes (Ågren et al., 2019). Y-chromosomes (or W-chromosome in ZW 
systems) of several species have essential regulatory functions (Lahn & Page, 1997; 
Wright et al., 2014), as evident from their gene content and the impact of Y-
chromosomal genetic variation in a variety of species (e.g. Lemos et al., 2008; Bellott 
et al., 2014). Therefore, Y-autosome interactions may be prevalent in many species, 
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and the effects of such interactions on SD transitions may likewise apply in many 
organisms.  

In this study, we have explored the effect of epistatic interactions between 
a sex chromosome (either ancestral or novel) and an autosome on the scope of 
turnover from an ancestral to a novel sex chromosome system. Our results 
demonstrate that such interactions can confer additional stability to an ancestral sex 
chromosome system for some types of epistatic interactions, whereas other 
interactions can reduce the stability of the ancestral sex chromosomes. The capacity 
for sex chromosomes to become genetically differentiated relative to autosomes 
here enables epistatic effects to become more prevalent and/or pronounced, thereby 
resulting in increased stability of established systems. When a novel SD gene evolves 
on an autosome, no such genetic differentiation has occurred and therefore epistasis 
benefits the spread of novel SD genes to a lesser extent. The effect of epistasis on 
transitions in SD is further largely dependent on the type of sex chromosome 
transition considered and the strength of epistasis. In conclusion, the stability of a 
sex chromosome pair does not depend solely on its own characteristics, but instead 
should be considered as part of an interactive network with the remainder of the 
genome. 
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Appendix: Detailed description of model 
 
Model initialization 
 
To initialize the model, we first determine the frequency of different haplotypes at 
each linkage group based on a series of starting frequencies for the focal allele 1 (as 
described in the main text) on the maternally-inherited (first) and the paternally-
inherited (second) copy, which are used to calculate the frequencies of the possible 
haplotypes on each linkage group at the first as well as the second copy. For 
example, a 11 haplotype (which indicates a focal SD allele linked to a focal SA allele) 
on the maternal copy of linkage group XY is given by 𝑃(𝑌 )  × 𝑃(𝑆𝐴 ). For linkage 
group III, which only carries the EPI locus, the haplotype frequencies are given 
simply by the allele frequencies of alleles 0 and 1. We define an array 𝐅 , ,  which 
contains the frequencies of the different haplotypes linkage groups XY, I, and II, 
where 𝑖 denotes linkage group (1 = XY; 2 = I; 3 = II), 𝑗 denotes haplotype (1 = 00; 
2 = 01; 3 = 10; 4 = 11), and 𝑘 denotes the allele copy (1 = maternally-inherited 
allele; 2 = paternally-inherited allele). For linkage group III, we similarly define an 
array 𝐅 ,  where 𝑖 and 𝑗 indicate which allele is present on respectively the maternal 
and the paternal copy (for both 𝑖 and 𝑗, 1 = allele 0; 2 = allele 1).  

Based on 𝐅 , ,  and 𝐅 , , we can define our initial population, which is given 
by an array 𝐏 with dimensions 𝐇 × 𝐇, where 𝐇 represents a 4 × 4 × 4 × 2 array 
where each element represents a particular combination of haplotypes. Each 
element 𝑝 in 𝐏 represents a particular genotype, and the value of element 𝑝 gives 
its frequency. The frequency of each genotype 𝑝 in 𝐏 , , , , , , ,  (hereafter we use 
the subscript 𝒊  to indicate an array with dimensions 𝑖  through 𝑝 ) is given by 𝐅 , ,  ×  𝐅 , ,  ×  𝐅 , ,  ×  𝐅 , , ×  𝐅 , ,  ×  𝐅 , ,  ×  𝐅 , , where 𝑖  and 𝑚 indicate the 
haplotype on XY at the maternally- and paternally-inherited copies respectively, and 
similarly 𝑗 and 𝑛, and 𝑘 and 𝑜, for linkage groups I and II; 𝑙 and 𝑝 indicate the 
genotype at the maternal and paternal copies of the EPI locus. Similarly, we define 
an array 𝐍 ,𝒊 which counts the number of focal alleles 1 at locus ℎ (1 = Y, 2 = SAY, 
3 = A, 4 = SAA, 5 = W, 6 = SAW, 7 = EPI) for genotype 𝑝 in 𝐏; values in 𝐍 can be 0 
(homozygous 0/0), 1 (heterozygous 1/0 or 0/1), or 2 (homozygous 1/1). 

Because we randomly select the parameter values for the SA loci and the 
epistasis effect, the population upon initiation does not conform to a population at 
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equilibrium. We therefore incorporate 10,000 generations of burnin during which 
allele frequencies can reach equilibrium prior to introducing new SD genes via 
mutation. This mutation procedure is described under “Gametogenesis and 
reproduction”. 
 
Sex determination 
 
Sex determination takes place based on the number of focal alleles 1 at loci Y, A, 
and W in each genotype (see Supplementary Table S1). To do so, we define two 
binary arrays 𝐒  and 𝐒 , which describes for each genotype in whether that 
genotype is male (𝐒  =  1 and 𝐒  =  0) or female (𝐒  =  0 and 𝐒  =  1) ); we use 
superscripts F  and M  to identify arrays containing female- and male-specific 
components of the model throughout. A genotype in 𝐏𝒊 is male when (1) 𝐍 ,𝒊 = 0 
and (2) 𝐍𝟏,𝒊 > 0 and/or 𝐍 ,𝒊 > 0. The frequencies of different genotypes in males 
(𝐏 ), is given by the entrywise product of 𝐏 ∘  𝐒  , and the frequencies in females 
(𝐏 ), are given by 𝐏 ∘  𝐒 . To keep track of the frequencies of the focal alleles per 
sex, the frequency of the focal allele at locus ℎ in males is given by the inner product 𝐏 ⋅ 𝐍 𝒊, whereas those in females are given by 𝐏 ⋅ 𝐍 𝒊.  
 
Sex-specific fitness effects and epistasis 
 
Fitness is determined by sex as well as the genotypes at loci SAY, SAA, and SAW, and 
additionally by epistatic effects. For simplicity, we calculate for each genotype two 
fitness scores which assume that the genotype is respectively male (𝐖 ) or female 
(𝐖 ). For each SA locus, we can define a dominance parameter ℎ  as well as fitness 
effect parameter 𝑠 , where 𝑖 indicates the linkage group (1 = XY; 2 = I; 3 = II) and 𝑗 indicates sex (1 = male, 2 = female) indicates sex. We then define six fitness 
vectors: 𝐰  and 𝐰  (for fitness effects of SAY in males and females respectively), 𝐰  and 𝐰  (same, but for SAA), and 𝐰  and 𝐰  (for SAF). The fitness scores in 𝐰  are given by 1, 1 + h × s , 1 + s , and those in 𝐰  are given by 1, 1 + ℎ × 𝑠 , 1 + 𝑠 . Similarly, the fitness scores in 𝐰  and 𝐰  are calculated 
using ℎ  and 𝑠 , and those in 𝐰  and 𝐰  are calculated using ℎ  and 𝑠 . Using 
these fitness scores, we can calculate the fitness scores of all genotype frequencies. 
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Let 𝑎 indicate the number of focal alleles at the SAY locus of genotype 𝑝 in 𝐏, which 
is given by 𝐍 , and similarly 𝑏 (given by 𝐍 ) and 𝑐 (given by 𝐍 ) be the number of 
focal alleles at loci SAA and SAW respectively. The male fitness score of genotype 𝑝 in 𝐏 (𝐖 ) is then given by 𝐰 ×  𝐰 ×  𝐰  and similarly its female fitness 
score (𝐖 )  is given by 𝐰 ×  𝐰 ×  𝐰  (note that the +1 here is 
necessary to ensure that the proper index is used, i.e. a male with 0/0 genotype at 
SAY has 0 focal alleles at this locus, but its fitness score for this locus corresponds to 𝐰  = 1). The genotype frequencies in females after selection (𝐆 ) are given by 𝐏 ∘ 𝐖 .  

Because our model incorporates epistatic effects on fitness in males, the 
genotype frequencies in males after selection (𝐆 ) are given by 𝐏 ∘ 𝐖 ∘ 𝐄, where 𝐄 indicates the epistasis fitness component. Epistatic effects occur as a result of an 
interaction between an SA locus and the EPI locus. The epistasis fitness component 
is given by 𝐄 = 1 + 𝜎𝜀, in which ε denotes the epistasis effect size (which we vary 
between 0 and 0.05 for different simulations) and 𝜎  modulates the effects of 
epistasis. We use three different epistasis scenarios which all assume epistatic 
effects occur for different genotype combinations (see also Table 3): 

 
(1) Dominance: 𝜎𝒊  =  1  if 𝐍 ,𝒊  ≥ 1  and 𝐍 ,𝒊  ≥ 1 ; 𝜎𝒊  =  0  for all other genotype 

combinations. 
(2) Overdominance: 𝜎𝒊  =  1  if 𝐍 ,𝒊  = 1  and 𝐍 ,𝒊  = 1 ; 𝜎𝒊  =  0  for all other 

combinations. 
(3) Coadaptation: 𝜎𝒊  =  1 if 𝐍 ,𝒊  = 0 and 𝐍 ,𝒊  = 0, or 𝐍 ,𝒊  = 2 and 𝐍 ,𝒊  = 2; 𝜎𝒊  = 0 for all other genotype combinations. 
 

Here, 𝑘 indicates which SA locus is involved in epistasis (𝑘 = 2 for SAY, 𝑘 = 4 for 
SAA, and 𝑘 = 6 for SAF). 
 
Gametogenesis and reproduction 
 
Reproduction takes place by gametogenesis in males and females to yield pools of 
sperm and oocytes respectively. To calculate the frequencies of the haplotypes 
amongst the sperm and oocytes, we first define an array 𝐔 ,𝐣,𝐤,𝐥, in which i denotes 
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linkage group (1 = XY; 2 = I; 3 = II), 𝑗 and 𝑘 denote haplotype on the maternally-
inherited and paternally-inherited chromosome copies respectively, and 𝑙 denotes 
the haplotype to be sampled (for 𝑗, 𝑘, and 𝑙: 1 = 00; 2 = 01; 3 = 10; 4 = 11), such 
that element u ,𝐣,𝐤,𝐥 gives the probability of sampling a haplotype 𝑙 from a diploid 
genotype consisting of haplotypes 𝑗 and 𝑘 on linkage group 𝑖. In defining 𝐔, we also 
account for recombination which may yield novel haplotypes, e.g. a genotype 00/11 
can yield 01 and 10 haplotypes if recombination occurs (see Supplementary Table 
S2). Similarly, we define an array 𝐕 ,𝒋,𝒌,𝒍 , where 𝑗  denotes the haplotype at the 
paternally-inherited allele at the EPI locus, 𝑘 denotes that of the maternally-inherited 
allele, and 𝑖 denotes the type of allele to be sampled (for 𝑖, 𝑗 and 𝑘 alike, 1 = the 
non-focal allele 0, 2 = the focal allele 1), such that element v ,𝐣,𝐤,𝐥 gives the likelihood 
of sampling an allele of type 𝑖 from a diploid genotype of 𝑗 and 𝑘. 𝐔 and 𝐕 can be 
used to construct an array 𝐓 , which is defined as 𝐓 , , , , , , , , , , , = 𝐔 , , , ×𝐔 , , , × 𝐔 , , , × 𝐕 , ,  (note that the order of subscripts in 𝐔 and 𝐕 here deviates 
from that used above). The matrix product of 𝐆 𝐓 yields an array 𝐇  containing the 
frequencies of each haplotype among the oocytes; similarly, the matrix product of 𝐆 𝐓 gives an array 𝐇  which describes the haplotype frequencies among sperm. 
Genotypes are formed by fusion of sperm and oocytes, with genotype frequency 
being given by the product of their respective frequencies, such that the frequencies 
of genotypes in the next generation is given by the Kronecker product 𝐇  ⨂ 𝐇 , 
yielding an array 𝐐. 𝐐 has identical dimensions to 𝐏, and effectively represents the 
offspring produced by this ancestral population 𝐏. Therefore, we can update 𝐏 =  𝐐 
to represent moving forward one generation in our model. All simulations are carried 
out for 200,000 generations, during which we track the frequency of the focal allele 
1 at each locus. 
 We introduce either A and W by mutations in gametes by manipulation of 
the 𝐇  and 𝐇  arrays. To introduce A into the population, in both the 𝐇  and 𝐇  
arrays, we redefine 𝐇 = 𝐇 × 𝜇  and 𝐇 = 𝐇 × 𝜇  to convert a proportion 𝜇  of 00 and 01 gametes into 10 and 11 gametes; we also redefine 𝐇 =𝐇 × (1 − 𝜇 )  and 𝐇 = 𝐇 × (1 − 𝜇 ) . Similarly for introducing W, we 
redefine 𝐇 = 𝐇 × 𝜇  and 𝐇 = 𝐇 × 𝜇  to the same effect, and redefine 𝐇 = 𝐇 × (1 − 𝜇 )  and 𝐇 = 𝐇 × (1 − 𝜇 ) . In Y→A transitions, we 
introduce A at a frequency 𝜇 = 10  whereas in Y→W transitions we introduce W 
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at an identical frequency 𝜇 = 10 . A and W are introduced after 10,000 
generations of burnin during which the initial population has been allowed to evolve 
to reach an equilibrium as dependent on the selective effect parameter values for 
the various SA genes and the epistatic effect. 
 
Parameter value selection 
 
In this manuscript we focus on the fitness effects of the SA genes and the effect of 
epistasis primarily, and therefore do not vary some other aspects described here 
such as the recombination rates between the SD and SA genes or the dominances 
of the SA genes in males and females. The parameter range for the SA effects is 
taken to reflect a fitness effect between 0% and 5% in SA/SA homozygotes (where 
SA reflects the focal allele for a given SA locus) relative to +/+ homozygotes. To do 
so, we sampled the fitness effects for each SA locus from a uniform distribution with 
range (0, 0.5) ; the epistasis effect size 𝜀  is sampled from an identical uniform 
distribution. Fitness effects are identical in males and females but with inverse sign, 
i.e. a fitness effect 𝑠 in males is associated with a fitness effect −𝑠 in females and 
vice versa. In line with this we assume a low rate of recombination (1%) which 
generally results in a case of strong linkage as defined by van Doorn & Kirkpatrick 
(2007). Dominances for the fitness effects of SA alleles are set to 0.6 in the sex in 
which they have a beneficial effect (males for SAY and SAA, females for SAW) and 0.4 
in the sex in which they have a deleterious effect. This configuration for 
recombination rate and dominance parameters should promote the maintenance of 
SA polymorphism for a large range of fitness effects (Jordan & Charlesworth, 2012). 
For both Y→A and Y→W transitions, we only consider fitness effects of SA alleles 
for those loci that are linked to one of the potential SD genes, e.g. in Y→A transitions 
we include a fitness effect for SAY and SAA, but not for SAW whose fitness effect is 
instead taken to be zero.  
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Supplementary Material 
 
Supplementary Tables 
 
Supplementary Table S1. Default parameter values used for different SD transition scenarios. 

Variable Y→A Y→W Description 𝑟  0.01 0.01 Recombination rate between Y and SAY 𝑟  0.01 0 Recombination rate between A and SAA 𝑟  0 0.01 Recombination rate between W and SAW ℎ   0.6 0.6 Dominance of SAY in males ℎ   0.6 0 Dominance of SAA in males ℎ   0 0.4 Dominance of SAW in males ℎ   0.4 0.4 Dominance of SAY in females ℎ   0.4 0 Dominance of SAA in females ℎ   0 0.6 Dominance of SAW in females 
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Supplementary Table S2. Proportion of haplotypes produced by diploid genotypes. 

Maternal copy Paternal copy P(00) P(01) P(10) P(11) 

00 00 1 0 0 0 

01 0.5 0.5 0 0 

10 0.5 0 0.5 0 

11 (1 − 𝑟 )/2 (𝑟 )/2 (𝑟 )/2 (1 − 𝑟 )/2 

01 00 0.5 0.5 0 0 

01 0 1 0 0 

10 (𝑟 )/2 (1 − 𝑟 )/2 (1 − 𝑟 )/2 (r )/2 

11 0 0.5 0 0.5 

10 00 0.5 0 0.5 0 

01 (𝑟 )/2 (1 − 𝑟 )/2 (1 − 𝑟 )/2 (𝑟 )/2 

10 0 0 1 0 

11 0 0 0.5 0.5 

11 00 (1 − 𝑟 )/2 (𝑟 )/2 (𝑟 )/2 (1 − 𝑟 )/2 

01 0 0.5 0 0.5 

10 0 0 0.5 0.5 

11 0 0 0 1 𝑟  indicates the recombination rate on linkage group n (XY, I, or II). 
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Supplementary Figures 
 

 
Supplementary Figure 1: Invasion of A in Y→A transitions under coadaptation epistasis. Shown here 
are the predicted allele frequencies of the A allele on the paternally-inherited allele at equilibrium. 
Predicted frequencies were generated using a GAM with fitted to the observed allele frequencies, with a 
full tensor smooth between the effects of SAY, SAA, and epistasis effect size (for details see main text).  
Horizontal bars indicate different epistasis effect sizes (𝜀), whereas vertical bars indicate the SA locus 
involved in epistasis.  
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Supplementary Figure 2: Invasion of W in Y→W transitions under coadaptation epistasis. Shown here 
are the predicted allele frequencies of the A allele on the paternally-inherited allele at equilibrium. 
Predicted frequencies were generated using a GAM with fitted to the observed allele frequencies, with a 
full tensor smooth between the effects of SAY, SAW, and epistasis effect size (for details see main text). 
Horizontal bars indicate different epistasis effect sizes (𝜀), whereas vertical bars indicate the SA locus 
involved in epistasis. 
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Abstract 

 
Sex determination (SD) is an essential developmental process, but its molecular 
regulation is very diverse, both between and within species. SD mechanisms are 
traditionally categorized as either genetic (GSD) or environmental (ESD), depending 
on the type of cue that triggers sexual differentiation. However, mixed systems, with 
both genetic and environmental components, are more prevalent than previously 
thought. Here, we show theoretically that weak environmental effects on expression 
levels of genes within sex determination regulatory mechanisms can trigger within-
species evolutionary divergence of SD mechanisms. This may lead to their stable 
coexistence and a polymorphic system along spatial environmental gradients. We 
apply our model to the SD system of the housefly, a species which has global 
latitudinal clines in the relative frequencies of XY and ZW systems. Our model 
predicts such patterns by assuming that specific genes in the housefly SD system 
have temperature-dependent expression levels. We conclude that environmental 
sensitivity of gene regulatory networks may play an important role in diversification 
of SD mechanisms. 
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Introduction 
 
Sex determination (SD) is a crucial aspect of the development of sexually-
reproducing organisms, yet the regulatory mechanisms directing SD are very diverse 
and prone to evolutionary change (Bachtrog et al., 2014; Beukeboom & Perrin, 
2014). SD mechanisms are traditionally classified as either environmental sex 
determination (ESD) or genetic sex determination (GSD) depending on what type of 
cue initiates the determination of an individual's sex. In both ESD and GSD, the initial 
cue directs sexual differentiation by activating genes for male- or female-specific 
development and physiology (Ge et al., 2018). Under ESD, such cues include 
temperature, salinity, acidity, or the social environment during a sensitive phase in 
embryonic development (reviewed in Devlin & Nagahama, 2002; Janzen & Paukstis, 
1991). In GSD systems, the causal agents are genetic differences between males 
and females, such as the male-determining SRY gene in mammals (Berta et al., 
1990; Sinclair et al., 1990; Goodfellow & Lovell-Badge, 1993). Various chromosomal 
systems of SD are known, such as male heterogamety (females XX, males XY) and 
female heterogamety (females ZW, males ZZ), as well as systems without sex-
specific chromosomes, such as haplodiploidy (Beukeboom & Perrin, 2014). Even in 
species that have similar chromosomal SD systems, e.g. male heterogamety, the 
genes that induce maleness can be very different. Turnover events, i.e. the evolution 
of a novel SD mechanism, are prevalent in some taxa but not others, indicating 
differential lability of SD systems. All eutherian mammals have male heterogamety 
whereas in fish and insects SD mechanisms vary between species and even between 
populations of some species. How this variety in SD systems has evolved is not yet 
well understood.  

ESD and GSD could be considered as two extremes of a spectrum, rather than 
being mutually exclusive (Pen et al., 2010; Uller & Helanterä, 2011; Beukeboom & 
Perrin, 2014). Although pure ESD and GSD systems do exist, mixed systems occur 
in several organismal groups, such as amphibians, fish and insects (Doums et al., 
1996; Devlin & Nagahama, 2002; Nigro et al., 2007; Pen et al., 2010; Hamm et al., 
2015; Ma et al., 2016). In such systems, SD genes may bias the process of sex 
determination towards the male or female state, and environmental cues may 
counteract these genetic effects (Alho et al., 2010; Holleley et al., 2015). 
Furthermore, GSD has repeatedly evolved from ESD (Ezaz et al., 2009; Pen et al., 



Chapter IV 
 

100 

2010; Muralidhar & Veller, 2018) and various evolutionary models have been 
proposed to explain such transitions (Ezaz et al., 2009; Pen et al., 2010; Muralidhar 
& Veller, 2018). For instance, changes in environmental conditions, like global 
warming, may bias population sex ratios and cause natural selection to favour 
genetic modifiers that re-establish balanced sex ratios (Fisher, 1930; Wilkins, 1995). 
Previous models have invoked selection caused by biased sex ratios, but have not 
considered the underlying molecular mechanisms of biasing development towards 
males or females. Even within GSD systems, genes involved in SD may be affected 
by environmental conditions, resulting in perturbations in the SD process. This may 
promote evolution of the GSD cascade by causing e.g. disturbed sex ratios, or via 
other yet unknown effects. Here, we model how environmental influences on the 
expression levels of genes involved in sex determination may affect the evolutionary 
dynamics of sex determination.  

The process of sex determination involves a hierarchical regulation of various 
genes (Wilkins, 1995; Pomiankowski et al., 2004; Kopp, 2012). An initial cue targets 
a small number of regulatory genes that in turn regulate further downstream targets. 
Evolutionary transitions between GSD systems are thought to occur either by the 
displacement of the initial cue gene by another gene with a similar function or by 
the recruitment of a new regulatory gene on top of the ancestral SD cascade (Bull 
& Charnov, 1977; Wilkins, 1995; Pomiankowski et al., 2004). Downstream 
components may be more constrained in terms of evolutionary change due to their 
pleiotropic role in development but are not per se fully constrained (Herpin et al., 
2013). The persistence of multifactorial GSD (where multiple genes may control sex) 
is still hard to explain as  such systems are considered a transitory state towards 
monogenic SD (where a single gene controls sex) (Rice, 1986). Here, monogenic SD 
may be more robust as the possibility that individuals develop as intersexes is 
considered to be negligible, whereas under polygenic SD interference between 
different SD genes may result in failure to commit development to either the male 
or female state. A new evolutionary framework is therefore necessary which 
integrates the emerging views that (1) SD is not solely environmentally or genetically 
determined but instead can be affected by both types of cues; and (2) change in SD 
cascades does not occur only at the top but may also occur via changes in the 
underlying genetic network.  
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Here, we develop a theoretical model to study the evolution of polymorphic 
SD systems with spatial variation in environmental conditions affecting expression 
of sex determination genes. Our model is inspired by the polymorphic SD system of 
the housefly Musca domestica and assumes temperature as the environmental cue 
as variation in SD systems was found to be correlated with temperature in natural 
populations, and has been found to affect SD in some SD mutant strains (see also 
Box 1). Nonetheless the model has broader relevance to other species and 
environmental cues. Sex is determined by the activity of a temperature-sensitive 
feminizing gene F, which can be inhibited by one or more M gene(s) to induce 
maleness (Figure 1B). We investigate here (1) which variants of F can evolve under 
which conditions and how these variants yield stable SD systems (in combination 
with M), (2) when and how transitions from an XY to a ZW system via evolution of 
a dominant female-determining F variant which is insensitive to M can occur and (3) 

Figure 1: Model overview and hypothesis. (A) Demes 1 through N are arranged along a linear gradient
where T increases from 𝑇  to 𝑇  Each deme contains a variable number of females, males, and
intersexes. Reproduction occurs by mating between males and females within the same deme; intersexes
do not reproduce. Dispersal occurs at a rate d/2 to each neighbouring deme (indicated by arrows between 
demes). Each individual carries three loci F, YM, and AM that together determine sex. (B) Sex is determined
based on the net total active F product. Active F product is derived from the F locus, and is degraded by 
M derived from YM and/or AM in individuals where these genes are expressed. Temperature positively
affects the expression level of F. If the net total active F product exceeds 𝜃 , individuals become females, 
whereas if it falls below 𝜃  individuals become males; otherwise, individuals develop into infertile 
intersexes. 
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how fitness effects associated with an M-factor affects the spread of this dominant 
female-determining F variant as well as other M-factors. We use our model to show 
how the multifactorial SD system of houseflies can evolve (Box 1). 
 
Results & Discussion 
 
Model overview 
 
We modelled a metapopulation consisting of a linear array of subpopulations 
(demes) arranged along a temperature gradient, i.e. from north to south, with 
dispersal between neighbouring demes (Figure 1A). Sex is determined by the activity 
of a gene F, which induces feminization when it exceeds a threshold 𝜃 , whereas 
maleness is achieved by inhibition of F activity below a second and lower threshold 𝜃 . When F activity falls between these thresholds, individuals develop into infertile 
intersexes (Figure 1B). Inhibition of F is achieved by M, which is generated either by 
the Y-chromosomal locus YM and/or the autosomal AM locus. All three loci F, YM, and 
AM are unlinked to each other. We incorporate two equivalent M-producing genes 
because M-factor polymorphism is one of the key sources of variation in M. 
domestica SD (discussed in Box 1), and to allow us to study when different types of 
SD transitions (XY-XY as well as XY-ZW transitions) can occur.  

Each F allele has a certain genetically determined expression level 𝐸  and a 
sensitivity to inhibition by M 𝑆 . Expression of F is also positively affected by 
temperature. Thus, the activity 𝐴 of a single F allele is given by: 

 
 𝐴 = max (0, (𝐸 (1 + 𝛽 𝑇) + 𝜀)(1 − 𝑆 𝑀))  (1) 
 
Here, 𝐸  and 𝑆  denote the genetic expression level and sensitivity of the F allele; 1 + 𝛽 𝑇  denotes the rate at which temperature increases F expression, with 𝑇 
indicating normalized local temperature (0 in first or most northern deme, 1 in last 
or most southern deme); 𝜀  indicates normally-distributed noise in F expression 
reflecting environmental and developmental noise; and finally 𝑀  represents the 
amount of M product generated by YM and/or AM. The term 𝐸 (1 + 𝛽 𝑇) + 𝜀 denotes 
gross F expression, whereas 1 − 𝑆 𝑀  indicates what proportion of F product is 
retained after breakdown by M. The combined activity of both F alleles determines 
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sex as described above. All traits, that is, F expression levels and sensitivity as well 
as YM and AM expression levels, can undergo mutations. Mutations that affect F 
expression do not affect sensitivity and vice versa. A trait value of 0 corresponds to 
an unexpressed state or full insensitivity to M; we exclude traits with a value of 0 
from undergoing mutation so that evolution to such a state reflects a loss-of-function 
without back mutation. An exception applies to AM; we assume that no AM alleles are 
initially present, but that AM may evolve de novo at a rate 𝜇 . We assume a standard 
XY male heterogametic sex determination mechanism as the starting point, where 
females carry two X-chromosomes lacking YM alleles, and males carry an X-
chromosome without and a Y-chromosome with an active YM allele. We incorporate 
fitness effects in the form of sexually antagonistic genetic variation (beneficial to 
males with additive fitness effect 𝑠 , detrimental to females with additive fitness 
effect 𝑠 = −𝑠 ), which affects fitness via mating success and/or a reduced survival 𝑠   of YY homozygotes. When 𝜇 = 0, no AM expression can evolve and YM is always 
maintained as the male-determining gene. When 𝜇 > 0, AM displaces YM as the 
male-determining gene in absence of fitness effects associated with YM, which can 
inhibit SD transitions (Bull & Charnov, 1977; van Doorn, 2014), in which case YM 
may be retained either locally or globally (see details below).  
 
F activity relative to sex determination thresholds determines which SD systems are evolutionary stable 
 
The evolvability of F expression and sensitivity enables the evolution of different 
types of F alleles. In this section, we first verbally explore the model described above 
to identify the different systems that are able to produce an equal sex ratio; we do 
so by first considering how loss of expression and/or sensitivity affects the realized 
F activity in presence and absence of M. We then determine how different 
combinations of F and M genotypes (where M indicates either YM or AM) form 
recurrent pairs, i.e. genotype combinations that result in the same genotypes when 
crossed with each other (Bull & Charnov, 1977), that result in a female-specific and 
a male-specific genotype. Loss of expression can result in non-functional F alleles, 
and may enable a transition to a system where presence/absence of one or more 
expressed F alleles determines sex, rather presence/absence of M (e.g. females F/0; 
+/+, males 0/0; +/+, where F indicates expressed F and 0 unexpressed F, and + 
indicates the absence of M). Loss of sensitivity allows for F to become a dominant 
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female-determining allele FI and the evolution of an SD system where its presence 
always leads to feminization and its absence is required for masculinization. How F 
alleles may evolve, and how this can lead to changes in the SD mechanisms is largely 
determined by the activity of a single F allele relative to the two SD thresholds 𝜃  
and 𝜃  (Figure 2). Evolution of F also affects the dynamics of M; when F comes to 
be unexpressed, M is no longer required to induce masculinization and may be lost. 
Alternatively, when F evolves to be insensitive to M, M alleles may accumulate as it 
can now be transmitted through males and females alike. The possibility for F to 
evolve thus enables a wide variety of different SD systems to arise from a 
rudimentary SD cascade. 

The assumed initial SD system where a Y-chromosomal YM acts as a dominant 
male-determining gene over F, results in equal numbers of males and females 

Figure 2: Potential sex determination systems depending on threshold values of F activity. Each system
is defined by a recurrent pair of female and male genotypes that can only generate those two genotypes
(conform Bull & Charnov (1977)). Here we define three alleles for locus F: a regular F that is expressed 
and sensitive to M; a variant FI that is insensitive to M and expressed; and a variant 0 that is unexpressed. 
For M, we distinguish between active (M) and inactive (+) variants. We use 𝐴 to refer to the activity of a 
single F allele. In systems with both FI and 0, M has no function and may be present or absent; this is
indicated by a dash (-). 
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regardless of the relationship between F activity and the SD thresholds 𝜃  and 𝜃 . 
Moreover, male heterogamety with YM or AM as a dominant male-determiner is the 
only system which can yield equal numbers of males and females when 𝜃 < 𝐴 <𝜃 . Temperature-dependent expression of F in our model can result in a change of 
magnitude of 𝐴  relative to the thresholds 𝜃  and 𝜃 , i.e. this relationship may 
change from 𝐴 < 𝜃 < 𝜃  to 𝜃 < 𝐴 < 𝜃 , or to 𝜃 < 𝜃 < 𝐴. In both cases, in some 
parts of the population the relationship 𝜃 < 𝐴 < 𝜃  applies so that some form of 
male heterogamety involving YM or AM is expected to occur in these parts. Under 
other conditions however, stable SD systems can be formed with other variants of 
F. When the relationship between F activity 𝐴 and the SD thresholds 𝜃  and 𝜃  
changes, this can trigger a transition in SD. This could then result in local transitions 
in SD, so that SD mechanisms become differentiated between populations. It should 
be noted that a shift in the relationship between F activity and the SD thresholds 
does not necessarily cause SD transitions, unless such a shift has a direct impact on 
the sex ratio. However, following such shifts transitions may occur as a result of 
other factors capable of driving SD transitions now that alternative SD mechanisms 
are mechanistically feasible. For example, the evolution of an insensitive F variant is 
disfavoured when 𝜃 < 𝐴 < 𝜃 , but is made possible when environmental conditions 
change so that 𝜃 < 𝜃 < 𝐴. Even if this change does not affect the sex ratio, other 
mechanisms of SD turnover (e.g. sexually antagonistic selection on a loci linked to 
F; van Doorn & Kirkpatrick (2010)) may nonetheless apply to drive the invasion of 
an insensitive F variant. 

Following evolution of an insensitive variant of F (denoted FI ) and fixation of 
M (further discussed below), two possible further evolutionary changes become 
possible (Supplementary Figure 1). First, under these conditions, the product of the 
regular F allele is always broken down and hence these alleles serve no further 
function in the SD process. This renders them selectively neutral and thereby prone 
to accumulation of loss-of-function mutations that result in pseudogenisation. Once 
expressed, sensitive F alleles are purged and individuals either carry FI, whose 
product is insensitive to M, or unexpressed F alleles that do not generate any F 
product. Male development occurs in the latter case and is due to a lack of F product 
rather than by F breakdown mediated by M. This in turn enables the second change: 
because M is no longer required for sex determination, M may degrade via similar 
mechanisms as initially occurred for F. Sex is then determined solely by the genotype 
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at the F locus, though which genotypes induce femaleness or maleness depends on 
the relationship between potential activity of an F allele 𝐴 and the feminization 
threshold 𝜃  (see Figure 2 for details). Note however that though F and M may 
through such changes become selectively neutral with regard to sex determination 
in our model, in natural systems they may still perform other functions and therefore 
be under selection through pleiotropic effects, preventing mutational decay. 
Alternatively, expression of F and/or M may be costly to maintain, in which case 
selection will actively favour genetic decay. 
 
Evolution of F insensitivity and establishment of XY-ZW gradients 
 
The evolution of F insensitivity can also enable a transition from male heterogamety 
to female heterogamety. This can occur via the evolution of a dominant feminizing 
allele of F and subsequent fixation of YM or AM in both sexes. Dominance of F is 
achieved by becoming insensitive to M, though only when 𝐴 > 𝜃  (conform Figure 

Figure 3: Conditions for spread of a dominant female-determining gene FI. (A) Equilibrium frequency of 
FI at the northern and southern end (first/last deme) of the population range; local temperatures are
indicated in brackets (parameter values: 𝜃 = 0.2; 𝜇 = 0.001). In the northern deme, temperature-
dependent overexpression of F is absent whereas overexpression is maximal in the southern deme. (B) 
Between these two extremes, the equilibrium frequency of FI increases along the temperature gradient
(shown here for 𝜃 = 1.20; 𝜃 = 0.2;  1 + 𝛽 𝑇 = 1.76; 𝜇 = 0.014). Depicted in A and B are the frequency
of the FI allele at the maternally-inherited locus in females. White dashed lines in A indicate the parameter
values for the simulation results depicted in B (vertical line: 1 + 𝛽 ; horizontal line: 𝜃 ). 
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2). By increasing the value of 𝐴, temperature-dependent overexpression of F could 
then enable a (local) transition to female heterogamety. To test this hypothesis, we 
used simulations in which we varied the rate at which temperature affects F 
expression (1 + 𝛽 ) and the value for feminization 𝜃 . We found that FI could spread 
in the entire population when the feminization threshold 𝜃 < 1  (Figure 3A) 
regardless of temperature as it was detected in the northern-most (𝑇 = 0, left panel) 
as well as the southern-most deme (𝑇 = 1, right panel). When 𝜃 > 1, FI was unable 
to spread to colder demes as it would result in intersexual development 
(Supplementary Figure 2), but could be detected in warmer demes depending on 
how strongly temperature affected F expression (i.e. the value of 1 + 𝛽 ). Under 
these conditions, we find that FI follows a frequency gradient where it is absent in 
northern i.e. colder demes, but increases in frequency as temperatures increase, i.e. 
towards the south (Figure 3B). 

These results underline that the distribution of FI is constrained by F potential 
expression level, and show that temperature-dependent effects on expression can 
establish gradients when temperature varies. Due to its feminizing effect, an FI allele 
is transmitted as if it were a W-chromosome, and occurs only in FI/F females or 
intersexes. In presence of M, the FI product is not broken down but the product of 
regular sensitive F alleles is degraded, so that regular F alleles do not contribute to 
the total F product. This scenario becomes increasingly probable as either YM and/or 
AM frequency increases. Therefore, feminization of developing embryos under these 
conditions must be achieved solely by the activity of the FI allele. Because FI is 
insensitive to M, the total F activity is determined by its gross expression, i.e. its 
genetic expression rate ( 𝐸 ) multiplied by the temperature-dependent 
overexpression rate (1 + 𝛽 𝑇; see Equation 1). When no temperature-dependent 
overexpression occurs, feminization is only achieved when the genetic expression 
level exceeds the feminization threshold, i.e. 𝐸 > 𝜃 , but in presence of 
temperature effects is achieved when 𝐸 (1 + 𝛽 𝑇) > 𝜃 . This explains why when 𝜃 < 1, FI can spread everywhere independent of temperature (Figure 3A, left 
panel).  but when 𝜃 > 1 , FI frequencies depend on the temperate-dependent 
overexpression rate (Figure 3A, right panel) and the temperature (Figure 3B). 
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Y-chromosomal fitness effects modulate the conditions under which SD turnover can 
occur and can enable complex SD polymorphisms 
 
In the simulations above, we have assumed that YM is not associated with any fitness 
effects, thereby not affecting the spread of FI. Under these conditions, we find that 
YM is lost and replaced by AM owing to novel AM  alleles being formed through 

Figure 4: Y-chromosomal fitness effects alter the scope for SD transitions. Shown are the predicted
equilibrium frequencies of FI in females (maternally-inherited alleles), YM and AM in males (paternally-
inherited alleles). Horizontal strips indicate locus and temperature, vertical strips the AM activation rate 𝜇 . Further parameter values used in simulations: 𝜃 = 1.2; 𝜃 = 0.3; 𝛽 = 0.5 . Predicted allele 
frequencies were smoothed with generalized additive models. 
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mutation. YM instead is lost as it is not favoured by selection nor recurrently formed 
through mutation. In the presence of FI, AM is found at high frequencies on both 
paternally- and maternally-inherited chromosomes and functions as a co-factor for 
maleness as it is necessary to break down the product derived from the regularly-
sensitive and expressed F allele in non-FI-bearing individuals to induce maleness. In 
the absence of FI, AM functions as a dominant male-determining gene and is thus 
found in a heterozygous state in males but is absent in females. However, YM being 
the ancestral SD gene may have induced the chromosome on which it is located to 
undergo Y-chromosome evolution (reviewed in Bachtrog, 2013; Schenkel & 
Beukeboom, 2016). If so, the YM-bearing chromosome is expected to become 
enriched for sexually antagonistic genetic variants as well as recessive deleterious 
mutations. In effect, this would cause YM to be associated with higher fitness in 
heterozygous X/YM males, but have a fitness cost to YM-bearing females (who also 
carry FI) as well as all homozygous YM/YM individuals. Both sexually antagonistic 
genetic variation and cost of homozygosity can in theory strongly affect evolutionary 
transitions in SD (reviewed in van Doorn, 2014). We therefore performed additional 
simulations where we considered a sexually antagonistic fitness effect of the Y-
chromosome (see Supplementary Table 1), causing the Y-chromosome to have a 
positive fitness effect in males but a negative fitness effect in females; these effects 
are effectuated during mating, where an individual’s probability of mating is 
proportional to its fitness relative to that of other same-sex individuals. In addition 
to sexually antagonistic fitness effects which are mediated during the mating phase, 
we include costs of YM/YM homozygosity as a form of viability selection during 
embryogenesis.  

When YM is associated with SA genetic variation, we find that selection acts to 
maintain it over AM (Figure 4). SA effects can also inhibit invasion of FI provided that 
the strength of SA selection is sufficiently high. This occurs as negative fitness effects 
of YM on female carriers reduces the fitness of FI/F females relative to non-YM-
carrying F/F females. However, when the rate of introduction of novel AM alleles is 
sufficiently high, FI can always invade even if the selective effects associated with YM 

are strong. Under these conditions, AM evolves more readily and its 
overrepresentation in the gene pool is more pronounced (similar to Y-chromosomal 
meiotic drive; Jaenike (2001); Kozielska et al. (2010)). This causes a more strongly 
male-biased sex ratio among the offspring and hence the selective benefit for FI as 
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a female-determining factor increases. When the sex ratio is sufficiently male-biased, 
FI-bearing individuals (females) benefit derived from sex ratio selection outweighs 
the costs of bearing the female-detrimental Y-chromosome. 

The fitness effect of the Y-chromosome can enable maintenance of both YM 

and AM in the population, albeit in different locations. In case such polymorphism 
persists, YM tends to be disfavoured in the presence of FI and instead AM is found in 
both sexes. In the absence of FI, YM is restricted to males and maintained in 
heterozygous state so that only the male-beneficial effect through sexually 
antagonistic selection is exposed to selection, thereby promoting its maintenance 
over AM as the male-determining gene. The YM/AM polymorphism is highly similar to 
the distribution of Y-chromosomal versus autosomal M-factors in the housefly M. 
domestica. In this species, autosomal M-factors are more prevalent at lower latitudes 
and coincide with a dominant feminizing allele traD, resulting in three latitudinal 
gradients in Y-chromosomal M-factors, autosomal M-factors, and the traD allele. We 
find that Y-chromosomal fitness effects enable the evolution of this complex system 
in our model (see Box 1). This provides an adaptive explanation for the evolution of 
this system in contrast to existing models of SD evolution, which have been unable 
to predict when stable polymorphisms for tra versus traD  along with Y-chromosomal 
M-factors versus autosomal M-factors may occur in general, and in particular when 
these coincide along environmental clines as observed under natural conditions.  
 

Box 1: Evolution of the polymorphic housefly system 
 
Our model has been inspired by the common housefly Musca domestica, in which 
wild populations harbour different SD systems (reviewed in (Hamm et al., 
2015)). Here, we discuss how our model may explain the evolution of this 
system. In houseflies, like many insects, sex is determined by a linear cascade 
of genes, two of which vary between populations. First, transformer (tra) induces 
female development when active in developing embryos (Hediger et al., 2010); 
activity depends on pre-mRNA splicing, a process that is sensitive to temperature 
as well as other stressors (Palusa et al., 2007). Male development is achieved by 
inhibition of the tra loop by switching the splicing of tra pre-mRNA to a male-
specific variant, which encodes a truncated and presumably non-functional 
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protein; this inhibition is achieved by a masculinizing factor (M-factor) such as 
Mdmd (Sharma et al., 2017). A variant of tra, traD, has been found to be 
insensitive to inhibition by M-factors and instead induces female development in 
all carriers regardless of whether they carry any M-factors. Second, M-factors in 
M. domestica are found on different chromosomes in different populations. Most 
of these M-factors are homologous to Mdmd and likely represent duplicated 
copies (Sharma et al., 2017), but the M-factor on autosome I is remains 
unidentified. In our model, F represents tra and likewise traD corresponds to the 
dominant FI as discussed previously; YM and AM of our model both represent M-
factors.  

Figure 5: Model predictions vs. the observed latitudinal frequency gradient of a female-determining 
gene in the housefly Musca domestica. (A) The frequency of tra/tra (light orange) and traD/tra 
(purple) females in Europe. Adapted from (Kozielska et al., 2008). (B) Observed (purple) and 
predicted (yellow) frequencies of traD-bearing females (deme position scaled to match observed
latitude range). Parameter values used: 𝛽 = 1.5; 𝜃 = 1.15; 𝜇 = 0.005; 𝑠 = −𝑠 = 0.05; 𝑆 =0.9; 𝑑 = 0.1. 
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High-latitude M. domestica populations have a standard male 
heterogamety (XY) system in which the Y-chromosomal Mdmd gene induces 
maleness, and all individuals carry two regularly-sensitive tra alleles. At lower 
latitudes, however, females carry the insensitive traD allele, and both sexes can 
be homozygous for an autosomal copy of Mdmd, so that these populations have 
a female heterogamety (ZW) system (Figure 5; (Kozielska et al., 2008; Hamm 
et al., 2015)). The transition between these two SD systems is gradual, so that 
gradients exists in the frequency of Y-chromosomal Mdmd (decreasing with 
lower latitude), autosomal Mdmd, and traD (both increasing with lower latitude). 
Temperature likely plays a causal role in maintaining these gradients by affecting 
the SD process, though the exact mechanism for this is still undetermined 
(Feldmeyer et al., 2008; Feldmeyer, 2009). However, temperature effects on 
housefly SD have been reported in the form of biased sex ratios produced in 
wildtype crosses (Feldmeyer, 2009) as well as in females carrying the 
masculinizer (man) mutation, another variant of tra (Schmidt, Hediger, Nöthiger, 
et al., 1997; Hediger et al., 2010). The man mutation represents a maternal-
effect male-determining gene, where man-carrying females may produce male 
progeny even if the progeny do not carry an M-factor. Although these females 
can produce all-male broods, the effect is incomplete and temperature-sensitive 
(Schmidt, Hediger, Nöthiger, et al., 1997), with offspring sex ratios more male-
biased at higher temperatures. Altogether, temperature seems to have an 
important influence on SD in M. domestica, but the underlying mechanisms are 
not yet fully understood. 
The housefly system with its different SD systems is represented in our model 
by gradients in the frequency of YM (decreasing with temperature), AM, and FI 

(both increasing with temperature). Presumably, traD is limited to warmer 
localities for similar reasons as FI in our model, i.e. because a single traD allele 
may not be sufficient to induce feminization at low temperatures. Y-
chromosomal Mdmd and autosomal Mdmd may likewise follow similar dynamics 
as YM and AM. As described in the main text, Y-chromosomal fitness effects can 
yield gradients in YM and AM, but may also prevent the spread of FI, particularly 
at low rates at which novel AM alleles enter the population. The evolution of a 
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polymorphic SD system like that of houseflies therefore depends on a balance 
between the Y-chromosomal fitness effects and the rate at which new autosomal 

 
Figure 6: Evolution of a housefly-like system. A housefly-like system is defined by YM being the 
major allele at 𝑇 = 0 but the minor allele at 𝑇 = 1 (in males, paternally-inherited allele), and vice 
versa for AM (in males, paternally-inherited alleles) and FI (in females, maternally-inherited alleles). 
Frequency here denotes the expected frequency of observing a housefly-like system at equilibrium 
in the model. Parameter values: 𝜃 = 1.2; 𝜃 = 0.3; 1 + 𝛽 = 1.5. Values in the strips above each 
graph denote the value of the AM activation rate 𝜇 . Simulations were scored as exhibiting a housefly-
like system as described above (total 𝑁 = 10000 simulations). To obtain these predicted scores, we 
fitted a binomially-distributed generalized additive model. 

 
Mdmd arises. In our model, we find that a housefly-like system can evolve under 
various rates of AM de novo evolution (Figure 6). Higher rates of AM evolution 
require stronger SA effects for YM to be maintained in lower temperature demes. 
Costs of YY homozygosity do not appear essential for YM to be lost in presence 
of FI, though they may increase the likelihood of YM being lost in favour of AM in 
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the presence of FI by reducing the fitness of YY homozygotes. Possibly, the 
negative effect YM has in females due to sexually antagonistic selection may be 
sufficient to promote the loss of YM.  

Our model can explain the evolution of a complex variable SD system like 
that of the housefly M. domestica. Based on these results, we propose a novel 
hypothesis for the evolution of the housefly system in which the sex 
determination cascade is shaped by a combination of environmental influences 
on tra, recurrent evolution of autosomal Mdmd, and fitness effects associated 
with the Y-chromosomal copy of Mdmd (Figure 7). This hypothesis generates a 
number of testable predictions. First, in houseflies we expect that the feminizing 
function of tra may be elevated at higher temperatures, allowing for a single 
functional tra allele (such as traD) to be sufficient for feminization. The inverse 
is true at lower temperatures, meaning that both tra alleles must be functional 
for feminization. A traD/tra; M/M genotype then should yield a female phenotype 
at high temperatures, but a male or intersexual phenotype at low temperatures. 
The same is true for a tra/tra0; +/+ genotype, where tra0 is a loss-of-function 
variant such as traman (Schmidt, Hediger, Nöthiger, et al., 1997; Hediger et al., 
2010) or an artificially-generated knockout and + denotes the absence of active 
M-factors. Temperature-dependent effects on tra can then be elucidated by 
rearing individuals with such genotypes at different temperatures. Although it is 
still unclear how exactly tra maintains its own activity on a molecular level, the 
influence of temperature-dependent effects must be effectuated during sex 
determination which occurs during early embryonic development (Hediger et al., 
2010; Sharma et al., 2017). Further studies on molecular tra function and the 
effect of temperature during this stage on individual sex determination may be 
mutually informative. The second prediction is that Mdmd must be transmitted 
(or at some point have been transmitted) at a super-Mendelian rate so that a 
male-biased sex ratio is established. In houseflies, evolution of autosomal Mdmd 
is likely to occur or have occurred via transposition of Mdmd (Green, 1980; 
Sharma et al., 2017). Relative to de novo evolution, this mechanism may result 
in much higher evolutionary rates and consequently stronger male-biased sex 
ratios. Other mechanisms of Mdmd evolution such as meiotic drive should in 
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principle have the same effect (Kozielska et al., 2010), but do not appear to 
occur in M. domestica. Third, Y-chromosome bearing males must have a fitness  

 
Figure 7: A novel hypothesis for the evolution of the housefly polymorphic sex determination 
mechanism. Evolution of AM (here represented by transposition of YM) results in an excess of M 
factors in the population and a male-biased sex ratio. At low temperatures, the M-insensitive FD allele 
cannot evolve, and both YM and AM persist in a heterozygous state. Because YM is associated with a 
fitness benefit in males, YM-bearing males outcompete AM-bearing males, resulting in a return to the 
ancestral state with YM as the sole male-determining allele in a XY system. In contrast, at high 
temperatures, the FD allele can evolve, and has a fitness benefit as a result of sex ratio selection. As 
FD spreads, M alleles can be transmitted by females resulting in the formation of homozygous YM/YM 
and AM/AM individuals. As YM homozygosity is associated with a viability cost, these individuals have 
lower fitness than AM/AM individuals. This results in a loss of the YM allele and fixation of the AM allele 
in its place as a co-factor for male development. In effect, a transition has occurred from XY male 
heterogamety to ZW female heterogamety as the sex-determining role has been taken over by FD. 
 

benefit over XX males with autosomal M-factors in absence of FI, but must have 
a fitness cost in presence of FI. We assume here that the fitness benefit is 
conferred by sexually antagonistic genetic variants on the Y-chromosome and 
that the fitness cost is due to presence of recessive deleterious mutations. 
However, as discussed above, other scenarios may also be possible, provided 
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that they yield these fitness effects in absence and presence of FI. Recent work 
found no evidence to suggest that temperature affected the expression of genes 
linked to either a Y-chromosomal M-factor or an autosomal M-factor in adult 
males (Adhikari et al. in prep), suggesting that these chromosomes are not 
simply exposed to temperature-dependent selective pressures; instead, selection 
may affect these M-factors through other mechanisms. Finally, for a housefly-
like system to evolve, a balance must exist between these processes. Rather 
than being particularly dependent on a single parameter, whether or not the 
housefly system may have evolved via adaptive evolution as described under our 
hypothesis hinges on the manner in which these different processes interact in 
this species. 

 
 
Evolution of polymorphic genetic sex determination can be driven by environmental 
heterogeneity 
 
Here, we have presented a model for the evolution of SD systems in a context where 
sex is determined by genetic factors in combination with environmental effects. In 
our model, female development is induced when the activity of a feminizing gene F 
exceeds a certain threshold, whereas male development is achieved when F activity 
is below a different and lower threshold. This can be caused by inhibition of F activity 
by the maleness-promoting gene(s) YM and/or AM, or by loss of F expression. We 
incorporate a positive effect of temperature on the expression of a feminizing locus 
F. We find that several different SD systems can be formed depending on the activity 
of an F allele relative to the threshold values for masculinization and feminization. 
Temperature-dependent effects on F may alter the relationships between F activity 
and SD thresholds, thereby enabling the evolution of different genetic SD systems. 
A particular prediction is the transition from male heterogamety to female 
heterogamety, which occurs in our model via the evolution of an insensitive 
dominant feminizing variant (FI) that induces femaleness even in the presence of YM 

and/or AM, which normally inhibit F, resulting in maleness. FI can spread when 
activity of a single F or FI allele is sufficient to induce feminization; when activity is 
modulated by temperature, this can lead to local invasions of FI and subsequently 
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differentiation between populations along temperature gradients. Differentiation can 
also occur for YM and AM, with YM being favoured in absence of FI and AM in presence 
of FI. This occurs when YM is associated with certain fitness effects such due to 
linkage with sexually antagonistic variants or recessive deleterious mutations. 
Altogether, we show that this can lead to multiple gradients in SD genes as found in 
M. domestica. 
Conclusion 
Our model can easily be amended to other systems provided that they have a basic 
GSD framework which is influenced by an environmental effect. Environmental 
effects on genetic sex determination systems are being reported in an increasing 
number of species. Although temperature-dependent effects are well-documented, 
other environmental effects may also influence SD in certain systems such as 
hormonal imbalance in fish due to pollution (Devlin & Nagahama, 2002). Likewise, 
other components and assumptions of the model that are based on the housefly 
system may be represented differently in other species but with similar effects. For 
example, the impact of AM evolution is not due to a specific mechanism of mutation, 
but more generally by causing a male-biased sex ratio, thereby promoting the 
invasion of FI. Male-biased sex ratios occur due to AM overrepresentation in the gene 
pool via its de novo evolution, but the same effect can be achieved by e.g. 
translocation of a Y-chromosomal male-determining gene or via association with 
meiotic drivers (Green, 1980; Kozielska et al., 2010). Additionally, we see that in 
absence of an association between YM and certain fitness effects, AM replaces YM 

altogether, yet still drives the invasion of FI, showing that our model does not strictly 
require a third locus. Inversely, it is likely that a more complex genetic basis 
generates similar evolutionary patterns, e.g. when various genes can evolve into a 
male-determining gene, possibly via different mechanisms (Bopp, 2010). In this 
scenario, many genes having a small chance to evolve into a male-determining gene 
may have the same net effect on sex ratio as a gene that is prone to evolving a 
masculinizing function. In this light, it will be interesting to test whether genes that 
have acquired a sex-determining function in one species are prone to evolve a similar 
function in a related species, where it has no sex-determining function.  

Previous work has shed light on the evolution of ESD and GSD systems, and 
when transitions between these two may arise (Pen et al., 2010; Muralidhar & Veller, 
2018; Schwanz et al., 2020). However, our understanding of the evolution of 
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polymorphic SD systems and the potential for environmental heterogeneity to 
influence this process remains limited. Our results highlight environmental effects on 
GSD systems, and under which conditions this can lead to within-species 
polymorphism in GSD systems. Moreover, even in systems that appear to be fully 
GSD, the role of environmental influences on the SD processes must not be ignored 
as these may have played an important role in their evolution. In extension of this, 
changes in environment, e.g. due to global warming, may impose yet unforeseen 
selective pressures on species when GSD systems evolved under different 
conditions. 
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Methods 
 
An overview of all parameters and their standard values are provided in 
Supplementary Table 2. 
 
Life cycle 
 
We simulate a population consisting of 𝑁 demes arranged along a linear gradient 
(Figure 1A); we vary the environmental cue T normalized from 0 in the first deme 
to 1 in the last deme. T positively affects the expression of a feminizing locus F and 
may thereby increase the probability of an individual developing as a female (for 
details see section "Sex determination"). In each deme, we generate a fixed number 
of 𝐾 individuals upon initiation. Individuals have a diploid genome consisting of three 
linkage groups. One linkage group carries the F locus, from which the F product that 
induces feminization is derived. The two remaining linkage groups can carry a male-
determining M locus, whose protein M degrades the F product. We designate one of 
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these linkage groups as being the original sex chromosome pair and accordingly 
refer to these as XY chromosome pair; we refer to the M-locus on this chromosome 
pair as YM. The other linkage group is referred to as the autosomal chromosome 
pair, and we refer to its M-locus as AM. Sex is determined by the total amount of F 
product available after interacting with M. We assume a male heterogametic system 
in which females carry two X-chromosomes that lack an active M allele, and males 
carry one such X-chromosome and a Y-chromosome that harbours an active M allele. 
All individuals lack active M alleles on their autosomes upon initiation. Reproduction 
occurs by random mating between males and females within each deme, during 
which all linkage groups follow Mendelian segregation. During reproduction, a total 
of 𝐾 juveniles are created within each deme. Each allele can undergo mutation with 
a certain probability. Juveniles then disperse at a rate 𝑑 to a random neighbouring 
deme. After dispersal, all adults die and are replaced by the juveniles. For all 
simulations, a “burn-in” period of 20,000 generations is applied during which all 
demes have a 𝑇 = 0. After this, we increase 𝑇 in each deme to its final value (as 
determined by their position in the gradient) during a warmup period of 10,000 
generations. We use a burn-in and warmup phase to ensure that the system is able 
to evolve to a stable state prior to incorporating environmental effects and to ensure 
selection due to environmental effects does not change abruptly. After increasing 
the warmup phase, we keep conditions stable for 200,000 generations to allow the 
system to evolve to a new equilibrium. At this point, we analyse the genotypes of all 
individuals to determine which SD systems have evolved in which demes. 
 
Sex determination 
 
An individual's sex is determined by the net activity 𝐹  of the two alleles at the F 
locus, which is determined based on the initial expression level of each F allele minus 
the amount of F product that is degraded by M (see Figure 1B). Initially, each allele 
produces an amount 𝐸  of F product which has a sensitivity 𝑆  to breakdown by M. 
Environmental effects on SD are included solely with regard to F expression, so that 
the total expression 𝐴 (prior to eventual breakdown by M) of an F allele is given by: 
 
 𝐴 = 𝐸  (1 + 𝛽 𝑇) (2) 
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Here, 𝛽  refers to the rate at which F expression increases between 𝑇 = 0 and 𝑇 =1. To model within-deme heterogeneity in T and developmental noise, we add some 
noise to the expression of F by adding a Gaussian amount 𝜖 with 𝜇 = 0 and 𝜎 = 𝜎 . 
The cumulative amount 𝑀  of M protein is determined by summing up the 
expression level 𝐸  of all active M alleles. Breakdown of F protein by M is determined 
per F allele by the expression level and the sensitivity of the expressed product as 
follows, so that the net activity 𝐴′ of an F allele is given by: 
 
  𝐴 = max (0, (𝐸 (1 + 𝛽 𝑇) + 𝜖)(1 − 𝑆 × 𝑀 )) (3) 
 
We sum up the net activity of both alleles of F to obtain the net activity of the F 
locus, 𝐹 , based on which sex is determined:  
 
 𝐹 = ∑ 𝐴  (4) 
 
in which 𝑖  is used to indicate the maternal (𝑖 = 1) and paternal (𝑖 = 2 allele). 
Individuals develop into males if 𝐹 < 𝜃  or into females if 𝐹 > 𝜃 . If 𝜃 ≤ 𝐹  ≤  𝜃  individuals develop into infertile intersexes. The expression and sensitivity 
of F, as well as the expression of M, can vary from 0 to 1. 
 
Reproduction and mutation 
 
Reproduction occurs by mating between females and males residing in the same; an 
individual’s probability of being sampled as a mate is proportional to its fitness 
relative to other same-sex individuals and depends solely on sex chromosome 
genotype (see “Fitness effects of the Y-chromosome”); in absence of Y-chromosomal 
fitness effects mating effectively occurs between randomly-sampled males and 
females. Mutations can occur within each gamete, and occur independently for F 
sensitivity, F expression, and M expression each with a trait-dependent probability 𝜇; mutations occur prior to sex determination in developing offspring so that this is 
functionally equivalent to mutations occurring during gametogenesis. Mutations may 
either result in a certain shift in trait value (regular mutations) or in a loss-of-function 
type mutation where the trait value is set to zero (null mutation). When mutations 
occur, they have a trait-dependent probability 𝜇  of being a null mutation. Regular 
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mutations result in a change in a trait value by summing the current trait value with 
a value sampled from normal distributions with mean zero and standard deviations 𝜎 ,, 𝜎 , and 𝜎  for F sensitivity, F expression, and M expression. Once a trait value 
equals zero through either regular or null mutations, we consider this to be a loss of 
function and prevent the trait from undergoing further mutation so that there is no 
gain of function. The exception to this is the de novo evolution of the AM locus. New 
(expressed) AM alleles may arise de novo with a frequency 𝜇 . The expression level 
of newly-evolved AM locus is sampled from a normal distribution with mean 𝜇  and 
standard deviation 𝜎 .  
 
Fitness effects of the Y-chromosome 
 
We incorporate two possible fitness effects that are associated with YM. First, we 
incorporate a sexually antagonistic fitness effect of the Y-chromosome with additive 
fitness effects 𝑠  and 𝑠  in females and males (see Supplementary Table 1). This 
causes the Y-chromosome to have a positive fitness effect in males but a negative 
fitness effect in females, and resembles a scenario in which the Y-chromosomal M-
locus is tightly linked to one or more sexually antagonistic alleles. These fitness 
effects are effectuated during the mating phase of our model; rather than sampling 
one male and one female at random, each of these are sampled with a likelihood 
that is proportional to their fitness score relative to other same-sex individuals in 
their deme. Second, we incorporate a fully recessive viability cost of YM/YM 

homozygosity, whereby developing YY individuals survive to the adult stage with a 
probability 𝑠 ≤ 1 . Survival of X/X and X/YM individuals is not affected. This 
resembles the effect of mutation accumulation on the sex-limited chromosome. For 
both fitness effects, we assume that YM is fully linked to the loci under selection so 
that no recombination occurs.  
 
Data analysis 
 
We categorize all F alleles based on their sensitivity level and their expression level, 
where an F allele is considered insensitive if its sensitivity is equal to 0 (and sensitive 
if it is larger than 0), and is unexpressed when its expression is less than 𝜃 /2. We 
classify all alleles that are insensitive and expressed as FI alleles, and all others as F 
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alleles. We categorize all M alleles based on their expression level; we consider an 
M allele unexpressed when its expression is lower than (2 − 𝜃 )/2, and expressed if 
its expression equals or exceeds (2 − 𝜃 ) 2⁄ . The threshold for F expression is based 
on the assumption that an expression value below 𝜃 /2 is insufficient to prevent 
maleness when an individual is homozygous. Similarly, an M allele may break down 
a small amount of F product without preventing female development. Assuming F is 
fully expressed (and hence a total of 2 F product is generated), breakdown by M can 
at most be 2 − 𝜃 . When both F alleles are fully sensitive, this means that an 
individual can be homozygous for an M that breaks down at most (2 − 𝜃 )/2 and 
still develop into a female.  

Following categorization, for each deme we count the number of F and FI as 
well as the number of unexpressed and expressed M alleles on the maternally-
inherited and paternally-inherited alleles. Of this, we take two separate subsets for 
the allele counts at the two environmental extremes 𝑇 = 0  and 𝑇 = 1 . We fit 
generalized additive models (GAMs) with binomial distributions on the allele 
frequencies at both extremes for each locus. For the F locus, we did so on the allele 
frequency of the FI allele on the maternally-inherited copy and for both YM and AM 

we fit GAMs on the frequency of expressed alleles on the paternally-inherited copies. 
In each GAM, we included a full tensor product smooth between the parameters of 
interest. Thin plate regression splines were used as the base functions for each 
parameter. 

To assess whether a polymorphic system resembling that found in natural 
housefly populations had evolved, we determined for each simulation whether (1) FI 
was the minor allele at 𝑇 = 0 and the major allele at 𝑇 = 1; (2) YM was the major 
allele at 𝑇 = 0 and the minor allele at 𝑇 = 1; and (3) AM was the minor allele at 𝑇 =0 and the major allele at 𝑇 = 1. Minor (major) alleles are defined as having a 
frequency below (over) ½. Simulations that met all three criteria were considered 
to have evolved a housefly-like SD system. The resulting scores were used to fit a 
binomially-distributed GAM with a full tensor product smooth between AM de novo 
rate (𝜇 ), sexually-antagonistic fitness effect (𝑠 ; all simulations assume 𝑠 = −𝑠 ), 
and YY survival rates (𝑠 ).  

All data analysis was carried out in R (v.4.0.0; R Development Core Team 
(2020)) and RStudio (v.1.2.5033; RStudio Team, 2020), using the ‘cowplot’ (Wilke, 
2019), “maps” (Becker et al., 2018), “mapsproj” (McIlroy et al., 2020), ‘mgcv’ 
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(Wood, 2017), ‘tidyverse’ (Wickham et al., 2019), and ‘viridis’ (Garnier, 2018) 
packages. 
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Supplementary Material 
 
Supplementary Tables 
 
Supplementary Table 1: Sexually antagonistic fitness effects of the Y-chromosome. 𝑠  and 𝑠  denote 
the fitness effect of the Y-chromosome in females and males, whereas ℎ  and ℎ  denote the dominance 
of these fitness effects in XY heterozygotes. We assume the Y-chromosome to be deleterious to females  
(𝑠 < 0) but beneficial to males (𝑠 > 0). 

 XX XY YY 

Female 1 1 + ℎ 𝑠  1 + 𝑠  
Male 1 1 + ℎ 𝑠  1 + 𝑠  
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Supplementary Table 2: Parameters in the model and their standard values. 

Variable Description Standard 
value 𝑁 Number of demes 11 𝐾 Population size per deme 10,000 𝑑 Rate at which dispersal occurs 0.1 𝜃  Lower threshold for female development 1.2 𝜃  Upper threshold for male development 0.3 𝑠  Survival rate of YY individuals 1 ℎ  Dominance of Y-chromosomal fitness effect in females 0.5 ℎ  Dominance of Y-chromosomal fitness effect in males 0.5 𝑠  Selective effect of Y-chromosome in females 0 𝑠  Selective effect of Y-chromosome in males 0 𝜇  Proportion of mutations that are null mutations 0.01 𝜇  Mutation rate for F expression level 0.1 𝜎  SD for mutation effect for F expression level 0.1 𝜇  Proportion of mutations in F expression that are null mutations 𝜇  𝜇  Mutation rate for F sensitivity 0.1 𝜎  SD for mutation effect for F sensitivity 0.1 𝜇  Proportion of mutations in F sensitivity that are null mutations 𝜇  𝜇  Mutation rate for M expression level 0.1 𝜎  SD for mutation effect for M expression 0.1 𝜇  Proportion of mutations in M expression that are null mutations 0 𝜇  Mutation rate for de novo AM evolution 0 𝛽  Correlation coefficient between temperature and F expression 0.5 𝜇  Mean expression level for AM when evolving de novo 0.9 𝜎  Standard deviation for AM expression level when evolving de novo 0.05 𝜎  Standard deviation for noise in F expression level 0.05 
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Supplementary Figures 
 

 

Supplementary Figure 1: Genetic decay of F and M following the evolution of an insensitive feminizing 
FI allele. Starting from a standard male heterogametic system, a feminizing FI allele can invade resulting 
in a transition to a female heterogamety system. For this to occur, an M allele must be fixed in both 
sexes. Fixation of M ensures the regularly-sensitive F product is always degraded and hence these alleles 
confer no function leaving them susceptible to genetic decay by mutation accumulation. This can 
eventually lead to loss of functional F in favour of non-expressed F alleles (denoted 0). Loss of F obviates 
the need for M to be maintained as no regular F product is generated that must be broken down to ensure 
maleness in non-FI-bearing individuals (genetic males). Similar to F previously, M functionality is no longer 
necessary and mutations may accumulate by which M becomes unexpressed (also denoted 0). Note that 
FI is depicted here as a dominant feminizing allele (females FI/F, males F/F) but similar scenarios apply 
for a recessive feminizing FI allele (females FI/FI, males FI/F). The only difference is that the F allele that 
is susceptible to decay is now only found in males in a heterozygous state rather than in heterozygous 
females and homozygous males; decay of F and M can occur according to the same principles as when 
FI is a dominant feminizing allele. 
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Supplementary Figure 2: Constraints on the spread of a dominant feminizing FI allele. (A) When 𝜃 <1, FI can invade in the entire population as a single F allele generates sufficient product to induce female 
development. (B) When 𝜃 > 1, FI cannot spread in absence of temperature-dependent overexpression 
as it does not generate sufficient product to induce femaleness, and instead intersexual development is 
induced in FI-bearing individuals. At high temperatures, F overexpression enables a single F allele to be 
sufficient for feminization, allowing for FI to spread. In all cases, we assume a FI/F; M/M genotype so that 
regular F product is degraded.  
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Abstract 
 
The evolution of sex chromosomes has been studied extensively from a theoretical 
perspective, but empirical confirmation of the resulting models has been lacking. 
This is largely due to lack of suitable model systems. Empirical efforts have sought 
to exploit interspecific variation in sex chromosome systems and by seeking out 
younger sex chromosomes to study sex chromosome evolution prior to the onset of 
extensive differentiation between the minor (Y or W) and major (X or Z) 
chromosome. Here, I propose an complementary system for empirical research on 
sex chromosome evolution. The housefly (Musca domestica) features a multifactorial 
sex determination mechanism wherein ’standard’ populations have a XY system with 
a Y-chromosomal male-determining gene Mdmd. Other populations feature a ZW 
system wherein Mdmd resides on an autosome, and females carry a dominant 
feminizing gene traD that overrules Mdmd. Interpopulation crosses were used to 
introgress the autosomal Mdmd gene into a standard population. This creates a 
strain in which the Mdmd-carrying autosome turns into an incipient proto-Y-
chromosome, and its complement into an incipient proto-X-chromosome. These 
'baby-sex chromosomes' can be used to study the genomic changes of sex 
chromosomes in real time and in a repeatable manner. We discuss possible 
applications of baby-sex chromosomes for future studies such as testing the 'sexual 
antagonism' hypothesis of sex chromosome evolution. 
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Introduction 
 

The evolution of sex determination (SD) mechanisms and of sex chromosomes have 
been thoroughly studied in a theoretical context (van Doorn, 2014; Abbott et al., 
2017). With the advent of genomics and other genetic tools, empirical research on 
these topics has been steadily increasing, resulting in the identification of a wide 
variety of SD genes (Hall et al., 2015; Krzywinska et al., 2016; Sharma et al., 2017; 
Pan et al., 2019). They have also detected evolutionary strata, i.e. regions exhibiting 
different levels of differentiation, on the sex chromosomes of several species 
(Handley et al., 2004; Wright et al., 2014), suggesting sex chromosome 
differentiation takes place in distinct bouts. These studies have confirmed some of 
the predictions generated by the theoretical models, but have been unable to 
address others. Most of these studies have been made use of existing interspecific 
variation in SD systems and sex chromosomes to study the stages of sex 
chromosome evolution (e.g. (Zhou & Bachtrog, 2012a; b)). A complementary 
approach would be to develop model systems in which SD and sex chromosome 
evolution can be studied; this has two main benefits. First, many of the theoretical 
predictions on SD and sex chromosome evolution cannot be tested within a single 
comparative framework. This is due to a difference in approach in how these two 
topics are studied,  as generally studies on sex chromosome evolution rely on 
analysing past patterns of evolution, whereas studies on SD transitions focus on 
tracking differentiation in real time (e.g. (Hamm & Scott, 2008)]). Second, the rigor 
with which theories are tested is insufficient as there is an intrinsic lack of 
repeatability, leading to a lack in statistical power. An analysis of a given naturally-
occurring sex chromosome system provides an N=1 result of its realized evolution, 
and is therefore inadequate to make extensive inferences about the selective 
processes involved (Kawecki et al., 2012). Our understanding of sex chromosome 
evolution is further hindered by the degenerated nature of late-stage sex 
chromosomes. This erases signs of past adaptive evolution and impedes the use of 
genomic tools to study alterations in gene content and regulation, which are still 
often inapplicable to degenerated and repetitive regions which often make up a large 
proportion of late-stage Y-/W-chromosomes (but see Mahajan et al., 2018). Our 
understanding of the early phases of sex chromosome evolution therefore remains 
largely speculative. 
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 The evolution of sex chromosomes is thought to be initiated by an autosome 
acquiring a sex-determining function, e.g. by the evolution of a new SD gene (Ohno, 
1967). The sex-limited chromosome (Y in XY systems, W in ZW systems) which 
carries the new SD gene is termed the minor sex chromosome, and its non-sex-
limited counterpart (X in XY, Z in ZW) the major sex chromosome. Y- and W-
chromosomes are transmitted exclusively through one sex (males for Y, females for 
W), but evolve in a similar manner, and likewise X- and Z-chromosomes undergo 
similar evolutionary changes. The region linked to the SD gene becomes sex-linked 
and is transmitted through one sex only, e.g. males in case of a male-determining 
gene on a novel Y-chromosome. The “sexual antagonism” hypothesis (Rice, 1987a) 
has become the canonical model for sex chromosome evolution, but empirical 
support for it is ambiguous. This hypothesis postulates that the presence of a sex-
determining allele on a chromosome causes the region linked to that allele to be 
exclusively transmitted through one sex, e.g. males for a male-determining allele on 
a Y chromosome. This transmission pattern promotes the spread of genetic variants 
that are beneficial to this sex, but harmful to the other, i.e. intralocus (IASC) genetic 
variants (see also Chapter 2). Extending the linked region by the evolution of 
recombination-suppressing mechanisms (e.g. inversions) allows for more of these 
genetic variants to be linked to the sex-determining allele. Stepwise evolution of 
recombination suppression along the Y-/W-chromosome has been inferred from the 
presence of distinct strata of genetic divergence between the sex chromosome pairs 
(X- versus Y-chromosome and Z- versus W-chromosome) in several species (Lahn & 
Page, 1999; Handley et al., 2004; Wright et al., 2014). However, it is unclear whether 
the establishment of these strata occurred in conjunction with the spread of specific 
IASC genetic variants and, if this were the case, whether the newly-non-recombining 
region was enriched for such variants prior to or after the evolution of suppressed 
recombination. This is due to the degenerative nature of the Y-chromosome, which 
as a non-recombining genomic entity is subject to accumulation mutation via Muller’s 
ratchet and suboptimal adaptive evolution as a result of various types of Hill-
Robertson interference (Bachtrog, 2013). These processes can result in erosion of 
past signs of adaptation and an accumulation of deleterious mutations that makes 
ultimate and proximate analyses of the gene content of late-stage Y-chromosomes 
a cumbersome or even impossible endeavour (Graves, 2006; Schenkel & 
Beukeboom, 2016).  
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To bypass the issue of Y-chromosome degeneration, studies on Y-
chromosome evolution have made use of naturally-occurring, recently-evolved sex 
chromosomes such as in a variety of Drosophila species (Kaiser et al., 2011; Zhou & 
Bachtrog, 2012b; a). Although these approaches resolve the issue of Y-chromosomal 
degeneration, they are complicated by the fact that comparisons between Y-
chromosomes of differing age or stage of evolution are interspecific. Similarly, 
despite having a clear benefit in terms of studying naturally-evolved Y-
chromosomes, they do not permit repeatability because they only represent a single 
instance of past sex chromosome evolution, and no additional replicates may be 
generated. An alternative approach to study sex chromosome evolution is to 
generate new sex chromosomes by mimicking the evolution of a new SD gene on 
an autosome. This can be achieved by genetic modification, such as the insertion of 
existing SD genes on an autosome. This is, however, a technically challenging 
procedure requiring genetic engineering. A more feasible approach is to exploit 
existing variation in SD mechanisms in species with multifactorial SD, such as in the 
housefly Musca domestica, such that genes that are capable of acting as master SD 
genes, but do not do so owing to the presence of other dominant SD genes, are 
crossed into novel genetic backgrounds where they become the master SD gene. In 
this chapter, I briefly outline the different SD mechanisms that occur naturally in M. 
domestica (see also Chapter I) and explain how this variation can be exploited to 
establish novel sex chromosome systems using classical genetic crosses. I refer to 
these as baby-sex chromosomes, i.e. the chromosome carrying the male-
determining factor as the baby-Y chromosome and its complimentary copy as the 
baby-X chromosome. Finally, I discuss how the baby-sex chromosome strains and 
associated controls can be used to test theories of sex chromosome evolution, such 
as the 'sexual antagonism' model. 

 
Genetics of housefly sex determination 
 
The housefly Musca domestica L. (Diptera: Muscidae) has a multifactorial sex 
determination system in which different genes can determine sex and different 
chromosomes can be sex chromosomes depending on the geographic origin of 
housefly populations (reviewed in (Feldmeyer et al., 2008; Hamm et al., 2015)). The 
genetic cascade directing sexual differentiation is similar to that of many other 



Chapter V 
 

134 

insects in that transformer (tra, sometimes denoted F) activity determines whether 
an individual becomes male or female (Bopp, 2010; Hediger et al., 2010; Bopp et 
al., 2014). In female embryos, tra is active, whereas in male embryos, the activity 
of tra is shut down by a male-determining (M) factor such as the Mdmd gene 
(Sharma et al., 2017). In populations at high latitudes (northern hemisphere), males 
carry a Y-chromosome with two copies of Mdmd (Hediger et al., 1998), whereas 
females carry two X-chromosomes that lack this gene, resulting in an XY sex 
chromosome system. At lower latitudes, however, a dominant tra allele (traD) is 
found, which remains active even in the presence of Mdmd and/or other (yet 
unidentified) M-factors (Wagoner, 1969; McDonald et al., 1978; Hediger et al., 
2010). As a result, all carriers of this allele are female. In populations harbouring the 
traD allele, M-factors are commonly found on autosomes, and individuals are often 
homozygous for an M-factor. M-factors can reside on all autosomes and both sex 
chromosomes (reviewed in (Hamm et al., 2015)), and in most cases correspond to 
duplicated copies of the Mdmd gene (Sharma et al., 2017; Li et al., in prep) with the 
exception of the M-factor on autosome I, which has been shown to be an unknown 
but different gene. Effectively, in populations at low latitudes sex is determined by 
the presence or absence of the traD allele and the M-factor has become a co-factor 
for male development instead of a master SD gene, and therefore these populations 
have a ZW sex chromosome system. 

In contrast to the Y-chromosomal Mdmd copy at high latitudes, the autosomal 
M-factors at low latitudes are not transmitted solely through males but also through 
traD-carrying females; the chromosomes carrying them have therefore not yet 
developed into mature Y-chromosomes. Despite the masculinizing function of an 
autosomal M-factor, the fact that it can be passed through traD-carrying females 
means the region linked to the M-factor is not exclusively transmitted through males. 
Consequently, sexually antagonistic mutations are less likely to become associated 
with the M-factor (Jordan & Charlesworth, 2012; Charlesworth et al., 2014). By 
extension, the evolution of recombination suppression is not expected to be favoured 
(Rice, 1987a). However, these M-carrying autosomes can develop into Y-
chromosomes when they are introduced into a population without traD alleles (Figure 
1A). The autosomal M-factor is turned into a dominant male-determining allele as 
carriers of the autosomal M-factor will now always develop as males. This procedure 
effectively mimics the evolution of a novel sex-determining gene and establishes a 
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male-limited region linked to the autosomal M-factor. This region can undergo 
enrichment for IASC loci and the evolution of recombination arrest as predicted by 
the "sexual antagonism" model of sex chromosome evolution. Autosomes carrying 
M-factors therefore have the potential to develop as Y-chromosomes, but are 
sheltered from this evolutionary fate by the presence of traD; in its absence, they 
can undergo sex chromosome evolution.  
 
Interpopulation crosses can establish new baby-sex chromosomes 
 
I applied the principles of introgressing autosomal M-factors from a population with 
traD (ITA3; males tra/tra; X/X; M/M; females traD/tra; X/X; M/M) into a background 
without it (GM, originating from GK3 through GK8; males tra/tra; X/Y; +/+; females 
tra/tra; X/X; +/+) as shown in Figure 1A; the introgression procedure is outlined 
below and shown in Figure 1B. Detailed methods are described under “Introgression 
of autosomal M-factors”. In brief, I established a genetically variable strain GM 
(Gerkesklooster Mix) with XX females and XYM males by mixing flies from strains GK3 
through GK8 (collected in Gerkesklooster, The Netherlands; for further details see 
Supplementary Table 1). I introgressed an autosomal M-factor from the ITA3 strain 
into this GM background to dissociate the M-factor from traD, thereby turning it into 
a baby-Y-chromosome. This also increases the genetic variation within the strain, 
which may have become depleted in the original strain from which the autosomal 
M-factor has been derived. Five-hundred virgin GM females were paired with 500 
ITA3 homozygous M/M males in a single cage to establish an F0 population of 1000 
individuals with equal sex ratio. The resulting F1 offspring were sexed, 500 males 
were collected and paired with 500 new virgin GM females. This procedure was 
repeated until the F10 generation resulting in replacement of the ITA3 genetic 
background by the GM background for theoretically 99.9%. At this point cages were 
set up using both female and male offspring to establish the introgressed population 
featuring a baby-sex chromosome system. Using this approach, I established two 
experimental strains EA and EB with autosome III as a baby-sex chromosome pair; 
control strains CG and CI were established by repeatedly backcrossing GM males 
with GM females (CG) or ITA3 males with ITA3 females (CI) (see also Table 1). The 
GM strain was newly established every generation during introgression to prevent 
depleting the genetic variation in this strain over time. 
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During introgression, offspring sex ratios were stably 50% female - 50% male 
except for the F1 and F2 generation in the EA and EB strains (Figure 2). For EA, the  
F1 generation had a strongly male-biased sex ratio (53/632 females/males, sex ratio 
92.3% male) whereas for EB this male bias was less pronounced (281/471 
females/males, sex ratio 62.6% male). A 100% male sex ratio is expected among 
these offspring because of M-factor homozygosity in the F0 ITA3 males, whereas 
none of the GM females carry traD; all offspring should therefore have a tra/tra; X/X; 
M/+ genotype, which would result in maleness (see also Figure 1A). In the F2, the 
sex ratios for EA and EB reduced relative to the F1 sex ratios but remained slightly 
male-biased in both EA and EB (EA: 237/344 females/males, sex ratio 59.2% male; 
EB: 446/588 females/males, sex ratio 56.9% male). There are several - non-mutually 
exclusive - potential reasons as to why females were found in the F1 stage and 
similarly why sex ratios were still slightly male-biased among the F2 offspring. First, 
some traD-bearing ITA3 females may have been erroneously included during the F0 
stage, resulting in some traD-bearing females being produced in both strains in the 
F1. Male-biased sex ratios in the F2 are then caused by the presence of M/M  
females carry traD, some males may be heterozygous for an M-factor and hence 

Table 1: Strains developed in introgression experiment. 

 CG CI EA & EB 

Male source population GM ITA-3 ITA-3 

Female source 
population 

GM ITA-3 GM 

Master sex 
determination gene 

YM traD IIIM 

Sex chromosome system XY ZW XY 

Sex chromosome pair XY IV III 

Status of autosome III  Autosomal, no IIIM 
present 

Autosomal, fixed 
for IIIM 

Sex chromosome pair 

XY genotype (M) X/YM X/X X/X 

XY genotype (F) X/X X/X X/X 

III genotype (M) +/+ IIIM/IIIM IIIM/+ 

III genotype (F) +/+ IIIM/IIIM +/+ 

IV genotype (M) tra/tra tra/tra tra/tra 

IV genotype (F) tra/tra traD/tra tra/tra 
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Biased sex ratios among F2 offspring may then be caused when the ancestral 
population harbours multiple unlinked M-factors, e.g. IIM and IIIM. If one M-factor is 
fixed, additional M-factors are functionally neutral and may therefore persist. In the 
F1, this results in a typical male-biased sex ratio as observed here, and F1 males 

 
Figure 2: Sex ratios of developing offspring during introgression. Numbers indicate counts of females 
(F) and males (M) in each generation. Asterisks denote deviations from 50/50 sex ratios (binomial 
test, 𝑃 < 0.05, Bonferonni corrected) which is depicted by the dashed pink line. Labels in facet strips 
indicate strain. 
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that inherit a copy of the fixed M-factor and the unfixed M-factor produce F2 
offspring with a 75% sex ratio. On a population level these effects could result in 
the slight male-biased sex ratio as observed among the F2 offspring. 

Despite these discrepancies with regard to the sex ratio, the observed male-
biased sex ratios among the EA F1 offspring in particular but also the EB F1 offspring 
suggest that the ancestral ITA3 population features a large fraction of M/M 
homozygous males or males with several unlinked M-factors. This indirectly would 
prove that this population also harbours traD-bearing females as well as that the 
autosomal M-factor is not (fully) sex-linked and hence not expected to undergo Y-
chromosome evolution. Its baby-X complement is derived from the GM population 
and given that it is devoid of sex-determining variants the baby-X chromosome is 
guaranteed to not have evolved as an X-chromosome prior to the introgression 
stage. Aside from the male-biased sex ratio among F1 and F2 offspring in the EA 
and EB strains, no sex ratio biases were observed in the control strains CG and CI, 
and no sex ratio biases were observed in the EA and EB strains after this. It therefore 
seems unlikely that the autosomal M-factor exhibits meiotic drive or has any effect 
on individual fitness aside from its effect on sex determination.  
 
Baby-sex chromosomes as a tool for testing the “sexual antagonism” 
model of sex chromosome evolution 
 
Baby-sex chromosomes like those established in the EA and EB strains provide the 
opportunity to study sex chromosome evolution in a controlled and repeatable 
manner, and to do so from the very first stages after the sex chromosomes evolved 
a sex-determining function. This would allow us to study the role of IASC loci as 
predicted by the sexual antagonism hypothesis. If this hypothesis is correct and 
sufficient time has passed so that the baby-sex chromosome pair has been able to 
evolve, we expect that males experience a fitness benefit from carrying the baby-Y 
chromosome relative to males that lack the baby-Y, and inversely that females 
experience a fitness cost when carrying the baby-Y relative to females that do not. 
The baby-X chromosome can have a fitness benefit in females but a fitness cost in 
males depending on whether it is enriched for female-beneficial alleles that may 
have accumulated as a result of its female-biased transmission. To test these effects, 
fitness must be assessed of males and females bearing (1) the baby-X (BX) and (2) 
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baby-Y (BY) chromosomes from the EA/EB strains, (3) the M-factor-bearing 
autosome III (IIIM) from the CI strain, and (4) the non-M-factor-bearing autosome 
III (III) from the CG strain. An additional control may be included involving (5) a 
non-M-factor-bearing autosome III (+) from a standardized tester strain (see details 
below). If the sexual antagonism is correct, the fitness relationships between the 
different genotype would be such that in males: 
  𝐵𝑌 >  𝐼𝐼𝐼𝐼𝐼𝐼+ ≥ 𝐵𝑋 

 
In females, the relationship would be inverted so that: 
 𝐵𝑌 <  𝐼𝐼𝐼𝐼𝐼𝐼+ ≤ 𝐵𝑋 

 
In males and females alike, the fitness effect of the baby-X chromosome is expected 
to be different from the various controls provided that it becomes enriched with 
female-beneficial alleles; otherwise, its effect is expected to equal that of the 
controls.  

To test the fitness effects of the baby-X and baby-Y chromosomes, both need 
to be crossed into both male and female carriers. Baby-X females and baby-Y 
females may be easily obtained by a cross between a baby-sex chromosome-bearing 
male and a standard female (e.g. an EA or EB male with a GM female). However, 
baby-Y females and baby-X males are less easily generated. Baby-Y females must 
be generated by crossing the baby-Y chromosome into a genetic background with 
traD, e.g. by a cross between an EA male and a traD/tra ITA3 female. A baby-X male 
only arises when crossed into a background with another M-factor or a background 
without functional tra, so that a traNULL/traNULL; BX/+ male is generated. The various 
control groups must also be acquired, where the procedure for IIIM is similar to that 
for the baby-Y chromosome, whereas for III and + the procedure is similar for the 
baby-X chromosome. Generating the different treatment categories involving the 
baby-sex chromosomes would thus require a combination of different approaches. 
This may result in confounding effects on fitness estimates. A more straightforward 
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procedure may be to generate a single tester strain with traD/traNULL; X/X; +/+ 
females and traNULL/traNULL; X/X; +/+ males (where traNULL denotes a non-functional 
tra variant, X denotes a standard X-chromosome, and + denotes a wildtype non-M-
factor-bearing autosome III). This strain can be used to cross the baby-X and baby-
Y chromosomes, as well as the control autosomes IIIM and III into both males and 
females in a comparable genetic background in just two generations. These crossing 
procedures are discussed in Box 1.  
 

Box 1: Generating males and females carrying baby sex chromosomes 
using a tester strain. 
 
To test the fitness effects of the baby-sex chromosomes and the autosomal 
variants that serve as controls, it is necessary to generate both males and 
females bearing either the baby-X, the baby-Y, the CG control autosome III 
(without an M-factor), or the CI control autosome III (with an M-factor). Ideally, 
all these types of individuals are generated within a uniform genetic background 
to prevent confounding effects that may occur when the baby-sex chromosomes 
or control autosomes are crossed into males and females using different strains.  

To this end, it is useful to establish a "tester strain" with traD/traNULL; X/X; 
+/+ females and traNULL/traNULL; X/X; +/+ males, where traNULL refers to a loss-
of-function mutant of tra that may be generated using e.g. CRISPR/Cas9; X 
indicates a 'standard' X chromosome, and + denotes a wildtype autosome III. 
M-factors can be absent as these serve no function in sex determination as 
maleness is achieved by traNULL homozygosity. The presence of traD is necessary 
to cross the baby-Y into females, whereas the traNULL allele is needed to ensure 
the baby-X can be crossed into males without use of alternative M-factors. This  
 
allows for the baby-sex chromosomes and the control chromosomes from the 
CG and CI strains to be crossed into males as well as females (Figure 3). 

Crossing the baby-sex chromosomes into males and females is initiated by 
an F0 cross between a traD/traNULL; +/+ tester female with a baby-X/baby-Y male 
(tra/tra; BX/BY) from the experimental strain resulting in four types of F1 
offspring (3 female, 1 male). F1 offspring can then be crossed back to tester 
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females or males which results in different types of F2 offspring for each cross, 
but altogether includes males and females bearing a baby-X or baby-Y along 
with wildtype autosome III (BX/+ or BY/+), or that are homozygous for the 
wildtype chromosome (+/+). An overview of the genotypes generated using this 
procedure is provided in Figure 3B.  In this particular cross, control and BX males 
are however very rare (1/32 and 1/16 among F2 offspring); an additional cross 
may be carried out between a tra/tra; BX/BX female and a traNULL/traNULL; +/+ 
tester male; the resulting all-female tra/traNULL; BX/+ F1 offspring be 
backcrossed to tester males to obtain F2 offspring among whom +/+ control 
and BX/BX males are expected to occur at a frequency of 1/4 each (for details, 
see Supplementary Figure 1).  

For the CG and CI controls, the same tester strain can again be used to 
cross the autosome III with an M-factor (from CI, denoted IIIM) or without it 
(from CG, denoted III) into males and females (for details, see Figure 3C and 
3D). For the CI strain, only a single cross between a tester female and a CI male 
is necessary to acquire both males and females carrying the IIIM chromosome. 
For the CG strain, an initial cross between a tester male and a CG female 
produces all-female F1 offspring with a tra/traNULL; III/+ genotype. These can 
be backcrossed to a tester male to acquire F2 offspring males and females 
bearing the III chromosome. 
These different crossing schemes together generate males and females bearing 
either (1) the baby-X chromosome, (2) the baby-Y chromosome, (3) the CG-
derived autosome III, or (4) the CI-derived autosome III with an M-factor. There 
are however two caveats to this approach. First, the crossing procedure used 
here results in females that do carry the baby-X chromosome which lacks an M-
factor and therefore traD is not strictly required for femaleness. This means two 
subtypes of baby-X-bearing females are generated within this crossing 
procedure, i.e. those with the traD allele and those without. Given its dominant 
feminizing effect, the traD-bearing chromosome functions as a W-chromosome 
and may therefore be enriched for female-beneficial alleles. This can distort the 
estimate of the overall fitness effect of the baby-X chromosome and must 
therefore be accounted for. Similarly, the CG-derived autosome III is not crossed 
to traD-bearing females in the current crossing scheme. These can however 
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Figure 3 (opposite page): Crossing schemes for generating all types of individuals required to 
assess the fitness effects of baby-X and baby-Y chromosomes in males and females. (A) Overview 
of strain karyotypes. For the CG strain, sex is determined by the XY chromosome pair (males XY, 
females XX; not depicted). Crossing schemes for generating (B) control males and females bearing 
the CG-derived III chromosome, (C) control males and females bearing the CI-derived IIIM 
chromosome, and (D) males and females bearing the baby-X or baby-Y chromosome. Numbers in 
dark grey circles indicate the associated F1 backcross scheme. Alleles are depicted as follows: FD = 
traD; F = tra; F- = traNULL; BX = baby-X; BY = baby-Y; + = wildtype (non-baby-sex chromosome); 
III = autosome III from CG strain; IIIM = IIIM chromosome from the CI strain. Sex determination 
can occur based on the tra (i.e. F) genotype or the baby-sex chromosome genotype, which are 
dominant in the following order: FD > BY & IIIM > F > F- > BX & + & III. 

easily be generated by crossing F2 males with this chromosome to a tester 
female. The second issue is that in the crossing schemes, a sizeable fraction of 
the generated offspring bear none of the baby-sex chromosomes or associated 
controls, but instead are homozygous for the autosome III of the tester strain. 
This issue could be resolved by introducing a phenotypic marker into the tester 
strain, such as the brown body mutation that is located on autosome III 
(Hiroyoshi, 1977). Individuals that are homozygous for the tester strain-derived 
autosome III can then be identified by their brown colouration and be excluded 
from further experiments.  

 
Discussion & Conclusion 
 
The establishment of baby-sex chromosomes described here was carried out in the 
form of a large-scale introgression, yet the principles of this approach are in fact 
very simple. The introgression approach was necessary as the source strain for the 
autosomal M-factors had been maintained as a laboratory culture already for several 
years and hence was likely to have reduced genetic variation. To allow evolution to 
take place within the newly-established populations with baby-sex chromosomes, it 
was necessary to outcross this population to a genetically variable strain such as the 
GM strain used here. This approach may not be necessary if the ancestral strain 
used for the autosomal M (i.e. in which it is maintained as a co-factor for maleness 
behind traD which functions as the master sex-determining gene) harbours sufficient 
genetic variation; if this is the case, the two-generation crossing procedure in Figure 
2 would be sufficient to generate a new baby-sex chromosome pair. 
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Aside from the exploitation of naturally-occurring variation, new sex 
chromosomes in the housefly may also be generated by genetic modification. The 
male-determining Mdmd gene can be inserted into new genomic locations using 
PiggyBac transformation (Wu, 2018, similar to the procedure used by Hediger et al. 
(2010) for tra), which could be used to generate new baby-Y chromosomes. This 
methodology may also be used to test theoretical models of SD transitions. For 
example, the Van Doorn & Kirkpatrick models (van Doorn & Kirkpatrick, 2007, 2010) 
posit that a new SD gene that evolves close to a locus experiencing IASC may result 
in a supergene complex that can outcompete an ancestral SD gene. By inserting 
Mdmd in the vicinity of a yet-to-be-identified IASC, such complexes can be generated 
and the validity of these models can be assessed. The same methodology may also 
be used to introduce traD in a novel genomic environment (Hediger et al., 2010). 
This opens up the possibility to not only study XY male heterogametic systems but 
also ZW systems in the same genomic background. Yet other genetic modification 
approaches, such as CRISPR/Cas9 knockout of tra or Mdmd may also be used to 
generate new baby-sex chromosomes of various kinds such as the tra/traNULL system. 
The availability of genetic modification combined with dominant male- and female-
determining genetic variants in M. domestica therefore opens up a large variety of 
possibilities to generate new sex chromosome systems.  

The de novo establishment of sex chromosomes, either by the introgression 
procedure as done here or by genetic modification, will be a powerful tool to study 
the early stages of sex chromosome evolution prior to decay of the Y-chromosome. 
This approach enables the study of sex chromosome evolution from the very initial 
stages, bypassing the issue of Y-chromosome degeneration, and to do so in a 
repeatable manner. The availability of different SD genes in the housefly 
M. domestica additionally enables these newly-established sex chromosomes to be 
crossed into both sexes, where their impacts on fitness can be evaluated in a sex-
specific manner. The housefly therefore presents a unique model system wherein 
the "sexual antagonism" hypothesis of sex chromosome evolution can be tested with 
unprecedented rigour.  
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Methods 
 
Fly strains & culturing procedures 
 
Wildtype housefly stock strains were established from flies collected in Italy (ITA3) 
and The Netherlands (GK3 through GK8) (Figure 1); an overview of the stock strains 
is provided in Supplementary Table 1. Housefly stock strains were maintained at 
25°C, 14:10 LD in 3250-ml bottle cages (Semadeni, Ostermundigen, Switzerland; 
24 × 13.5 × 13.5 cm; L × W × H). All cages contained two 15-ml vials of sugar 
water (20% wt/vol) and two 15-ml vials of water, one 35-mm Petri dish with milk 
powder, and were shut off with tubular gauze. Sugar water and water was replaced 
three times per week. Egg-laying substrate was provided in cages when flies had 
become sexually mature (3-4 days after emergence, though mating may start 
earlier). Egg-laying substrate consisted of a mixture of wheat bran, flour, milk 
powder, and dry inactivated yeast (20: 3: 2.4: 1 ratios), of which approximately 200 
g was mixed with a solution of Nipagin (Spruyt Hillen, Ijsselstein, The Netherlands; 
5 ml 10% W/V in 99% ethanol, mixed with demi water to a total of 225 ml). Per 
cage, two 35-ml cups with egg-laying substrate were provided for 3-4 days, after 
which both cups were emptied into one 770-ml beaker. One hundred and fifty grams 
of egg-laying substrate was added to each beaker as larval feed. After this, beakers 
were kept under 25°C, 14:10 LD until adults emerged between 7 to 10 days later. 
In addition to standard culturing procedures, the ITA3 strain was cultured in a large 
Plexiglas cage (30 × 35 × 40 cm; L × W × H) to generate offspring for use in the 
introgression experiment. Each cage contained five 15-ml vials of sugar water and 
five 15-ml vials of water, as well as 3 Petri dishes with milk powder, and was set up 
using two beakers of newly-emerged adult flies. After sexual maturation, 6-12 egg-
laying cups were provided which were further processed as per regular culturing 
conditions.  
 
Establishment of a genetically variable strain with XY sex determination for use in 
introgression 
 
The strains GK-3 to GK-8 were used to generate a genetically variable strain (GM) 
to be used for introgression in late 2017; although collected from the same field site, 
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the GK-1 and GK-2 strains were not used as these had been maintained under 
laboratory conditions for approximately 2 years and may have lost a substantial 
proportion of their genetic variation during this period. We set up cages containing 
newly-emerged flies for each strain as per normal culturing procedures. These 
beaker cages were placed within a setup consisting of two large plexiglass cages 
(30 × 35 × 40 cm; L × W × H) connected to each other by a circular opening (16 
cm inner diameter), with lids consisting of plastic meshing for ventilation. Beaker 
cages were then opened to allow flies to exit into the Plexiglas cages. As per regular 
culturing procedures, vials containing sugar water and water were replaced three 
times per week, and egg-laying materials were provided upon sexual maturation. To 
ensure sufficient numbers of offspring could be cultured for use in the introgression 
experiment, we provided 24 egg-laying cups into the setup, which were further 
processed as per regular culturing conditions. The resulting F1 offspring were used 
in the introgression experiment. The GM strain was newly established every 
generation (rather than cultured from F1 and subsequent offspring) to prevent 
depleting the genetic variance in this population over the duration of the 
introgression phase. 
 
Introgression of autosomal M-factors 
 
To establish populations harbouring new proto-sex chromosomes for experimental 
evolution, I performed a population-scale introgression in which I crossed the 
autosomal M-factor of ITA-3 houseflies into a GM genetically variable background 
(Figure 2). To do so, I set up population cages containing 500 ITA-3 males and 500 
GM virgin females. Based on the parental genotypes, this cross is expected to 
produce all-male F1 offspring, as all individuals should have a tra/tra; X/X; IIIM/+ 
genotype. F1 males were backcrossed with GM females to produce equal numbers 
of tra/tra; X/X; IIIM/+ F2 sons and tra/tra; X/X; +/+ daughters. Daughters were 
discarded, and 500 randomly-collected sons were used to backcross to 500 GM 
females in a large Plexiglas cage (30 × 35 × 40 cm; L × W × H). This procedure 
was repeated until the F10 generation; F10 offspring were used to establish 
populations in a large Plexiglas cage (30 × 35 × 40 cm; L × W × H) which were 
maintained as per regular culturing procedures. Two replicate populations were 
established in this manner yielding experimental strains EA and EB; in addition, we 
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created control strains in which we either backcrossed ITA-3 males with ITA-3 
females (strain CI), or GM males with GM females (CG) (see also Table 1). Every 
generation, I determined the sex ratio amongst the offspring for each strain by 
counting the number of males and females that emerged as adults from one 
randomly-selected beaker produced as per the culturing procedures described 
above. 
 
Statistical analysis 
 
All data analysis was carried out in R (v.4.0.2, R Development Core Team, 2020) 
using RStudio (v.4.0.0, RStudio Team, 2020). Data wrangling and visualisation was 
carried out using the “cowplot” (Wilke, 2019), “tidyverse” (Wickham et al., 2019) 
and “viridis” packages (Garnier, 2018). 
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Supplementary Material 
 
Supplementary Figures 
 

 
Supplementary Figure 1: Auxiliary crossing scheme for generating individuals for assessing the fitness 
of baby-X and baby-Y chromosomes. Alleles are depicted as follows: FD = traD; F = tra; F- = traNULL; BX 
= baby-X; BY = baby-Y; + = wildtype (non-baby-sex chromosome). Sex determination can occur based 
on the tra genotype or the baby-sex chromosome genotype, which are dominant in the following order: 
FD > BY > F > F- > BX & +. An initial cross between a baby-sex chromosome-bearing female (F/F; BX/BX) 
and a tester male (F-/F-; +/+) yields all-female F1 F/F-; BX/+ offspring, which can be backcrossed to 
tester males to obtain BX-bearing females and males as well as control females and males. Contrary to 
the crossing procedure initiated by a cross between a tester female (FD/F-; +/+) and a baby-sex 
chromosome-bearing male (F/F; BX/BY), wildtype control males and BX males each have a frequency of 
1/4 among F2 offspring instead of 1/32 or 1/16. 
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Supplementary Tables 
 
Supplementary Table 1: Overview of housefly stock strains used in the experiments. 

Strain Origin Coordinates Collected M location traD  
GK3-GK8 Gerkesklooster, The 

Netherlands 
53°24’N, 6°21’E 2018 XY No 

ITA3 Castellaneta Marina, Italy 40°47’N, 16°93’E 2013 III Yes 
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Abstract  
 
The housefly Musca domestica is a commonly used model system to test theories on 
sex determination and sex chromosome evolution. These studies are however 
impeded by our limited understanding of how sex-specific traits affect fitness in this 
species. Here, we identify candidate fitness proxies for male and female fitness in 
M. domestica. For females, we identified correlations between lifetime reproductive 
success and 13 fitness components or combinations of components. We found that 
a combination of early fecundity and lifespan has a slightly better predictive value 
as lifetime cumulative fecundity alone (though still highly similar; Δ𝐿𝑂𝑂 = 6.5 ± 6.8), 
which was previously found to be a strong predictor for female fitness in M. 
domestica. We discuss these findings in the context of previous work on female 
fitness in this species and its relatives. For males, in absence of novel data, we 
review past work to identify which processes are most likely to result in fitness 
variation. Mating success is a strong candidate predictor for male fitness, given that 
female remating is low or absent under laboratory conditions. However, female 
remating may occur frequently under natural conditions. It is necessary to assess 
how often female remating occurs in houseflies and its impact on male and female 
fitness to develop a definitive fitness estimation methodology. Additionally, to 
experimentally verify the adaptive value of early female fecundity, we performed 
artificial selection on early female fecundity (cumulative egg production during first 
six days) and found that selection led to only a slight increase in early female 
fecundity in a selected strain. We instead found that mothers tended to produce 
more daughters who successfully lay eggs, so that the proportion of non-
reproductive females decreased. This suggests that the response to selection 
occurred not in the selected trait but rather in a correlated trait. We conclude that 
sex-specific fitness may be estimated by (early) fecundity in females and mating 
success in males, but additional research on the effect of female remating on female 
and male fitness is required. 
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Introduction 
 
Theoretical research has been and continues to be fundamental to the field of 
evolutionary biology. Empirical confirmation, however, is generally infeasible given 
the scale (both in terms of time and populations) and complexity of many 
evolutionary processes. These issues have inspired the development of ‘model 
systems’, i.e., investing in developing tools and knowledge of a handful of specific 
organisms to derive generalizable findings. The general premise here is that a 
mechanistic (both ultimate and proximate) understanding of a phenomenon in one 
species not only provides a better insight into this phenomenon than piecemeal 
evidence from many different systems, but also that it may provide a solid foundation 
to study this phenomenon in other species afterwards. 

The evolution of sex determination (SD) mechanisms and sex chromosomes 
are both phenomena that have been investigated extensively using theoretical 
approaches (van Doorn, 2014). Theory predicts that evolutionary transitions in SD 
mechanisms, which occur by the spread of a novel SD gene in a population, are 
driven by, amongst others, intralocus sexual conflict (van Doorn & Kirkpatrick, 2007, 
2010; Muralidhar & Veller, 2018), parent-offspring conflict (Werren et al., 2002; 
Kuijper & Pen, 2014), and sex ratio selection (Kozielska et al., 2006; Uller et al., 
2007). Modelling the evolution of sex chromosomes suggests that these 
chromosomes can arise from the appearance of an SD gene followed by a period of 
sex-specific adaptive evolution of chromosomal regions linked to the SD gene (Rice, 
1987a; Charlesworth et al., 2005), followed by degeneration of these regions due to 
the absence of recombination (Bachtrog, 2008, 2013). Whether these predictions 
are accurate is unknown, partly due to the absence of suitable model systems to 
test them.  

The housefly Musca domestica is a model system in which the evolution of 
SD mechanisms and sex chromosomes has been studied owing to its multifactorial 
SD system (Dübendorfer et al., 2002). Within this species, various SD mechanisms 
occur within and between populations (Hamm et al., 2015). This variation can be 
exploited experimentally to generate sex chromosomes de novo, which allows for 
real-time studies on early sex chromosome evolution (see Chapter 5). Alternatively, 
laboratory populations harbouring a combination of different SD genes may be set 
up and maintained  to determine which SD genes can spread throughout the 
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population and which ones are purged by selection (Hamm & Scott, 2008; Kozielska, 
2008; Hamm et al., 2009). Such approaches are however still rudimentary, in that 
they only assess the allele frequencies of different SD genes upon initiation and after 
several generations to assess the capacity for SD genes to spread without any 
attempt to determine which factors affect this process. An alternative approach is to 
experimentally induce sex ratio biases in this polymorphic system through e.g. 
meiotic drive (cf. Lyttle, 1981) and determining which and how variants respond. 
Such experiments on SD evolution require accounting for the role of fitness variation 
associated with different sex chromosomes or SD genes, and by extension how they 
are subject to adaptive evolution. Additionally, given the sex-specific nature of sex 
chromosomes and SD genes, their effect on individual fitness must obviously be 
assessed in a sex-specific manner. A crucial step in the development of M. domestica 
as a model system for the evolution of SD and sex chromosomes is therefore to 
develop a sex-specific methodology for fitness assessment. 

Fitness assessment is a complex procedure, which faces both conceptual 
(see Box 1) as well as practical issues. Long-term databases on naturally-occurring, 
pedigreed populations have been used to determine individual fitness based on 
reproductive success. Such studies have been able to quantify fitness variation under 
natural conditions in species such as red deer (Foerster et al., 2007), lizards 
(Calsbeek et al., 2015) and Soay sheep (Hunter et al., 2019). The required databases 
may be generated for laboratory populations of houseflies too, and would allow 
developing fitness proxies by finding correlations between variation in fitness and 
variation in other traits (e.g., body size). This approach would largely circumvent the 
conceptual issues outlined in Box 1, but faces substantial practical issues in 
houseflies. Most importantly, genotyping houseflies is not (yet) feasible without 
sacrificing or substantially harming individuals, making it impractical to link variation 
in specific individual traits to their long-term reproductive success and therefore 
unsuitable to detect fitness proxies. With proper experimental design, the impact of 
these conceptual issues may be reduced so that small-scale fitness experiments may 
be suitable to identify components of fitness variation and correlations between 
fitness and other phenotypes that may then serve as fitness proxies. 

In this chapter, we investigate the use of different fitness components as 
estimates for fitness in M. domestica males and females. We first assess how female 
lifetime reproductive success (LRS) is accrued over her lifetime, and how LRS 
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correlates with other traits to identify potential proxies; we consider here the original 
set of fitness components considered by Reed & Bryant (2004), who used age at 
first reproduction, number of clutches, total fecundity, lifespan, size of first 
successful clutch, hatch success of first successful clutch, and overall hatch success 
as fitness components. Additionally, we consider fecundity on the first day after 
onset of the experiment, total fecundity on the first six days of experiment, and 
interactions between several fitness components. Next, we carried out an artificial 
selection experiment in which we selected for early female fecundity as a proxy for 
female fitness to determine if such approaches can be used to induce sex-specific 
adaptation. We discuss our results in the context of past work on female fitness in 
M. domestica. Additionally, we review the reproductive biology of males in this 
species to identify candidate proxies for male fitness.   
 

Box 1: Fitness definitions and conceptual issues  
 
Although fitness is a keystone concept in evolutionary biology, different schools 
of evolutionary biology have adopted different definitions. A common thread in 
such definitions is that fitness entails a measure of the representation of genetic 
material in the future generations (i.e., reproductive success) or similarly the 
rate at which genetic variants will change in frequency over time. However, the 
level at which selection takes place varies. Fitness was initially defined at the 
level of individuals (Darwin, 1859), but alternative definitions have been 
proposed which consider fitness to be determined at the gene level (Dawkins, 
1976). This view has subsequently been extended so that selection at the level 
of genes results in fitness maximization at the level of individuals via inclusive 
fitness effects (Hamilton, 1964). Here, traits that maximize a gene's transmission 
to the next generation may be favourable despite costs to its bearer due to 
increased transmission of gene copies borne by the bearer's relatives, who 
experience a fitness benefit from the trait expressed by the initial bearer. Yet 
another viewpoint considers fitness as the result of the interaction between 
individuals and their associated microbiome, resulting in the holobiont concept 
(Bordenstein & Theis, 2015).   
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Conceptual issues in measuring fitness 
 
Quantifying fitness is essential to empirical research but has often proven difficult 
due to both practical issues, such as the inability to assign parentage in wild 
populations, and conceptual issues pertaining to the manner in which fitness is 
realized. Here, we discuss some of these conceptual issues, focussing on (1) the 
role of sex-specific function and the associated constraints on fitness 
maximization, (2) the role of life history traits and how different life history 
strategies may yield identical fitness, (3) the social nature of fitness under sexual 
reproduction and the potential role of interlocus sexual conflict, and (4) the 
composite nature of fitness. 

In anisogamous species, fitness is a strongly sex-specific trait. Because 
males produce smaller gametes, they will be able to produce more gametes than 
females (Parker et al., 1972). This enables a single male to have a higher 
potential reproductive success than a single female (Bateman (1948), but see 
Gowaty et al. (2012)), although investment into reproductive success extends 
beyond gametes in males and females, e.g. in courtship and parental care 
(Trivers, 1972). The difference between gamete sizes leads to a sex difference 
in reproductive potential and concomitantly potential fitness, and therefore plays 
an important role in how males and females may seek to maximize their fitness 
in different ways. Males can be expected to reduce their investment in offspring 
development and care, as this would prevent them from making full use of their 
superior ability to generate gametes (Trivers, 1972); females instead are limited 
by their ability to generate costly gametes and may seek to increase investment 
by males into shared offspring. Fitness is however not solely maximized in males 
by minimizing investment, nor in females by maximizing the investment made 
by male partners. Males may stand to benefit by increasing female investment 
in parental care, an example of exploitation in the context of interlocus sexual 
conflict (as discussed in Chapter 2). Similarly, females may reduce investment 
into single eggs so as to be able to produce more eggs, ideally resulting in more 
surviving offspring. Both investments in parental care and egg production benefit 
offspring fitness and are examples of inclusive fitness effects, as the cost of 
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either investment to the male and/or female is offset by increased fitness in their 
offspring (Parker et al., 1972).  

A second issue pertains to the relationship between life histories, 
individual fitness, and population dynamics. In age-structured populations (e.g. 
where generations overlap and parents may survive and coexist with their 
offspring), reproducing at different timepoints in an individual's life can affect 
fitness differently depending on population dynamics (Charlesworth, 1980; 
Brommer, 2000). Under these conditions, reproductive value rather than LRS 
may be a better indicator of individual fitness (Fisher, 1930). Whereas LRS is 
simply the cumulative number of offspring generated by an individual, its 
reproductive value takes into account how offspring generated at different times 
contribute differently to the overall rate at which an individual's genes can spread 
throughout the population (McGraw & Caswell, 1996; Engen et al., 2009). In 
growing populations, early reproduction is more advantageous as the value of 
each offspring will be larger since they represent a larger fraction of the overall 
gene pool. The inverse holds for shrinking populations: reproduction at later 
timepoints is considered advantageous as the overall population will have 
shrunk, and hence an offspring produced at this time represents a large fraction 
of the overall gene pool. In stable populations or those without age structure, 
timing of offspring production is considered to be neutral. Note that although we 
focus here on reproductive value in the context of timing, other factors may play 
into its calculation (Grafen, 2020). When offspring can vary for a certain trait 
which can affect fitness such as sex, then the production of sons and daughters 
must be weighed accordingly. To illustrate, consider a population with a male-
biased sex ratio, where individuals that produce a surplus of daughters have 
higher reproductive value than those who do not because female offspring will 
themselves experience higher fitness. 
 Third, fitness under sexual reproduction is achieved via interaction with 
other parties that may have different interests in reproduction so that fitness is 
not an intrinsic individual quality but rather a socially-influenced trait (see 
Chapter 2). An individual's fitness can then be affected by traits exhibited by its 
mates (Moore & Pizzari, 2005). Such effects are generally termed indirect genetic 
effects (IGEs), and are used to indicate that an effect on an individual's trait 
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(fitness) is caused not by one's own genotype but rather by that of another 
individual via a phenotype that it encodes in this individual. In this case, an 
individual's mates may exhibit certain traits that can influence its fitness. 
Whether an individual exhibits high fitness or not then depends on how well it is 
adapted to the traits exhibited by its mates and vice versa (Rice, 1996b, 2000). 
By extension, individuals may exhibit high fitness with one type of mate but low 
fitness with another. To accurately assess fitness, it is necessary to (1) 
understand which part of fitness variation is caused by IGEs or (2) nullify the 
effects of IGEs on fitness variation. The first strategy requires fitness to be 
assessed with different types of mates (e.g. Chow et al., 2010), whereas the 
second requires that fitness is always assessed with a standardized mating pool 
(i.e. an inbred/isogenic strain). However, even with a standardized mating pool, 
fitness remains a socially-affected trait, and specific mating pools may 
systematically favour or disfavour specific individuals, so that the first strategy 
is preferred. 
 Fourth and final is how to accurately empirically assess an individual’s 
fitness. Fitness is accrued over an individual's entire (reproductive) lifespan and 
is the compound result of a sequence of biological processes including mate 
searching behaviour, mate choice, copulation, and fertilization. Experimental 
designs which fail to account for early and late reproduction or those that ignore 
variation in a specific process may not identify all fitness variation. For example, 
fitness measurements in forced crosses may ignore a male's performance with 
regard to searching for females, or a female's capacity to discern between high-
quality and low-quality mates (Bluhm & Gowaty, 2004). Similarly, such 
approaches may fail to capture trade-offs between different components, such 
as when high mating success is offset by low offspring survival (Townsend, 
1989). Multivariate approaches, where fitness is assessed for different 
components (e.g., mating success, fertilization success, offspring viability) 
remedy such issues and successfully identify causes of fitness variation. Fitness 
may also be assessed as the ability to invade into different populations (Metz et 
al., 1992; Mylius & Diekmann, 1995), where individuals of interest are introduced 
into a 'resident' population which is subsequently maintained for several 
generations. Fitness is then defined as the ability for focal individuals to 
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outcompete 'resident' individuals. By using an approach spanning multiple 
generations, all relevant fitness components are taken into consideration. 

 
Methods 
 
Fly strains & culturing procedures 
 
Wildtype housefly stock strains were established from flies collected in the field in 
Spain (SPA1 to SPA5) (Figure 1); additionally two laboratory strains MIII and aabys 
were used. An overview of all stock strains is provided in Table 1. All housefly stock 
strains were maintained at 25°C, 14:10 LD in 3250-ml bottle cages (Semadeni, 
Ostermundigen, Switzerland; 24 × 13.5 × 13.5 cm; L × W × H). All cages contained 
two 15-ml vials of sugar water (20% wt/vol) and two vials of water, one 35-mm 
Petri dish with milk powder, and were shut off with tubular gauze. Sugar water and 
water was replaced three times per week on Mondays, Wednesdays, and Fridays. 
Egg-laying substrate was provided when flies in cages had become sexually mature 
(3-4 days after emergence, though mating may start earlier). Egg-laying substrate 
consisted of a mixture of wheat bran, flour, milk powder, and dry inactivated yeast 
(20: 3: 2.4: 1 ratios), of which approximately 200 g was mixed with a solution of 
Nipagin (Spruyt Hillen, IJsselstein, The Netherlands; 5 ml 10% wt/vol in 99% 
ethanol, mixed with demi water to a total of approximately 225 ml). Per cage, two 
35-ml cups with egg-laying substrate were provided for 3-4 days, after which both 
cups were emptied into one 770-ml beaker. Approximately 150 g of egg-laying 
substrate was added to each beaker as larval feed. After this, beakers were again 
kept under 25°C, 14:10 LD until adults emerged between 7 to 10 days later. In 
addition to standard culturing procedures, the ITA-3 strain was also cultured in a 
large Plexiglas cage (30 × 35 × 40 cm; L × W × H) to generate offspring for use in 
the introgression experiment. Each cage contained 5 vials of sugar water and water 
each, as well as three Petri dishes with milk powder, and was set up using two 
beakers of newly-emerged adult flies. After sexual maturation, 6-12 egg-laying cups 
were provided which were further processed as per regular culturing conditions.  
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Establishment of a genetically variable strain for use in fitness experiments 
 
The strains SPA1 through SPA5 were used to generate a genetically variable strain 
SSM to be used in fitness experiments in December 2016. To this end, approximately 
100 virgins (50 males, 50 females) were collected for each strain. Virgin flies were 
released in a single large plexiglass cage (30 × 35 × 40 cm; L × W × H; with a 
plastic mesh lid for ventilation) and allowed to interbreed. Conform standard 
culturing procedures, milk powder was available ad libitum and vials containing sugar 
water and water were provided and replaced three times per week. Egg-laying 
material was provided upon sexual maturation and processed conform standard 
culturing procedures to generate the F1 offspring. F1 offspring were maintained 
according to similar procedures as the preceding generation except that flies were 
released into the cage upon emergence rather than being collected as flies. The 
resulting SSM strain was maintained until the F6 generation before use in 
experiments to facilitate genetic admixture. Female fitness experiments were carried 
out starting in the F6 generation. 
 
 

 
Figure 1: Geographic origin of wildtype strains SPA1 to 5 in Catalonia, Spain. M refers to the chromosome
pair to which M was mapped in each strain; SC here refers to a sex-chromosomal M-factor located on 
either the X- and/or the Y-chromosome 
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Female lifetime reproductive success 
 
Female lifetime reproductive success (LRS) was defined as the total number of adult 
offspring produced by a single female. LRS was measured by tracking the number 
of eggs produced by individual females, and scoring the number of adult offspring 
that emerged for each batch of eggs. This procedure was carried out in the F0 and 
F1 generation of the artificial selection procedure (see below) to find covariates that 
most accurately predict LRS but are less cumbersome to assess (e.g., egg production 
in a given timeframe). The data reported here correspond to the results of the F1 
generation of this experiment due to logistic issues encountered during the F0 
iteration. 
 Individual SSM females were collected after emergence and stored 
individually for 2-3 days to allow for sexual maturation. After this, two virgin SSM 

Table 1: Overview of housefly stock strains used in the experiments. 
Strain Origin Coordinates Collected M location traD  Phenotypic 

mutations1 
SPA1 Calonge, Spain  41°86’N, 

3°03’E 
October 
2015 

X Yes No 

SPA2 St. Jordi 
Desvalls, Spain 

42°07’N, 
2°95’E 

October 
2015 

II, SC2 Yes No 

SPA3 Riudellots de la 
Selva, Spain 

41°90’N, 
2°79’E 

October 
2015 

III No No 

SPA4 Barcelona, 
Spain 

41°39’N, 
2°19’E 

October 
2015 

I, II, X Yes No 

SPA5 Sant Cugat, 
Spain 

41°47’N, 
2°07’E 

October 
2015 

III No No 

MIII Laboratory 
strain 

NA NA III No Females bwb/bwb, 
males bwb/+3 

aabys Laboratory 
strain 

NA NA Y No ac; ar; bwb; ye; 
snp 

1 Recessive mutations are abbreviated as follows: ac: alicurve (autosome I, curly wings); ar: 
aristapedia (autosome II, antenna replaced by legs); bwb: brown body (autosome III, brown body 
coloration); ye: yellow eyes (autosome IV, yellowish eyes); snp: snip wings (autosome V; incision in 
wings near the tips). 
2 'SC' refers to the sex chromosome pair, and is used to indicate that it is uncertain whether the M-
factor is located on the X- or the Y-chromosome. 
3 Females have mutant brown body coloration, males have wildtype black body coloration. This is 
achieved by a linked M-factor to a wildtype allele at the bwb locus. 
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males of comparable age were added to each female (two males were added to 
reduce female mortality due to excessive harassment by the male as previously 
observed in single crosses). These triplets were then stored for 48-72 hours to allow 
for mating to occur. Next, a modified egg-laying substrate was provided in the form 
of 1/4th of a cotton pad (ca. 6.4 cm2) soaked in milk powder solution (6.8 g milk 
powder per 100 ml water) on a small Petri dish (3.8 cm diameter). Egg-laying 
substrates were collected approximately every 18 hours, and new egg-laying 
substrates were provided approximately 6 hours later (i.e., 24 hours after the 
previous substrate was provided). This procedure was repeated daily until the female 
had died. Eggs from each egg-laying substrate were transferred to a Petri dish with 
a soft brush and counted using a stereomicroscope (ZEISS, 8× magnification). After 
counting, eggs were transferred to cups and standard substrate (see "Fly strains & 
culturing procedures") was added. Here, eggs were placed on a small layer of 
substrate and an additional layer of substrate was added on top of this to minimize 
mortality. Cups were transferred to 25°C and stored until hatching approximately 
10 days later. Upon the onset of emergence, flies were counted daily until no flies 
had emerged for 5 subsequent days. The resulting dataset comprises the number of 
clutches laid by each female (N=31 excluding females that laid no eggs), and for 
each of these clutches (N=134) the number of eggs laid in that clutch, and how 
many adult offspring emerged from that clutch over time.  
 
Artificial selection for increased female fecundity 
 
To assess the efficacy of artificial selection in establishing enhanced female fitness, 
we carried out a small-scale selection experiment over 6 generations. In the F0 and 
F1 generations, we simultaneously carried out assays for female lifetime 
reproductive success (see above) which were used as the selection criterion. In 
subsequent generations, we used the cumulative number of eggs laid during the 
first six days after onset of the fecundity assay (CE). Similar to the procedure for the 
LRS assays, females were collected as virgins shortly after emergence and stored in 
individual cups (day 0). On day 2-3, when females had reached sexual maturity and 
were reproductively active, two virgin males were added and mating was allowed to 
occur for 48-72 hours. After mating, 1/4th of a cotton pad soaked in milk powder 
solution was provided as egg-laying substrate. The egg-laying substrate was 
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removed on the following day (typically 18-24h after being initially provided), the 
number of eggs laid were counted, and a fresh cotton pad was provided. This 
procedure was repeated six times in total per female. 

The selection regime was then designed as follows. In the first generation 
(F0) the fitness of 40 females (20 in the control group and the selected group each) 
was assayed as described above. In the control group, we randomly picked 4 females 
that were allowed to reproduce, whereas in the selected group we picked those 4 
females that had the highest CE to be allowed to reproduce. Note that for the control 
strain, we could only make use of females that managed to reproduce, and therefore 
sampling here is not fully random in the strict sense, but instead may be slightly 
biased towards fitter females. Per reproducing female, we assayed the fitness of 5 
F1 daughters so that in both the control and the selected group we again assayed 
20 females each (and thus a total of 40 females). This procedure was repeated until 
the F6 generation, in which we did assay 4×5 females per treatment but did not 
perform any further selection. However, due to issues with incomplete data in the 
F6 generation, it is omitted from the analysis here, but the results including this 
generation are provided in the supplementary material. In addition to CE, we also 
assessed female lifespan throughout the experiment, which is defined as the number 
of days between emerging as an adult and the day at which a female was first 
observed to no longer be alive. All females were checked daily to assess their 
survival. Altogether, we have a pedigree of females and their daughters, 
granddaughters, etc. along with their fitness scores (CE and lifespan) and further 
associated metadata. 
 
Statistical analysis 
 
All data analysis was carried out in R (v.4.0.2, R Development Core Team, 2020) 
using RStudio (v. 1.2.5033, RStudio Team, 2020). We used the “brms” package 
(Bürkner, 2017) to fit statistical models and analyse them with Bayesian MCMC. For 
these analyses, we assumed flat prior probability distributions unless specified 
otherwise. Data wrangling and visualisation was carried out using the “cowplot” 
(Wilke, 2019), “maps” (Becker et al., 2018), “mapproj” (McIlroy et al., 2020), 
“tidyverse” (Wickham et al., 2019) and “viridis” packages (Garnier, 2018). 
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We analysed female LRS by fitting different generalized linear models 
(GLMs) to data on offspring emergence rates and the number of offspring that 
emerged. Offspring emergence rates were fitted using binomial GLMs with a logit 
link, so that the emergence rate 𝑃  is given by: 

 

 𝑃 = 𝑿𝒊𝜷𝑿𝒊𝜷 (1) 

 
Here, 𝑿𝒊  refers to row 𝑖 of 𝑿, which represents the design matrix containing the 
predictor variables and 𝜷 the coefficient vector. For analyses per daily fecundity 
assay, we assume: 
 
 𝑿𝒊𝜷 = 𝛽 + 𝛽 𝑥 + 𝛽 𝑥   (2) 
 
where 𝛽  equals the intercept for the log of the odds of an offspring emerging, 𝛽  
and 𝛽  are the partial regression coefficients for time (days since onset of fecundity 
assays) and number of eggs laid on that day, and 𝑥  and 𝑥  indicate the time and 
clutch size for assay 𝑖 so that 𝑃  represents the emergence rate for this assay.  

For analyses based on entire lifetime data, we assume:  
 

 𝑿𝒊𝜷 = 𝛽 + 𝛽 𝑥   (3) 
 
Here 𝛽  again equals the intercept for the log of the odds of an offspring emerging 
from a single egg, 𝛽  now represents the regression coefficient for lifetime egg 
production, and 𝑥  the cumulative number of eggs laid by a female 𝑖 across her 
lifetime so that 𝑃  represents the offspring emergence rate for this female; 𝑃 𝑥  then 
represents the expected LRS for a female given a lifetime fecundity 𝑥 .  
 In addition to these confirmatory analyses, we explored correlates of female 
fitness by fitting 13 different models to the LRS scores of females (for details see 
Table 2); we include here all models considered by Reed & Bryant (2004) who 
previously studied female fitness proxies. We assumed a zero-inflated negative 
binomial distribution for each model. Here, zero inflation is modelled using a logit 
link (similar to equation 1) and assumed to be independent of the predictor variables 
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within each analysis. The negative binomial component was modelled using a log 
link, so that the expected value 𝜇  is given by: 
 
 𝜇 = 𝑒𝑿𝒊𝜷 (4) 
 
Each model has its own regression coefficient vector 𝜷 and a matrix of predictor 
variables 𝑿. The dispersion parameter 𝜃 which affects the variance of the observed 
LRS 𝑦 is assumed to be constant and is given by (assuming 𝑦 > 0): 
 

 𝑉𝑎𝑟(𝑦|𝑦 > 0) = 𝜇 +  (5) 

 
We compared different models using leave-one-out (LOO) cross validation (Vehtari 
et al., 2017), and calculated a Bayesian 𝑟  (Gelman et al., 2019) to estimate the 
proportion of variation explained by each model.  

Table 2: Models for female LRS using various fitness proxies as predictor variables. Fecundity refers 
here to the egg production of a female in a given timeframe (see details below). Each model was fitted 
with a zero-inflated negative binomial distribution, and assumed the listed predictor variables for the 
negative binomial component. Zero inflation rates were assumed to be constant within each model. 
Model 
number 

Predictor variable(s)1 Origin 

1 Age at first reproduction (Reed & Bryant, 2004) 
2 Number of clutches (Reed & Bryant, 2004) 
3 Total fecundity (lifetime egg production) (Reed & Bryant, 2004) 
4 Lifespan (Reed & Bryant, 2004) 
5 Size of first successful clutch (Reed & Bryant, 2004) 
6 Hatch success of first clutch (Reed & Bryant, 2004) 
7 Hatch success (overall) (Reed & Bryant, 2004) 
8 Fecundity on first day * lifespan  This study 
9 Fecundity on first six days This study 
10 Fecundity on first day * number of clutches This study 
11 Number of clutches * lifespan This study 
12 Fecundity on first six days * lifespan This study 
13 Size of first successful clutch * lifespan This study 
1 Models with multiple predictor variables include both the separate terms as well as the interaction 
effect, e.g. model 7 features egg productivity on first day, lifespan, and the interaction between these 
two predictor variables. 
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To assess the evolvability of a female fitness proxy (early fecundity), we 
used CE data to fit an animal model with a zero-inflated negative binomial 
distribution with generation, treatment, lifespan, and the generation × treatment 
interaction as predictor variables. Generation and lifespan were standardized by 
subtracting the mean value and dividing by the standard deviation. Zero inflation 
was modelled as a binomial process with logit link and the negative binomial 
component with a log link. The binomial process was fitted as the probability 𝑃  of 
observing a false zero for individual 𝑖 is given by: 

 

 𝑃 = 𝑿𝒊𝜷𝒁𝑰 𝒁𝒂𝒂𝒁𝑰𝒊𝑿𝒊𝜷𝒁𝑰 𝒁𝒂𝒂  (6a) 

 𝑿𝒊𝜷𝒁𝑰 + 𝒁𝒂𝒂 = 𝛽 + 𝛽 𝑥 + 𝛽 𝑥 + 𝛽 𝑥 + 𝛽 𝑥 𝑥 + 𝑎  (6b) 
 
Here,  𝑿𝒊𝜷𝒁𝑰 represents the fixed effect similar to those used in the previous binomial 
GLMs (see equation 1), and 𝒁𝒂𝑎  represents the animal effect term, which is 
composed of an incidence matrix 𝒁𝑨  and 𝑎 , which is a vector containing the 
breeding values. 𝛽  is the intercept for the log of the odds of observing a false zero 
and 𝛽  through 𝛽  are the partial regression coefficients for generation, 
treatment, lifespan, and the generation × treatment interaction respectively. 𝑥  
through 𝑥  represent the values for the three predictor variables generation, 
treatment, and lifespan associated with individual 𝑖 . The component 𝑎  is the 
additive genetic effect term or breeding value of individual 𝑖 for the zero inflation 
component and is the essential component of the animal model that can be used to 
estimate the additive genetic variance for a trait (reviewed in Kruuk, 2004).  

We used the same predictor variables for the negative binomial component to 
model the mean (expected) CE, 𝜇 , for individual 𝑖 . 𝜇  may depend on the 
independent variables and can be defined as: 

 
 𝜇 = 𝑒𝑿𝜷𝑵𝑩 𝒁𝒂𝒂  (7a) 𝑿𝜷𝑵𝑩 + 𝒁𝒂𝑎 = 𝛽 + 𝛽 𝑥 + 𝛽 𝑥 + 𝛽 𝑥 + 𝛽 𝑥 𝑥 + 𝑎  (7b) 
 
in which 𝛽  is the intercept (i.e. the value of log (𝜇 ) when all predictor variables 
equal zero and for an average additive genetic effect) and 𝛽  through 𝛽  are 
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the regression coefficients for generation, treatment, lifespan, and the generation × 
treatment interaction. 𝑥  through 𝑥  again denote the values of the predictor 
variables generation, treatment, and lifespan for individual 𝑖 . 𝑎  denotes the 
additive genetic effect for the negative binomial component. We assume the 
dispersion parameter 𝜃 to be constant, i.e., independent of predictor variables.  

In the animal model, the vectors 𝑎 contains the animal breeding values and 
has a covariance matrix 𝐆 which can be derived based on the expected covariance 
in additive genetic effects between related individuals (Kruuk, 2004). For two 
individuals 𝑖 and 𝑗, the additive genetic covariance is given by 2𝛩 𝜎 , where 𝛩  is 
the coefficient of coancestry (i.e. the probability that a allele drawn at random from 
individual 𝑖 is identical by descent to a randomly-drawn allele from individual 𝑗); 𝜎  
is the additive genetic variance. The covariance matrix 𝑮 is given by 𝑮 = 𝑨𝜎 , with 𝑨  being the additive genetic relationship matrix where 𝐴 = 2𝛩 = 𝑟 , i.e. the 
relatedness between individuals 𝑖 and 𝑗. The relatedness 𝑟  for a trait can also be 

calculated using the covariance-variance ratio ( , )( ) , where 𝑣𝑎𝑟(𝑖) = 𝜎  so that: 

 
 ( , )( ) 𝑣𝑎𝑟(𝑖) = 𝐴 𝜎 = 𝑐𝑜𝑣(𝑖, 𝑗) (8a) 

 
If we substitute 𝑨 for 𝐴 , we retrieve the covariance matrix 𝑮: 
 
 𝑨𝜎 = 𝑮 (8b) 
 
In our experiment, paternity is always unknown, and therefore the matrix 𝑨 cannot 
be reconstructed with full certainty. We therefore analysed the animal model based 
on two versions of 𝑨, one where all daughters of a given female are assumed to be 
sired by different fathers (half sib model), and one where all daughters are assumed 
to be sired by the same male (full sib model). Given that female remating in M. 
domestica has been described but only on rare occasions, the latter is likely to be 
more appropriate. For the animal models, we assumed 𝑁𝑜𝑟𝑚𝑎𝑙(0,10)  as prior 
distribution for the partial regression coefficients, as well as for the genetic standard 
deviation ( 𝜎 ) of both the zero inflation as well as the negative binomial component 
of the animal model. 
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Results 
 
Female lifetime reproductive success 
 
To explore the suitability of various traits as proxies for female fitness, we analysed 
a dataset on female LRS in relation to fecundity-related phenotypes. We found that 
overall fecundity (lifetime number of eggs laid) varied substantially between females  

 
Figure 2: Clutch sizes and offspring emergence rates across female lifetime. Depicted are the daily
number of eggs produced (A) and offspring emerged (B) for 31 females relative to the highest number 
of eggs laid/offspring emerged for each individual female. Day refers to the number of days since the
first possible egg-laying opportunity; in (A), this indicates the number of eggs laid on said day, whereas
in B it indicates the emergence from days laid on this day. Black dots indicate the time of death. Numbers
on the Y-axis denote the cumulative number of eggs laid (A) or offspring emerged (B) by each female
over her lifetime. Females were sorted from highest to lowest cumulative egg production in (A) and (B). 
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(median = 191.0, interquartile range = 99.5 – 354.5, excluding individuals with zero 
eggs), and within-individual variation was similarly high (median difference between 
smallest and largest batch = 43, interquartile range = 5 – 79.5, excluding batches 
with zero eggs). Although a female's fecundity varied between days, this variation 
did not consistently cluster on any specific time range (Figure 2A), and per-day 
fecundity was not correlated with time (days since onset of reproduction; Table 3). 
In the per-clutch analyses, we found that the proportion of offspring emerged was 
positively correlated with batch size (Figure 3A, 3B; Table 4), but was not correlated 
with days since onset of reproduction (Figure 3C, Figure 3D; Table 4). In contrast, 
in the whole-lifespan analysis, the proportion of offspring that emerged was found  

Table 3: Probability of emergence of offspring from F1 females in response to days since onset of 
reproduction. Emergence rates were used to fit a zero-inflated negative binomial GLM with time (days 
since onset of reproduction) as the sole predictor variable and the log of the time the female had 
access to the egg-laying substrate in hours as an offset.  
Parameter Name Posterior 

mean 
Posterior 
SD 

95% CI Probability 
of direction 𝛽  Intercept 1.203 0.12 0.972, 1.440 1.000 𝛽  Time -0.0147 0.012 -0.038, 0.0096 0.887 𝑃  Zero inflation 

rate 
0.690 0.022 0.646, 0.732 - 

𝜃 Dispersion 
parameter 

1.658 0.216 1.262, 2.112 - 

Table 4: Probability of emergence of offspring from F1 females.  Emergence rates were used to fit a 
binomial GLM with time (days since onset of reproduction) and clutch size as the predictor variables 
for the analysis per clutch. For whole lifetime emergence rates, we fitted a binomial GLM with lifetime 
fecundity (total egg count) as the sole predictor variable. 
Parameter Name Posterior 

mean 
Posterior 
SD 

95% CI Probability 
of direction 

Per clutch model 𝛽  Intercept -2.011 0.106 -2.215, -1.802  1.000 𝛽  Time 0.007 4.9 × 10-3 -0.0032, 0.0096 1.000 𝛽  Clutch size 0.015 1.1 × 10-3 0.0124, 0.0167 0.903 
Lifetime model 𝛽  Intercept -0.701 4.33 × 10-2 -0.787, -0.617 1.000 𝛽  Total egg 

count 
-1.13 × 10-3 5.73 × 10-5 -1.25 × 10-3, -

1.02 × 10-3 
1.000 
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Figure 3: Offspring emergence. Left and right column shows proportion and number of offspring 
emerged relative to daily fecundity (A & B), time (days since onset of reproduction; C & D), and total 
number of eggs a female has laid in her lifetime (E & F). Note that A-D denote proportion or number of 
individuals emerged in a given clutch whereas E & F depict total number of offspring versus total number 
of eggs laid per female. The pink line indicates the model fit (A, C, E: binomial GLM; B, D, F: binomial 
GLM multiplied by (B) clutch size, (D) day, or (F) total eggs laid; A-D used clutch size and clutch number 
as independent variables; E & F used total number of eggs laid). 
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to decrease with increasing fecundity (Figure 3E), so that in terms of number of 
offspring emerged females that laid between 900 and 1000 eggs were expected to 
have the highest LRS (Figure 3F).  
 We fitted several exploratory models to the female LRS data (Table 2). We 
found that the model with fecundity during the first six days, lifespan, and the 
interaction between these two variables had the lowest LOO (model number 11, 
Table 5). This model did marginally better than a model with only total fecundity 
(cumulative lifetime egg production), which was previously found to be the strongest 
predictor for female LRS (Reed & Bryant, 2004). Following these two models, we 
find that models using either number of clutches (i.e. days on which eggs were laid) 
or lifespan did equally well, whereas a model featuring both these variables did 
slightly worse. Similar to (Reed & Bryant, 2004), we find that models using only 
predictor variables based on the first clutch only (size, hatch rate and female age at 
first clutch) performed least well.  
 

 

Table 5: Model fits for female fitness proxies. In each model, we fit a zero-inflated negative binomial GLM 
to the lifetime reproductive success scores of 31 F1 females. Parameter estimates indicate the (partial) 
regression coefficients for the negative binomial component. We assumed zero-inflation was constant 
within each model. For each model, we list the Bayesian 𝑟 , the intercept (𝛽 ) and the predictor variables 
coefficients, along with the dispersal parameter 𝜃 and the zero inflation rate 𝑃(0). 'Interaction' refers to 
the interaction effect term of the two preceding predictor variables (we consider at most 2 predictor 
variables and their interaction within each model). Models are ordered based on leave-one-out (LOO) 
cross validation scores (mean difference ± SE).  
 Model & 𝚫𝑳𝑶𝑶 ± 𝑺𝑫 

Trait Posterior 
mean 

Posterior 
SD 

95% CI Probability of 
direction 

12 
0 
  
  
  

Bayesian r2 0.619 0.09 0.414, 0.745 - 
Intercept -0.962 1.192 -3.393, 1.349 0.795 
Fecundity (days 1-6) 0.029 0.009 0.011, 0.047 0.999 
Lifespan 0.181 0.047 0.088, 0.277 1 
Interaction -0.001 0 -0.002, 0 0.995 
Dispersal coefficient (𝜃) 2.818 0.915 1.36, 4.909 - 
Zero inflation rate (𝑃(0)) 0.081 0.049 0.01, 0.199 - 

3 
6.5 ± 6.8 
  

Bayesian r2 0.678 0.136 0.274, 0.782 - 
Intercept 3.401 0.246 2.911, 3.891 1 
Total fecundity 0.003 0.001 0.002, 0.005 1 
Dispersal coefficient (𝜃) 2.14 0.629 1.107, 3.554 - 
Zero inflation rate (𝑃(0)) 0.086 0.049 0.015, 0.203 - 
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2 
10.7 ± 5.7 
  

Bayesian r2 0.538 0.147 0.148, 0.666 - 
Intercept 3.446 0.277 2.912, 4 1 
Number of clutches 0.187 0.052 0.091, 0.294 1 
Dispersal coefficient (𝜃) 1.845 0.548 0.946, 3.094 - 
Zero inflation rate (𝑃(0)) 0.086 0.05 0.014, 0.203 - 

4 
11.9 ± 6.3 
  

Bayesian r2 0.48 0.169 0.091, 0.661   
Intercept 2.606 0.517 1.582, 3.627 1 
Lifespan 0.075 0.022 0.034, 0.119 1 
Dispersal coefficient (𝜃) 1.764 0.505 0.91, 2.894 - 
Zero inflation rate (𝑃(0)) 0.086 0.049 0.014, 0.202 - 

10 
13.1 ± 6.2 
  
  
  

Bayesian r2 0.561 0.106 0.244, 0.658 - 
Intercept 3.622 0.386 2.87, 4.398 1 
Fecundity (day 1) -0.01 0.01 -0.029, 0.01 0.86 
Number of clutches 0.174 0.087 0.011, 0.355 0.981 
Interaction 0.001 0.002 -0.002, 0.004 0.757 
Dispersal coefficient (𝜃) 1.802 0.547 0.908, 3.044 - 
Zero inflation rate (𝑃(0)) 0.085 0.05 0.013, 0.205 - 

11 
13.9 ± 5.3 
  
  
  

Bayesian r2 0.518 0.135 0.194, 0.678 - 
Intercept 2.386 1.081 0.299, 4.602 0.987 
Number of clutches 0.365 0.231 -0.097, 0.82 0.943 
Lifespan 0.05 0.062 -0.074, 0.174 0.799 
Interaction -0.007 0.007 -0.02, 0.007 0.87 
Dispersal coefficient (𝜃) 1.803 0.549 0.896, 3.032   
Zero inflation rate (𝑃(0)) 0.085 0.05 0.013, 0.202   

13 
13.9 ± 6.6 
  
  
  

Bayesian r2 0.538 0.154 0.163, 0.707   
Intercept 2.767 1.545 -0.343, 5.802 0.962 
Size of first clutch 0.001 0.023 -0.043, 0.047 0.507 
Lifespan 0.052 0.073 -0.09, 0.2 0.764 
Interaction 0 0.001 -0.002, 0.002 0.597 
Dispersal coefficient (𝜃) 1.715 0.519 0.874, 2.879 - 
Zero inflation rate (𝑃(0)) 0.085 0.049 0.013, 0.202 - 

8 
-15.1 ± 6.3 
  
  
  

Bayesian r2 0.524 0.139 0.158, 0.66 - 
Intercept 2.998 0.82 1.379, 4.604 1 
Fecundity (day 1) -0.014 0.019 -0.05, 0.024 0.775 
Lifespan 0.06 0.036 -0.008, 0.134 0.958 
Interaction 0 0.001 -0.001, 0.002 0.763 
Dispersal coefficient (𝜃) 1.665 0.497 0.849, 2.787 - 
Zero inflation rate (𝑃(0)) 0.086 0.049 0.014, 0.203 - 
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Artificial selection for increased female fecundity 
 
Once a suitable fitness estimation framework is established, it can be put to use in 
various ways such as for artificial selection experiments. It is however not sufficiently 
clear if artificial selection can efficiently establish sex-specific increases in fitness. 
We therefore carried out an artificial selection on a fitness proxy in females (total 
fecundity during first six days after onset of fecundity assays). Female fecundity data 
were used to fit zero-inflated negative binomial GLMs (see methods), where both 
the zero inflation and the negative binomial components were modelled using 
lifespan, generation, treatment and the generation × treatment interaction as 
predictor variables. For zero inflation, lifespan and generation × treatment  

9 
15.3 ± 7.3 
  

Bayesian r2 0.438 0.161 0.061, 0.601 - 
Intercept 3.31 0.383 2.554, 4.065 1 
Fecundity (days 1-6) 0.008 0.003 0.003, 0.013 0.999 
Dispersal coefficient (𝜃) 1.532 0.444 0.806, 2.527 - 
Zero inflation rate (𝑃(0)) 0.08 0.05 0.008, 0.198 - 

7 
19.4 ± 7.9 
  

Bayesian r2 0.279 0.141 0.009, 0.485 - 
Intercept 3.268 0.57 2.153, 4.392 1 
Overall hatchability 3.433 1.659 0.297, 6.829 0.984 
Dispersal coefficient (𝜃) 1.254 0.355 0.679, 2.056 - 
Zero inflation rate (𝑃(0)) 0.07 0.049 0.004, 0.188 - 

5 
19.6 ± 7.6 
  

Bayesian r2 0.207 0.143 0.003, 0.494 - 
Intercept 3.764 0.359 3.086, 4.505 1 
Size of first clutch 0.011 0.005 0, 0.021 0.979 
Dispersal coefficient (𝜃) 1.315 0.378 0.696, 2.15 - 
Zero inflation rate (𝑃(0)) 0.081 0.05 0.009, 0.199 - 

6 
23.2 ± 7.9 
  

Bayesian r2 0.096 0.118 0, 0.428 - 
Intercept 4.308 0.234 3.862, 4.791 1 
Hatchability of first clutch 0.704 0.756 -0.699, 2.299 0.834 
Dispersal coefficient (𝜃) 1.178 0.331 0.63, 1.912 - 
Zero inflation rate (𝑃(0)) 0.08 0.05 0.008, 0.198 - 

1 
23.4 ± 7.9 
  

Bayesian r2 0.072 0.089 0, 0.324 - 
Intercept 3.83 0.915 2.036, 5.665 1 
Age 0.06 0.086 -0.107, 0.231 0.76 
Dispersal coefficient (𝜃) 1.179 0.325 0.636, 1.9 - 
Zero inflation rate (𝑃(0)) 0.082 0.05 0.01, 0.201 - 
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interaction were the only negative predictor variables (Table 6). This results in a 
positive effect on the probability that a female will lay eggs (lifespan: Figure 4A; 
generation × treatment: Figure 5A). For the negative binomial component, there is 
a positive effect of both lifespan and generation; these therefore have a positive 
effect on the number of eggs produced (Table 6; lifespan: Figure 4B; generation: 
Figure 5B). The generation × treatment interaction effect for the negative binomial 
component, which was hypothesized to be positive, did not appear to differ from 
zero as indicated by the overlapping 95% CI and the low probability of direction  

Figure 4: Egg production is positively correlated with lifespan in terms of both the probability that a
female will lay at least one clutch (A) and the cumulative number of eggs laid during her lifetime (B).
Points indicate individual observations (jittered to reduce overlapping data points) denoting either (A)
whether a female laid one or more clutches (1) or not (0), or (B) absolute counts of the cumulative
number of eggs laid (B). Lines indicate model predictions generated using parameter estimates from a
full sib animal model with generation, treatment, lifespan and the generation × treatment interaction as
predictor variables. 
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(Table 6). The genetic variance for the zero inflation component was estimated to 
be 245.3 (95% CI: [44.33, 713.405]). For the negative binomial component, the 
genetic variance was very low (𝜎 : 0.01; 95% CI: [0.004, 0.261]). It therefore seems 
that the genetic variation for laying eggs (i.e. as a yes/no decision) is substantially 
larger than the genetic variation for the number of eggs that are laid.  
 
Discussion 
 
The housefly M. domestica is a model system in which the evolution of SD 
mechanisms and sex chromosomes can be studied owing to its multifactorial sex 
determination system. However, assessing fitness variation in this species has 
received relatively little attention. As a result, there is as of yet no proper 
methodology to assess or estimate fitness in this species. To understand whether 
and how adaptive evolution occurs during SD transitions and sex chromosome 

 
Figure 5: Probability of successful reproduction and cumulative egg production during the selection
phase. (A) Proportion of females that laid a clutch during their lifetime (cumulative egg production
exceeds 0). (B) Cumulative egg production by females in clutches 1 through 6. Points indicate individual
observations (jittered to reduce overlapping data points), lines represent mean predictions generated
based on full sib animal model with generation, treatment, lifespan and the generation × treatment
interaction as predictor variables. Areas indicate 95% credible intervals for the estimated means.
Predicted values were generated assuming lifespan is equal to the mean lifespan over all observations
and excluding genetic effects. 
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evolution, it is necessary to develop a fitness assessment methodology for both 
males and females. In this chapter, we have presented how different proxies for 
fitness may be derived in female and male houseflies.  
 
Female sexual function and fitness in houseflies 
 
In houseflies, females have an archetypical sex role, where they produce larger 
gametes than males but invest less into other aspects of reproduction such as mate 
searching or competition with other females, which are instead more commonly 
observed in males. Female houseflies are outwardly passive in terms of courtship 
behaviour, whereas males engage actively in seeking out females and initiating 
courtship (Murvosh et al., 1964; Colwell & Shorey, 1975). Females may locate males 
via male pheromones (Schlein & Galun, 1984), but female pheromones are a 
stronger attractant to males (Silhacek et al., 1972; Noorman & Den Otter, 2002). In 
many insect species, females benefit from multiple mating either directly via 
increased fecundity or indirectly via more genetically variable offspring (Arnqvist & 
Nilsson, 2000; Birkhead & Pizzari, 2002). Direct effects appear to be absent in 
houseflies, though transfer of accessory seminal proteins during the first mating was 
found to increase female fecundity (Arnqvist & Andrés, 2006). Remating could then 
be advantageous to females if additional doses of seminal products result in 
additionally increased fecundity. Female remating in M. domestica is however 
considered rare, with its prevalence estimated to be approximately 3% under 
laboratory conditions; other estimates are however higher and have reached 21% 
(Leopold, Terranova, & Swilley, 1971; Andrés & Arnqvist, 2001). Remating inhibition 
is achieved by a seminal product transferred from males to females so that the 
potential fecundity benefits of remating are largely inaccessible to females (Riemann 
et al., 1967; Leopold, 1970; Leopold, Terranova, & Swilley, 1971).   
 However, female remating under natural conditions is undocumented, and 
may occur more frequently than it does under laboratory conditions (Leopold, 1976). 
If remating is so strongly inhibited, the effect of a female's mating behaviour on her 
fitness must involve very high sexual selectivity and resistance to male attempted 
copulations. In M. domestica, fecundity in both sexes is correlated with body size, 
and males and females alike prefer to copulate with larger mates (Goulson et al., 
1999). Adaptive female mate choice would then revolve around her ability to gauge 
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male size and subsequently to reject small mates c.q. accept large mates. Female 
fitness was however identical between females engaged in mate choice experiments 
versus those in no-choice matings (Carrillo et al., 2012), with size of first clutch and 
egg-to-adult survival of this clutch identical between these two treatments. A 
different study, however, finds that size of first clutch is a poor predictor for female 
fitness in M. domestica, explaining only 1.5% of the total variation in LRS (Reed & 
Bryant, 2004). This suggests that the absence of fitness effects in mate choice versus 
forced mating trials may be an artefact; a more rigorous test of these effects is 
therefore necessary to determine how mate choice may influence a female's fitness. 
This may also include a reassessment of the frequency of female remating under 
natural conditions to test the assumption that female remating is indeed low. 

Although many aspects may affect a female's fitness, ultimately her realized 
fitness is generated by the eggs she herself produces and the yield of emerging 
offspring from these eggs. A previous study on correlations between fitness and 
other traits in M. domestica found that fecundity, i.e. the cumulative number of 
fertilized eggs produced by a female during her lifetime, explained 64% of the 
variation in LRS between females (Reed & Bryant, 2004). Fecundity is therefore a 
strong candidate proxy for female fitness, particularly if only a single trait is to be 
assessed. However, because they do not consider interactions between different 
fitness components, it is not fully possible to determine if other sets of traits may be 
equally suitable to explain fitness variation. For example, although they find that size 
of the first clutch is a poor predictor of female fitness, it is a strong predictor of total 
fecundity (Francuski et al., 2020). If clutch sizes remain constant throughout a 
female's life, the product of first clutch size and longevity or first clutch size and 
number of clutches laid could be a less labour-intensive substitute for total fecundity. 
We find that models with lifespan and either size of first successful clutch (which is 
always nonzero; model 13) or fecundity on first day after onset of the assay (which 
may be zero; model 8) are less appropriate for describing variation in LRS. However, 
a model with fecundity on the first six days and lifespan performed best, and was 
marginally better than a model using only total fecundity (Table 5, model 12 versus 
model 3). The two models using a single fecundity assay may not describe variation 
in LRS as accurately as a model where fecundity over several assays is taken as a 
predictor variable (the use of the first six days here being somewhat arbitrary), as 
daily fecundity is simply too variable (Figure 2A). By using multiple fecundity assays, 
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the effect of the stochasticity of daily fecundity is reduced, resulting in a more 
accurate fit of the model to the data. As an added benefit, fecundity over the first 
six days and individual lifespan is more easily assessed than lifetime fecundity, which 
effectively would require lifespan to be assessed regardless of whether it was used 
in the statistical model. Taken together, these two fitness components therefore 
provide the most suitable known fitness proxy for female fitness in M. domestica. 
 
Male sexual function and fitness in houseflies 
 
Contrary to female houseflies, males generally have a more overt sexual function 
and play a more active role in sexual behaviours. Male houseflies indeed engage far 
more actively in mate searching and courtship initiation than females (Murvosh et 
al., 1964; Colwell & Shorey, 1975), exhibit more locomotor activity (which 
presumably aids in mate finding) (Meffert & Bryant, 1992), and are generally more 
promiscuous than females (Riemann et al., 1967). Male sexual behaviour obviously 
has a partial genetic basis as suggested by the existence of variation in sexual 
behaviour between populations (Bryant, 1980), but is also socially affected as a 
male's mating success, mating speed and copulation duration all were found to be 
affected by the size of his competitor (though these effects varied between male-
male pairs of different populations) (Baldwin & Bryant, 1981). However, male 
courtship is rather indiscriminate in that males may attempt to mate with other males 
in absence of females (Murvosh et al., 1964), as well as previously-mated and 
therefore non-receptive females (Ragland & Sohal, 1973; Meffert & Hagenbuch, 
2005). Altogether, this suggests male sexual behaviour is quite variable and 
therefore is likely to result in fitness variation between males. This is further 
supported by the notion that females exhibit little remating under laboratory 
conditions (Arnqvist & Andrés, 2006), which would cause male fitness to be chiefly 
determined by courtship performance. 

Female remating inhibition is primarily induced by males by  transferring an 
accessory seminal product (Riemann & Thorson, 1969; Leopold, 1970; Leopold, 
Terranova, Thorson, et al., 1971). Presumably, this increases his chances of siring 
her offspring as female remating is associated with reduced paternity rates of males 
that mated earlier in many species (Parker, 1970; Gromko & Pyle, 1978; Birkhead et 
al., 2002). A male's ability to inhibit remating diminishes as he engages in 
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subsequent matings because its seminal product becomes depleted (Riemann et al., 
1967; Leopold, 1970; Leopold, Terranova, & Swilley, 1971), although some de novo 
synthesis may occur between copulations (Leopold, 1970). Moreover, female 
remating was found to be virtually absent when mated with virgin males (3%), 
whereas females who mated with multiple-mated males were found to remate at a 
much higher rate (21%) (Leopold, Terranova, & Swilley, 1971). This suggests the 
assumption that females do not remate may not always hold; a male that has 
recently mated a female may not successfully inhibit remating in subsequent female 
partners, who may instead remate later on. Male fitness is thus not determined only 
by mating success, but extends to the postcopulatory phase in which female 
remating must be inhibited to avoid suffering a cost in the form of reduced 
fertilization success. Interestingly, sperm transfer occurs only during the initial phase 
of copulation (approximately 10-20 minutes) whereas accessory products continue 
to be transferred up to approximately 40 minutes after onset of mating (Murvosh et 
al., 1964; Leopold, Terranova, Thorson, et al., 1971), with disruption of mating at 
this time point resulting in reduced efficacy of female remating inhibition (Arnqvist 
& Andrés, 2006). Under natural conditions, matings may be more frequently 
disrupted than under laboratory conditions, leading to female remating and males 
to potentially lose paternity depending on seminal product transfer efficiency. The 
efficacy with which sperm and accessory products are transferred during mating may 
be an interesting proxy for male fitness. Here, the fitness proxy is effectively the 
number of successful fertilizations over time, with higher fitness being attained by 
males that achieve identical fertilization success in less time or those that achieve 
higher success in equal time. 
 Female remating allows for postcopulatory sexual selection to occur (Parker, 
1970; Birkhead & Pizzari, 2002), which favours the evolution of traits that act after 
copulation to affect fitness. Such traits include those that inhibit female remating 
(e.g. via the transfer of a seminal product described above; Leopold, Terranova, 
Thorson, et al., 1971) or that bias the rate at which sperm from different mates are 
used (i.e. sperm precedence (Parker, 1970) or cryptic female choice; reviewed in 
Miller & Svensson, 2014). Such effects are becoming increasingly well-documented 
in other species such as D. melanogaster, in which both males and females are 
promiscuous. When a female D. melanogaster mates with multiple males, males that 
mate first tend to lose fertilization success as latter males may induce the female to 



Sex-specific fitness estimation in houseflies 
 

183 

shed sperm from previous mates to increase the proportion of offspring sired by 
these latter males (though to different success depending on how many males mate 
with a given female; Laturney et al., 2018). In M. domestica, postcopulatory 
selection has received considerably less attention, but is nonetheless inferred to 
occur as females exhibit different remating rates and oviposition rates depending on 
their own genotype as well as that of their mates (Andrés & Arnqvist, 2001). In 
addition to variation in a male's ability to inhibit remating, sperm precedence  and 
cryptic female choice may play a yet unknown role in M. domestica. Many studies 
on housefly male fitness make use of single male-female pairs or similar small-scale 
setups (e.g. (Goulson et al., 1999)), whereas under natural conditions houseflies 
generally occur in large, aggregated groups where both sexes may mate multiply. 
Considering male fitness in a social context may elucidate hitherto-unknown but 
important factors by which it is affected, such as in D. melanogaster where social 
context affects male and female reproductive behaviour (Krupp et al., 2008; Billeter 
et al., 2012; Garbaczewska et al., 2013; Laturney & Billeter, 2016). 
 Altogether, male fitness in houseflies seems to be largely determined at the 
mating phase, as the perceived absence of female remating would lead a male that 
mates with a female to have full paternity over her offspring. Suitable male fitness 
proxies therefore must reflect variance in mating success. However, female 
promiscuity may be more prevalent in houseflies than previously considered, and 
female remating inhibition by males may be imperfect. Pending further investigation 
of the role of female remating, male fitness proxies that describe male fitness in 
terms of acquired matings per unit of time are likely to best reflect the nature in 
which male fitness is determined in this species under natural conditions. Should 
female remating be prevalent in M. domestica, then these fitness proxies must be 
adapted to reflect not the number of matings per unit of time, but the number of 
fertilizations per unit of time. Additionally, they must incorporate both "defensive" 
traits against losing fertilization success (e.g. by inhibiting their female mates from 
remating) as well as "offensive" traits to acquire such success (e.g. by inducing 
previously-mated females to mate with them). 
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Evolutionary response of a female fitness proxy under artificial selection 
 
Artificial selection has previously been employed in numerous ways; applications to 
fitness in a sex-specific context have however proven troublesome, not in small part 
due to the complexity of establishing a sex-specific fitness framework. Establishing 
strains with increased fitness in one sex may benefit fundamental evolutionary 
biological studies on topics such as intra- and interlocus sexual conflict (conform Rice 
(1996, 1998), though such approaches are more adequately described as 
experimental evolution) but also in an applied context. For example, female 
fecundity may be a bottleneck in the production of various biological goods, such as 
in feed production (discussed for M. domestica in e.g. Francuski et al. (2020).  

To assess whether fitness proxies can be used in artificial selection 
experiments to establish sex-specific increases in fitness, we set up an artificial 
selection experiment in which we selected females for increased fecundity during 
the first six days after onset of egg production. We find that the selection regime 
was partly able to positively affect this trait; however, in both the control and 
selected strain, we observe an increase over time, rather than only in the selected 
strain. Contrary to our expectation, the generation × treatment interaction term, 
which describes the difference in the effect of generation between the control strain 
and the selected strain, was found to be small (Table 6). We therefore find that the 
control strain and the selected strain both showed increased fecundity over the 
course of the experiment, but they did not differ in the rate at which this change 
occurs (Figure 5). One explanation is that in the control strain, we cannot randomly 
sample from all females but instead can only use females that manage to produce 
clutches and thereby generate offspring. Moreover, small clutches tend to suffer 
from reduced emergence rates (Figure 3A), so that a small bias towards higher-
fecundity females exists in the control group similar to the selected group. An 
additional selection regime for reduced fecundity might provide a stronger contrast 
to the selection regime for increased fecundity applied here, and may thereby 
provide stronger evidence for the effect of artificial selection. 
 Although we observed a relatively weak response in terms of absolute 
number of eggs laid by females, we found a stronger change in the proportion of 
females that laid at least one clutch, which increases under artificial selection for 
increased clutch sizes (Table 6, Figures 4A and 5A). In the selected group, we initially 
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observed a higher prevalence of females that failed to produce any clutch 
whatsoever, but over 6 generations of selection this proportion drops close to zero 
so that virtually all females lay at least one clutch. In the control group, only a slight 
increase in the proportion of females that lay at least one clutch is observed. One 
explanation for this might be that the conditions under which female fecundity is 
assessed in our experiment are actually unfavourable. Females then put off investing 
into egg production for the time being in hopes of encountering more favourable 
conditions later on. Selection for increased fecundity here would then reflect 
selection for an increased tendency to lay eggs, even when conditions are deemed 
unfavourable. This would also explain the difference in the estimated genetic 
variance for the zero inflation component versus that for the negative binomial 
component. 
 
Synthesis 
 
Given our interest in using M. domestica as a model for sex determination and sex 
chromosome evolution, we focus here on fitness proxies that incorporate sex-specific 
function because these may be principally affected by these processes and may have 
direct influence on an individual's fitness. In females, fitness appears to be chiefly 
determined by her own capacity to produce eggs, and therefore fitness proxies may 
primarily involve fecundity-related traits (Reed & Bryant, 2004). Additionally, a 
female’s ability to assess mate quality and acquiring mating with preferred males (or 
inversely preventing mating with unpreferred males) may indirectly affect her fitness 
via ensuring that her offspring receive good genes from their fathers. In males, 
mating success is likely to be the strongest determinant of fitness, and accordingly 
courtship performance and similar traits may be suitable proxies. However, for both 
sexes it is assumed that male inhibition of female remating is strong and therefore 
that there is little scope for female promiscuity and subsequent postcopulatory 
sexual selection to occur. Given that repeated matings reduces male efficacy of 
remating inhibition in females (Leopold, Terranova, & Swilley, 1971), it seems likely 
that under natural situations as well as less simplified laboratory situations (e.g. 
setups involving multiple males and females) this assumption will be invalid. Instead, 
female promiscuity may occur, and variance in postcopulatory performance may 
contribute to fitness variance in males as well as in females. 
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Aside from sex-specific traits, certain aspects of c.q. proxies for fitness may 
however be non-sex-specific or be relevant to reproductive function in both sexes 
such as lifespan, development time, locomotor activity, and body size. Including such 
traits in a definitive fitness estimation methodology may consolidate fitness 
estimates which involve traits that are sex-specific. For example, body size has been 
found to positively affect reproductive success in many species including houseflies 
(Black IV & Krafsur, 1987), where it is positively correlated with fitness in both sexes 
(Baldwin & Bryant, 1981).  
 Alternatively, although we focus here on fitness assessments by measuring 
specific traits of individuals, fitness effects may also be evaluated with experimental 
evolution, i.e. using population-scale experiments to assess invasibility (Metz et al., 
1992; Mylius & Diekmann, 1995). For example, Hamm et al. (Hamm & Scott, 2008; 
Hamm et al., 2009) assessed the fitness of IIIM-bearing males relative to YM-bearing 
M. domestica males by establishing populations with known initial frequencies of 
both types of males. These populations were maintained for some time (varying 
from several generations to several years) after which the frequencies of the 
different types of males were assessed again. Although the results differed between 
the two studies in the sense that in one study IIIM-bearing males were found to 
decrease in frequency (Hamm & Scott, 2008) whereas in the other these males 
increased in frequency (Kozielska, 2008; Hamm et al., 2009), such approaches may 
still be applied to investigate fitness differences. An intrinsic benefit of this type of 
approach is that no specific fitness assessment needs to be carried out as fitness is 
evaluated as part of the ability of individuals to successfully reproduce under (quasi-
)natural conditions, and many aspects that can affect fitness are evaluated in the 
process. Care must however be taken as each distinct population only provides one 
estimate of potential fitness differences between the type of males so that the 
statistical power of these approaches is generally low (Kawecki et al., 2012); for 
example the use of 4 replicates in Hamm et al. (2009) is equivalent to sample size 
of 4. Additionally, the use of small populations may lead to a relatively large influence 
of genetic drift or sampling error. Provided that these issues are accounted for, the 
use of population-scale fitness assessment may nonetheless proof a powerful tool 
for detecting fitness differences between different populations, strains, or 
genotypes.  
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 The housefly M. domestica holds promise as a model system for studies on 
sex determination and sex chromosome evolution, but substantial efforts are still 
required to realize this potential, particularly in the context of fitness estimation. 
Here, we have discussed the development of and illustrated the use of sex-specific 
fitness proxies which take into account the different roles females and males assume 
in reproduction in this species. Although further research will be necessary to 
determine the extent to which female promiscuity occurs and how this affects the 
manner in which individuals of both sexes may maximize their fitness, the principles 
laid out in this chapter provide a foundation for the development of fitness estimation 
methodologies in future studies.  
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Evolution of sex determination mechanisms 
 
In this thesis, I investigated the evolutionary genetics and dynamics of transitions in 
sex determination. Despite representing an essential component of the development 
of sexually reproducing organisms, the regulation of sex determination (SD) itself is 
highly labile from an evolutionary perspective. Control over the SD process can be 
achieved in myriad ways and different cues, both genetic and environmental, can 
impinge on this process (Bachtrog et al., 2014; Beukeboom & Perrin, 2014). The 
result is an astounding variation between species, and in some cases within species, 
in the mechanisms regulating sexual differentiation, as well as the genes  involved. 
This variation may arise through adaptive evolution when selection favours the 
spread of novel SD systems (i.e. genes, chromosomes, or mechanisms). Previous 
work on evolutionary transitions in SD has sought to uncover the selective pressures 
acting on SD and the conditions under which SD transitions may take place (reviewed 
in (van Doorn, 2014)). Transitions in SD may be driven by selective pressures arising 
from phenomena such as parent-offspring conflict (e.g. Kozielska et al., 2006; 
Kuijper & Pen, 2014), sex ratio distortion (reviewed in (Uller et al., 2007)), and 
linkage to nearby sexually antagonistic genes (van Doorn & Kirkpatrick, 2007, 2010; 
Muralidhar & Veller, 2018).   

Previous work on the evolution of SD mechanisms has resulted in a solid 
theoretical framework of how variation in SD may arise and how this incites further 
evolution. These models generally assume that SD is (1) a stand-alone and 
straightforward process where sex is a monogenic trait encoding a simple 
phenotype, rather than being a complex process involving many genes that is 
integrated into the overall developmental programme of an organism, or (2) a 
simplistic discrete switch which can be set to either a male and female state, rather 
than assuming the underlying regulation is more continuous and can be affected by 
many factors. A drawback of such simplistic models is that they do not adequately 
represent the complexity of SD.  SD systems may involve a mixture of environmental 
(ESD) and genetic (GSD) cues, which is particularly evident in the skink Niveoscincus 
ocellatus (Pen et al., 2010) in which highland populations have GSD but lowland 
populations have ESD. Other complex SD systems may involve mixtures of different 
GSD mechanisms, such as in the European common frog Rana temporaria (Ma et 
al., 2016) which features an XY male heterogamety system in northern European 
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populations and a yet uncharacterized XY male heterogamety system in southern 
populations. Research on SD continues to find diversity, such as in Dipteran insects 
where we know of four different genes that can lead to male development (Hall et 
al., 2015; Krzywinska et al., 2016; Sharma et al., 2017; Meccariello et al., 2019). 
The current theoretical framework for the evolution of SD is largely incapable of 
explaining polymorphic SD, where multiple genes may control sex, let alone 
predicting when they occur. Polymorphic SD is generally considered a transitory state 
between two different monomorphic systems (Rice, 1986), despite polymorphic SD 
persisting over extended periods of time in some species (e.g. (Kozielska et al., 
2008; Ma et al., 2016)). This is because in most existing models of SD evolution, 
transitions in SD are generally complete, so that only a single SD gene will remain 
after sufficient time has passed. Stable polymorphic SD is only observed under a 
restricted range of parameter values in the limited cases where it is observed at all 
(e.g. van Doorn & Kirkpatrick, 2007). There is thus an urgent need for models on 
the evolution of SD that account for the underlying complexity and the further 
biology of the organism. SD genes manifest their effect through interactions with 
many other genes that effectuate sexual differentiation. The link between the SD 
gene and the function for which it is selected (i.e. determining the sex phenotype) 
is more complex than currently considered. 

 In this thesis, I have modelled several complex scenarios of SD evolution. 
In Chapter 4, evolution of the genes targeted by an SD gene can contribute 
substantially to the evolution of novel SD mechanisms. Here, environmental 
influences on the target gene cause it to supersede the ancestral SD gene. 
Interactions that do not strictly involve SD may also affect the evolution of SD. In 
Chapter 3 I have shown that epistatic interactions between an autosomal gene and 
a gene linked to a (novel) SD gene affect fitness. Epistasis modifies the selection 
acting on the linked gene, which leads to altered selection of the co-adapted gene 
complex that is formed by the interacting non-SD gene and the SD gene. This affects 
the stability or invasibility of respectively ancestral and novel SD genes, and thereby 
can both promote or inhibit transitions between SD systems. Taken together, it is 
apparent that SD genes evolve in the context of a genomic architecture of a 
multitude of other genes spread across different chromosomes.  
 
  



Discussion 
 

195 

Sex determination and sexual function 
 
Although principally defined by the capacity to produce different types of gametes 
(Parker et al., 1972), males and females differ in more aspects. That is because 
anisogamy comprises the basis that will give rise to further sexual dimorphism, which 
eventually leads to behavioural, morphological, physiological and even genetic (sex 
chromosomal) differences between males and females. Sexual identity, however, 
remains rooted in anisogamy, and what it entails ought to be considered first and 
foremost in this context. As outlined in Chapter 2, sexual dimorphism may arise in 
response to differences in reproductive capacity and the social context in terms of 
which compatible mates are available and with which individuals one must compete. 
These differences result in a divergence of selective pressures acting on males and 
females, and adaptive evolution can then give rise to sexual dimorphism as males 
and females both evolve in response to the selective pressures experienced by them.  

Given that SD allows for further sexual dimorphism to evolve (beyond the 
difference in gamete size), sexual selection has played a large role in the evolution 
of SD (van Doorn, 2014). Indeed, SD does not comprise a simple binary switch 
between gamete types, but rather a complicated developmental program that affects 
many aspects of individual biology (e.g. (Aryan et al., 2020)). This consideration has 
been used to explain the evolution of the Drosophila SD pathway (Pomiankowski et 
al., 2004). There, the SD cascade is postulated to evolve to provide sexually 
dimorphic expression of SD genes, whose action differently affects fitness in males 
and females. Maleness, for example, is not solely defined by the production of the 
smaller gametes, but rather by a capacity to reproduce, and hence gain fitness, 
through these reduced gametes. Canalization of the SD process ensures that the 
expression of genes involved in sexual differentiation is uniformly set, which 
promotes specialization of an individual's reproductive capacity as either a male or a 
female.  

When considering SD as a complex developmental program rather than a 
simple binary switch, it becomes apparent that many genes may be involved in its 
execution. SD mechanisms are often represented as a regulatory cascade in which 
a single upstream gene regulates one or more downstream components, which in 
turn also regulate one or more components even further downstream, and so forth. 
The result is that in moving down the cascade, an increasing number of genes 
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becomes involved in regulating sexual differentiation. The entirety of sex-specific 
development is subject to regulation by a single regulatory network which is 
spearheaded by the master SD gene at the top of the cascade. However, in some 
species not all sex-specific functions are necessarily under direct control of the 
master SD gene (a term that is therefore effectively obsolete, but which I will 
continue to use for the sake of simplicity). For example, Y-chromosomes generally 
contain many genes that have functions in male-specific processes such as 
spermatogenesis (Lahn & Page, 1997; Skaletsky et al., 2003), and in species like 
Drosophila melanogaster the Y-chromosome is not required for maleness in the 
broad sense, but contains genes conferring essential male-related functions 
(Bridges, 1916a; b). Individuals carrying a Y-chromosome with a non-functional 
mutant master SD gene may still exhibit some male-specific functions, and similarly 
misexpression of the perceived male-determining gene in (e.g. via transgenesis in 
non-Y-bearing individuals) may not be sufficient to achieve full male function (Aryan 
et al., 2020). Therefore, instead of SD being a simple developmental program 
controlled by a single gene, SD consists of several modules, each of which may be 
regulated a specific gene (or set of genes). Taken together, when all modules are 
set in a congruent manner, the SD program in its entirety is carried out uniformly so 
that the individual commits entirely to being either female or male.  

We may consider the genes involved with sexual differentiation as being 
subject to sexually antagonistic selection, i.e. they represent loci under intralocus 
sexual conflict (IASC; see Chapter 2). They have a beneficial effect when expressed 
in conjunction with other developmental processes that promote the production of 
spermatozoa c.q oocytes, or more simply put when the carrier is male c.q. female. 
However, they have a detrimental effect when they are expressed along with 
developmental processes which would promote the production of oocytes over 
spermatozoa, i.e. in otherwise female individuals or c.q spermatozoa over oocytes 
in otherwise male individuals. IASC loci are predicted to evolve so that conflict 
becomes resolved either by becoming sex-specifically expressed, or by becoming 
linked to a sex-determining gene (Bonduriansky & Chenoweth, 2009; Parsch & 
Ellegren, 2013). In systems with polygenic SD, the genes involved are predicted to 
become linked to each other, e.g. to prevent fertility issues (Charlesworth et al., 
2005). Here, the regulation of SA genes and SD genes exhibit similar patterns. It 
remains unclear under which conditions IASC loci are more likely to evolve to become 
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sex-linked versus when they become sex-specifically expressed. Similarly, some sex-
specific functions may be less likely to be assimilated into the regulatory network 
controlled by the master SD gene for yet unknown reasons, and instead they may 
evolve to be uniformly regulated along with other SD genes simply by becoming 
linked to these other SD genes. A possible explanation here may be that full 
monogenic control of SD is infeasible as the SD program is carried out by a still too 
variable set of genes.  

 
Evolution of polymorphic sex determination mechanisms 
 
Spatial heterogeneity in SD may arise by local rather than global transitions in SD 
mechanisms. Any mechanisms capable of driving a transition in SD may then be 
capable of causing such heterogeneity, provided that their action is restricted to 
certain geographical localities. For example, selection by direct benefits (Bull & 
Charnov, 1977) may favour a given SD gene in one location, but when its beneficial 
effects are context-dependent, this may result in it being disfavoured elsewhere. A 
more complicated example would be when meiotic drive sex chromosomes (cf. 
(Jaenike, 2001; Kozielska et al., 2010)) are unable to spread due to incompatibilities 
with other (e.g. autosomal) genes in some but not all populations (Verspoor et al., 
2018). Similarly, when genetic variants at SA loci are differently selected upon in 
different environments (García-Roa et al., 2020), their benefit or cost to carriers may 
differ accordingly, so that the evolution of an SD gene near these loci becomes less 
favourable (cf. (van Doorn & Kirkpatrick, 2007, 2010)).  

The model presented in Chapter 3 shows that established sex chromosomes 
may experience increased stability owing to interactions with autosomal genes. The 
fitness effect of the autosomal gene was modelled as neutral on its own, and had a 
relatively simple effect on individual fitness via epistatic interactions. This model 
results in a straightforward genetic network underlying fitness. Fitness under natural 
conditions is however construed by a vastly more complicated genetic architecture. 
Under natural conditions, this network may be exposed to different selective 
pressures in different habitats, and as a result is likely to diverge between 
populations to some extent. When local adaptation affects those components of the 
network that are also involved in autosome-sex chromosome interactions, the 
stabilizing effect of these interactions on the SD system may be affected, so that in 
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different populations the stability of the SD system may vary accordingly. Such a 
scenario may apply to the different male-determining M-factors found in the housefly 
Musca domestica. In this species, males bearing an M-factor on autosome III (IIIM) 
had a fitness benefit over males bearing the 'standard' Y-chromosomal M-factor (YM) 
in one experiment (Hamm et al., 2009), though a similar experiment using different 
strains found that YM bearing males had a fitness benefit over IIIM males (Hamm & 
Scott, 2008). This suggests that the fitness of YM and/or IIIM males is affected by 
their genetic background. To test this more rigorously, it is necessary to introgress 
different M-factors into different backgrounds (similar to the baby-sex chromosome 
procedure in Chapter 5) followed by assessing their capacity to invade into a 
population or inversely to withstand invasion by another M-factor.  

Polymorphic SD systems may however not have evolved due to SD drivers 
acting only locally. In Chapter 4, I showed that environmental influences on SD can 
enable transitions in SD, but may not necessarily be the driving force behind these 
transitions. Instead, environmental influences can allow for SD genes to evolve to 
interact differently with other genes within the regulatory network of SD. Mutations 
in SD genes resulting in altered interactions may occur anywhere, but are likely to 
be strongly counterselected when the resulting altered interactions are not 
accommodated under local conditions. When such mutations occur under favourable 
conditions, it may invade as driven by other drivers of SD transition (e.g. sex ratio 
selection), but only in those parts of the populations where conditions are similarly 
favourable. The effect of environmental influences on SD may however be much 
more straightforward. The model in Chapter 4 assumes a positive effect of an 
environmental cue such as temperature on the expression level of an SD gene, but 
negative effects are also possible. For example, increased temperature may increase 
the degradation rate of a specific SD gene's product so that it cannot perform its 
function. A different gene which is insensitive (or less sensitive) may evolve to 
function as a substitute. Altogether, polymorphism in SD mechanisms need not be 
caused by local modulation of a driver of SD transitions but rather by modulation of 
the regulatory network underlying SD. The manner in and extent to which such 
effects occur are likely to be underreported, and may provide fruitful options for 
future research on SD systems.  
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Transitions in sex determination and the evolution of sex chromosomes 
 
Transitions in SD require genomic reorganisations and may set off further 
evolutionary change. The evolution of a new SD gene on a former autosome 
represents the first step in the evolution of sex chromosomes (reviewed in 
(Charlesworth et al., 2005; Schenkel & Beukeboom, 2016)). The sex chromosomes 
represent specialized genomic niches, because they are differently transmitted from 
and to males and females (Patten et al., 2013). Sex-chromosomal genes may 
therefore evolve differently from their autosomal counterparts, for example by 
increased selection for male-beneficial variants on the Y-chromosome (Rice, 1998). 
A striking feature of differentiated sex chromosomes is their specialized gene 
content, which is characterized by an excess of regulatory genes and/or genes with 
sex-specific functions compared to autosomes (e.g. (Lahn & Page, 1997; Bellott et 
al., 2014)). Interactions between sex-chromosomal and autosomal genes may be 
abundant, resulting in a pivotal role for the sex chromosomes in individual fitness. 
Sex chromosome evolution is characterized by being initiated by small-scale changes 
on the level of individual genes, and culminating in chromosome-wide differentiation 
of both the X- and the Y-chromosome. In some cases, the process may continue 
further and lead to the loss of the sex-determining chromosome (i.e. the male-
determining Y in XY systems or female-determining W in ZW systems), which 
represents another SD transition from an XY or ZW to an X0 or Z0 system (Graves, 
2006; Bachtrog, 2013). 

Although late-stage sex chromosomes have been thoroughly studied across 
different species, early-stage sex chromosomes have been studied on a much 
smaller scale. In Chapter 5, I demonstrated the utility of M. domestica as a model 
system for studying the initial phases of sex chromosome evolution. By exploiting 
the variation in SD mechanisms in this species, I was able to establish strains in 
which formerly-autosomal male-determining genes (M-factors) were crossed out of 
a genomic background with a dominant female-determining gene traD. In presence 
of traD, M-factors can be transmitted through males and females, but when crossed 
out of this background M-factors induce masculinization in all carriers. This mimics 
the de novo evolution of a male-determining gene and the evolution of a novel Y-
chromosome. Aside from being straightforward to perform, this methodology has 
three key conceptual advantages over other commonly-used approaches to studying 
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early-stage sex chromosome evolution. Firstly, early-stage sex chromosome 
evolution can be studied from the absolute onset and in real time. Other studies 
have used a retrospective approach aimed at inferring past evolution of sex 
chromosomes systems by studying systems of varying age. Secondly, comparative 
analyses can be performed within a single species, rather than between sex 
chromosome systems in different species (e.g. (Bracewell & Bachtrog, 2020)). 
Thirdly, this approach is highly repeatable as it can be used to generate different 
replicates, and thereby additionally allows for novel sex chromosomes to be 
maintained under different conditions to assess the importance of different 
evolutionary phenomena in driving the early stages of sex chromosome evolution. 
The possibility to generate new sex chromosome systems in M. domestica (and 
possibly other species harbouring similar variation in SD mechanisms) therefore 
provides a powerful tool to study sex chromosome evolution with unprecedented 
rigour.  

The utility of baby-sex chromosomes for studying early sex chromosome 
evolution however requires a methodology for assessing fitness in M. domestica.  In 
Chapter 6, I discussed how fitness may be measured in a sex-specific manner in M. 
domestica, and how proxies for male and female fitness may be developed in this 
species. In females, fitness is primarily determined by fecundity, with increased egg 
production being strongly associated with increased offspring numbers. However, a 
female's fitness may also be influenced by her ability to discern low- and high-quality 
mates, and to prevent low-quality mates from mating with her. In males, fitness is 
primarily determined by mating success, as females are thought to exhibit low to no 
remating owing to males transferring a seminal product which inhibits this behaviour 
(Leopold, 1970; Leopold, Terranova, Thorson, et al., 1971).   

I however assumed that female promiscuity is strongly inhibited by males so 
that females only mate once. This might not be true. Males that mate repeatedly 
become less efficient in inhibiting remating in later mates (Leopold, Terranova, & 
Swilley, 1971). The seminal compound which inhibits remating is transferred during 
later stages of  
copulation (Riemann et al., 1967; Arnqvist & Andrés, 2006), and females exhibit 
higher remating rates when mating is prematurely disrupted. Remating inhibition 
may be less effective if mating is often disrupted in natural conditions or if males 
may mate sequentially with different females. Female promiscuity and by extension 
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postcopulatory sexual selection may then be much more prominent than 
documented here  (Birkhead & Pizzari, 2002; Pitnick & Hosken, 2002). Female 
promiscuity would favour adaptations in males that act after mating to enhance their 
fitness (e.g. via sperm precedence). Female fitness may also be affected, as 
promiscuity can have both direct (i.e. increased fecundity) as well as indirect (e.g. 
good genes, genetic diversity) benefits to the female. Additionally, female 
promiscuity extends the scope for interlocus sexual conflict to occur: males no longer 
control the paternity over the offspring generated by the females they have mated, 
and females may actively mediate paternity instead via e.g. cryptic female choice. 
Taken together, the extent to which females are promiscuous, and the impact 
thereof on how fitness is accrued by males and females in M. domestica, requires 
further investigation for a definitive fitness assessment methodology may be 
established. Such fitness assays are crucial for determining the selective effects of 
baby-sex chromosomes at different evolutionary stages, which will reveal how these 
chromosomes evolve during their early stages. 
 
Conclusion 
 
The diversity of SD mechanisms has in the past been explained primarily by models 
that utilize a simplified view of sex determination and, in a sense, the outcome of 
the SD process. This has led to the identification of processes that may affect the 
evolution of SD mechanisms, but in line with their simplistic origin, their explanatory 
power with regard to complex SD systems is limited. The notion that complex SD 
systems are evolutionary instable  (e.g. (Rice, 1986)) is at odds with the reality that 
such systems can persist for extended periods of time, suggesting that these systems 
have in fact been shaped and are maintained by adaptive benefits. Understanding 
what these benefits are requires an integrative consideration of how different 
processes may interact to affect SD genes (Figure 1). Here, the evolution of SD 
genes is affected not only by the selective pressures acting on SD genes or loci to 
which they are linked (as commonly seen in models of SD turnover), but may also 
be affected by environmental factors as well as genetic interactions with other genes 
or chromosomes. A less simplistic perspective such as the one proposed here, where 
SD is considered as a more complex developmental process involving many genes 
and as being sensitive to perturbation by genetic and non-genetic factors, may 
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provide novel insights into complex SD systems in particular as well as SD systems 
in general. The diversity of SD mechanisms has often been hailed as being in stark 
contrast with its simple binary outcome. This perspective must be cast away, and 
instead we must regard the diversity of SD mechanisms as being in line with the 
complexity of ecological and evolutionary processes with which it is so strongly 
intertwined. 
 

Figure 1: Evolution of sex determination mechanisms in an integrative perspective. A given sex-
determining gene (SD, dark blue) can evolve in response to numerous factors. Selection can act directly 
on SD either via its sex-determining function or via some other pleiotropic function. Linkage to other
genes (light blue) results in linked (or indirect) selection from affecting it. Through this, it may also be
affected by the remainder of the genome as the linked gene interacts with other autosomal genes (green).
Overlaying the spectrum of selective pressures acting on SD and the chromosome pair on which it is
located, environmental dependencies can affect SD in various ways. Context-dependence of mutant 
phenotypes means that some SD variants may exert different functions under different conditions.
Environmental influences may bias the various selective pressures potentially acting on SD via direct or
linked selection. Third, local adaptation to environment may alter the genetic composition of autosomal
loci with which the sex chromosome interacts, or alternatively the loci on the sex chromosomes itself (not
shown). Altogether, SD is affected by a myriad of phenomena that may affect its evolution. 
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Sex determination (SD) is the process by which individuals commit to being either 
male or female during their development. SD must be properly executed to ensure 
that the sexual development occurs in a consistent manner, which in turn is required 
to ensure that the individual is capable of reproducing. Improper execution of the 
SD program results in incomplete female or male development and such 
intersexuality is generally associated with (severely) impaired reproductive capacity. 
Thus, the process of SD is subject to strong selection. In stark contrast to this, the 
mechanisms controlling SD are highly variable, as different cues both genetic and 
non-genetic may impinge on the process.  

Past (mostly theoretical) work has sought to determine how different 
evolutionary phenomena contribute to the diversification of SD mechanisms. 
Different models predict that SD mechanisms can evolve either by neutral evolution 
or adaptive evolution. Additionally, various biological conflicts can contribute to SD 
evolution, such as conflicts between parents and their offspring, between different 
genetic elements (e.g. nuclear versus cytoplasmic) or between males and females 
(sexual conflict). Despite these advances in our understanding of how different 
factors may affect SD evolution, several unresolved issues remain, of which two are 
most relevant here. Firstly, most species exhibit a single SD mechanism 
(monomorphic SD), whereas in others multiple different SD mechanisms 
(polymorphic SD) may persist, e.g. when different SD mechanisms occur in different 
populations. Secondly, SD in some species is controlled solely by genetic factors 
(GSD) whereas in others it is controlled by environmental factors (ESD). In many 
species SD may however be affected by a combination of genetic and environmental 
factors, but it is unclear which stable SD mechanisms may be formed under such 
mixed control. Extending the existing body of work on SD evolution is necessary to 
increase our understanding of more complex SD systems.  

Aside from the open questions with regard to the cause of transitions in SD, 
others remain with regard to their consequences. The evolution of a novel SD gene 
is thought to set off the evolution of a former autosome into a sex chromosome 
(proto-sex chromosome). Theory predicts that during this process, the sex-biased 
transmission pattern of the SD gene-bearing chromosome favours its enrichment 
with sexually antagonistic (SA) genes, which have a positive effect in one sex but a 
negative effect in the other. For example, a male-determining gene would thereby 
become associated with genetic variants that enhance fitness in male bearers, but 
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decrease fitness in female bearers. Testing this theory has proven difficult, owing in 
large part to the lack of suitable model systems. 

In this thesis, I have studied the evolutionary genetics and dynamics of 
transitions in sex determination, with the twofold aim of increasing our 
understanding of both the causes of SD evolution as well as its consequences. I was 
inspired by and made use of the housefly Musca domestica, in which various SD 
systems are found. This species harbours different male-determining genes on both 
sex chromosomes and all autosomes, and a dominant female-determining gene that 
overrules the action of the male-determining genes. In nature, the frequencies of 
these genes vary between populations along latitudinal gradients. The work 
presented in this thesis is based on this complex SD system, and seeks to contribute 
to an increased understanding of how it may have evolved and how it may be 
exploited to study the evolution of SD and sex chromosomes. 

In Chapter II, I have first reviewed past work on sexual conflict, which 
encompasses two distinct subforms: intralocus (IASC) and interlocus sexual conflict 
(IRSC). IASC is defined by the occurrence of conflicting selective pressures acting 
on a shared gene in males and females, so that the optimal genotype for males is 
not the same as that for females. Under IASC, sex-specific adaptative evolution is 
impeded as this would require maladaptive evolution in the opposite sex. IASC can 
be resolved by the evolution of sex-specific genetic architectures for males and 
females, after which the underlying loci may then differentiate between the two 
sexes. 
 IRSC is defined as the conflict between (potential) reproductive partners 
over the outcome of interactions between them, where the optimal outcome for the 
male and female is different. Both parties are independently affected by selection to 
maximize their own fitness by achieving their preferred outcome, even if at the 
expense of their mates. Evolutionary change under IRSC occurs in response to the 
social environment, which is formed by an individual's pool of compatible mates. 
When an adaptation arises in one sex that enhances the capacity of individuals of 
this sex to achieve their preferred outcome when interacting with potential mates, 
individuals of the other sex become less likely to achieve their preferred outcome. 
This then leads to enhanced selection in the maladapted sex to evolve 
counteradaptations. IRSC is therefore characterized by reiterated bouts of 
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adaptation-counteradaptation, and may give rise to fast and continuous evolutionary 
change. 

In chapter III, I investigated the effect of interchromosomal interactions on 
the stability of existing sex chromosome systems and the invasibility of novel sex 
chromosomes. Sex chromosomes often harbour a number of genes, aside from the 
SD gene, which interact with other autosomal genes to affect individual fitness. Such 
interactions can give rise to epistasis, where the combined effect of both genes 
differs from the sum of their terms. Here, I show that such epistatic interactions can 
have both stabilizing and destabilizing effects on an ancestral SD system. Epistasis 
can also enhance the invasibility of novel sex chromosomes, but these effects are 
generally weaker. This difference is likely caused by the less extensive differentiation 
of novel sex chromosomes, due to which epistasis would occur less frequently. Once 
established, even young sex chromosomes may already have undergone substantial 
genetic differentiation at a limited number of loci. If these are involved in epistasis, 
it can strongly enhance the stability of sex chromosomes even if only established 
recently. 

Sex can be determined genetically or environmentally, but in many species 
both types of cues may affect the SD process. How this affects the evolution of the 
genetic component remains unresolved. In Chapter IV, I investigated the evolution 
of a genetic SD mechanism in which the expression of one sex determination gene 
is positively affected by temperature. I showed that different SD systems may be 
evolutionary stable depending on the activity level of this gene, which in turn 
depends on the local temperature. Variation in temperature between different 
locations (i.e. subpopulations) then enables the establishment of different SD 
systems between them.  

I applied this temperature model to the housefly M. domestica to determine 
if it can explain the existence of its multiple SD systems and their latitudinal 
distribution. I found that the reported allelic frequency gradient of its female-
determining gene (transformer) may be explained by local invasion of a dominant 
variant in high-temperature environments. From this, gradients in male-determining 
genes may arise as well. Male-determining genes that have a benefit in 
heterozygotes but a cost in homozygotes may then be favoured in locations where 
the dominant female-determining variant is not present (and therefore male-
determining genes can only be heterozygous). If a dominant female-determining 
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gene is however present, the costs of this particular male-determining gene in 
homozygous individuals cause it to be counterselected against, and instead a 
different male-determining gene may arise in these populations. This can thus 
generate frequency gradients in at least three SD genes as found in M. domestica, 
and thereby provides the first adaptive evolutionary hypothesis for the existence of 
this complex SD system. 

The existence of different SD systems in M. domestica not only posed an 
evolutionary conundrum, but also provides opportunities for solving one. Male-
determining genes are expected to induce Y-chromosome evolution on the 
chromosomes that harbour them. In presence of a dominant female-determining 
gene, this process is halted, and instead these chromosomes remain in a regular 
autosomal state. In Chapter V, I used interpopulation crosses to introgress 
autosomal male-determining genes from a population with a dominant female-
determining gene into a genomic background without it. This process mimics the 
evolution of a new SD gene on an autosome, and establishes a pair of so-called 
baby-sex chromosomes. These baby-sex chromosomes can be used to study the 
very first stages of sex chromosome evolution, which in naturally-occurring systems 
is generally infeasible due to the degenerative nature of (late-stage) Y-chromosome 
evolution. I furthermore discussed how this can be used to test the "sexual 
antagonism" hypothesis of sex chromosome evolution, which is canonically accepted 
but for which empirical evidence remains sparse. 

Exploiting the housefly as a model system for evolutionary biology in general 
and SD evolution in particular requires an understanding of how fitness is determined 
in this species, and how it can accurately be estimated. In Chapter VI, I investigated 
how female and male fitness may be assessed in M. domestica. For females, fitness 
is in large part determined by their own fecundity, whereas for males fitness is 
determined by the capacity to achieve mating success and thereby access to females' 
eggs for fertilization. However, current knowledge on housefly mating behaviour is 
limited, and the impact of female promiscuity on both female and male fitness is 
unknown. Under female promiscuity, the scope for selection extends to cover the 
postcopulatory phase, which can lead to the evolution of a variety of traits in males 
and females that can affect individual fitness, e.g. via IRSC. To develop a definitive 
fitness assessment methodology, it will be necessary to consider to what extent 
female remating occurs in this species, and how this influences males and females. 
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The evolutionary variability of SD systems has long been considered to be at 
odds with its conserved function, which must be executed carefully to avoid severe 
fitness costs to the individual. It has nonetheless become clear that many 
evolutionary phenomena can contribute to the diversification of SD. In light of this, 
it may be necessary to reconsider the paradigm for SD evolution: rather than being 
constrained by its critical function, we must consider this function as being integrated 
into the biology of the organism as a whole. Through this, selection can affect it in 
many ways, and adaptations in the underlying system arise accordingly to yield an 
astonishing variety of SD systems. 
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Geslachtsbepaling is het proces waarbij individuen zich ontwikkelen als vrouw of 
man. Geslachtsbepaling moet zorgvuldig uitgevoerd worden zodat de seksuele 
ontwikkeling op een consistente manier plaatsvindt, wat weer nodig is om ervoor te 
zorgen dat het individu zich kan voortplanten. Wanneer de geslachtsbepaling niet 
correct verloopt leidt dit tot onvolledige mannelijke of vrouwelijke ontwikkeling. 
Zulke interseksualiteit gaat vaak gepaard met een (sterk) verminderde reproductief 
vermogen. De uitkomst van het geslachtsbepalingsproces is dus onderhevig aan 
sterke selectie. In tegenstelling hierop zijn de mechanismen die de geslachtsbepaling 
instrueren zeer variabel, en kunnen er zowel tussen soorten als tussen populaties 
van een soort verschillende geslachtsbepalingsmechanismen bestaan, waarbij zowel 
genetische als niet-genetische factoren het geslachtsbepalingsproces kunnen 
beïnvloeden. 

Eerder (voornamelijk theoretisch) onderzoek heeft de rol van verscheidene 
evolutionaire processen in de diversificatie van geslachtsbepalingsmechanismen 
geprobeerd aan te tonen. Verschillende modellen voorspellen dat 
geslachtsbepalingsmechanismen kunnen evolueren door neutrale of adaptieve 
evolutie. Daarnaast kunnen biologische conflicten bijdragen aan de evolutionaire 
diversificatie van geslachtsbepalingsmechanismen, zoals conflicten tussen ouders en 
hun nakomelingen, tussen verschillende genetische elementen (bijvoorbeeld 
nucleaire versus cytoplasmatische elementen), of tussen vrouwen en mannen 
(seksueel conflict). Ondanks de belangrijke bijdrage van deze modellen aan ons 
begrip van de evolutie van geslachtsbepalingsmechanismen kunnen enkele aspecten 
daarvan met deze modellen nog niet verklaard worden, waarvan twee hier het meest 
relevant zijn. Ten eerste, hoewel de meeste soorten een enkel 
geslachtsbepalingsmechanisme hebben, bestaan er ook soorten met meerdere 
mechanismen, zowel binnen een enkele populatie als tussen verschillende 
populaties. Ten tweede, geslachtsbepaling vindt in sommige soorten plaats enkel op 
basis van genetische verschillen tussen mannen en vrouwen, terwijl in andere 
soorten het plaats vindt op basis van omgevingsfactoren zoals temperatuur. In veel 
soorten kan geslachtsbepaling echter door zowel genetische als omgevingsfactoren 
beïnvloedt worden, maar welke stabiele geslachtsbepalingssystemen (waarin 
vrouwen en mannen in vergelijkbare proporties voorkomen en interseksualiteit 
zeldzaam of zelfs compleet afwezig is) dan gevormd kunnen worden is nog 
onduidelijk. Het is derhalve nodig dat we onze kennis van de evolutie van 
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geslachtsbepalingsmechanismen verder ontwikkelen om dergelijke systemen beter 
te begrijpen. 

Naast de open vragen met betrekking tot de oorzaak van evolutionaire 
transities in geslachtsbepalingsmechanismen bestaan er ook onbeantwoorde vragen 
met betrekking tot de gevolgen daarvan. De evolutie van een nieuw 
geslachtsbepalingsgen wordt geacht ertoe te leiden dat het chromosoom waarop het 
zich bevindt zich ontwikkelt van een normaal autosoom in een 
geslachtschromosoom. Theoretische modellen voorspellen dat tijdens dit proces dit 
chromosoom geslachtsspecifieke adaptatie ondergaat als gevolg van de verschillen 
in overerving van en naar vrouwen en mannen. Hierbij zullen seksueel-
antagonistische varianten, die een positief effect in dragers van het ene geslacht 
hebben maar een negatief effect in dragers van het andere geslacht, toenemen in 
frequentie. Een gen voor mannelijkheid zou bijvoorbeeld gekoppeld kunnen raken 
aan genetische varianten die de fitness van mannetjes verbetert, maar die in 
vrouwtjes juist een verlaging van de fitness zouden veroorzaken. Het testen van 
deze theorie is moeilijk gebleken, mede doordat er nog geen geschikte 
modelsystemen voor bestaan. 

In dit proefschrift heb ik de evolutionaire genetica en dynamica van 
transities in geslachtsbepalingsmechanismen onderzocht, met het tweeledige doel 
om zowel ons begrip van de oorzaken als de gevolgen van dergelijke transities te 
vergroten. Ik ben hierbij geïnspireerd door de geslachtsbepaling van de huisvlieg 
Musca domestica, waarin verscheidene geslachtsbepalingsmechanismen 
voorkomen. In deze soort komen mannelijkheidsgenen voor op beide 
geslachtschromosomen en op alle autosomen, evenals een vrouwelijkheidsgen dat 
dominant is over alle mannelijkheidsgenen. In de natuur varieert de frequentie van 
al deze genen tussen populaties langs een gradiënt die van een hoge breedtegraad 
naar een lage breedtegraad loopt. Het werk in dit proefschrift is gebaseerd op dit 
gecompliceerde geslachtsbepalingsmechanisme, en er op gericht om te ontrafelen 
hoe dit systeem geëvolueerd kan zijn en hoe het gebruikt kan worden voor 
toekomstig onderzoek aan de evolutie van geslachtsbepalingsmechanismen en 
geslachtschromosomen. 

In Hoofdstuk II bespreek ik eerst voorgaand onderzoek op het gebied van 
seksueel conflict, waarin twee vormen onderscheiden worden: intralocus (IASC) en 
interlocus seksueel conflict (IRSC). IASC wordt gedefinieerd als de situatie waarin 
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tegenstrijdige selectiedrukken in vrouwen en mannen een gen beïnvloeden dat in 
beide geslachten voorkomt, zodat het optimale genotype voor mannen en vrouwen 
niet hetzelfde is. In dit geval wordt geslachtsspecifieke adaptatie verhinderd doordat 
dit vereist dat het andere geslacht maladaptie ondergaat. Dit conflict kan opgelost 
worden wanneer de genetische basis voor vrouwen en mannenvan elkaar 
gescheiden wordt, waarna de betrokken loci vervolgens gedifferentieerd kunnen 
raken tussen de twee geslachten. 

IRSC wordt op haar beurt gedefinieerd als het conflict tussen (potentiële) 
partners over de uitkomst van interacties tussen hen; hierbij is de optimale uitkomst 
voor de vrouw anders dan die voor de man. Selectie beïnvloedt beiden afzonderlijk 
om hun eigen fitness te maximaliseren, zelfs als dit ten koste gaat van de fitness 
van hun partner(s). Evolutie als gevolg van IRSC vindt plaats in de sociale context 
die gevormd wordt door de (potentiële) partners van het individu. Wanneer een 
adaptatie ontstaat in het ene geslacht waardoor individuen van dat geslacht beter 
in staat zijn om hun voorkeursuitkomst te bewerkstelligen, heeft dit als noodzakelijk 
gevolg dat individuen van het andere geslacht minder kans maken om hun 
voorkeursuitkomst te bereiken. Hierdoor ervaren deze individuen een hogere 
selectiedruk om tegenadaptaties te evolueren. IRSC wordt derhalve gekenmerkt 
door herhalende rondes van adaptie-tegenadaptatie, en kan daardoor leiden tot 
snelle en continue evolutionaire verandering. 

In Hoofdstuk III onderzoek ik het effect van interchromosomale interacties 
op de stabiliteit van bestaande geslachtschromosomen en de invasieve capaciteit 
van nieuwe geslachtschromosomen. Geslachtschromosomen bevatten naast het 
geslachtsbepalingsgen een aantal andere genen die betrokken zijn bij interacties 
met autosomale genen en daardoor de fitness van de drager beïnvloeden. Zulke 
interacties kunnen leiden tot epistasie, waarbij het cumulatieve effect van beide 
genen afwijkt van de som van hun individuele effecten. Hier toon ik aan dat 
dergelijke epistatische interacties zowel een stabiliserend als een destabiliserend 
effect kunnen hebben op bestaande geslachtschromosomen. Epistasie kan tevens 
de invasie van nieuwe geslachtschromosomen bevorderen, maar deze effecten zijn 
doorgaans wel zwakker. Zodra een geslachtschromosoompaar zich verspreid heeft 
kan er op een select aantal loci al genetische differentiatie tussen de beide 
chromosomen opgetreden zijn, zelfs als dit paar recent geëvolueerd is. Indien deze 
loci betrokken zijn bij epistatische interacties kan dit de stabiliteit van dit 
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geslachtschromosoompaar versterken, waarbij dit geldt voor zowel oude als recent-
geëvolueerde geslachtschromosomen. 
 Geslachtsbepaling kan zowel door genetische als omgevingsfactoren 
plaatsvinden, maar in veel soorten kunnen beide typen factoren een invloed hebben. 
Het was nog onduidelijk hoe dit de evolutie van de genetische component kan 
beïnvloeden. In Hoofdstuk IV onderzoek ik de evolutie van een genetisch 
geslachtsbepalingsmechanisme waarin de expressie van één van de betrokken 
genen positief beïnvloed wordt door temperatuur. Ik toon aan dat de activiteit van 
dit gen bepaalt welke geslachtsbepalingsmechanismen evolutionair stabiel zijn. 
Omdat de activiteit beïnvloed werd door temperatuur is het daarnaast mogelijk dat 
temperatuurverschillen tussen populaties ertoe leiden dat in deze populaties 
verschillende geslachtsbepalingsmechanismen evolueren. 
 Dit model paste ik vervolgens toe op de huisvlieg M. domestica om te 
bepalen of het bestaan van verschillende geslachtsbepalingsmechanismen en de 
geografische verspreiding van deze mechanismen hiermee verklaard kan worden. Ik 
ontdekte dat de allelfrequenties op het vrouwelijkheidsgen (transformer) in de 
natuur verklaart kunnen worden door de lokale invasie van een dominante variant 
in locaties met een hoge temperatuur. Als gevolg hiervan kunnen tevens gradiënten 
in de frequenties van mannelijkheidsgenen ontstaan. Mannelijkheidsgenen die 
geassocieerd zijn met een fitnessvoordeel in heterozygoten, maar een fitnessnadeel 
in homozygoten kunnen dan selectief voordeel hebben in locaties met een lage 
temperatuur, waar het dominante vrouwelijkheidsgen afwezig is en deze 
mannelijkheidsgenen dus enkel in heterozygoten voorkomen. Daarentegen hebben 
deze mannelijksgenen een selectief nadeel in warmere locaties waar dit 
vrouwelijkheidsgen wel aanwezig is, en ze dus ook in homozygoten kunnen 
voorkomen en tot een fitnessnadeel kunnen leiden. Deze mannelijkheidsgenen 
kunnen dan verdrongen worden door andere mannelijkheidsgenen die niet 
geassocieerd zijn met fitnessnadelen in homozygoten. Hierdoor kunnen dus 
tenminste drie gradiënten in allelfrequenties ontstaan zoals die aangetroffen zijn in 
M. domestica, en wordt dus een adaptief-evolutionaire verklaring gegeven voor het 
bestaan van dit gecompliceerde geslachtsbepalingssysteem. 
 Het bestaan van meerdere geslachtsbepalingsmechanismen in M. domestica 
is niet alleen een evolutionair vraagstuk, maar is tevens een middel om een ander 
vraagstuk te beantwoorden. De aanwezigheid van een mannelijkheidsgen op een 



Samenvatting 
 

249 

chromosoom wordt geacht ertoe te leiden dat dit chromosoom evolueert als een Y-
chromosoom. Als er tevens een dominant vrouwelijkheidsgen aanwezig is wordt dit 
proces echter voorkomen, en zullen de chromosomen met mannelijkheidsgenen 
voortbestaan als reguliere autosomen. In Hoofdstuk V gebruik ik kruisingen tussen 
individuen van verschillende populaties om mannelijkheidsgenen uit een populatie 
met een dominant vrouwelijkheidsgen in een genomische achtergrond te kruizen 
waar dit vrouwelijkheidsgen afwezig is. Dit proces imiteert de evolutie van een nieuw 
mannelijkheidsgen op een (voormalig) autosoom, en leidt daardoor tot de formatie 
van een nieuw geslachtschromosoompaar, die we baby-geslachtschromosomen 
noemen. Deze baby-geslachtschromosomen kunnen gebruikt worden om de eerste 
stappen in de evolutie van geslachtschromosomen te bestuderen. Dit wordt 
normaliter verhinderd doordat onder natuurlijke omstandigheden het Y-chromosoom 
onderhevig is aan genetische degeneratie. Ik bespreek daarnaast hoe deze baby-
geslachtschromosomen gebruikt kunnen worden om de "seksueel antagonisme"-
hypothese van geslachtschromosoomevolutie te testen; deze theorie wordt door 
velen geaccepteerd, maar het empirisch bewijs ervoor is nog altijd schaars. 
 Om de huisvlieg te gebruiken als modelsysteem voor evolutionair-biologisch 
onderzoek in het algemeen en specifiek de evolutie van 
geslachtsbepalingsmechanismen is een grondigere kennis van hoe fitness wordt 
bepaald in deze soort vereist, en hoe nauwkeurige schattingen van fitness gemaakt 
kunnen worden. In Hoofdstuk VI onderzoek ik hoe vrouwelijke en mannelijke fitness 
vastgesteld kan worden in M. domestica. Voor vrouwtjes geldt dat fitness 
voornamelijk bepaald wordt door hun eigen fecunditeit, d.w.z. de capaciteit om 
bevruchte eieren te produceren. Voor mannetjes geldt daarentegen dat fitness 
bepaald wordt door hun paringssucces en de daaruit voortvloeiende toegang tot 
eitjes van hun vrouwelijke partners. Echter, de huidige kennis van het paringsgedrag 
van huisvliegen is ontoereikend, en de rol van vrouwelijke promiscuïteit op de fitness 
van zowel vrouwtjes als mannetjes is nog onbekend. Indien vrouwtjes promiscuïteit 
vertonen kan dit leiden tot post-copulatieve selectie, wat weer kan leiden tot de 
evolutie van nieuwe eigenschappen in mannetjes en vrouwtjes ter bevordering van 
hun fitness, bijvoorbeeld als gevolg van IRSC. Om een definitieve methodologie voor 
het vaststellen van fitness te ontwikkelen is het nodig om de rol van vrouwelijke 
promiscuïteit in deze soort vast te stellen, en tevens wat voor gevolgen dit heeft 
voor hoe fitness in mannetjes en vrouwtjes kan worden bewerkstelligd. 
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 De evolutionaire variabiliteit van geslachtsbepalingsmechanismen is lange 
tijd geacht in strijd te zijn met haar sterk geconserveerde functie, die nauwkeurig 
uitgevoerd moet worden om ernstige fitnessnadelen voor het individu te voorkomen. 
Desalniettemin is het nu duidelijk dat vele evolutionaire processen kunnen bijdragen 
aan de diversificatie van geslachtsbepalingsmechanismen. Derhalve is het wellicht 
nodig om de heersende paradigma te heroverwegen: in plaats van dat 
geslachtsbepaling beperkt wordt door sterke selectie op de bijbehorende functie, 
moeten we deze functie beschouwen als een onderdeel dat geïntegreerd is in de 
algehele biologie van het organisme. Hierdoor kan het door en via allerlei factoren 
beïnvloed worden, met als gevolg dat adaptaties in het onderliggende systeem ook 
op allerlei manieren kunnen ontstaan – uiteindelijk resulterend in een verbijsterende 
verscheidenheid aan geslachtsbepalingsmechanismen. 
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