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Abstract 
The evolution of anisogamy resulted in a cascade of unique phenomena and evolutionary 
consequences. Among those phenomena are sexual selection, the problem of sex allocation and 
genomic conflict over sex allocation. During my PhD project I studied aspects of these evolutionary 
consequences of anisogamy using the reciprocally copulating, simultaneously hermaphroditic 
flatworm Macrostomum lignano. 

Sexual reproduction, especially when it involves reciprocal copulation and internal fertilization, 
requires close interactions of at least two mating partners. In Chapter 2 I report an experiment testing 
for effects of sperm donor genotype by sperm recipient genotype interactions on i) mating behaviors 
and ii) pre- as well as postcopulatory fitness components. Two mating behaviors, but not the pre- and 
postcopulatory fitness components were affected by such genotype-by-genotype interactions, while 
almost all variables were influenced by the genotype of the donor. The sperm donor by sperm 
recipient genotype interactions on mating behaviors reveal that there is genetic variation for both 
sexual selection and selection arising from sexual conflict to act on during this precopulatory stage. 
The lack of these interaction effects on the pre- and postcopulatory fitness components could indicate 
that sexual conflict and sexual selection is shifted towards later stages, namely the stage between 
sperm storage in the recipient, and the fertilization of eggs. This conclusion may not only hold for 
M. lignano but possibly also more generally for other reciprocally copulating hermaphrodites. 

The local sperm competition model predicts not only the selection for a more female-biased sex 
allocation due to competition between related sperm. It also specifies the mechanism by which this 
change in sex allocation is selected, namely diminishing fitness returns for investment into the male 
function, due to competition between related sperm. I present results in Chapter 3 that confirm a 
positive relationship between testis investment and paternity success. However, the predicted 
diminishing fitness returns for testis investment in smaller group sizes, i.e. group sizes which should 
have resulted in strong local sperm competition, could not be confirmed. Since there are no other, 
more plausible hypotheses to explain the phenotypically plastic shifts in sex allocation, I conclude that 
the local sperm competition model could still be valid, but that an improved experimental design, 
increasing the range of local sperm competition, may be used in future studies. 

Nuclear genes and cytoplasmic genetic factors are not equally transmitted via eggs and sperm, 
potentially leading to cytonuclear conflict over the optimal sex allocation. Cytonuclear conflict 
involving mitochondria can therefore be expected to be widespread, but it has mainly been 
documented in plants rather than animals. In Chapter 4 I report the results from a quantitative genetic 
breeding experiment testing for cytotype effects on sex allocation traits, as predicted under an ongoing 
cytonuclear conflict over sex allocation. Contrary to this prediction, we did not find evidence for 
strong cytonuclear conflict over sex allocation. I propose two possible explanations: namely i) that the 
nuclear genome in animals ‘won’ the coevolutionary arms race and ‘domesticated’ the mitochondrion 
during the course of coevolution or ii) that the studied population was not polymorphic for loci 
involved in cytonuclear conflict. 

The different aspects of the male-female phenomenon, which I studied during my PhD are quite 
diverse but interconnected. Sexual selection, sex allocation and genomic conflict over sex allocation 
all influence each other, because ultimately they are all consequences of the evolution of anisogamy. I 
therefore suggest that it may often be necessary to study how these different aspects of the male-
female phenomenon are connected, rather than focusing on them in isolation. 
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Thesis Introduction 
The presence of the male-female phenomenon, i.e., anisogamy (see Glossary at the end of the Thesis 
introduction), and its various consequences include some of the most intriguing adaptations in the 
living world. This size dimorphism of fusing gametes—with males producing numerous small 
gametes (sperm) and females producing fewer, bigger gametes (eggs)—is thought to lead to different 
selection pressures on males and females in gonochorists and the male and the female reproductive 
functions in hermaphrodites (Bateman 1948; Parker et al. 1972; Schärer et al. 2012; Parker 2014; 
Lehtonen et al. 2016b; but see Ah-King and Nylin 2010 for an opposing view). In this introduction I 
first describe the evolution of the male-female phenomenon from first principles (i.e., starting with the 
evolution of anisogamy), following Parker's (2014) idea of the sexual cascade. In the sexual cascade 
the evolution of the male-female phenomenon and its consequences are thought of as a logical 
succession of stages leading—if certain conditions are met—ultimately to the emergence of 
copulation with internal fertilization and ‘classical’ sex roles. Note that I focus on the evolution of 
the male-female phenomenon in metazoans, although many conclusions may also apply to plants and 
other anisogamous organisms. I then explain how the male-female phenomenon results in sexual 
selection in gonochorists as well as simultaneous hermaphrodites. Subsequently, I outline how the 
optimal sex allocation in simultaneous hermaphrodites is influenced by so-called fitness gain curves, 
with special regards to processes occurring during sexual selection. I then introduce how, as a 
consequence of anisogamy, differently inherited genetic factors residing within the same organism can 
be in conflict over an individual's optimal sex allocation. Note that I do not treat plants or sequential 
hermaphrodites in much detail in my thesis and use the term ‘hermaphrodite’ as meaning 
‘simultaneous hermaphrodite’ throughout. 
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The Fisher Condition and the Evolution of Anisogamy 

Fisher Condition 
Isogamy is probably the ancestral state for sexual reproduction (Lessells et al. 2009; Lehtonen and 
Parker 2014; Parker and Pizzari 2015), in which each parent makes an equal resource contribution to 
the resulting zygote. During sexual reproduction each parent also usually contributes half of its nuclear 
genome to the zygote (but see the Genomic conflicts over sex allocation subsection). Because each 
parent contributes equally, both types of parents (be it mating types or sexes) necessarily have the 
same average fitness at the population level. This characteristic condition for systems with sexual 
reproduction is often referred to as the Fisher condition (Fisher 1930; Houston and McNamara 2006). 
As a consequence of the Fisher condition, negative-frequency dependent selection will tend to lead to 
an equal investment into both mating types (or both sexes), because the rare type has a fitness 
advantage as long as it is rare. It only loses this advantage once equal investment is attained in the 
population (Düsing 1884; Fisher 1930; Queller 2006). However, the Fisher condition will only lead to 
an equal investment into the two types as long as the, greatly simplifying, assumptions of random 
mating and large population size hold (Hamilton 1967; Charnov 1982; Queller 2006). 

Evolution of Anisogamy 
Although isogamy is widespread in unicellular organisms (Lehtonen et al. 2016a), it is not the only 
way of gamete fusion. For instance, anisogamy evolved several times independently, mostly in 
multicellular organisms, e.g., in the ancestor of metazoans, of land plants, in different groups of algae, 
and two times in the Ectocarpales within the brown algae (Bell 1978; Silberfeld et al. 2010; Parker 
2014). As a consequence of the evolution of anisogamy the two sexual functions emerged: male and 
female (Lessells et al. 2009; Parker 2011). Although the resolution of genomic conflict has been 
proposed as a cause for the evolution of anisogamy as well (Cosmides and Tooby 1981; Hurst 1990), 
it is now widely accepted that ‘gamete competition’, possibly in combination with ‘gamete limitation’, 
is mainly responsible for its evolution (Parker et al. 1972; Lessells et al. 2009; Lehtonen and Kokko 
2010). These ‘gamete competition’ models show that gamete competition will lead to the evolution of 
anisogamy, if one assumes i) a trade-off between gamete number and gamete size and ii) a positive 
relationship between (at least some range of) zygote size and zygote fitness (Parker et al. 1972; Parker 
2011, 2014). In particular, disruptive selection will, on the one hand, select the producers of the small 
gamete type (the proto-males) to maximize the number of fusions with the larger gamete type, by 
making the sperm tinier and more numerous. On the other hand, it will select the producers of the 
larger gamete type (the proto-females) to make gametes even larger, to maximize the number of 
surviving offspring (Parker et al. 1972). During this ‘primordial conflict’ the proto-males are then 
essentially exploiting the investment into eggs provided by the proto-females (Parker et al. 1972; 
Parker 2014). 

Sex Allocation 
As a consequence of the evolution of anisogamy, organisms are selected to strategically invest their 
finite resources into the male versus the female reproductive function, i.e., to express the optimal sex 
allocation (Charnov 1982). As mentioned above, the Fisher condition will tend to lead to an equal 
investment into both sex functions under many conditions. Equal investment can therefore be viewed 
as the a priori prediction for sex allocation, unless the assumptions of random mating and large 
population size are violated (see later sections for a discussion of how these assumptions affect sex 
allocation). 
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The two sex functions can be housed in different, specialized kinds of individuals in the case of 
gonochorism, housed in the same individual but temporally separated in sequential hermaphrodites, or 
housed simultaneously in the same individual in simultaneous hermaphrodites, where both sperm and 
eggs are produced during at least part of the lifetime of a single individual (Hamilton 1967; Charnov 
1982; Munday et al. 2006; Schärer 2009; Weeks 2012). As a consequence, every hermaphroditic 
individual can act in its male role (as a sperm donor) as well as in its female role (as a sperm 
recipient). At the moment, we actually do not know whether the first anisogamous multicellular 
organisms were gonochorists or hermaphrodites. But it can certainly not be excluded that they may 
have been hermaphroditic, since several Volvox species, which are often used as model organisms for 
understanding the evolution of multicellularity, are actually hermaphroditic (e.g., Isaka et al. 2012). 
Moreover, it is not known either what the ancestral mating system among the metazoans was (Ghiselin 
1969; Eppley and Jesson 2008; Iyer and Roughgarden 2008; Riesgo et al. 2014; Schärer et al. 2014). 
Nevertheless, I first explain the further evolutionary consequences of the emergence of anisogamy 
focusing on gonochorists, because in the literature these consequences have been mostly worked out 
for that sexual system (e.g., Jennions and Kokko 2010; Parker 2014). Subsequently, I point out the 
characteristics for hermaphrodites. 

Emergence of Pre- and Postcopulatory Sexual Selection and ‘Classical’ Sex Roles 
Initially, anisogamous multicellular organisms may have been either sessile or fairly immobile marine 
organisms, which reproduced by releasing their gametes into the seawater. Under these conditions, 
anisogamy—in conjunction with equal sex allocation—leads to the numerous sperm competing for the 
few ova (Jennions and Kokko 2010 p. 350; Parker 2014). Because sessile, broadcast-spawning 
animals do not have many other means by which to increase their reproductive success, sexual 
selection at this stage acted mainly on gametic investment, so that males invested heavily into the 
production of sperm and females into the production of eggs (cf. Table 7.1 in Parker and Pizzari 2015 
p. 142). At that stage, sexual selection was thus mainly ‘postejaculatory’ (sensu Parker 2014) and this
remains true in extant sessile or weakly mobile species with broadcast spawning, as for example many 
sponges, corals or echinoderms. As animals evolved means to move around more efficiently, this 
made female-targeted sperm release by males possible. And since such targeted release may have 
increased the proportion of eggs that the males were able to fertilize, selection led males to seek out 
females and ejaculate their sperm closer to where the eggs are released. 

Parker (2014) therefore called the evolution of mobility the “catalyst” that permitted sexual selection 
to lead to the evolution of traits other than pure ejaculate size. The reason is that—if not only the mere 
quantity of sperm determines male reproductive success, but also when and where the ejaculate is 
released—resources may also be allocated towards mate search and fending off other rival males. 
Therefore, resources previously mainly invested into testes and sperm production may instead have 
been allocated into sensory abilities and mobility (Jennions and Kokko 2010; Parker 2014). This stage 
can still be observed in fishes and many amphibians, where males seek out spawning opportunities 
with females and try to monopolize matings with them. 

Males that ejaculate their sperm even closer to the eggs than under simple female-targeted sperm 
release can potentially increase their fertilization success even further. This may lead to the evolution 
of copulation with internal fertilization, if females also benefit or at least do not suffer costs from 
copulations (Parker 1970). An additional fitness benefit of copulation, also benefitting the females, 
might have been that both male and female gametes have a higher survival, because inside the female 
body they are better protected from pathogens, parasites and predators. Immobile species with 
spermcast mating, in which females retain eggs and only sperm is broadcasted (Bishop and Pemberton 
2006), might be an intermediate evolutionary step during which female gametes are protected from 
external threats and males might then have been selected to evolve intromission and copulation to 
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increase their fertilization success. It has also been pointed out that the evolution of internal 
fertilization was associated with the colonization of the land and could protect gametes against drying 
out (Dawkins and Carlisle 1976), although the existence of internally fertilizing aquatic animals (e.g., 
many marine invertebrates, some fishes and newts) casts doubt on the generality of this explanation. 

But irrespective of how copulation and internal fertilization evolves, once it does, sexual selection will 
now act during two distinct selection episodes: precopulatory and postcopulatory. Because of the 
Fisher condition, and the resulting equal sex allocation, there will generally be a similar number of 
males and females present in the population. However, because of anisogamy the males will tend to 
compete for access to the females and their eggs. More specifically, during the precopulatory episode, 
males have to compete for matings with females, because, assuming no substantial postzygotic 
paternal investment, the larger parental investment provided by females removes them from the 
mating pool for longer than the males (Queller 1997; Jennions and Kokko 2010). Consequently, at any 
given moment, there are likely to be more sexually active males than sexually receptive females (i.e., 
the operational sex ratio is male-biased), forcing the males to compete for matings with the few 
receptive females. During the postcopulatory episode, different males continue to compete for the 
fertilization of the eggs from polyandrous females via their numerous sperm (sperm competition; 
Parker 1970, 1982) and females may bias fertilization in favor of preferred males (cryptic female 
choice; Charnov 1979; Thornhill 1983). 

Sexual Selection in Simultaneous Hermaphrodites 

Bateman's Principle in Simultaneous Hermaphrodites 
Although at first glance, sexual selection might not seem to apply to hermaphrodites, because there are 
no male and female individuals, sexual selection in gonochorists and hermaphrodites actually acts 
according to similar principles. This is because sexual selection arises ultimately from anisogamy and 
hermaphrodites are, of course, also anisogamous (Charnov 1979; Anthes et al. 2010; Jennions and 
Kokko 2010). Charnov (1979) was the first to point out that Bateman's principle may also apply to 
hermaphrodites and that the production of fertilized eggs via an individual’s own female function is 
therefore not limited by the ability to get enough sperm to fertilize them, but by the resources allocated 
to the production of eggs. Sexual selection may thus lead to hermaphrodites preferring to mate and 
donate sperm in their male role and to be choosier with whom to mate in their female role (i.e., the 
optimal mating rate for the male function may be higher than that of the female function). And, as in 
gonochorists, the sperm transferred by different sperm donors will compete for the fertilization of eggs 
after copulation, if the sperm recipient has mated with more than one sperm donor. 

Shift towards Postcopulatory Sexual Selection 
Since hermaphrodites can act either in their male or female role during mating and, as just explained, 
they may prefer to mate in their male role, there are unique opportunities for sexual conflict that arise 
over who takes on which role (Charnov 1979; Michiels 1998; Schärer et al. 2014). This sexual conflict 
over mating roles can lead to different evolutionary outcomes: unilateral mating, alternating unilateral 
mating and reciprocal mating (Michiels 1998; Schärer et al. 2014). 

In hermaphrodites with alternating unilateral mating or reciprocal mating, the resulting mating rate 
will likely be intermediate between the (higher) male optimum and the (lower) female optimum. The 
reason for this is that individuals then cannot exhibit strong mate choice in their female function 
without sacrificing sperm transfer opportunities for their own male function. Therefore, 
hermaphrodites are often thought to mate more often than is optimal for their female function and as a 
result sexual selection may be shifted more towards the postcopulatory stage (Schärer et al. 2014). 
One might wonder who is then more in control over the fate of the ejaculates in the sperm recipient’s 
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body: The sperm donor or the sperm recipient. In Chapter 2 I present a study testing the effects of the 
genotype of the sperm donor, the genotype of the sperm recipient and their interaction on pre- and 
postcopulatory fitness components. 

Sex Allocation in Hermaphrodites and the Local Sperm Competition 
Perspective 

Since, also in hermaphrodites, sperm and egg contribute an equal amount of nuclear genetic material 
to the zygote, the Fisher condition applies equally. Negative frequency-dependent selection will 
therefore tend to lead to equal investment into both sex functions under many conditions. 

However, there are reasons to believe that the conditions that lead to the evolution and evolutionary 
maintenance of hermaphroditism can favor an uneven sex allocation. Charnov made extensive use of 
fitness gain curves (see Glossary) in his theoretical work to explain the evolution and evolutionary 
maintenance of hermaphroditism (1979, 1982). Charnov’s insight was that, as long as either one or 
both sex functions show diminishing fitness returns for investment into those sex functions (and there 
is a trade-off between the investment into the male and the female sex function), simultaneous 
hermaphroditism will be favored (Charnov 1979, 1982 pp. 219–227). 

There have been different reasons proposed for why fitness gains might show diminishing returns for 
the male or female function. For example, the female function may show diminishing fitness returns in 
the case of local resource competition, which was first conceptualized for gonochorists (Clark 1978), 
but later also applied to hermaphrodites (Charnov 1982; Lloyd 1982). Here, female-derived offspring 
will compete for resources more strongly if they are more clumped in space compared to the offspring 
derived from the male function. In that case reproductive resources may be more profitably allocated 
to the male function and hermaphroditism with a male-biased sex allocation will be favored. Local 
resource competition seems to be most likely in sessile or weakly mobile animals and plants, where 
the male gametes (sperm or pollen) may travel further than the female gametes (locally settling larvae 
or seeds). Another situation that can lead to a diminishing female fitness gain curve is brooding with 
limited brood space (Heath 1979; Charnov 1982). In this case, fitness returns for investment into the 
female function increase linearly until the limited brood space is completely filled up. But every 
additional egg produced will then show no more fitness returns and again hermaphroditism with a 
male-biased sex allocation will be favored. Finally, local sperm competition, the competition 
between related sperm for the fertilization of a given set of ova, will lead to diminishing fitness returns 
for investment into the male function as explained in the following. 

Local Sperm Competition 
One of the key assumptions that needs to be fulfilled, in order for the Fisher condition to lead to equal 
investment in the male and female function in a hermaphrodite, is that sperm of every given sperm 
donor in the population is equally likely to be represented in every sperm recipient’s receiving organ 
(according to the sperm donor’s ejaculate investment) (Hamilton 1967; Queller 2006; Schärer 2009). 
This assumption is arguably rarely fulfilled. Indeed, for many species only a limited number of 
possible mating partners might be available for any given focal individual, either because of small 
groups being spatially clustered in their environment or because of limited mobility allowing only few 
partners to be reached. These individuals with which a focal individual is able to mate can be 
considered its ‘mating group’ (Charnov 1980). While assuming no subdivision in the population 
would mean that the sperm of a focal sperm donor competes with an equal proportion of sperm from 
all the other sperm donors in the population, in a small mating group it only competes with the sperm 
from the other donors of that same mating group. As the mating group becomes smaller, the sperm of 
a focal donor does no longer only compete with sperm from other donors, but increasingly with the 
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own and therefore related sperm. As a consequence, investment into sperm becomes more and more 
wasteful with a decreasing mating group size and resources are more profitably invested into the own 
female function (or possibly into male traits other than sperm; Michiels et al. 2009; Preece et al. 2009; 
Schärer and Pen 2013). A decreasing mating group size will therefore result in a more and more 
diminishing male fitness gain curve, because of increasing local sperm competition (Fig. 1). 
Consequently, the most intense local sperm competition occurs under selfing and monogamy, where 
any sperm that is not necessary to fertilize the own or the partner’s eggs is wasted, and a very female-
biased sex allocation will be favored (Charnov 1980; Greeff et al. 2001; Schärer and Wedekind 2001; 
Schärer 2009; Schärer and Pen 2013). 

Figure 1. Effect of local sperm competition on the male fitness gain curve. When unrelated sperm (indicated by different 
colors) compete, investment into the male function in the form of more sperm will tend to yield linear fitness returns (left 
hand side). When, in contrast, mainly related compete for fertilization, the fitness gains for increased male allocation will 
tend to show strongly diminishing fitness returns (right hand side). 

The prediction that increasing local sperm competition leads to more diminishing fitness returns for 
investment into the male function has, to my knowledge, only been tested once in a hermaphroditic 
animal (Yund 1998). In Chapter 3 I present the results of an experiment testing this prediction in the 
hermaphroditic flatworm Macrostomum lignano. 

Genomic Conflicts over Sex Allocation 

Although I wrote in the previous sections that both sperm and egg contribute exactly half of the 
genetic information to the genome of the resulting zygote, that is actually only true for autosomal 
nuclear genes. There are two groups of genes that are not equally transmitted via sperm and eggs. 
First, in gonochoristic species genes residing on the sex chromosomes (if present) are not transmitted 
to the zygote at the same rate via sperm and eggs (Hamilton 1967). Second, since in anisogamous 
eukaryotes the egg contributes the main share to the zygote cytoplasm, the mother contributes most of 
the cytoplasmic genetic factors (including the genomes from some of her intracellular organelles), 
while this is rarely the case for males (Birky 1995, 2001; but see Breton et al. 2011). Therefore, there 
will be an evolutionary conflict over the optimal sex allocation between the autosomal nuclear genome 
on the one hand and the genes residing on sex chromosomes and cytoplasmic genetic factors on the 
other hand (Hamilton 1967; Cosmides and Tooby 1981; Charnov 1982 p. 121; Hurst et al. 1996). In 
particular, sex ratio distorters emerging on the sex chromosome of the heterogametic sex (e.g., on the 
Y-chromosome in mammals or the Z-chromosome in birds) are selected to bias sex allocation (e.g., 
towards sons in mammals and towards daughters in birds) (Hamilton 1967). In contrast, the maternally 
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inherited cytoplasmic sex allocation distorters will always be selected to bias the organism’s sex 
allocation towards the female function, because the male function is usually an evolutionary dead end 
for them (Cosmides and Tooby 1981). 

Cytonuclear conflict over sex allocation is common, since cytoplasmic genetic factors are mostly 
maternally inherited. Cytoplasmic genetic factors include mitochondria, cytoplasmic endosymbionts, 
vertically transmitted parasites and chloroplasts (Cosmides and Tooby 1981). 

Any mutation arising in the cytoplasmic genetic factor that increases female allocation will spread, 
because such cytoplasmic sex allocation distorters will be overrepresented in the next generation 
(Cosmides and Tooby 1981; Charnov 1982 p. 121) (Fig. 2). The spread of such a sex allocation 
distorter may even lead to the extinction of the population, if the whole population ends up consisting 
of pure females (Hamilton 1967; Cosmides and Tooby 1981; Hurst et al. 1996). On the opposite side 
of this genomic conflict, any mutation in the nuclear genome that restores the sex allocation towards 
the optimum for the nuclear genome will spread as a consequence. The result can be a coevolutionary 
arms race of newly emerging cytoplasmic sex allocation distorters that are countered by nuclear sex 
allocation restorers (Cosmides and Tooby 1981; Hurst et al. 1996). 

Figure 2. Increased fitness of a cytoplasmic sex allocation distorter in a simultaneous hermaphrodite (a mitochondrial 
distorter in this example). If the cytoplasmic sex allocation distorter mutant (red mitochondrion on the right hand side) 
manipulates the F0 parent into producing only female gametes it doubles its representation in the F1 generation compared to 
the wild type mitochondrion lineage (blue mitochondrion on the left hand side). 

There is ample empirical evidence for mitochondrial sex allocation distorters leading to cytoplasmic 
male sterility in plants, where 10% among angiosperm species show cytoplasmic male sterility 
(Delannay 1978; Burt and Trivers 2008 pp. 161–181), but not in animals (Weeks 2012). There is, 
however, ample evidence that the vertically transmitted, intracellular symbiont Wolbachia manipulates 
the sex allocation of its arthropod hosts in many different ways (Werren et al. 2008). Why there is so 
much more evidence for mitochondrial sex allocation distorters in plants than in animals is puzzling 
and I discuss this question in some detail in Chapter 4. 
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Objectives of the Thesis 

My PhD project covered quite diverse aspects of the male-female phenomenon. Specifically, I studied 
how phenotypic and genetic factors can influence sexual selection and sex allocation in the 
simultaneously hermaphroditic flatworm Macrostomum lignano. 

In Chapter 2 I examine sexual selection in a simultaneous hermaphrodite. The outcome of sexual 
selection is always influenced by the phenotypes of both mating partners. In fact, the outcomes of 
sexual selection episodes can be thought of as interacting phenotypes (Moore et al. 1997; Schneider 
et al. 2016 pp. 5–8). If those phenotypes have underlying genetic variation, this can have important 
consequences for the evolutionary response to sexual election (Moore et al. 1997). By using a full 
factorial 6x6 design I examined how the genotype of the sperm donor, the genotype of the sperm 
recipient, and their interaction influence different mating behaviors and fitness components of the 
sperm donor during pre- and postcopulatory sexual selection episodes. 

In Chapter 3 I test two important predictions from sperm competition and sex allocation theory, 
respectively. First, I test whether M. lignano individuals with big testes sire more offspring in their 
male role than individuals with small testes. Second, I test an important prediction from the local 
sperm competition perspective, namely, that fitness gains for testis investment diminish under local 
sperm competition. This prediction is crucial for two main reasons. Namely, it provides a mechanism 
that allows understanding i) the evolutionary maintenance of hermaphroditism (Charnov 1982 pp. 
242–251; Schärer 2009; Schärer and Pen 2013) and ii) the reason why the optimal sex allocation 
changes according to the prevailing group size in the population (Charnov 1980; Greeff et al. 2001; 
Schärer and Ladurner 2003; Schärer 2009). 

In Chapter 4 I present a quantitative genetic breeding study using pair-wise crosses of 2x15 
independent inbred lines to examine cytonuclear conflict over sex allocation. More specifically, we 
made use of the fact that in simultaneous hermaphrodites the offspring from the cross of two inbred 
lines will have (almost) identical nuclear genomes, but different cytotypes depending on who the 
maternal parent is. This permitted to partition variation in sex allocation into (among other) its nuclear 
and cytoplasmic components. In this study we test for manifestations of cytonuclear conflict over sex 
allocation in a simultaneously hermaphroditic animal, a group for which, to my knowledge, 
cytoplasmic sex allocation distorters have never been reported before.  
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Glossary 

Anisogamy Gamete dimorphism, especially with regards to size, together 
with binary fusion and disassortative mating between gamete 
size classes (Lessells et al. 2009). 

Bateman's principle The stronger correlation between number of matings and 
reproductive success in males than in females due to 
anisogamy (Bateman 1948; Arnold 1994). 

Broadcast spawning A method of reproduction in which sperm and eggs are 
released into the water and fertilization takes place externally 
(Bishop and Pemberton 2006). 

‘Classical’ sex roles Sex roles described by Darwin (1871) and Bateman (1948), 
where males are more eager to mate than females and therefore 
more likely to compete for matings, while females tend to be 
choosier with whom they mate. 

Copulation A special case of mating in which an intromittent organ is used 
to deliver sperm to the female sperm receiving organ of the 
mating partner, usually followed by internal fertilization. 

Cryptic female choice “Nonrandom paternity biases resulting from female 
morphology, physiology, or behavior that occur after mating” 
(Schärer 2009; Pitnick and Brown 2000). 

Cytonuclear conflict Conflict of evolutionary interests between cytoplasmic genetic 
factors and the nuclear genome. It is a special case of genomic 
conflict (Cosmides and Tooby 1981). 

Genomic conflict Conflict of evolutionary interests between genes within the 
same organism. Also often called ‘intragenomic conflict’, 
although different genomes residing inside the same organism 
can also be in conflict (Cosmides and Tooby 1981; Hurst 
1992). 

Gonochorist An organism that produces either sperm or eggs, but not both, 
i.e., a separate-sexed organism that can be either male or 
female. 

Hermaphrodite An organism that produces both sperm and eggs during its life 
time. In this thesis the term is used to mean simultaneous 
hermaphrodite: an organism that produces both sperm and 
eggs at the same time during at least part of its life time. 

Interacting phenotype A trait that requires or is influenced “by interactions with a 
conspecific social partner or neighbor” (Moore et al. 1997). 

Female-targeted sperm release A process during which males move into close proximity to a 
target female before ejaculation (Parker 1970, 2014). Assumed 
to be an intermediate evolutionary step between broadcast 
spawning and copulation with internal fertilization. 

Fitness gain curve Relationship between the investment into a sex function and 
the resulting fitness through that sex function (Schärer 2009). 

Fisher condition Represents the fact that the average fitness of the male and 
female function must be equal in sexual organisms (Houston 
and McNamara 2006). This is only true regarding autosomal 
nuclear genes. 

Isogamy The fusing gametes have the same morphology, especially 
with regards to size (Lessells et al. 2009). 
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Local sperm competition “Competition between related sperm for the fertilization of a 
given set of ova” (Schärer 2009). 

Mating The pairing of opposite-sexed or hermaphroditic animals, 
usually to reproduce sexually. Mating can happen in quite 
different manners, e.g., broadcast spawning or copulation. 

Operational sex ratio “Instantaneous ratio of sexually active males to sexually 
receptive females” (Jennions and Kokko 2010). 

Selection episode An arbitrarily chosen segment of an organism’s life cycle 
resulting from the partitioning of overall selection into 
multiplicative parts. Permits to compare strength and direction 
of selection between those different selection episodes (Arnold 
and Wade 1984). 

Sex allocation The allocation of reproductive resources to male versus female 
reproductive function in sexual organisms (Charnov 1982; 
Schärer 2009). 

Sexual cascade The succession of transitions flowing from the early evolution 
of syngamy to the evolution of copulation and classical sex 
roles (Parker 2014). 

Sexual conflict “A conflict between the evolutionary interests of a sperm 
donor and a sperm recipient” (Schärer et al. 2014). 

Sperm competition “Competition between the sperm of two or more (unrelated) 
individuals for the fertilization of a given set of ova” (Schärer 
2009). 
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Chapter 2 

Effects of Sperm Donor and Sperm Recipient Genotypes along 
Episodes of Pre- and Postcopulatory Sexual Selection 

Manuscript in preparation as: 

Vellnow N. and L. Schärer 2018. Effects of Sperm Donor and Sperm Recipient Genotypes along 
Episodes of Pre- and Postcopulatory Sexual Selection. 



Abstract 

Sexual reproduction is by necessity influenced by at least two individuals (plus possible interfering 
competitors). Thus, an individual's reproductive success results from an interaction between its own 
phenotype and that of its mating partners, and ultimately from their genotypes (assuming the 
phenotypes have underlying genetic variation). Here we study how in a simultaneous hermaphrodite—
the transparent free-living flatworm Macrostomum lignano—the genotypes of the sperm donor and the 
sperm recipient both influence the sperm donor’s success during mating and sperm transfer. 
Specifically, we paired six transgenic GFP-expressing genotypes in the role as the sperm donor with 
six wild-type genotypes in the role as the sperm recipient, in a replicated full-factorial design (to 
permit testing for interaction effects). We further added a third worm from one additional wild-type 
genotype to each replicate, to determine the success of our sperm donor in the presence of 
competition. Sperm donor genotype significantly affected mating and sperm transfer success, while 
the genotype of the sperm recipient and the sperm donor x sperm recipient genotype interactions had 
no significant effects on these variables. With respect to mating behavior we found significant 
genotype main effects on mating latency and donor x recipient genotype interactions on a peculiar 
postcopulatory suck behavior, which may be involved in sexual conflict in this species. The sperm 
donor by sperm recipient genotype interactions on mating behaviors reveal that there is genetic 
variation for both sexual selection and selection resulting from sexual conflict to act on at this stage. 
The lack of these interactions for mating success and sperm transfer success could indicate that sexual 
conflict and sexual selection is shifted towards later stages, namely the stage between sperm storage in 
the recipient and the fertilization of eggs. 
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Introduction 

Selection may act quite differently during separate stages of an organism’s life cycle. In order to 
understand how selection affects lifetime reproductive success it is therefore often useful to divide the 
life cycle into consecutive segments, so-called episodes of selection (Arnold and Wade 1984). One 
simple but useful division of the life cycle in a sexually reproducing organism might, for example, be 
into juvenile survival, adult survival, and reproduction, because it can reasonably be assumed that 
selection acts differently during these three episodes. 

An important type of selection acting during the last episode, namely sexual selection, has been 
intensively studied (Andersson 1994; Andersson and Iwasa 1996; Birkhead and Møller 1998). This 
research was initially concerned with how males compete for matings and how females choose with 
whom to mate (Darwin 1871; Bateman 1948), but has since been extended to include processes that 
occur after copulation (Parker 1970; Charnov 1979; Eberhard 2009; Birkhead 2010). More 
specifically, ejaculates of different sperm donors may compete for the fertilization of eggs of a sperm 
recipient during sperm competition (Parker 1970, 1998) and sperm recipients may bias fertilization 
towards sperm of specific partners during cryptic female choice (Charnov 1979; Thornhill 1983). 
Since females in many taxa routinely mate with more than one male, sperm competition and cryptic 
female choice are expected to be widespread phenomena (Birkhead and Møller 1998; Jennions and 
Petrie 2000; Parker and Birkhead 2013; Taylor et al. 2014). 

Traits that are sexually selected during pre- and postcopulatory episodes may be quite different. For 
example, larger body size is selected in males of many species, because it allows to overpower other 
males during contest competition and therefore permits to monopolize matings with females 
(Andersson 1994 pp. 247–293). In contrast, a higher sperm production rate, often achieved by a bigger 
testis mass, is often selected during sperm competition after copulation (e.g., Parker et al. 1997; 
Preston et al. 2003; Awata et al. 2006; Simmons and García-González 2008). In fact, selection on the 
same traits might even act in different directions during pre- and postcopulatory episodes, because 
there are likely to be trade-offs between investment into traits important for pre- versus postcopulatory 
sexual selection (Parker and Pizzari 2010; Kvarnemo and Simmons 2013; Parker et al. 2013; Lüpold et 
al. 2014), making a conceptual separation between pre- and postcopulatory sexual selection all the 
more necessary. The quacking frog Crinia georgiana is an interesting example for the different 
selection pressures imposed by pre- and postcopulatory sexual selection. In this species, males with 
thicker arms achieved higher mating success at low densities, presumably because they were better 
able to monopolize matings. But at high densities, those males could not prevent other males from 
mating (Buzatto et al. 2015) and consequently selection on relative testis size became predominant 
(Buzatto et al. 2017). 

An important feature of pre- and postcopulatory sexual selection is that selection is not imposed on the 
organism by constant environmental factors, but rather by other, evolving members of the same 
species. In fact, fitness components arising during sexual reproduction are, by their very nature, the 
result of an interaction between at least two mating partners and possibly involving competitors as 
well, similar to ‘interacting phenotypes’ (Moore et al. 1997; Schneider et al. 2016). Fitness 
components as mating success and sperm transfer success can analogously to, for instance aggression, 
be viewed as a single trait influenced by an interaction with reciprocal effects (cf. Fig 2c in Moore et 
al. 1997). Therefore, the evolutionary response to selection will not only depend on selection and 
genetic variation for traits in one sex, but also on selection and genetic variation for traits in the other 
sex and possible competitors (Moore et al. 1997; Moore and Pizzari 2005; Schneider et al. 2016). A 
complete understanding of lifetime reproductive success, and the resulting evolutionary response, may 
therefore necessitate the inclusion of the interacting phenotype perspective. 
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The importance of taking the interacting phenotype perspective into account does not depend on 
whether the organism is a gonochorist (separate-sexed organism) or a simultaneous hermaphrodite 
(Marie-Orleach et al. 2017). The success of a sperm donor in a simultaneously hermaphroditic species 
at achieving matings, at transferring sperm and at subsequently fertilizing eggs might, similarly, not 
only depend on the phenotype of the sperm donor itself, but also on that of the sperm recipient and 
potential sperm competitors. 

The presence of interacting phenotypes can, theoretically, alter the rate of evolutionary change (Moore 
et al. 1997), if there is genetic variation underlying the interacting phenotypes, i.e., if there are 
genotype-by-genotype interactions (GxG) affecting the phenotype. Testing whether there is indeed 
genetic variation that has an interactive effect on fitness components therefore is an important 
empirical question. Considerable empirical research to find effects of interacting genotypes has been 
conducted in the field of maternal effects (Mousseau and Fox 1998). However, despite the fact that the 
importance of these GxG interactions have been pointed out several times (e.g., García-González 
2008; Engqvist 2013), only a limited number of studies explicitly tested for male x female genotype 
interactions on fitness components relevant during different sexual selection episodes. For example, 
Castillo and Delph (2016) found male x female genotype interactions to affect interaction latency (i.e., 
the time between start of the mating trial and the first interaction between the pair) in the gonochoristic 
nematode Caenorhabditis remanei, which could have important implications for speciation. Clark et 
al. (1999) found male x female genotype interaction effects on P1- and P2-values in Drosophila 
melanogaster. And male x female genotype interaction effects on fertilization success and egg choice 
by sperm were also found in the broadcast spawning blue mussel Mytilus galloprovincialis (Evans et 
al. 2012). In the field cricket Teleogryllus oceanicus there are apparently no such interactions present, 
but the female genotype affects P2-values (Simmons et al. 2014). And while not specifically aiming at 
male x female genotype interactions, some other studies tried to find interacting phenotypes involved 
in sexual selection. For example, Garía-González and Simmons (2007) found that an interaction 
between sperm and spermatheca length influenced P2-values in the dung beetle Onthophagus taurus. 
In contrast, there seems to be no sperm by ovarian fluid interaction on paternity success in chinook 
salmon Oncorhynchus tshawytscha (Evans et al. 2013), although some effects in this study might have 
been missed, because in their experimental design the researchers did not control for variation in 
sperm number and egg genotype. 

Simultaneous hermaphrodites often exhibit very complex mating behaviors with an arguably high 
degree of interaction between the mating partners, especially when mating occurs reciprocally. 
Examples include the ‘penis fencing’ behavior in polyclad flatworm Pseudoceros bifurcus (Michiels 
and Newman 1998) and ‘love’ dart shooting in reciprocally mating garden snail Cornu aspersum 
(=Cantareus aspersus=Helix aspersa) (Davison et al. 2005). The correlated evolution of male and 
female reproductive morphology in gastropods of the Aglajidae and Gastropteridae (Anthes et al. 
2008) also seems to suggest that the close interaction during copulation are important for mating in 
these hermaphrodites. Furthermore, the reciprocally mating flatworm Macrostomum lignano exhibits 
an intricate mating behavior during which both partners reciprocally influence each other as well 
(Schärer et al. 2004; Vizoso et al. 2010). Because hermaphrodites are often assumed to prefer the male 
over the female role during mating interactions, which forces reciprocally copulation species to mate 
more often than is optimal for the female function, sexual selection and sexual conflict may be shifted 
more towards the postcopulatory episode in these species (Charnov 1979; Michiels 1998; Schärer et 
al. 2014). 

In summary, there seems to be a lack of studies that explicitly test for male x female genotype 
interactions during different sexual selection episodes and we have even less information on how these 
interactions differ between pre- and postcopulatory episodes. Moreover, we are aware of no such 
studies in copulating simultaneous hermaphrodites. This is unfortunate since we expect sperm donor x 
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sperm recipient genotype interactions to play an important role during sexual selection, especially 
since highly interactive, reciprocal mating behaviors are common in simultaneous hermaphrodites 
(Michiels and Newman 1998; Schärer et al. 2004; Davison et al. 2005; Anthes et al. 2008; Vizoso et 
al. 2010). 

Objective 
In our study we paired different sperm donor and sperm recipient genotypes of the simultaneously 
hermaphroditic flatworm Macrostomum lignano in a replicated full-factorial 6x6 design, to test 
whether the genotype and GxG interactions influence the success of the sperm donor during a pre- and 
a postcopulatory selection episode, namely mating and sperm transfer. Additionally, we also test for 
genotype and GxG interaction effects on several mating behaviors. 

Methods 

Study Organism and Culture Lines 
We performed the present experiment with the free-living meiobenthic flatworm Macrostomum 
lignano (Macrostomorpha, Platyhelminthes), which occurs in the intertidal zone of the Northern 
Adriatic Sea and the Eastern Mediterranean basin (Ladurner et al. 2005, L. Schärer pers. obs.). 
M. lignano is a small (adult length ~1.5mm), transparent, obligatorily outcrossing, simultaneous 
hermaphrodite with a generation time of ~18 days. The eggs hatch ~5 days after laying and worms 
reach maturity in both sex functions ~13 days after hatching (Schärer and Ladurner 2003). Laboratory 
cultures of M. lignano can be maintained in glass Petri dishes in artificial sea water (ASW) of 32‰ 
salinity or f/2 algal medium (Andersen et al. 2005) at 20 °C, 14:10h light:dark, 60% humidity and with 
the diatom Nitzschia curvilineata as the sole food source.  

These flatworms copulate promiscuously and frequently (mean number of copulations in 4h period: 
24; range: 5-55; in Schärer et al. 2004). During the copulation, mating partners reciprocally insert their 
male copulatory organ into each other’s (female) antrum, the female sperm-receiving and sperm-
storing organ (Schärer et al. 2004; Vizoso et al. 2010). After some copulations the worms perform a 
peculiar sucking behavior, during which they place their pharynx over their own female genital 
opening and appear to suck out substances from the antrum, although there is no clear evidence yet 
concerning what exactly (if anything) is removed (Schärer et al. 2004; Vizoso et al. 2010). It has been 
hypothesized, however, that allosperm or prostate secretions are removed during this process, possibly 
allowing the sperm recipient to choose sperm from preferred mates or to remove potentially harmful 
prostate secretions (Schärer et al. 2004; Vizoso et al. 2010).  

The individuals used in this study came from either the wild-type inbred DV lines (see Chapter 4), or 
the transgenic inbred LM lines (Marie-Orleach et al. 2017). Briefly, the DV lines were initiated by 
sampling individuals from outbred cultures established from several natural populations and inbred 
with 15 generations of maximal biparental inbreeding, followed by 9 generations of still substantial 
biparental inbreeding, and are now kept at small effective population sizes. The LM lines were 
generated by backcrossing worms from the green fluorescent protein (GFP)-expressing HUB1 line 
(Demircan 2013; Marie-Orleach et al. 2014; Wudarski et al. 2017) onto several DV lines for eight 
generations (see Chapter 4 and Marie-Orleach et al. 2017 for a more detailed account of the 
establishment of the DV and LM lines, respectively). Since the GFP allele is dominant, LM 
individuals carrying at least one GFP allele will express GFP in all cells of their body, which makes it 
possible to observe and count their GFP-positive sperm cells after they have been transferred to the 
antrum of the (transparent) mating partner. 
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Experimental Design 
We assigned experimental worms to one of three different roles that they can adopt during mating 
interactions: sperm donor, competitor or sperm recipient. Even though any one worm might adopt 
each of these roles during its mating interactions, we only observed, measured and analyzed it from 
the perspective of its pre-assigned role. Each sperm donor belonged to one of six independent fixed 
genotypes, each sperm recipient belonged to one of six different independent fixed genotypes, and 
each competitor belonged to the same fixed genotype that was again different from all sperm donor 
and sperm recipient genotypes. More specifically, the sperm donor genotypes were offspring from 
crosses between two LM lines (i.e., LM10xLM68, LM12xLM18, LM20xLM33, LM35x81, 
LM67xLM69 and LM71xLM84), the sperm recipient genotypes were each offspring from crosses 
between DV lines (DV8xDV22, DV65xDV83, DV44xDV61, DV31xDV50, DV28xDV29 and 
DV26xDV46), and the competitor genotype was the offspring from the line cross DV1xDV13. We 
then grouped the mature sperm donor and sperm recipient genotypes in a full-factorial design together 
with the standardized competitor and measured the success of the sperm donor along two subsequent 
pre- and postcopulatory episodes of sexual selection, allowing us to test for effects of sperm donor 
genotype, sperm recipient genotype and their interaction. For the sake of brevity we will from now on 
use the terms donor, recipient and competitor for sperm donor, sperm recipient and competitor, 
respectively. 

Experimental Procedures 
In order to raise outbred, fixed genotypes for the experiment, we initially transferred replicated triplets 
of adult worms of each DV and LM line (mean number of replicates: 13.1; range:7-14) from the 
laboratory cultures into a single well in 24-well tissue culture plates (TPP AG, Switzerland) with fresh 
algae (generation F0, see Fig. 1). After 28 days, during which these F0 triplets were transferred to new 
wells twice and produced offspring (generation F1, see Fig. 1), we then always paired F1 hatchlings 
from two DV lines or two LM lines in new wells. Then we let those pairs grow up together for 27 days 
(again transferred twice). Subsequently, we transferred the pairs again into new wells to lay eggs 
(mean number of pairs per cross: 27.2; range: 14-37) and produce offspring with fixed genotypes, 
which we then used as our experimental animals (F2, see Fig. 1). In order to reduce confounding 
effects of the parental environment on F2 individuals’ phenotype and to therefore permit testing for 
genotype effects, all animals from the point of taking them out of the laboratory cultures experienced 
standardized conditions and we distributed the different inbred lines and fixed genotypes over the 24 
wells per plate using a spatially-balanced restricted randomization. 
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Figure 1. Schematic illustration of the crossing design to raise animals used in the experiment. Shown here is one cross 
between two inbred lines, A and B, resulting in the fixed genotype AB. This procedure was repeated for six LM line crosses, 
used as the sperm donors, and seven DV line crosses, of which one served as the competitor and the other six as the sperm 
recipients. 

Due to time limitations, we divided the experiment into 10 blocks that were processed on separate 
days, each initially containing one complete set of all donor genotype x recipient genotype 
combinations (10 blocks x 6 donor genotypes x 6 recipient genotypes = 360 replicates in total). Within 
each block the time schedule was as follows. We let the adult F1 worms lay eggs from day 1 to 2, and 
paired donors with competitors and isolated recipients in 24-well plates on day 9. We then transferred 
the paired donors and competitors as well as the isolated recipients to wells with new algae on days 17 
and 25. On day 32 we transferred the competitor and the recipient to new wells with red and blue food 
dye (7.1 mg/mL ASW New Coccine and 0.4 mg/mL Patent Blue, respectively) to make it possible to 
visually distinguish and separate them later. Both New Coccine and Patent Blue have been shown in 
previous experiments to not affect mating rate or offspring production significantly after 24h of dyeing 
(Sandner 2011; Marie-Orleach et al. 2013). 

We then started the mating trials with the donor, the competitor and the virgin recipient on day 33. We 
assembled the triplets in drops of 4 µL ASW in observation chambers (Schärer et al. 2004) with 6 
replicates per chamber and recorded a time lapse video (1 frame s-1) of their behavior for the next 90 
min with a digital video camera (DFK 41AF01, The Imaging Source, Bremen, Germany). From those 
mating movies we later determined (i) the number and the order of matings between the different 
worms (i.e. donor-recipient, donor-competitor, and competitor-recipient), (ii) the number of suck 
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behaviors performed by the recipient and the donor after donor-recipient matings, and (iii) the mating 
latency until the first donor-recipient mating in seconds. 

Immediately after the mating trials we isolated the recipient, and transferred the competitor and donor 
together back to their original well. Subsequently, in order to estimate sperm transfer success, a 
postcopulatory fitness component, we recorded a movie of the antrum of the recipient to score the 
number of GFP-positive and GFP-negative sperm), and assessed the number of sperm in the 
recipient’s antrum as described elsewhere (Janicke et al. 2011; Marie-Orleach et al. 2016). Briefly, we 
carefully squeezed worms between a 24 x 50 mm and a 21 x 26 mm cover slip separated by small 
plasticine feet and recorded a movie while focusing through its antrum under differential interference 
contrast illumination to count the total number of sperm stored. We then recorded a second movie 
while focusing through the antrum under epifluorescence illumination to count the number of GFP-
positive sperm. For this we used a Leica DM 5000 B microscope (Leica Microsystems, Heerbrugg, 
Switzerland), with an epifluorescence light source and a digital microscope camera (Leica DFC360 
FX, Leica Microsystems). We recorded movies with Leica Application Suite 4.1.0 (Leica 
Microsystems) and analyzed all data extracted from mating and antrum movies blindly with regards to 
treatments. 

Although it is also possible to estimate paternity success by using the GFP marker (Marie-Orleach et 
al. 2014), long progeny arrays are needed to estimate paternity success with a reasonable precision, 
because of binomial sampling error (Marie-Orleach et al. 2016). However, this was not possible within 
the time frame of this experiment. 

Figure 2. Schematic illustration of the experimental procedure. Note how the competitor and the virgin recipient were dyed 
on day 32 (with red and blue food dye, respectively) so that all worms could be identified afterwards. 
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Rationale for the Mating Behavior and Fitness Component Estimates 

Mating Behavior Estimates 
In addition to the number of matings we also quantified whether donors tended to mate with the 
recipients more at the beginning or the end of the mating trial, by calculating a ‘relative mating rank’ 
as follows. First, we calculated the average donor mating rank as, 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑑𝑑𝑚𝑚 𝑑𝑑𝑚𝑚𝑑𝑑𝑟𝑟��������������������������  =  
𝑠𝑠𝑠𝑠𝑚𝑚 𝑑𝑑𝑜𝑜 𝑑𝑑𝑚𝑚𝑑𝑑𝑟𝑟𝑠𝑠 𝑑𝑑𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑑𝑑𝑚𝑚𝑠𝑠 𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑚𝑚 𝑚𝑚𝑎𝑎𝑎𝑎 𝑑𝑑𝑟𝑟𝑟𝑟𝑚𝑚𝑟𝑟𝑚𝑚𝑟𝑟𝑑𝑑𝑚𝑚 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑑𝑑𝑚𝑚𝑠𝑠

𝑇𝑇𝑑𝑑𝑚𝑚𝑚𝑚𝑎𝑎 𝑑𝑑𝑠𝑠𝑚𝑚𝑛𝑛𝑟𝑟𝑑𝑑 𝑑𝑑𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 − 𝑑𝑑𝑟𝑟𝑟𝑟𝑚𝑚𝑟𝑟𝑚𝑚𝑟𝑟𝑑𝑑𝑚𝑚 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑑𝑑𝑚𝑚𝑠𝑠

and analogously for the competitor as, 

𝑟𝑟𝑑𝑑𝑚𝑚𝑟𝑟𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑑𝑑𝑚𝑚 𝑑𝑑𝑚𝑚𝑑𝑑𝑟𝑟���������������������������������  =  
𝑠𝑠𝑠𝑠𝑚𝑚 𝑑𝑑𝑜𝑜 𝑑𝑑𝑚𝑚𝑑𝑑𝑟𝑟𝑠𝑠 𝑑𝑑𝑜𝑜 𝑟𝑟𝑑𝑑𝑚𝑚𝑟𝑟𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑑𝑑𝑚𝑚𝑠𝑠 𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑𝑚𝑚 𝑚𝑚𝑎𝑎𝑎𝑎 𝑑𝑑𝑟𝑟𝑟𝑟𝑚𝑚𝑟𝑟𝑚𝑚𝑟𝑟𝑑𝑑𝑚𝑚 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑑𝑑𝑚𝑚𝑠𝑠

𝑇𝑇𝑑𝑑𝑚𝑚𝑚𝑚𝑎𝑎 𝑑𝑑𝑠𝑠𝑚𝑚𝑛𝑛𝑟𝑟𝑑𝑑 𝑑𝑑𝑜𝑜 𝑟𝑟𝑑𝑑𝑚𝑚𝑟𝑟𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑 − 𝑑𝑑𝑟𝑟𝑟𝑟𝑚𝑚𝑟𝑟𝑚𝑚𝑟𝑟𝑑𝑑𝑚𝑚 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑑𝑑𝑚𝑚𝑠𝑠

and then the relative mating rank of the donor as, 

𝑑𝑑𝑟𝑟𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚𝑟𝑟𝑟𝑟 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑑𝑑𝑚𝑚 𝑑𝑑𝑚𝑚𝑑𝑑𝑟𝑟 =  
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑑𝑑𝑚𝑚 𝑑𝑑𝑚𝑚𝑑𝑑𝑟𝑟�������������������������� 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑑𝑑𝑚𝑚 𝑑𝑑𝑚𝑚𝑑𝑑𝑟𝑟��������������������������  +  𝑟𝑟𝑑𝑑𝑚𝑚𝑟𝑟𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚𝑑𝑑𝑑𝑑 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑑𝑑𝑚𝑚 𝑑𝑑𝑚𝑚𝑑𝑑𝑟𝑟��������������������������������� 

Values for the relative mating rank can vary between (but cannot adopt) zero and one and in replicates 
with a high relative mating rank value the donor-recipient matings occurred more towards the end of 
the mating trial compared to the competitor-recipient matings. We included relative mating rank 
because sperm displacement occurs in M. lignano (Marie-Orleach et al. 2014) and we therefore 
hypothesized that matings later in the sequence might contribute more to our measure of sperm 
transfer success. The mating latency can be viewed as a proxy for the preference that the mating 
partners have for each other and has been used in previous studies to describe mating interactions 
(e.g., Marie-Orleach et al. 2013; Castillo and Delph 2016). We therefore included it in the analysis. 
And since the postcopulatory suck behavior has been hypothesized to be involved in cryptic female 
choice or sexual conflict (Schärer et al. 2004; Vizoso et al. 2010)—for which donor and recipient 
genotype effects can be predicted—we also calculated the proportions of donor-recipient matings after 
which either the donor or recipient sucked. 

Fitness Component Estimates 
In this study one of our main interests was how donor and recipient genotypes affect both pre- and 
postcopulatory fitness components. Fitness components can be calculated directly from the estimated 
data (raw fitness components) or from other fitness components (derived fitness components) (Marie-
Orleach et al. 2016). First, we calculated mating success and sperm transfer success directly from the 
data. For this we defined mating success, the first (precopulatory) fitness component for each sperm 
donor, as the proportion of donor-recipient matings of the total number of matings that the recipient 
had (median: 32.3, range: 1-72). We estimated sperm transfer success of the donor, the second 
(postcopulatory) fitness component, as the proportion of the donor’s (GFP-positive) sperm of the total 
number of sperm in the antrum of the recipient (median: 24, range: 0-66). 

Sperm transfer success can be expected to be, to some extent, due to the mating success achieved, but 
it is also of interest whether and how donor and recipient genotypes influence the translation of mating 
success into sperm transfer success. Marie-Orleach et al. (2016) proposed the term ‘sperm transfer 
efficiency’ and calculated this derived fitness component by dividing sperm transfer success by mating 
success (cf. Fig. 1 in Marie-Orleach et al. 2016). Although this is an informative fitness component, 
this variable was unfortunately distributed in such a way for our data that assumptions of statistical 
tests were violated. Thus, we followed another approach. Namely, we fitted a binomial GLM with 
sperm transfer success as response and mating success as predictor variable, extracted the residuals 
and used them as an estimate of sperm transfer efficiency. Sperm transfer efficiency in our study 
therefore shows how much more (or less) sperm transfer success a donor achieved than would have 
been expected based on  the achieved mating success alone. 

Chapter 2: Interacting Genotypes

23



Statistics 
We analyzed mating behaviors with either linear models (LMs) or generalized linear models (GLMs) 
using the software R (version 3.2.4). We used a LM to model the effects on the relative mating rank 
and the square-root transformed mating latency (i.e., time in seconds until the first donor-recipient 
mating). The proportions of donor-recipient matings that were followed by a donor or recipient suck 
behavior, respectively, were modelled with GLMs using a binomial error distribution and a logit-link 
function, in which the variance is given by the product of the mean and the dispersion parameter φ 
(i.e., with multiplicative overdispersion) (R Development Core Team 2008). For all mating behavior 
models the effects included were donor genotype, recipient genotype and their interaction. 

To study pre- and post-copulatory success, we also fitted analogous binomial GLMs to model the two 
fitness components, namely mating and sperm transfer success, with donor genotype, recipient 
genotype and their interaction as predictor variables. For sperm transfer success as the response we 
also included, in separate models, mating success and mating success together with the relative mating 
rank of the donor as additional predictor variables (Table 2). This was done to test whether donors that 
mated more often and more towards the end of the mating trial had a higher sperm transfer success, as 
could be expected because of the previously documented sperm displacement (Marie-Orleach et al. 
2014). 

For all of the above LMs and GLMs we tested the significance of effects by performing F-tests using 
“type III” sum of squares using the ‘Anova()’ function of the ‘car’ package in R (Fox and Weisberg 
2011). We chose “type III” sum of squares for the F-test because they are recommended for 
unbalanced data and control for the effect of the interaction while testing for the significance of main 
effects (Quinn and Keough 2002). Finally, we assessed whether the assumptions for all models were 
fulfilled by visually inspecting residuals versus predicted values plots and normal quantile-quantile 
plots (Faraway 2016). 

We had to exclude a number of replicates because of handling and pipetting errors and furthermore, 
different replicates had to be excluded depending on which response variable we analyzed (e.g., sperm 
transfer success can only be estimated in replicates in which no egg in the antrum obscured the sperm 
count and in which the recipient received at least one sperm cell, etc.). Therefore we provide short 
information about the respective data sets used in Table 1 and 2. All confidence intervals reported are 
95% confidence intervals. In order to test whether donors had a relative mating rank significantly 
different from 0.5, whether donors had a significantly different sperm transfer and mating success and 
whether donors started mating at a significantly different time from the competitor we used Wilcoxon 
signed rank tests in R (R Development Core Team 2008). 

Results 

Mating Behaviors 
The matings of the donors occurred slightly but significantly more often towards the end of the mating 
trial compared to the competitor (mean relative mating rank: 0.549, CI: 0.539-0.560; Wilcoxon signed 
rank test: V=26353, p<0.0001). The donor genotypes differed in their relative mating rank, and the 
interaction between donor and recipient genotype had a significant effect, while the recipient genotype 
was not significant (Fig. 3a & Table 1). The median latency until the first donor-recipient mating was 
1434s (interquartile range: 715-2316s). Mating latency was significantly affected by both donor and 
recipient genotype, but not by their interaction (Fig. 3b and Table 1). On average donors and 
recipients, respectively, sucked after a proportion of 0.290 (CI: 0.262-0.319) and 0.401 (CI: 0.380-
0.423) of their matings with the donor, and the values were influenced by their own genotype (Fig. 3cd 
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and Table 1). However, the GxG interaction was only significant for the proportion of sucks by the 
recipient (Fig. 3d and Table 1). 

Figure 3. Effects of the sperm donor and sperm recipient genotype on the mating behaviors: a) relative mating rank (i.e., 
larger values mean the donor tended to mate later than the competitor); b) mating latency (i.e., time until first donor-recipient 
mating); c) the proportion of donor-recipient matings followed by a donor suck behavior; and d) the proportion of donor-
recipient matings followed by a recipient suck behavior. Plotted are the means (±SE) for each genotype combination and the 
values with the same recipient genotype are connected with colored lines.  
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Table 1. LMs and GLMs testing for donor (D) and recipient (R) genotype effects on mating behaviors. The relative mating 
rank and mating latency (square-root transformed) were analyzed with LMs. The proportions of matings followed by suck 
behaviors were analyzed with GLMs assuming a binomial distributions correcting for overdispersion (with dispersion 
parameter φ). Different replicates had to be excluded for the analyses of the respective mating behaviors and exclusion 
criteria are explained in the “Dataset” column. 

Response Effect SS d.f. F-ratio P-value φ Dataset 

Relative 
mating rank 

Donor genotype 0.086 5 2.346 0.042 

- 

Replicates where 
the donor and 

competitor mated 
at least once with 

the recipient 
(n=263) 

Recipient genotype 0.035 5 0.972 0.435 
DxR interaction 0.304 25 1.663 0.029 
Residual 1.657 227 - - 

Mating 
latency 

Donor genotype 4675 5 4.372 <0.001 

- 

Replicates where 
the donor mated at 
least once with the 
recipient (n=265) 

Recipient genotype 3075 5 2.876 0.015 
DxR interaction 3991 25 0.746 0.805 
Residual 48975 229 - - 

Proportion of 
matings 
followed by 
donor suck 

Donor genotype 41.45 5 3.022 0.012 

2.74 

Replicates where 
the donor mated at 
least once with the 
recipient (n=265) 

Recipient genotype 21.04 5 1.534 0.180 
DxR interaction 52.2 25 0.761 0.788 
Residual 628.07 229 - - 

Proportion of 
matings 
followed by 
recipient suck 

Donor genotype 5.498 5 0.800 0.551 

1.37 

Replicates where 
the donor mated at 
least once with the 
recipient (n=265) 

Recipient genotype 66.71 5 9.708 <0.0001 

DxR interaction 59.32 25 1.726 0.020 

Residual 314.73 229 - - 

Pre- and Postcopulatory Fitness Components 
Donors were on average able to secure a proportion of 0.356 (CI: 0.332-0.382) of the recipient’s 
matings, and donor genotype significantly affected mating success, while recipient genotype and their 
interaction did not (Fig. 4a and Table 2). 

Donors were able to achieve an average sperm transfer success of 0.588 (CI: 0.528-0.588), which was 
significantly higher than their mating success (Wilcoxon signed rank test: V=22079, p<0.0001). 
Sperm transfer success was also only significantly affected by donor genotype (Fig. 4b and Table 2). 
Donors that mated more often relative to their competitors transferred significantly more sperm (Table 
2 and Fig. 5). Interestingly, the donor genotype LM71xLM84 had a much lower sperm transfer 
success than the others, although worms of that genotype had a mating success that was comparable to 
the other genotypes (cf. Fig. 4ab). In contrast to our prediction, whether matings occurred towards the 
end of the mating trial did not significantly affect sperm transfer success (Table 2). 

Sperm transfer efficiency was strongly and significantly affected by donor genotype, but not by 
recipient genotype or their interaction (Fig. 4c and Table 2). 
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Figure 4. Effects of sperm donor and sperm recipient genotype on pre- and post-copulatory fitness components: a) mating 
success, b) sperm transfer success and c) sperm transfer efficiency. Plotted are the means (±SE) for each genotype 
combination and the values with the same recipient genotype are connected with colored lines. Note that the SE of the 71x84-
28x29 combination in b) is so small that it is hidden behind the filled circle. 
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Table 2. GLMs (for mating success and sperm transfer success) and linear model (for sperm transfer efficiency) testing for 
donor (D) and recipient (R) genotype and mating behavior effects. GLMs assumed a binomial distribution and corrected for 
overdispersion with dispersion parameter φ. Different replicates had to be excluded for the analyses of the respective fitness 
components and exclusion criteria are explained in the “Dataset” column. 

Response Effect SS d.f. F-ratio P-value φ Dataset 

Mating 
success 

Donor genotype 97.16 5 3.296 0.007 

5.90 

Replicates where 
the recipient mated 

at least once 
(n=277) 

Recipient genotype 31.17 5 1.057 0.385 

DxR interaction 184.0 25 1.248 0.199 

Residual 1421.1 241 - - 

Sperm 
transfer 
success 

Donor genotype 554.9 5 11.352 <0.0001 

9.78 

Replicates where 
the recipient 

received at least 
one sperm cell 

(n=252) 

Recipient genotype 45.12 5 0.923 0.467 

DxR interaction 253.8 25 1.038 0.419 

Residual 2111.9 216 - - 

Sperm 
transfer 
success 

Donor genotype 396.7 5 8.745 <0.0001 

9.07 

Replicates where 
the recipient mated 
at least once with 

the donor and 
received at least 
one sperm cell 

(n=244) 

Recipient genotype 26.3 5 0.580 0.716 

Mating success 414.8 1 45.717 <0.0001 

DxR interaction 259.8 25 1.145 0.295 

Residual 1878.3 207 - - 

Sperm 
transfer 
success 

Donor genotype 402.1 5 9.662 <0.0001 

8.32 

Replicates where 
the recipient mated 
at least once with 

the donor and 
recipient and 

received at least 
one sperm cell 

(n=235) 

Recipient genotype 26.8 5 0.644 0.667 

Mating success 269.4 1 32.363 <0.0001 

Rel. mating rank 17.1 1 2.056 0.153 

DxR interaction 246.5 25 1.185 0.257 

Residual 1631.4 196 - - 

Sperm 
transfer 
efficiency 
(residual) 

Donor genotype 413.9 5 8.774 <0.0001 

- 

Replicates where 
the recipient mated 
at least once with 

donor and received 
at least one sperm 

cell (n=244) 

Recipient genotype 59.3 5 1.257 0.284 

DxR interaction 279.9 25 1.187 0.254 

Residual 1962.5 208 - - 
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Discussion 

While we found evidence for donor x recipient genotype interactions for two mating behaviors—
relative mating rank and the proportion of recipient sucks—we, in contrast to our expectations, found 
no evidence for such interactions affecting either the pre- and postcopulatory fitness components 
(Table 1 and 2). Moreover, there were significant, and in some cases strong, effects of the genotype of 
the donor on almost all variables considered, including the fitness components. In the following we 
discuss the implications of these results for sexual selection and sexual conflict in M. lignano and 
copulating simultaneous hermaphrodites in general. 

Mating Behaviors 

Relative Mating Rank 
Donors mated significantly more towards the end of the mating period, presumably because they 
started mating later than the competitor (Wilcoxon signed rank test: V=23436, p<0.0001). It is 
possible that the (single) competitor genotype started to mate earlier than the donor genotypes because 
it happened to have a very high intrinsic mating rate due to a sampling effect when choosing the 
inbred lines. Moreover, donor genotypes differed in their relative mating ranks, which could mean that 
they need more or less time to acclimatize to the new conditions in the mating chamber or that they are 
more or less bold in approaching novel mating partners. Interestingly, whether donors and recipients 
tended to mate more at the beginning or the end of the mating trial was significantly affected by the 
interaction of their genotypes. This could indicate that certain recipient genotypes resist mating 
attempts by certain genotypes for longer than others (or that they prefer some over others). 

Mating Latency 
This donor x recipient genotype interaction for relative mating rank does, however, not seem to affect 
mating latency, possibly indicating that these interactions manifest themselves only later during the 
mating trial, because the worms need some time to acclimatize to the condition. In contrast to our 
results, Marie-Orleach et al. (2017) did find significant GxG interactions for mating latency in a 
different experiment with M. lignano. However, the experimental designs differed in two aspects: 
Marie-Orleach et al. used a somewhat different subset of lines to breed their fixed genotypes (and in 
different combinations) and mating behavior was not tested in the presence of a competitor, but rather 
in pairs. The results may therefore not be directly comparable. Mating latency and even ‘interaction 
latency’ (the latency until the first behavioral interaction between male and female) have been 
proposed as informative measures having implications for assortative mating and speciation (Castillo 
and Delph 2016). In the same study, the authors found a significant male x female genotype 
interaction effect on ‘interaction latency’ although they did not find such an effect on mating latency. 

Proportion of Matings Followed by Donor and Recipient Sucks 
Both the proportion of matings followed by donor, and recipient sucks was mainly influenced by the 
genotype of the individual performing the suck, indicating that the worms have strong control over 
their own behavior. However, because the sucking behavior has been hypothesized to be involved in 
sexual conflict over the fate of transferred sperm or potentially harmful seminal fluids, we also 
expected there to be interaction effects (Schärer et al. 2004; Vizoso et al. 2010; Marie-Orleach et al. 
2013). We did indeed find a significant interaction for the proportion of recipient sucks, but not for the 
proportion of donor sucks (Table 1). As above, donors could either be different from recipients in this 
respect because of sampling effects when assigning the six donor and recipient genotypes or because 
recipients were virgins before the mating trial. In particular, Marie-Orleach et al. (2013) found that 
M. lignano individuals sucked significantly less after mating with a virgin mating partner compared to 
a sexually-experienced partner, which could be linked to receiving more sperm and seminal fluids 
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from a virgin. Specifically, virgin worms may be more successful at preventing their partner from 
sucking, because, not having previously expended them, they have more densely filled prostate glands, 
and might therefore be able to transfer larger amounts of manipulating prostate gland secretions 
(Marie-Orleach et al. 2013). In our experiment, the donors also sucked less often after mating with the 
virgin recipient compared to the recipient after mating with the experienced donor (Wilcoxon signed 
rank test: V=17470, p<0.0001; Fig. 3cd). Possibly, GxG interactions manifest themselves more easily 
in how often the recipient sucks than in how often the donor sucks because the rather weak interaction 
effects are steamrolled by the possibly very strong effect of the presumably more copious prostate 
gland secretions transferred by virgins.  

In their study, Marie-Orleach et al. (2017) did not find significant interactions for suck behavior 
although the results might, again, not be directly comparable. Namely, the authors used the absolute 
number of sucks performed after the first five matings as the trait of interest, while we used the 
proportion of all matings followed by a suck in this study (see methods section). The donor x recipient 
genotype interaction effect on the recipient’s suck behavior we found is consistent with a role of this 
suck behavior during sexual conflict. Sexual conflict between sperm donor and sperm recipient 
interests is likely an important driver of mating interactions in simultaneous hermaphrodites (Michiels 
1998; Schärer et al. 2014). Sexual conflict over the fate of received sperm and/or seminal gland 
products have been proposed as a potential explanation for the evolution of this behavior (Schärer et 
al. 2004; Vizoso et al. 2010). Conflicts over sperm receipt arise from the fact that hermaphrodites will 
likely tend to prefer the male role during a mating interaction (Charnov 1979) and conflicts over 
receiving seminal gland products are assumed to occur over the possibility that those substances 
manipulate the partner’s future fecundity, e.g., by manipulating their sex allocation towards more 
female allocation (Charnov 1979; Michiels 1998; Schärer and Janicke 2009; Schärer et al. 2014). 
Follow-up experiments are now needed to determine what exactly the presumed sexual conflict 
involving the suck behavior is about, including a characterization of the biological activity of seminal 
fluid. 

Fitness Components 
A new contribution of this study to the field of interacting phenotypes and GxG research is the 
estimation of these interaction effects on fitness components in a simultaneous hermaphrodite. Testing 
for these interaction effects in simultaneous hermaphrodites offers a broader picture with respect to the 
number of phylogenetic groups and mating systems in which these interactions may occur. 
Furthermore, a shift of sexual conflict and sexual selection to the postcopulatory arena has been 
predicted in reciprocally copulating simultaneous hermaphrodites compared to gonochorists (Schärer 
et al. 2014), which could have been detected with our experimental design.  

Mating Success 
Donors secured less than half of the recipient matings, presumably because it took them longer to start 
mating with the recipient than it did the competitors (Wilcoxon signed rank test for difference between 
mating latency of competitor and donor: V=23436, p<0.0001).  

Since donor genotypes differed in their mating latency and relative mating rank (Table 1), starting 
later and generally mating later may have caused them to achieve a lower mating success during the 
entire mating trial. It seems unlikely, however, that this is the only reason for the donor genotype 
effect, because it remains significant even when mating latency and relative mating rank are included 
in the model (GLM: F5,225=3.76, p=0.003). Although mating success is an important component of a 
sperm donor’s reproductive success, to our knowledge, we are the first to test mating partner GxG 
effects on this selection episode separately from the postcopulatory selection episodes. Even though 
Castillo and Delph (2016) found interaction effects on ‘interaction latency’ this measure is arguably 
still quite far removed from mating success, which is the relevant fitness component in this context. 
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Sperm Transfer Success 
Despite the donor's moderate mating success of just over a third of the matings of the recipients, they 
managed to achieve a significantly higher sperm transfer success of close to 60% of the sperm stored 
by the recipients (Fig. 4ab). One possible caveat for this comparison is that we can only make this 
claim if we do not overestimate the count of the GFP+ sperm, which could result in higher sperm 
transfer success values. However, counts of GFP+ sperm seem to be underestimated rather than 
overestimated compared to GFP- sperm counts (cf. Experiment 6 in Marie-Orleach et al. 2014). Since 
sperm displacement has been described in this species, mating more towards the end of the mating 
trial could make it possible for the donors to displace a high proportion of the competitor’s sperm, 
leading to a higher sperm transfer success. Interestingly, however, in this experiment variation within 
the donors in whether they mated late during the mating trial did not significantly influence sperm 
transfer success (Table 2). In contrast, there was a strong and highly significant effect of mating 
success on sperm transfer success within the donors (Table 2 and Fig. 5); an effect that has been 
previously shown in M. lignano (Marie-Orleach et al. 2016). Pélissié et al. (2014) showed that the 
mating rank affected the number of offspring a sperm donor sired in the snail Physa acuta, indicating 
first donor sperm precedence. We predicted a mating rank effect in M. lignano because of an assumed 
last donor sperm precedence (Marie-Orleach et al. 2014). The lack of a mating rank effect in our study 
could be due to the fact that the mating order of only the last few matings before the end of the mating 
trial actually affects sperm transfer success. A re-analysis focusing only on the last few mating 
interactions therefore appears worthwhile. 

The sperm donor genotype LM71&LM84 seems to be an interesting outlier with regards to the sperm 
transfer success it achieved (Fig. 4b). Namely, it had a much lower sperm transfer success than all the 
other donor genotypes despite having a comparable mating success, which is also illustrated by the 
very low sperm transfer efficiency of this genotype (Fig. 4c). Furthermore, it did not have an 
particularly long mating latency or low relative mating rank, which could have explained its low 
sperm transfer success. Therefore, it seems that LM71&LM84 worms managed to successfully 
transfer substantially less sperm per copulation and/or that they displaced much less sperm in 
comparison to the competitor than the other donor genotypes. An analysis of the morphology of those 
worms with respect to testis and seminal vesicle size would be interesting to confirm this hypothesis, 
because worms with bigger testis size have a higher sperm transfer efficiency (Marie-Orleach et al. 
2016). 

In contrast to the lack of studies examining GxG interactions for mating success, there are, to our 
knowledge, three studies estimating such interaction effects for fertilization or paternity success in 
gonochorists (Clark et al. 1999; Evans et al. 2012; Simmons et al. 2014). Of these three studies only 
the first two found these interactions to be significant. Therefore, it seems that GxG interactions 
during pre- and/or postcopulatory episodes could be important in gonochorists. But are they also 
important in hermaphrodites? Although we strongly expect that these GxG interactions should also be 
present in hermaphrodites, especially reciprocally copulating ones (see Introduction), we neither are 
aware of any such findings in the literature nor did we find such interactions in our study. M. lignano 
copulates reciprocally, in a closely interlocking posture (think of two interlocking “G”s; cf. Fig. 5 in 
Schärer et al. 2004). Thus, there is arguably a lot of scope for interactions between the mating partners 
to influence mating success as well as sperm transfer success. It has been argued that sexual conflict 
and sexual selection are shifted more towards the postcopulatory episode in reciprocally copulating 
hermaphrodites (Schärer et al. 2014, see also Chapter 1). Assuming this to be true, one might expect 
the strongest GxG interactions to be manifested during the postcopulatory episode, where ejaculates of 
the sperm donor can interact with the female morphology and behavior of the sperm recipient. Our 
measure of sperm transfer success captures some part of this episode, but since we did not estimate 
paternity success in this study we have no information about the influence of GxG interactions on 
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what happens after sperm is stored in the antrum. Testing for GxG interaction effects on the remaining 
part of the postcopulatory fitness component of the donor, ‘sperm fertilization efficiency’ (sensu 
Marie-Orleach et al. 2016), which could be estimated with another experimental design, seems to be 
an interesting study to conduct next. One way to compare the importance of different selection 
episodes is with the measurement ‘opportunity for selection’, which can be considered an upper bound 
for the strength of selection (Crow 1958; Arnold and Wade 1984). Interestingly, Marie-Orleach et al. 
(2016) found the opportunity for selection for mating success to be smaller than for the remaining 
postcopulatory success. In particular, sperm fertilization efficiency contributed most to male 
reproductive success. 

Sperm Transfer Efficiency 
An interesting pattern that emerges when comparing mating and sperm transfer success is that few 
individuals achieved a mating success of 0 or 1, but that a high proportion achieved a sperm transfer 
success of 0 or 1 (Fig. 5). Therefore, there must be unknown factors introducing this variation. Such 
factors could include i) strong sperm displacement by the last sperm donor, ii) a strong manipulation 
of the ejaculate by recipient controlled processes (e.g., sperm digestion, cryptic female choice or egg 
laying). 

Concerning the first point, as already mentioned, we know that M. lignano exhibits sperm 
displacement (Marie-Orleach et al. 2014). However, we do not know the exact mechanism by which 
this happens. Mechanical removal does not seem very likely, because in contrast to the presence of 
special aedaegus appendages in members of Odonata (Waage 1979; Córdoba-Aguilar et al. 2003) the 
intromittent stylet in M. lignano does not exhibit striking appendices that would facilitate removal 
(Ladurner et al. 2005; Vizoso et al. 2010). Instead it seems more likely that the sperm can be removed 
volumetrically by the competitor’s ejaculate, as has been shown in D. melanogaster (Price et al. 1999; 
Manier et al. 2010). Concerning the second point, the suck behavior could potentially remove a 
substantial amount of the sperm in the antrum, so that the next donor after an effective suck behavior 
would achieve a sperm transfer success of 1. However, to date we never found significant effects of 
the suck behavior on sperm transfer success in this species, possibly because the behavior might be 
more directed at other ejaculate components, such as seminal fluid. Egg laying may also lead to sperm 
loss from the antrum since the eggs can push some sperm out of the antrum when it is laid (L. Schärer, 
pers. obs.). However, only very few recipients laid eggs during the mating trials in this experiment so 
that egg laying alone cannot explain such a high number of 0’s and 1’s in sperm transfer success as 
visible in Fig. 5 (NV, pers. obs.). 
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Figure 5. Sperm transfer success as a function of mating success. Areas of black circles indicate the total sperm number in 
the recipient’s antrum (i.e., sperm transfer success of replicates with big circles are estimated with less binomial sampling 
error). A frequency histogram was added for mating success at the top and for sperm transfer success at the right hand side. 
Note the high proportion of very low (mainly 0’s) and very high (mainly 1’s) values for sperm transfer success. 

Conclusions 

We found GxG interaction effects on two mating behaviors, but not on the pre- and postcopulatory 
fitness components measured, although there were strong effects of the sperm donor genotype on 
almost all traits measured. Since strong interactions can be expected in reciprocally copulating 
hermaphrodites it seems worthwhile to test for them in follow-up experiments using slightly different 
designs and/or genotypes. For instance, since sexual selection and sexual conflict has been predicted to 
be shifted more towards the postcopulatory arena in reciprocally copulating hermaphrodites (Schärer 
et al. 2014) a more complete estimation of fitness components spanning the whole postcopulatory 
episode could possibly detect interaction effects. Furthermore, being able to quantify the currently 
unknown factors influencing mating success, sperm transfer success and the resulting paternity 
success will be helpful to pinpoint where during the different episodes of sexual selection GxG 
interactions (if present) manifest themselves. 
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Chapter 5 

General Discussion and Outlook 



The evolution of anisogamy led to a cascade of new phenomena and evolutionary consequences that 
did not exist before (Parker 2014). Among others it led to: i) sexual selection, ii) the problem of sex 
allocation and iii) cytonuclear conflict over sex allocation. During my PhD project I studied aspects of 
all these evolutionary consequences of anisogamy using the simultaneously hermaphroditic flatworm 
Macrostomum lignano. 

Chapter 2: Sexual Selection and GxG 

Sexual reproduction, especially when it occurs by copulation and internal fertilization, requires 
interactions of at least two mating partners, i.e. it involves interacting phenotypes (Moore et al. 1997; 
Schneider et al. 2016). In reciprocally copulating hermaphrodites one can arguably expect matings to 
be strongly influenced by interactions between the mating partners, because of the often very intricate, 
reciprocal mating behaviors (e.g., Michiels and Newman 1998; Schärer et al. 2004; Davison et al. 
2005; Anthes et al. 2008; Vizoso et al. 2010). In Chapter 2 I described an experiment, in which we 
tested for sperm donor genotype x sperm recipient genotype interaction effects on both mating 
behaviors and pre- and postcopulatory fitness components. We found these kinds of GxG interactions 
to affect two mating behaviors, but not the pre- and postcopulatory fitness components, whereas 
almost all traits considered were influenced by the sperm donor’s genotype. 

It is possible that the outcomes of sexual selection during pre- and postcopulatory processes up until 
sperm storage in the female antrum are mainly under control of the sperm donor. The influence of the 
sperm recipient may only manifests itself during the remaining episode until fertilization, during 
which the ‘sperm fertilization efficiency’, a measure of how sperm transfer success translates into 
male reproductive success (Marie-Orleach et al. 2016), takes effect. Interestingly, the opportunity for 
selection, an upper bound for the strength of selection (Crow 1958; Arnold and Wade 1984), was also 
larger for the postcopulatory fitness components—especially sperm fertilization efficiency—than for 
mating success in the study of Marie-Orleach et al. (2016). However, since the recipient genotype and 
its interaction with the donor genotype affected some mating behaviors, it might be premature to 
conclude that such interaction effects do play no role during the selection episodes tested in our 
experiment. In our experiment we may have been able to estimate mating behaviors with less 
measurement error than the fitness components mating success and sperm transfer success. If that is 
true, it could explain why we only found GxG interactions for mating behaviors. Binomial sampling 
error may have obscured some patterns in the analysis of the fitness components, while the mating 
behavior mating latency, for which we found significant GxG interactions, is not affected by binomial 
sampling error. However, the proportion of matings followed by a recipient suck, another mating 
behavior, was significantly affected by GxG interactions, although it should also be affected by 
binomial sampling error. Furthermore, there are still important processes taking place during these 
pre- and postcopulatory selection episodes that strongly influence the resulting fitness components, but 
which we do not know about or cannot measure at the moment. Especially during the transition from 
mating success to sperm transfer success there must be processes that contribute strongly to the 
unexplained variation in sperm transfer success and presumably as a result also in paternity success 
(cf. the strongly U-shaped distribution of sperm transfer success in Fig. 5, Chapter 2). Explaining 
what process caused this finding and correcting experimentally or statistically for it in future 
experiments might increase the power to detect treatment effects on paternity success. For instance, 
the exact order in which matings take place might strongly affect postcopulatory fitness components 
when a species exhibits first donor sperm precedence (Pélissié et al. 2014) or last donor precedence 
(Marie-Orleach et al. 2014) and can be taken into account in the analysis. Another source of 
unexplained variation in postcopulatory fitness components might be manipulations of the ejaculate by 
the recipient during sperm digestion (Michiels 1998) and cryptic female choice (Charnov 1979). In 
general, processes that lead to large variation in the size of transferred ejaculates whether under 
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control of the sperm donor, the sperm recipient or influenced by their interaction may result in 
strongly skewed sperm precedence patterns. 

Chapter 3: Sex Allocation and Local Sperm Competition 

Certain aspects of sexual selection can influence the optimal sex allocation. In hermaphrodites, local 
sperm competition (Schärer 2009), can favor a more female-biased sex allocation. Previous studies 
showed that i) increased testis investment resulted in higher sperm transfer success and paternity 
success via the male function (Janicke and Schärer 2009; Marie-Orleach et al. 2016) and ii) that 
M. lignano changes its sex allocation according to the prediction from the local sperm competition 
model (e.g., Schärer and Ladurner 2003; Janicke et al. 2013). However, except for one study in a 
spermcast mating, colonial ascidian (Yund 1998), evidence for the mechanism by which local sperm 
competition leads to a change of optimal sex allocation, namely by making the male fitness gains for 
male allocation more diminishing, was still lacking. In accordance with predictions from sperm 
competition theory, I presented results in Chapter 3 that confirm the positive relationship between 
testis investment and paternity success. However, in contrast to predictions from the local sperm 
competition hypothesis, we did not find diminishing fitness returns for testis investment in smaller 
group sizes, i.e. group sizes which should have resulted in strong local sperm competition. 

Although several species, including M. lignano, change their sex allocation in accordance with the 
mating group size model (e.g., Trouvé et al. 1999; Al-Jahdali 2012; Janicke et al. 2013), we could not 
experimentally verify local sperm competition, the mechanism by which this phenotypically plastic 
change supposedly evolved. This is surprising given that hypotheses other than the group size model 
and the local sperm competition hypothesis, which could have helped to explain the evolutionary 
maintenance of hermaphroditism in M. lignano, do not seem likely either (see discussion of 
Chapter 3). 

It is possible that the statistical power to detect the predicted effect on paternity was low because of 
M. lignano’s rather low fecundity and the resulting substantial binomial sampling error (Marie-
Orleach et al. 2016). Furthermore, concluding from my PhD project, there seem to be many processes, 
about which we do not yet know much or which we cannot quantify easily, that also introduce 
variation in paternity success (see previous section). A more detailed understanding of the pre- and 
postcopulatory processes influencing fitness components for the male function would clearly benefit 
any future study trying to estimate treatment effects on paternity success. 

Concerning future experiments testing for the effects of local sperm competition on the shape of the 
male fitness gain curve, I propose two ways to improve the experimental design. First, generating 
greater variation in testis size and/or in sperm production rate—for example by using RNAi to knock 
down genes involved in testis function and sperm production (Sekii et al. 2013)—may make the 
detection of the predicted effects easier. Second, aiming to generate differences in local sperm 
competition large enough to be detected may improve the experimental design. For example, a design, 
in which a focal worm is paired with a recipient only some of the time, while the recipient is paired 
with a competitor the rest of the time, could increase the range of local sperm competition compared to 
levels experienced in triplets vs. octets. 

Chapter 4: Cytonuclear Conflict over Sex Allocation 

Since cytoplasmic genetic factors and nuclear genes are not inherited equally via female- and male-
derived offspring, the cytoplasm and the nuclear genome may be in conflict over the optimal sex 
allocation. Cytonuclear conflict over sex allocation can therefore be expected in all sexually 
reproducing eukaryotes that exhibit uniparental inheritance of the cytoplasmic genetic factors. 
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Although this conflict is present in plants as well as in animals, evidence for mitochondrial sex 
allocation distorters currently is restricted to the plant literature. In Chapter 4 I reported the results 
from a quantitative genetic breeding experiment testing for cytotype effects on traits related to sex 
allocation, as predicted under an ongoing cytonuclear conflict over sex allocation. In contrast to our 
predictions, we did not find evidence for strong cytonuclear conflict over sex allocation in M. lignano. 

After the incorporation of a symbiotic α-proteobacterium (the proto-mitochondrion) by an Archaea 
host and during the following coevolution, the proto-mitochondrion lost and transferred many genes to 
the nuclear genome of its host. The streamlining of the mitochondrial genome during this 
‘domestication’ process was particularly strong in animals and fungi, but not so much in plants (Gray 
et al. 1999; Adams and Palmer 2003; Gray 2012). This can be viewed as a resolution of the 
cytonuclear conflict in animals and fungi during which the nuclear genome ‘won’ (Burt and Trivers 
2008). It would be very interesting to study a case where a symbiont is at an earlier stage of the 
‘domestication’ period. I predict that the symbiont at this earlier stage, while its genome is not yet 
strongly reduced, may still have more evolutionary 'power' in the conflict and the manifestation of the 
conflict might thus be more readily visible. An interesting case study could also be the gynodioecious 
mustard hill coral (Porites astreoides) (Chornesky and Peters 1987), one of the very few known 
animals that show this sexual system (Weeks 2012). As gynodioecy is often caused by cytoplasmic 
sterility in plants, the range of vertically transmitted symbionts of this coral—namely ectoderm-
associated bacteria (Sharp et al. 2012), endosymbiotic dinoflagellates (Thompson et al. 2015), and 
possibly also apicomplexans (Kirk et al. 2013)—may prove to be responsible for sex allocation 
distortions. 

The lack of evidence in our experiment presented in Chapter 4 could also be due to the 
coevolutionary arms race being at a stage in which both the cytoplasmic sex allocation distorter and 
the nuclear sex allocation restorer are fixed in the population. Crosses between more distant 
populations could be used to reveal dormant cytonuclear conflicts in animals, as has been done 
successfully already in plants (Burt and Trivers 2008) and in other fields of evolutionary conflict 
research (e.g., Ting et al. 2014). The fact that ongoing cytonuclear conflicts, especially involving 
mitochondria, are so common in plants, but rare in animals, still remains puzzling and is worth further 
research. 

Interconnection between Aspects of Male-Female Phenomenon 

The different aspects of the male-female phenomenon covered in my thesis (i.e., sexual selection, sex 
allocation and genomic conflict) can potentially influence each other (Fig. 1). First, sexual selection 
affects the optimal sex allocation via the process of local sperm competition (Charnov 1980; Schärer 
2009) or when females bias their offspring sex ratio towards sons after mating with an attractive male 
(Burley 1981). Sex allocation may also influence the strength of sexual selection, if changes in sex 
allocation affect the operational sex ratio (Fawcett et al. 2011). Second, genomic conflicts in the form 
of cytoplasmic sex allocation distorters (Cosmides and Tooby 1981) or sex allocation distorters on sex 
chromosomes (Hamilton 1967) influence sex allocation in an obvious way. And lastly, genomic 
conflicts may also influence sexual selection (Price and Wedell 2008; Engqvist 2012). One example is 
cytonuclear conflict, which may lead to the accumulation of deleterious mutations on cytoplasmic 
genetic factors that only affect male fitness (Frank 2012). These mutations may be a common source 
of variation in intrinsic fertility of the male function. Intrinsic differences in fertility caused by male-
deleterious mutations on cytoplasmic genetic factors may affect the optimal male sperm investment. In 
particular, males should overall spend fewer resources on ejaculate investment when there is variation 
in intrinsic fertility in the population, because success during sperm competition will then be less 
influenced by differences in ejaculate investment, but instead by differences in intrinsic fertility 
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(Engqvist 2012). It therefore seems worthwhile to further study those connections between different 
aspects of the male-female phenomenon instead of focusing on them in isolation. 

Figure 1. Schematic illustration of how the different aspects of the male-female phenomenon covered in my thesis are 
connected to each other. 
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