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Abstract

Sex chromosome evolution in a hermaphrodite ancestor starts with the establishment
of a sex-determining region (SDR). Over time, sex-specific genes, and/or sexually
antagonistic alleles will become linked to the SDR. Sexually antagonistic alleles are a
type of genetic variation that increases fitness for one sex while being detrimental for
the other sex. Recombination arrest around the SDR and genes linked to it will
evolve, effectively preventing breaking up of advantageous gene combinations.
Eventually, the region of recombination arrest will increase as more sex-specific genes
migrate to the proto-sex chromosome, and this will in the end lead to degenerated sex
chromosomes where deleterious mutations accumulate and genes are lost. However,
most research to date has focused on old, already degenerated sex chromosomes, and
relatively few have looked at the very initial phases of sex chromosome evolution. In
this thesis, I aimed at producing a deeper understanding of the very beginning of sex
chromosome evolution in a hermaphrodite ancestor. I do this both with sex-limited
experimental evolution, simulating the evolution of a sex chromosome in a
hermaphrodite (the simultaneous hermaphroditic flatworm Macrostomum lignano),
and by examining the relationships between male and female fitness components in
the study species. When mimicking the evolution of a sex chromosome, a genetic
marker (GFP, green fluorescent protein) acted as a sex-determining gene. In the male-
limited selection, the marker was passed through sperm (fitness through male sex
role), and in the female-limited selection, it passed through eggs (i.e. fitness though
female sex role). There were 4 replicate populations per treatment (male-limited,
female-limited and control treatment).

Here, I show that additive genetic variance for female fitness is three times larger than
male fitness in stock populations of M. lignano. 1 also found that additive genetic
variance was environment-specific, and the difference depended on the sex-role. The
relationship between male and female fitness was weak both on the genetic and
phenotypic level, and it did not seem to change across environments. This indicates
that male and female fitness function can evolve independently from each other, and
that there was no sexual antagonism between sex roles. Despite this, we could show
evidence of a genetically-based trade-off in the sex-limited experimental evolution,
indicating that we might have reinforced a negative intersexual genetic correlation
between sex roles during the course of the experiment. Gene expression analysis also
revealed that the largest number of differentially expressed genes was between the
male- and female-limited selection treatments, but there was no expression difference
between treatments in the sex-specific organs (antrum and prostate gland). In any
case, we could show proof of concept that the early stages of sex chromosome
evolution are observable in real time.
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Svensk sammanfattning

Avhandlingens syfte har varit att studera utvecklingen av en konskromosom i realtid
genom att simulera dess framvixt i en hermafroditisk plattmask i laboratoriet. Jag
jorde detta genom att selektera pd dels honlig fitness (fitness via dgg), dels hanli
gjorde detta g et seleke dels honlig fitness (fit gg), dels hanlig
fitness (fitness via spermier) med hjilp av en genetisk markér, som agerade som en
konsbestimmande gen. Detta ska efterlikna den process som borde ha skett da

utvecklingen av konskromosomer bérjade for flera miljoner ar sedan.

Man tror att hanar och honor utvecklades forst och att detta ledde till utvecklingen av
kénskromosomer. Det borjade med en urpopulation dir alla var hermafroditer, det
vill siga individer som kunde reproducera sig bide som hane och hona. Tvé olika
mutationer behdvdes sedan for att utveckla hanar och honor: en som steriliserar han-
funktionerna och en annan som steriliserar hon-funktionerna. Utan de mutationerna
blir resultatet en population av hermafroditer och hanar, eller det mer vanliga bland
vixter, hermafroditer och honor. Nir vil uppdelningen av kénen har skett, kunde
utvecklingen av konskromosomer ske.

Individerna hade d& en konsbestimmande region pa en si kallad proto-
konskromosom, det vill siga en kromosom som kommer utvecklas till en
konskromosom. Intill den kdnsbestimmande regionen pi proto-kénskromosomen
migrerar girna gener och gentyper (alleler) som 4r gynnsamma for just det kénet.
Vissa alleler som migrerar dr sexuellt antagonistiska, vilket betyder att de till exempel
ir fordelaktiga for hanars fitness samtidigt som de har negativa effekter pa honors
fitness. Pi proto-konskromosomen finns nu den konsbestimmande regionen, samt
gener som dr fordelaktiga for utvecklingen av just det konet. Dock kan den
fordelaktiga kombinationen av gener brytas ner genom att kromosompar
rekombinerar (iven kallat 6verkorsning). Dirfér utvecklas en hidmning mot
overkorsningen precis runt omrddet dir de konsspecifika generna och den
konsbestimmande regionen sitter. Under evolutionens ging migrerar fler och fler
konsspecifika gener till proto-konskromosomen, och omridet som himmats mot
overkorsning 6kar sakta men sikert tills det eventuellt kan ticka hela kromosomen.
Det ir precis vad som har hint i minniskans Y-kromosom. Forskning har ocksé visat
att himningen av rekombination har resulterat i att Y-kromosomen innehiller fa
gener och manga skadliga mutationer. Teorierna ér svira att bevisa genom att studera
konskromosomer som har funnits i flera miljoner ar hos till exempel bananflugan eller
minniskan.

Min avhandling kretsar kring teorin om konskromosomers uppkomst i en
hermafroditisk urpopulation, och speciellt kring vad som hinder i de forsta
utvecklingsfaserna. Jag har undersokt detta bade pa fenotypisk och genetisk niva.
Hypotesen var att de han-selekterade populationerna efter flera generationer skulle bli
bittre pa att vara hanar (f fler avkommor via spermier), medan de hon-selekterade
populationerna skulle bli bittre pa att vara honor (fa fler avkommor via 4gg). Pa gen-
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niva r min hypotes att gener som gynnade hanar eller honor skulle koncentreras nira
den genetiska markdren, och att uttrycket av hon-specifika gener skulle vara hogre i
de hon-selekterade populationerna, medan uttrycket av han-specifika gener skulle vara
hégre i de han-selekterade populationerna.

Jag undersokte ocksd relationen mellan hanlig och honlig fitness. For att
hermafroditer ska utvecklas till hanar och honor maste det finnas en fordel med det.
Det ir di antagonistiska gener kommer in i bilden. Jag undersokte pa fenotypisk och
genetisk nivd om de hermafroditiska maskarna fick kompromissa mellan att vara
framgangsrika som hanar eller honor. Vad fanns det for korrelation mellan hanlig och
honlig fitness? Svaret dr att i populationer som inte var utsatta f6r konsspecifik
selektion fanns det ingen korrelation alls, vilket betyder att honlig och hanlig fitness
fungerar oberoende av varandra. Diremot, efter 14 generationer av evolution, kunde
jag se en genetisk trade-off mellan hanlig och honlig fitness. Kanske var detta tydligare
i den experimentella evolutionen. Denna trade-off dr beviset pd att evolutionen i
laboratoriet har fungerat och att vi faktiskt kan undersoka hur en konskromosom
utvecklas i realtid. Dessutom undersokte jag om selektionen ledde till en genetisk
respons i populationerna. Det fanns flest signifikant uttryckta gener mellan de han-
selekterade och hon-selekterade populationerna, vilket betyder att ndgot definitivt har
hint.

Slutligen férdjupade jag mig i forhallandet mellan den hanliga och honliga kénsrollen
i hermafroditer. Dels undersokte jag hur stor den genetiska variationen var for hanlig
och honlig fitness, dels om den paverkades av dndringar i livsmiljon. Det visade sig att
det var storre genetisk variation for honlig fitness 4n hanlig fitness, att den genetiska
variationen for fitness andrades i stressiga miljoer f6r maskarna (6kad salthalt och lite
foda) och dndringen var kdnsspecifik. Detta tyder pa att genetisk variation skiftar och
beror pd manga faktorer. Att det finns genetisk variation i fitness betyder ocksa att det
finns négot for evolutionen att selektera pa.

Jag har kunnat visa att hermafroditer kan svara pa konsspecifik selektion och darfor
att det gar att studera hur konskromosomer utvecklas i realtid. Det ér jittespinnande!
I framtiden skulle det vara intressant att titta pd kromosomerna i de selekterade
populationerna och se om det, i enlighet med evolutionsteorier om konskromosomer,
ligger konsspecifika gener runt den genetiska markdren som imiterar en
konsbestimmande gen. Forst did kanske vi kan bekrifta att teorierna om hur
konskromosomer utvecklas verkligen stimmer.
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Introduction and background

Why sex?

If we want to understand why many animals and some plants have evolved into two
distinct mating types, we need to start from the beginning, with the definition of sex.
A generally accepted definition of sex is the occurrence of meiosis, i.e. meiotic sex.
This involves the fusion of two haploid cells to form a diploid zygote, and ends with
the formation of new haploid cells, through the process of meiosis when interacting
genomes can recombine (Beukeboom & Perrin 2014). In most cases this is linked
with sexual reproduction (Mirzaghaderi & Hoerandl 2016).

The many costs and few benefits of meiotic sex

Sex can be costly; both because it is time consuming on a genomic level, and the act
of recombination can also break down successful gene combinations built up by
selection (Beukeboom & Perrin 2014, Lehtonen & Kokko 2011, Lewis 1987). Other
disadvantages are more related to sexual reproduction, such as the energy spent on
development of sex-specific organs and increase in predation risk due to complicated
behaviors and morphological displays prior to or during the act of mating
(Beukeboom & Perrin 2014, Lewis 1987). The last disadvantage is called the “two-
fold cost of sex” and refers to males, who only transfer genes to their offspring, and
cannot efficiently convert energy to the production of offspring directly. Sexual
reproduction also results in something called “genome dilution”, which refers to the
fact that only half of the genome of an individual is transferred to the offspring
(Lehtonen & Kokko 2011). Note, however, that for hermaphrodites the two-fold
cost of sex does not apply, and for hermaphrodites that self fertilize genome dilution
does not apply either.

Since sex has evolved, it has to come with some advantages. One of the advantages of
meiotic sex could be the repair mechanism of recombination (Mirzaghaderi &
Hoerandl 2016). Recombination itself could also be advantageous, especially in
variable environments or when there are temporal changes in selection pressures. The
mixing of different genomes can reveal hidden genetic variation through
recombination, and also break up old associations between genes and combine them
into new ones that are beneficial for the novel environment (Beukeboom and Perrin

2014, Otto 2009).
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Sexual conflict over mating rate gives insight into the paradox

Because of the many disadvantages of sex, individuals should mostly be asexual with
some occasions of sex, since this would minimize the cost. Species with these
strategies do exist, but they are few, and this still does not explain why there are so
many animals that have evolved sex. A recent study looked into if a facultative
reproductive mutant could invade a sexual system (Burke & Bonduriansky 2017).
They argue that the conflict over mating rate makes it hard for a facultative
reproductive mutant to invade, because they can be selected to avoid all matings since
they gain fitness even as virgins. Therefore, it is easier for an asexual mutant to invade
a sexual population than a facultative sexual one.

Evolution of anisogamy

The evolution of sex and separate sexes is tightly linked and traces back to the
evolution of anisogamy (Lehtonen ez al 2016). Anisogamy, meaning gamete
dimorphism, is found in metazoans, and defines the sexes; males have small gametes
and females have large gametes (Beukeboom & Perrin 2014).

Two gamete types

Anisogamy is very old, and may very well have arisen more than a billion years ago
(Lehtonen & Parker 2014). The evolution of gamete dimorphism has happened
independently several times in the course of history, and often evolved in conjunction
with the complexity of organisms (Beukeboom & Perrin 2014, Charlesworth &
Charlesworth 2010). Key aspects are the survival of the zygote, which increases with
larger size. A trade-off emerges here: if parents make smaller gametes they can make
more of them but larger gametes increase zygote survival (Lehtonen & Parker 2014).
It is thought that opposing selective pressures to maximize the total number of
gametes led to disruptive selection towards two gamete-size strategies (Beukeboom &
Perrin 2014). Models show that given all these circumstances, the fitness of both
partners is maximized if one partner evolves small and mobile gametes and the other
larger and immobile gametes (Beukeboom & Perrin 2014, Bulmer & Parker 2002).

Once anisogamy has evolved, it can easily be maintained, especially when there is a
large size difference between sperm and eggs (Lehtonen & Kokko 2011, Lehtonen &
Parker 2014). The explanation for this lies in gamete competition, fertilization success
and nutrition provisioning per gamete. Producing many small gametes does not
assure that every gamete gets fertilized, and in fact, many gametes (i.e. sperm) will end
up unfertilized. Therefore it makes little sense to increase the gamete size (hence
provisioning per gamete), especially before it is known which of all gametes will lead
to increased fitness. It is simply not worth it energy-wise (Lehtonen & Kokko 2011,
Lehtonen & Parker 2014). So in many ways anisogamy and differentiated sexes is an

14



evolutionary one-way street, which is almost impossible to reverse (Lehtonen &

Parker 2014).

Did anisogamy result in gonochorism or hermaphrodites?

Once anisogamy evolved, it created a firm base from which the evolution of separate
sexes could develop. But the question still remains if gonochorism evolved directly,
meaning males and females as separate individuals, or hermaphrodites first, where the
male and female gametes are found in the same individual. The green algae Volvox is
extremely anisogamous but includes both hermaphroditic and separate sexed species
(Charlesworth & Charlesworth 2010, Isaka et 2/ 2012). In animals however,
hermaphroditism is probably the derived state, which is favored under certain
ecological conditions, whereas hermaphroditism probably is the ancestral state in
flowering plants (Avise 2011, Charlesworth & Charlesworth 1978, Charnov ez al.
1976). A “gamete-view -explanation of why separate sexed organisms might be the
ancestral state is that the easiest way of altering size of gametes would be to increase
cell division (and/or rate), which might be harder if the same individual must produce
two kinds of gametes (Lehtonen and Parker 2014).

Hermaphroditism

Organisms that can reproduce as both females and males within their lifetime are
called hermaphrodites. They occur in more than 90 % of the plant phyla and 70% of
all animal phyla (Rice & Gavrilets 2014). Among vertebrates only around 1% are
hermaphroditic, which is essentially fishes, and in invertebrates the frequency is 6%.

The latter number increases quite dramatically to 30% if insects are excluded (Avise
2011, Schirer 2009).

Hermaphroditic plants

Although I will focus on hermaphroditic animals, hermaphroditism in plants cannot
be neglected since it is very widespread. Most of the theory around the evolution from
hermaphroditism to gonochorism has also been developed in plants (Avise 2011).

Botanists have structured the major plant sex conditions in six categories as shown in
figure 1. It can be thought of as a continuum with strict dioecy in one end (plants
with flowers containing strictly male parts, stamen, or female parts, carpel, on separate
individual plants) and strict hermaphroditism on the other end (either as monoecy
with individuals having flowers containing only male or female parts on the same
individual plant or narrow-sense hermaphroditism with individuals having “perfect”
bisexual flowers containing female and male parts). Narrow-sense hermaphroditism

15



occurs in 72% of all angiosperms and is by far the most common sexual system (Avise
2011). However, most of the Pine trees (Pinaceae) and Cypresses and allies

Hermaphroditism Andromonoecy Androdioecy
(narrow sense) 2% < 1%
72%

69 g9 98 @5 09 @
§9¢ §o9 JIg F0g gIg 9.

Monoecy Gynomonoecy Gynodioecy
5% 3% 7%

90 5% &9 99 g9 o
5'Ge 5T 990 JOF  Go g 900

Figure 1. Plant sexual categories can be divided in six categories (excluding dual-sex plants), where narrow sense
hermaphroditism and monoecy counts as hermaphrodites and the other categories are a mix of bisexual flowers and male
or female flowers. Percentages indicate the approximate percentages of angiosperms that display each sexual category.
Adapted after Avise (2011).

(Cupressaceae) for example, are monoecious (Avise 2011). The intermediate sexual
categories in this sexual system continuum are plants that are either
andromonoecious, with “perfect” bisexual flowers and male flowers on same
individual or gynomonoecious, with bisexual flowers and female flowers on the same
individual. These sexual systems are rather rare, occurring in 2% and 3% of
angiosperms, respectively. Horse nettle (Solanum carolinense) is an example of an
andromonoecious species. The male flowers are smaller than the bisexual flowers, and
have a reduced nonfunctional carpel. Gynomonoecy occurs in the Aster genus
(Asteraceae) among others (Bertin & Kerwin 1998).

The two last sexual systems in plants are androdioecy, with individuals having either
only male flowers or only bisexual flowers on individuals or gynodioecy, with
individuals having only female flowers or only bisexual flowers on individuals (Avise
2011, Lloyd 1980). Androdioecy is the rarest sexual system in both plants and
animals, occurring in less than 1% of angiosperms (Avise 2011). This might be
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because it is harder for pure males to achieve a fitness advantage against
hermaphrodites than pure females (Charlesworth 1984). Theoretically, pure males
can persist in a population with hermaphrodites only if their fertilization success is
twice that of hermaphrodites. This could only work if selfing is highly
disadvantageous in the species (Charlesworth 1984). Durango root (Datisca
glomerata) is androdioecious and just as predicted, this plant has high outcrossing
rates (Fritsch & Rieseberg 1992). Gynodioecy occurs in 7% of angiosperms, and is
the second most common sexual system described in more than 40 plant taxonomic
groups (Avise 2011). Thyme (7hymus vulgaris) is one of them, and according to
theory again, (Couvet ez al. 1985) found that hermaphroditic plants had a lower
percentage of seed set than female plants, suggesting that there was a selective pressure
towards male sexual function.

In a sense, hermaphroditism is more complicated within plants compared to animals,
p p p p
because there is a higher degree of variation in the structural arrangement of the
flowers on each plant (Avise 2011). It is also worth noting that the sexual categories of
plants are far less rigid than they seem. Some plants have different sexual systems
between and sometimes even within populations. Therefore, as mentioned before,
pop
plant sexual categories should be seen more as a biological continuum (Avise 2011,

Lloyd 1980).

Simultaneous hermaphroditism - common among invertebrates

Hermaphrodites can be either sequential, meaning that there is a temporal separation
between being a male and being a female, or simultaneous, which are hermaphrodites
that produce sperm and eggs during their whole lifetime (Avise 2011). Among
invertebrates, simultaneous hermaphroditism is most common, even though
sequential hermaphroditism is represented as well (Avise 2011, Eppley & Jesson
2008).

Jarne & Auld (2006) reviewed the distribution of simultaneous hermaphroditism in
invertebrates, occurring in 22 out of 32 phyla. Some examples are corals (Cnidaria),
love-dart-snails (Mollusca), earthworms (Annelida) and flatworms (Platyhelminthes).

Sequential hermaphroditism - common among hermaphroditic fish

Fishes are the only vertebrates that are hermaphroditic, and most of them are
sequential, and few being simultaneous (Avise 2011). The sex change appears in
adulthood, and can be either protoandrous, meaning that they change sex from male
to female, or protogynous, which means changing sex from female to male. The latter
is most common, and beyond this bi-directional sex changers also exist.

Protoandry is not as common among fishes, but exist in anemone fishes (Miura et al.
2003). Many anemone fish live in communities with one dominant female and
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several smaller males and juveniles. That protoandry is more rare than protogyny in
fish might come as a surprise because large females often have a reproductive
advantage, since they can produce more eggs and small males can produces lots of
sperm relatively cheaply. However, protoandrous species usually result in a male-
biased sex ratio, thereby increasing the sperm competition to a degree that it is not
advantageous for individual fitness anymore (Avise 2011).

Why be a hermaphrodite?

There are many theories on why hermaphroditism could be advantageous. One factor
could be that it provides mating assurance for organisms with low mate search ability,
for example sessile or nearly sessile animals, because they can mate with any individual
they encounter, or self fertilize if they do not find any partner (Eppley & Jesson
2008). It can also be advantageous to be hermaphroditic for any species with low
population density (Charnov 1979, Puurtinen & Kaitala 2002, Tomlinson 1966).
Charnov (1979) argued that hermaphroditism will be favored if male reproductive
success is limiting, for example when there is a small mating group size so that the
number of eggs to be fertilized are small. Another theory is that, in the light of sex
allocation theory, hermaphrodites can allocate resources to either male or female
gametes depending on the mating group size, which could vary. If the mating group
size is for example too small, local sperm competition (i. e. competition among
related sperm) will increase, which will decrease male fitness gains (Schirer 2009).

Being a sequential hermaphrodite can have advantages too. Usually there is a
reproductive advantage to mating as male or female when being small or large. In
protogynous species, such as many wrasses and parrotfish (Avise 2011, Warner 1988),
males have a size-advantage, which means that their reproductive output increases
with size and age. These fish usually have a sexual system where large males
monopolize mates (Warner 1988).

When can a gene for hermaphroditism invade a population with separate sexed
individuals? Charnov et al. (1976) answered this question theoretically. If one assumes
that males and females have equal reproductive success, an outcrossing hermaphrodite
can then invade if its reproductive success exceeds the average reproductive success for
the individuals that reproduce only as female or male. However the outcome can
change depending on the trade-off function between male and female fitness for
hermaphrodites (figure 2 after Avise 2011, Charnov ez al. 1976). If there is a convex
fitness curve, i. e. a positive correlation between male and female fitness, the
hermaphrodite is the evolutionarily stable outcome. If the fitness curve is concave,
which means a negative phenotypic correlation (i.e. a trade-off in sex roles) between
male and female fitness, separate sexed individuals are the evolutionary stable
outcome. If the fitness curve is mixed between individuals, the outcome is a stable
mixed population of the two strategies (Charnov ez a/. 1976).
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Selfing versus outcrossing

Indeed, fertilization success is an important factor for the evolution of
hermaphroditism (Avise 2011). But with that, comes the question of self-fertilization
(i.e. mating with oneself) versus outcrossing. Simultaneous hermaphrodites, those
producing female and male gametes during their whole lifetime, are usually capable of
self-fertilizing (Avise 2011). If selfing is high in a population of hermaphrodites,
genetic variation will drop and homozygosity for any allele will increase. This also
means that recessive deleterious alleles become expressed, thus affecting fitness, a
phenomenon known as inbreeding depression (Avise 2011).

Although selfing may lead to inbreeding depression, many organisms do self-fertilize,
and the fact that it is not immediately replaced entirely by outcrossing probably
means that it has some evolutionary advantage (Avise 2011). One of the advantages
with selfing is the guarantee of reproduction (Darwin 1876). When no mating
partner is around it is better to self than to not reproduce at all. Therefore, selfing will
be promoted, as long as there are no other disadvantages, such as inbreeding
depression. During stable habitat conditions for example, selfing creates individuals
with similar co-adapted gene complexes, which would have been broken apart by
outcrossing and recombination. However, as soon as the habitat is changing over time
or is heterogeneous, outcrossing should be advantageous.

Jarne & Auld (2006) examined selfing among invertebrates and found that most
phyla had an intermediate selfing rate. They suggested that a mixed-mating system
with intermediate selfing rates was the most evolutionary stable, taking advantage of
the benefits from both selfing and outcrossing in a best-of-both-worlds strategy.
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Figure 2. Convex (A), concave (B) and mixed (C) fitness curves for hermaphrodites, where « and B indicates the fitness for
male and female sex roles, respectively, for the hermaphrodites relative to the males and females. The filled circle(s)
indicate the evolutionary stable outcome of each scenario, where A is hermaphroditism, B is separate sexes and C is a
mixture of the two. Adapted after Charnov et al. (1976) and Avise (2011).
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Sex roles, sexual conflict and sexual antagonism

The maintenance of anisogamy consequently lead to the evolution of males and
females and all that this entails, and these sex differences are usually driven by sexual
selection and sexual conflict. This conflict is thought to arise already on the gamete-
level, where in females, alleles coding for large gametes are favored, while alleles
coding for small gametes are favored in males (Beukeboom & Perrin 2014). Sexual
conflict can be broadly divided into inter-locus sexual conflict and intra-locus sexual
conflict (Arnqvist & Rowe 2005), depending on the expected genetic basis of the
trait.

Sex roles and interlocus sexual conflict

Inter-locus sexual conflict is mediated by opposing behavioral interests among females
and males, and the genetic basis of these traits are different for females and males
(Arngvist & Rowe 2005). Inter-locus sexual conflict can happen over any behavior
that concerns both sexes, such as fertilization efficiency, mating effort, parental care
etc., and adaptations in these traits are expected to be located on different loci in
males and females (Arnqvist & Rowe 2005). For example if mating rate is
determined at locus A in females and locus B in males, the interaction between these
opposing loci is under inter-sexual conflict (Arnqvist & Rowe 2005).

Sexual antagonism

Intra-locus sexual conflict, is when a shared trait for the sexes has opposing fitness
optima in males and females (Arnqvist & Rowe 2005). Therefore, intra-locus sexual
conflict prevents the sexes from reaching their maximum fitness, and this creates
opposite selection pressures, leading to antagonistic selection (figure 3)(Jordan &
Charlesworth 2012, Pennell & Morrow 2013, Rice & Gavrilets 2014). The opposite
selection pressures on the two sexes can result in the maintenance of polymorphisms,
where different alleles are favored in each sex (Connallon & Clark 2012). In fact,
polymorphisms at sexually antagonistic loci are estimated to explain a large
proportion of the fitness variation within populations (Jordan & Charlesworth 2012).
(Intralocus) sexual antagonism has been shown in several animals, such as Drosophila
melanogaster, red deer (Cervis elaphus, Foerster et al. 2007), collared flycatchers
(Ficedula albicollis, Merila et al. 1997), Zebra finches (Taeniopygia gutta, Price &
Burley 1993) and crickets (Allonemobious socius, Fedorka & Mousseau 2004) among
others.

However, sexual antagonism can sometimes be resolved at a given locus, by
decoupling the female and male phenotype, for example via sex-limited mutations or
genes located on sex chromosomes (Bonduriansky & Chenoweth 20092, Mank
2009). In fact, genetic variation that has been characterized as sexually antagonistic
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has been shown to be linked to or located on sex chromosomes, such as in red deer
(Foerster et al. 2007) and Drosophila melanogaster (e. g. Connallon & Jakubowski
2009, Gibson ez al. 2002), although it is worth noting that sexually antagonistic loci
are found on autosomes as well, for example in the cricket allonemobius socius
(Fedorka & Mousseau 2004), Drosophila serrata (Delcourt er al. 2009) and the side-
blotched lizard Utza stansburiana (Calsbeek & Sinervo 2004).

P < Trait distribution

Figure 3. Intralocus sexual conflict for a quantitative trait (grey area) shared between males and females. Dashed lines
indicate fitness functions for males (purple) and females (orange). The fitness optima differ between sexes, and the
selection is in opposite direction for the sexes.

Sexual antagonism in simultaneous hermaphrodites

Even though sexual antagonism, i. e. opposing selection pressures for males and
females, traditionally has been studied in separate-sexed organisms, it is starting to get
more attention within hermaphrodites (Abbott 2011, Arngvist & Rowe 2005, Rice &
Gavrilets 2014).

Behaviorally mediated conflict over fertilization success (i. e. inter-locus sexual
conflict) has been studied quite extensively. For example, love-dart snails and
earthworms mate simultaneously, meaning that each individual functions as male and
female during mating, each partner receiving and donating sperm (Avise 2011). This
reciprocal exchange of gametes can cause conflict of interest between the two partners
and their female and male sex role, since the fitness outcome might be unequal for the
different sex roles (Leonard 1993). This might lead to a so-called evolutionary “arms
race” (Leonard 1993). The brown garden snail (Cantareus aspersus) has shown to be
involved in such an arms race (Koene & Chase 1998). The snails pierce the skin of
their partner with a calcareous structure that resembles a dart. The dart is covered in
mucus, and has been shown to manipulate the female organ of the other partner, and
facilitate fertilization success (Koene & Chase 1998). Similarly, earthworms have
special bristles called setae, which pierce the skin of their partner during mating and
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release an allohormone, which facilitates sperm transfer (Koene ez 4/ 2002). An
allohormone is a substance, produced by one individual and transferred to the other,
that induces a direct behavioral or physiological response (Koene & ter Maat 2001).

If the conflict is occurring in a shared trait (i. e. intra-locus sexual conflict) it can lead
to opposite selection pressures for males and females in separate-sexed organisms
(Arnqvist & Rowe 2005, Chapman ez al. 2003). As opposed to inter-locus sexual
conflict, it has not been examined in hermaphroditic animals.

Intra-locus conflict in hermaphrodites can rather be seen as opposing selection
pressures for female and male sex roles within an individual (Avise 2011, Schirer ez al.
2014). This complicates things a little, especially for simultaneous hermaphrodites,
because one has to consider the consequences for both male and female fitness, and
which sex role each partner assumes during mating as well as sex allocation for each
sex role (Abbott 2011, Schirer ez al. 2014). Schirer et al. (2014) argued that intra-
locus sexual conflict in the strict sense cannot exist in hermaphrodites. Rather, it
should be thought of as antagonistic pleiotropy, where the opposing fitness effects in
the male and female sex role is traded-off as a life history trait within the lifetime of
an individual. That means that sexual antagonism in simultaneous hermaphrodites is
more immediate compared to separate-sexed organisms (Schirer ez a/. 2014).

Plant studies have found opposing selection for female and male sex function
(Campbell 1989, Morgan & Schoen 1997) but no such studies have yet been
performed in a hermaphroditic animal (Abbott 2011). However, male and female
fitness is probably not equally distributed in each individual, because usually there is
size-dependent sex allocation (Schirer ez a/. 2014). This could lead to linkage between
sexually antagonistic alleles and sex allocation alleles (Schirer er al. 2014). Sex
allocation has been shown to be influenced by the environment such mating group

size (Schirer 2009), but also contribute to the standing genetic variation (Schirer ez
al. 2014).

Measuring sexual antagonism

Heritability of fitness and the intersexual genetic correlation

Quantitative genetics (see methodology section) is used to determine the genetic
variance and heritability of the traits of interest, and also the genetic correlation rG
between a pair of traits (i.e. the proportion of phenotypic co-variance that can be
explained by the covariance of the additive genetic variance, COVj, see methodology
section). The heritability measure of fitness traits is generally smaller than for other
traits (such as morphology traits), especially in wild populations (Kruuk ez a/. 2000,
Mousseau & Roff 1987). This is thought to be because natural selection depletes the
genetic variance for fitness, and populations in equilibrium would have no heritable
variation for fitness because all alleles linked to fitness will have reached to fixation
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(Kruuk et al. 2000). However, processes maintaining genetic variation for fitness
could be for example sexual antagonism (Connallon & Clark 2012). The potential for
sexual antagonism can be estimated with the intersexual genetic correlation, rur,
which is a special case of rg and describes the proportion of phenotypic covariance
that can be explained by the genetic covariance between a shared trait for males and
females (Bonduriansky & Chenoweth 2009a). For fitness traits, rur < 0 is evidence
for sexual antagonism, whereas a value of 1 is absence of sexual antagonism. It is
however worth keeping in mind that ryr assumes variances in male and female fitness
do not differ, and that all the genetic variance is additive.

When the intersexual genetic correlation has a value between 0 and < 1, it is hard to
draw any conclusions of absence or presence of sexual antagonism, since sex-limited
alleles rather than sexually antagonistic alleles could have affected the outcome
(Bonduriansky & Chenoweth 2009a). Fitness traits have been found to have a
negative ryr in several studies (Berger ez /. 2014, Brommer ez al. 2007, Chippindale
et al. 2001, Foerster et al. 2007a). Poissant et al. (2010) reviewed the inter-sexual
genetic correlation across different populations and between fitness components and
other traits. They found that ryr is most often large and positive for most traits except
fitness traits, which in general are smaller, and sometimes negative. In case of a
positive intersexual genetic correlation it could also be consistent with sexual
antagonism, assuming that selection on the trait in question is opposite between the
sexes (Poissant ez a/. 2010).

Influence of the environment

The intersexual genetic correlation is expected to differ in environments, due to
genotype by environment interactions (Cheng & Kirkpatrick, Punzalan ez al. 2014).
Despite this, fairly few studies have measured the role of sexually antagonistic genetic
variation in different environments (Poissant et 2/. 2010, Punzalan et /. 2014).
Punzalan ef al. (2014) measured male and female lifetime fitness in Drosophila serrata
in different lab environments, and found that ryr differed substantially across
environments, form negative to positive in some cases. Similarly, other studies have
also found environmental variability for rvr in longevity in Drosophila melanogaster
for different temperatures (Vieira ez al. 2000), branch number at low and high density
in white campion (Lyons ez al. 1994), and stressful versus benign temperatures in seed
beetles (Berger er al. 2014). Poissant ez al. (2010) also looked at ryr in different
environments and found it to be very variable, suggesting that only measuring ryr in
one environment may not always be sufficient to understand the evolutionary
dynamics of the intersexual genetic correlation.
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Evolution of sex chromosomes

Sex determination

There is a remarkable diversity in how sex is determined among species. Generally,

sex determination mechanisms in animals are divided into environmental sex
determination (ESD) and genetic sex determination (GSD) (Bull, 1983).

In animals with ESD, sex is determined by an environmental cue such as
photoperiod, habitat, pH or temperature (Bachtrog ez al. 2014, McCabe & Dunn
1997). This includes marine amphipods (phototperiod-dependent), reptiles
(temperature-dependent) and marine spoon worms (substrate-dependent) (Berec ez al.
2005, Guler er al. 2012, Janzen & Paukstis 1991). It is worth keeping in mind that
even though genes in ESD do not influence the determination of sex per se, they are
still responsible for sexual development in these organisms.

The most common sex determination system known is GSD and there is a wide
variety of different types, for example male or female heterogameity and polygenic sex
determination. Many mammals and birds have two morphologically different sex
chromosomes, called heteromorphic sex chromosomes. Male heterogamety (male XY
and female XX system) is found in mammals including humans, and female
heterogamety (female ZW and male ZZ system) is found primarily in birds and
butterflies (Bull 1983). The X(Z) is large and gene-rich and the Y(W) small and gene-
poor (Berset-Brindli ez al. 2007). This heteromorphism has built up over millions of
years over evolutionary time, because of gene loss on the Y(W) chromosome due to
restricted recombination between the sex chromosomes. This recombination arrest
efficiently preserves the sex-determining loci and sex-linked genes nearby

(Charlesworth & Charlesworth 2000).

When several independent loci determine sex, this is called polygenic sex
determination (PSD). These systems can have chromosomes modified into a third sex
chromosome or have sex determining loci at autosomes that interact with
contemporary sex chromosomes (Charlesworth & Charlesworth 2000). The latter is
found in the housefly (Musca domestica), and several rodents (Veyrunes ez al., 2010,
Bull and Bulmer, 1981, Gileva and Fedorov 1991, Winking ez a/., 1981). Since some
PSD systems have several sex chromosomes but only two sexes, it means that females
and males in the same species can have different genotypic sex. This may result in
different classes of females and males with different fitness (Moore & Roberts 2013).

Transitions between hermaphroditism and gonochorism

In animals, contrary to plants, hermaphroditism seems to be the derived state (Avise
2011). With that being said, animal sex determination differs a great deal between
taxa, from birds and mammals where the XY/ZW systems are very ancient (Marshall
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2016), to fish where sex determination systems seem to be very flexible and have a
higher turnover (Avise 2011, Beukeboom & Perrin 2014). However, separate sexes
have evolved independently many times in animals and plants (Bachtrog ez al. 2014).
Most of the research on evolutionary transitions from hermaphroditism to
gonochorism has been on plants, and that is also where theories of sex chromosome
evolution have originated (Avise 2011, Charlesworth ez al. 2005a).

Dioecy may evolve in two different ways; either by a gradual change of the investment
in either sex role, or a rapid change with female- or male-sterility mutation, the latter

has been developed in plants (Bachtrog ez al. 2014).

There are two proposed theoretical pathways to dioecy, one through gynodioecy and
the other through androdioecy (Avise 2011). They are both predicted to happen
rather rapidly through the appearance of a sterility-mutation. The first path starts
with a male-sterility mutation, making some individuals female. Hermaphrodites then
decrease female allocation as a response to selection, and eventually lose the female
function, thus making them male. This pathway is most common and has been found
in plants such as papaya and strawberry (Bachtrog er a4l 2014). The other
evolutionary pathway, through androdioecy, starts with a female-sterile mutant,
creating males, which would select for decreased investment in the male function in
hermaphrodites. Eventually hermaphrodites lose male function and become entirely
female. The gynodioecy pathway to dioecy is far more common, probably because it
is easier to have a reproductive advantage compared to hermaphrodites as a pure
female for reasons already discussed. Male-sterility mutations are also far more
common in plants than female-sterility mutations, although it is impossible to tell if
that is a consequence or a cause of the gynodiecy pathway being the most common in

plants (Avise 2011, Bachtrog ez al. 2014).

Can separate-sexed organisms evolve back to being hermaphrodites? In plants, such as
the bitter cord family Momordica, monoecy evolved from dioecy several times
independently (Schaefer & Renner 2010). This reversal can sometimes be impossible
for animals with highly differentiated sex chromosomes and complex phenotypes, as
mentioned before (Bull & Charnov 1985). But there are cases in which animals have
evolved from dioecy to androdioecy, males and hermaphrodites, in branchiopod
crustaceans for example (Pannell 2002).

Evolution of heteromorphic sex chromosomes

Once separate sexes have been established from a hermaphrodite ancestor through the
possible pathways described in the previous section, recombination in the sex-
determining region (female and male determining region respectively) is suppressed,
effectively preventing separation of sex-determining gene(s) (figure 4) (Beukeboom &
Perrin 2014, Charlesworth & Charlesworth 2000).
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There are two ways in which recombination between the proto-X and proto-Y sex
chromosomes can be hindered. Either recombination rates can be gradually reduced
through genetic modifiers, or inversion of large parts of the chromosome can restrict
recombination of these regions (Charlesworth ez al. 2005a). As sexually antagonistic
alleles appear, the recombination suppression region of the proto-Y starts to increase
(Charlesworth & Charlesworth 2000, Charlesworth ez al. 2005a). A sexually
antagonistic male-benefit/female-detrimental allele located close to the male sex-
determining region on proto-Y will increase when rare, even though the fitness
increase is smaller than the fitness decrease in daughters, since it will be transmitted to
sons more often than daughters (Beukeboom & Perrin 2014).

Proto-X Proto-Y Y
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gene variation accumulates  alleles is favoured recombination non-recombining regions

Figure 4. Sex chromosome evolution theory starts with an ordinary pair of autosomes that gain a sex determining
function. Accumulation of sexually antagonistic alleles around the sex-determining region favors recombination arrest (e.
g. an inversion), suppressing separation of the genes in the sex-determining region. Eventually the non-recombining
region accumulates deleterious mutations and gene loss.

However, this does not hold true if the sexually antagonistic locus is located on an
autosome, unless the fitness increase in males exceeds the fitness decrease in females
(Beukeboom & Perrin 2014, Rice 1984). In this way, the non-recombining region of
the proto-Y chromosome will increase and be reinforced by more sexually
antagonistic alleles accumulating at its border. Note that the accumulation of sexually
antagonistic alleles also happens in the proto-X chromosome, but in a more
complicated fashion, since the X spends 1/3 of the time in males (Beukeboom &
Perrin 2014). The expansion of the non-recombining area will ultimately involve the
whole Y-chromosome except for a small region in the end called PAR (= pseudo-
autosomal region) (Beukeboom & Perrin 2014, Charlesworth ez a/. 2005).

This evolution results in strongly differentiated sex chromosomes, with a continuous
decay of genetic material and accumulation of deleterious mutations sheltered by the
chromosome wide linkage on the Y chromosome (Charlesworth & Charlesworth
2000). The step-wise cessation of recombination is referred to as evolutionary strata,
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which are clusters of gametologs (gene orthologs located on each sex chromosome)
spatially structured on the sex chromosomes (Wright er 2/ 2014). The avian Z
chromosome has formed four strata during approximately 130 million years (Wright
et al. 2012), and (Lahn & Page 1999) identified at least four strata in the human sex
chromosomes.

Degeneration of Y?

With the evolving Y chromosome inevitably accumulating mutations and slowly
being more and more genetically eroded, it was previously thought that the Y
chromosome was ‘born to be destroyed’ (Steinemann & Steinemann 2005). In line
with this argument are organisms that completely lack the Y chromosome, such as
crickets and dragonflies (Beukeboom & Perrin 2014). Whole-genome sequencing of
Drosophila spp. and primate Y-chromosomes revealed that most of the ancestral genes
indeed have been lost, and that genes situated in the Y chromosome are mostly male-
specific (Bachtrog 2013). However, predictions of the extinction of the Y
chromosome have been exaggerated. Evidence against the disappearance of the Y
chromosome comes from studies showing that the erosion of genes is not linear and
some genes are protected from decay (Bachtrog 2013, Beukeboom & Perrin 2014).
Also, the repetitive DNA sequences located on the Y chromosome have been shown
to be important in D. melanogaster for regulating gene expression (Beukeboom &
Perrin 2014, Francisco & Lemos 2014, Rice & Friberg 2008).

Sex chromosome turnovers

Some sex chromosomes are strongly heteromorphic, such as in most birds and
mammals, whereas fishes and amphibians often have homomorphic (i. e.
morphologically undifferentiated) sex chromosomes, even though some of them are as
evolutionarily old (Beukeboom & Perrin 2014). There are two hypotheses to explain
this; occasional recombination due to sex-reversals and high turnover events that can
result in a neo-sex chromosome.

Sex reversals

In many species of amphibians, lizards and fish that have female or male
heterogametic sex chromosomes, extreme temperatures can override the genetic sex
determination mechanism (Bull 1983). This phenomenon, known as sex reversal, is
found in for example the common frog (Rana temporaria) (Quinn et al. 2007), the
central bearded dragon (Pogona vitticeps) (Holleley er al. 2015) and the Nile tilapia
(Schartl 2004). Interestingly, recombination rate between all chromosomes -
autosomes and sex chromosomes - is dependent on the phenotypic sex in most
species, and males usually have lower recombination rates than females (Perrin 2009).
Therefore, sex-reversed XY-females generally show the same recombination patterns
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as normal XX-females, which have been confirmed by sex-reversal experiments in
mice, medaka fish Oryzias latipes and the crested newt T7iturus cristatus (Perrin 2009).
Sex-reversed XY-females provide an opportunity for the X and Y to recombine,
introducing new genetic variance for male fitness (Perrin 2009). It is worth noting
however, that this only works for species with relatively undifferentiated sex
chromosomes, since strongly differentiated sex chromosomes are too different to be
able to recombine successfully (Perrin 2009).

Turnovers and neo-sex chromosomes

New sex determining loci can invade easily if they are linked to higher fitness, and a
chromosome bearing a novel sex-determining locus can later evolve to become a new
sex chromosome, resulting in a sex chromosomes turnover (Bachtrog ez al. 2014). Sex
chromosome turnover can happen due to a new sex-determining gene on an
autosome, transposition of a sex-determination locus to an autosome, and fusions
between autosomes and existing sex chromosomes (Kitano & Peichel 2012). The
latter results in the formation of a neo-sex chromosome. Neo-sex chromosomes (in
contrast to proto-sex chromosomes) occur by fusions of parts of or whole autosomes
to an existing sex chromosome (Beukeboom & Perrin 2014, Francisco & Lemos
2014, Kitano & Peichel 2012). It often results in a multiple sex chromosome system,
such as X1X2Y, which is common in fishes (Kitano ez /. 2009). Other organisms
with neo-sex chromosomes include Drosophila spp. (D. miranda, D. pseudoobscura
and D. albomicans have been studied in detail) that carry a neo-Y chromosome, and a
neo-Z chromosome that has been found in the Sylvioidea bird family (Pala er al.
2012).
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Thesis aims

In this thesis, I aim to produce a deeper understanding of the dynamics and trade-offs
between male and female sex roles in simultaneous hermaphrodites, and the initial
processes required to evolve sex chromosomes in a hermaphrodite ancestor.

In paper I we summarize what has been done in the field of sex chromosome research,
both theoretical and experimental progress over the years. We then aim at finding
gaps in the knowledge where we suggest emphasis can be placed for further research

in this field.

In paper II, our aim was to estimate the heritability for male and female fitness in the
simultaneous hermaphroditic flatworm Macrostomum lignano. We also wanted to
investigate if the penetrance of a genetic marker (GFP, green fluorescent protein) in
individuals of the transgenic line BAS1 differed for the male fitness (sperm) estimate
and the female fitness (eggs) estimate. This was interesting, because we wanted to
select on that fitness in the selection experiment (in papers IV and V).

In paper III we examined how changes in environmental conditions, such as food-
restriction and salt stress, affect the genetic variance for fitness components (male and
female fitness) in the hermaphroditic flatworm M. lignano. We also looked at the
relationship between genetic and phenotypic correlations for fitness components in
these conditions.

In paper IV, we aimed at studying the start of the evolution of a sex chromosome “in
action”. We subjected a simultaneous hermaphrodite to sex-limited selection, both on
the male and female fitness, with the help of a genetic marker (GFP). After some
generations, we evaluated the response of the experimental evolution on the male and
female fitness in treatments, and morphologically by looking at overall size and size of
gonads.

Paper V follows the earlier (paper IV), and the aim was to look at the genomic
response to the sex-limited experimental evolution. Here, we looked at levels of RNA
expression patterns of sex-specific genes in the selection treatments (male-limited
selection, female-limited selection and control treatment) after 21 and 22 generations
of sex-limited selection.
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General methodology

Study species & laboratory lines

Macrostomum  lignano is a small marine free-living flatworm (Macrostomorpha,
Platyhelminthes), which is easily cultured in the laboratory. This and its transparent
body make it ideal as a model organism for studying everything from developmental
biology to evolutionary biology and reproductive biology (Ladurner ez al. 2005,
Marie-Orleach ez al. 2014).

Discovery and habitat

M. lignano was first found 1995 in samples from a lagoon area called Laguna di
Marano, close to a village called Lignano on the Adriatic Sea in Northern Italy
(Ladurner ez al. 2005). M. lignano occurs between sand grains, in the uppermost
sediment of the intertidal zones on sheltered beaches (Ladurner ez a/. 2005). Salinity
preference for M. lignano lies between 32 %o and 20 %o and it is primarily feeding on
diatoms (Ladurner ez al. 2005). It can occur both at high and low population
densities in nature (Janicke er 2/ 2016).

Anatomy and behavior

M. lignano is 1-2 mm in length, and has a generation time of 3 weeks (Ladurner ez /.
2005). The animal is colorless, but can appear brownish because of the gut contents,
which are usually diatoms. It has two pigment cup eyes, and the tail plate consists of
adhesive glands with the ability to stick to sand grains in its natural habitat (Ladurner
et al. 2000, 2005). The animals are negatively phototactic and actively swim away
from any light source. It lacks an anus, and undigested food is regurgitated as sausage-

like food pellets (Ladurner ez al. 2005).

M. lignano has, together with many other macrostomorph flatworms, the capacity to
regenerate. It can regenerate missing body parts anteriorly, posteriorly and laterally,
except for the brain and the pharynx (Egger ez /. 2007, Nimeth ez al. 2007).

Being a simultaneous hermaphrodite, M. lignano has paired testes and ovaries on each
side of the gut, at about mid-body (Ladurner ez /. 2005). The female genital opening
is located anterior to the male genital pore and it also has a sclerotized male
copulatory organ, called a stylet (figure 5) (Ladurner ez /. 2000). Animals starved for
a long time break down their gonads, and the entire body shrinks. After feeding
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however, the organs grow back and they regain their ability to reproduce (Egger ez al.
2007).

Mating in M. lignano is reciprocal, meaning that each partner donates and receives
sperm during a single copulation (Schirer ez al. 2004, Vizoso et al. 2010). Although it
is a simultaneous hermaphrodite, M. lignano never self-fertilize (Vizoso ez al. 2010).
Precopulatory behavior includes circling movements around the partner, after which
they copulate by simultaneously inserting the stylet in the partner’s female opening
(Schirer er al. 2004, Vizoso et al. 2010). Copulation time is rather short, on average 9
seconds (Schirer ez al. 2004). In some cases a mated worm performs a postcopulatory
‘sucking behavior’ by positioning its pharynx over its female opening, and (Schirer ez
al. 2004) observed sperm shafts sticking out of the female genital opening after this
behavior. It might be an attempt to manipulate the received ejaculate, by removing
seminal fluid and possibly sperm (Vizoso ez al. 2010). M. lignano sperm have two
long bristles, which are hypothesized to aid in anchoring themselves in the epithelium
of the female antrum and preventing them to be easily pulled out by the sucking
behavior (Vizoso ez al. 2010).
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Figure 5. The anatomy of Macrostomum lignano.

Worm culturing

Worms are kept in petri dishes with a population size of 100 individuals. They are fed
with algae (Nitzchia curvilineata), which are grown in petri dishes for about 2 weeks
and then ready to use. An algae plate can sustain a population of 100 worms for about
4 — 5 weeks. Every generation there is a 10% migration between populations. For
more detailed information about lab populations see below.

Laboratory populations

Several M. lignano culture lines have been established, and below is a short summary
of origin and population structure of the different laboratory lines related to my
thesis.
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LS1 and LS2 — wild type lines

LS1 was created from collections of worms at two field sites; PS in Isola di
Martignano, and UV in Bibione near Lignano Sabbiadoro, Italy (Ladurner er al.
2005). Crosses between worms from each location were carried out to keep a high
genetic variation in the population. Due to an infection by a parasite, the population
experienced a bottleneck, but is now stable. It is kept as a metapopulation of 6 paired
populations with 100 worms per population (i. ¢ 1200 worms in total). At every
generation there is 5% migration between population pairs and once per year all the
populations are mixed. (L. Schirer, personal communication)

LS2 was collected at the field sites UV in Bibione and P1 near Isola di Martignano,
Italy in 2011 (see Ladurner ez al. 2005). The population originates from 300
individual worms per site, which have been crossed with one parent from each site.
The line is now kept as a metapopulation and is maintained in the same way as the
LS1 population, except for the yearly mixing. (Zadesenets ez al. 2016).

DV1 (inbred line) and HUB1 (transgenic line)

DV1 is an inbred line which was initiated by crossing two virgin worms from an
outbred laboratory mass culture originally collected in the field 2003 near Bibione
(site UV, see Ladurner ez al. 2005). The offspring were then inbred via full-sib and
half-sib mating for 24 generations and the line has since been kept in small
populations to maintain inbreeding. DV1 was used to create HUBI, a transgenic line
expressing GFP (green fluorescent protein)(Zadesenets ez al. 2016).

More specifically, when creating HUB1, a DNA-construct was injected into a single
cell stage embryo. The DNA-construct contained a transposon (Minos), a promoter
region of a M. lignano housekeeping gene called elongation-factor-1-alpha (Efalpha),
and the coding region for the GFP protein (egfp) (Demircan 2013, Marie-Orleach ez
al. 2014). Minos is a transposable element that was first identified in the fruit fly
Drosophila hydei (Pavlopoulos ez al. 2007). Transposons can move into genomes
with a cut-and-paste mechanism that has been widely used in genetic manipulation in
research and medicine (Pavlopoulos ez al. 2007). Thanks to its housekeeping
promoter, GFP expression in M. lignano is ubiquitous, including in sperm and eggs
(Demircan 2013, Marie-Ortleach ez al. 2014).

Since HUBL1 originates from DIV1, the two lines are expected to be almost
genetically identical (Marie-Orleach er al. 2014). Marie-Orleach er al. (2014)
compared the reproductive performance of DV1 line and the HUBI line and found
no difference in terms of morphological traits, reproductive success or mating rate.

The GFP marker is usually inherited in a Mendelian fashion with a dominant allele
on a single locus (Demircan 2013, Marie-Orleach ez a/. 2014). Sometimes however,
the proportion does not follow a Mendelian segregation pattern, and this could be
either due to phenotypic loss of expression in worms (due to silencing of the GFP or
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some kind of developmental problem) or that the GFP gene is inserted several times
in the genome, as (Demircan 2013) suggested.

BAS1 — transgenic line

BAS1 is a GFP marked outbred population, which was created by crossing LS1 with
the GFP expressing HUB1 line. 8 generations of backcrosses were carried out, with
20 families from each of the 12 LS1 metapopulations. BAS1 is now kept in a
metapopulation structure, in the same way as LS1 and LS2.

Worm karyotypes

Egger & Ishida (2005) found the karyotype of M. lignano to be 2n=8, with one pair
of chromosomes being significantly larger than the other chromosomes. However, it
has been shown that M. lignano displays karyotype polymorphism (Zadesenets ez al.
2016). Out of around 130 worms in the DV1 line, 58% had a duplication of the
largest chromosome (2n=9), 27% had two extra copies of the large chromosomes (2n
= 10), 12 % had the ‘normal’ karyotype (2n=8), and around 4% had abnormal
karyotypes. The same pattern of karyotypes was found in HUB1. The outbred lines
(LS1 and LS2) mostly consisted of 2n=8 individuals (97% and 100%
respectively)(Zadesenets ez al. 2016).

Experimental evolution

The study of the process of evolution in experimental populations is called
experimental evolution (Kawecki er al. 2012). Kawecki er al. (2012) distinguish
between experimental evolution and artificial selection where the first is studying
population changes when experimentally changing conditions such as environment,
demography, genetics etc., and the latter is when the researchers select for individuals
with special phenotypes, much as in breeding. The main difference between these two
approaches is that during experimental evolution, selection can act on any trait related
to fitness. The limitations with experimental evolution are that it is usually performed
in laboratories with a relatively small effective population size and by using well-
known study species such as Drosophila melanogaster or Escherichia coli (Kawecki ez al.
2012). Despite that, experimental evolution has still shed some light on important
questions such as adaptation to specific environments (e.g. temperature: Lenski &
Bennett 1993, nutrition: Kolss ez /. 2009, parasites: Zbinden ez al. 2008 and trade-
offs: e. g. Lenski 1988) and estimating the impact on genetic variables such as
mutation accumulation (Hegreness ez al. 2006, Perfeito ez al. 2007). It can also reveal
how standing genetic variation and mutations contribute to the selection response
(Edward ez al. 2010). Experimental evolution is a useful tool and a promising method
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when studying sex chromosome evolution, because it allows for experimental
manipulation and disentangling of cause and effect.

Quantitative genetics

Individuals in populations are often phenotypically diverse, and evolutionary
biologists have long tried to tease apart if these differences are caused by genes or the
environment. A useful tool to answer questions such as these is the field of
quantitative genetics, the genetics of complex traits (Hill 2010). It was founded
independently by Ronald Fisher and Sewall Wright in the 1920s and has played a role
in both breeding programs but also served as a tool to understand inheritance of
complex diseases (Lynch & Walsh 1998). For evolutionary biologists, it can be used
to study multi-locus traits and ultimately, to predict if natural and/or sexual selection
can act on and make phenotypic changes in the population, or the response to
experimental evolution in the laboratory (Hill 2010, Kruuk 2004). Traits need to be
heritable in order to evolve, meaning having an underlying genetic basis. If there is no
genetic variance in populations, evolution cannot change phenotypes (Kruuk 2004).

The general idea in quantitative genetics is that phenotypic similarity between
relatives is due to shared alleles, and is therefore a part of the genetic variation, in
contrast to noise due to environmental variation. For example, if related individuals
(which share a lot of alleles) are phenotypically more similar to each other than
unrelated individuals (which share none or very few alleles), we can assume that genes
make an important contribution to the phenotypic variation (Lynch & Walsh 1998,
Wilson ez al. 2010).

The components of phenotypic variance

The total phenotypic variance can be divided into different components, for example
Vr = Vi + Vg where Vg is the genetic variance, and Vg is the environmental variance
(Falconer & Mackay 1996, Wilson ez al. 2010). The environmental variance is all
non-genetic variance, and the genetic variance can further be divided into three other
components: Vp = Va + Vp + Vi + Vg, where V, is the additive genetic variance, Vb is
the variance due to dominance effects, and Vi is the variance from interaction effects
(epistasis) (Falconer & Mackay 1996). Dominance (Vp) and interaction (Vi) effects
are very hard to measure in populations, which is why most studies focus on
estimating how much of the shared phenotypic variance seen in relatives is made up
of additive genetic variance (Falconer & Mackay 1996, Kruuk ez /. 2008, Wilson ez
al. 2010). Additive genetic variance is also expected to contribute the most to the
response to selection (Falconer & Mackay 1996, Hill 2010, Hill ez a/. 2008). A
simplified version of the equation then becomes Vp = Vi + Vi where the phenotypic
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variance is partitioned into additive genetic variance, and residual variance, which is
interpreted as mostly coming from environmental effects, but may also include non-
additive genetic effects, i.e. epistasis and dominance effects. However, these effects are
usually assumed to be negligible (Wilson ez /. 2010).

The easiest way to estimate the additive genetic variance is through a pedigree, where
the relationships between individuals are known and we can measure the phenotypic
value (Falconer & Mackay 1996, Wilson ez al. 2010). Some common pedigree
designs are parent-offspring, half-sib and full-sib families. The potential drawback of
full-sib analysis is the influence of common environmental effects, but a way to avoid
this problem is to use a paternal half-sib design instead, which minimizes maternal
effects (Lynch & Walsh 1998).

Heredity, heritability and genetic correlation

Heredity, a parameter that describes the genetic resemblance between parents and
offspring (i.e. relatedness), is not the same thing as heritability (Lynch & Walsh
1998). The heritability of a trait is a ratio that describes how much of the phenotypic
variance that is composed of additive genetic variance in a population, h* = V4/V,.
This heritability, denoted h?, is called the narrow-sense heritability because it only
takes into account the additive genetic effects. The higher relatedness between
relatives, the higher the additive genetic variance is (Lynch & Walsh 1998). The
broad-sense heritability, H?, is the ratio between the total genetic variance (including
dominance and epistatic effects) and the phenotypic variance H> = Vi/Vp (Falconer
& Mackay 1996, Lynch & Walsh 1998).

If a pair of traits co-vary, we can estimate the genetic correlation, rg, which is how
much of the total phenotypic covariance, COVy can be explained by the covariance of
the additive genetic variance, COV, (Wilson ez a/. 2010).

The animal model

Most evolutionary quantitative genetic studies use a mixed effects model known as
“the animal model” to decompose phenotypic variance into genetic and
environmental components, as well as estimate genetic correlations between traits
(Wilson ez al. 2010). A mixed effects model is a linear regression model using both
fixed and random factors as explanatory terms (Kruuk 2004). In the simplest form of
animal model, a single trait (y;)) is modeled in an individual, where part of the
independent variable is the so-called “breeding value” (or genetic merit) of that
individual. In the simplest animal model, the observation for individual i is:

yi=p+ai+ei
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Where y; is the phenotypic trait value of individual i, p is the phenotypic mean in the
population, a; is the breeding value, and ei is the random residuals error. The breeding
value (a;) is the expressed additive genetic effects on an individual’s genotype that is
contributing to the mean phenotype in the population (p). The phenotypic mean p is
a fixed factor and has a known value, whereas the breeding value a; is not known, and
is treated as a random effect in the animal model. This means that it is an estimate of
non-independence (i.e. shared genes between individuals) of the individual
phenotypic variance (yi). (Wilson ez /. 2010).

Gene expression and RNA extraction

In recent years with the arrival of next generation sequencing, it has become easier to
examine the genetic changes that underlie the phenotypic change due to selection
(Romero er al. 2012). RNA-expression, or rather the mRNA in a cell, reflects the
activity and hence the protein production activity of a gene (Cooper 2000). A higher
expression of mRNA therefore means a higher level of protein production, although
many proteins in eukaryotic cells have regulatory functions of other proteins, which
makes for greater flexibility of gene expression control (Cooper 2000). Changes in
gene regulation (i.e. gene expression levels) are also important contributors to
phenotypic diversity, compared to coding sequence, which is often decoupled from
gene expression (Connallon & Knowles 2005).

Gene expression has helped to shed light on important questions in evolutionary
biology such as speciation (Dunning ez al. 2016, Parkinson ez al. 2016), plasticity
(Ghalambor ez al. 2015, Morris et al. 2014) and responses to artificial selection
(Huang & Agrawal 2016, Yampolsky ez al. 2012).

Sex-specific gene expression

Genes that show a difference in expression between males and females are said to be
sex-biased genes. These include genes that are only expressed in one sex (sex-specific)
and genes that show a higher expression in one sex than the other (sex enriched)
(Ellegren & Parsch 2007). Studies have revealed that the proportion of sex biased
expression differ between organisms, from 2% in the transcriptome of the marine
snail Littorina saxatilis to 90% in Drosophila melanogaster (Ingleby et al. 2015,
Innocenti & Morrow 2010, Martinez-Ferndndez e al. 2010). Some sex-biased genes
are sexually antagonistic, but by far not all, and by considering sex-specific fitness
together with gene expression one can disentangle the genes that are involved in
sexual conflict (Ingleby ez al. 2015, Parsch & Ellegren 2013). Sex-biased genes might
be regulated by alternative splicing of gene transcripts, microRNAs that bind to the
mRNA to regulate expression or translocation of sex-biased genes to sex chromosomes

37



(Ingleby ez al. 2015). Meisel (2011) examined the rate of evolution for sex-biased
genes in D. melanogaster and found that they evolved faster that unbiased genes in
reproductive tissues with similar expression breadth. This is probably due to the link
to reproductive success (Meisel 2011). Therefore, sex-limited selection might change
the expression of sex-biased genes.
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Results and discussion

Paper |. Sex chromosome evolution: historical insights
and future perspectives

The field of sex chromosome evolution has to a large extent been shaped by findings
in model organisms with highly diverged sex chromosomes such as Drosophila
melanogaster and humans, even though this is changing, mainly due to the advent of
next-generation sequencing. We suggest new approaches integrating the role of
ecology and demography in sex chromosome evolution, for example how sex-specific
fitness in different ecological conditions affects selection for recombination
suppression. The use of experimental evolution could increase understanding of the
initial phases of the evolution of sex chromosomes, for example if it is possible to
demonstrate a build-up of sexually antagonistic variation around the sex determining
region. New sequencing technologies make it possible to investigate phenomena that
were not possible to study before, such as gene interactions, expression networks
between sex chromosomes and autosomes, and alternative splicing. New theory in
this field is definitely needed, since most major advances were in the 70s and the 80s,
and with a rather narrow focus. We suggest integrating ecology into theory and
focusing on multi-locus models, since outcomes could differ fundamentally from
single-locus models (Flaxman ez a/. 2014). Finally, the field could receive new ideas
and inspiration by applying approaches developed in the speciation literature, where
rescarch has been more successful in integrating ecological and demographic
processes.

Paper Il. Sex-specific genetic variance for fitness and
inheritance of a genetic marker in a simultaneous
hermaphrodite

We found that additive genetic variance (Va) and heritability (h?) were significantly
different from zero in both female fitness and male fitness (figure 6). The Va estimate
for female fitness was three times larger than for male fitness (Va = 0.33 in female
fitness and Vi = 0.08 for male fitness). This is in line with another hermaphrodite
study, and studies on separate sexed animals have also found male fitness to have a
lower heritability (Foerster ez al. 2007, Innocenti & Morrow 2010, Merild & Sheldon
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2000). This phenomenon could be because male fitness is influenced by
environmental factors to a higher degree than female fitness (and therefore has a
higher residual variance, V), or because males experience stronger sexual selection,
depleting genetic variance in male fitness. Higher residual variance in male fitness
could also be linked to higher stochasticity from processes such as sperm competition
(Foerster et al. 2007).

male
female
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Figure 6. Addititve genetic variance and residual variance for male and female fitness in the stock population.

The phenotypic correlation between the fitness components was weak and only
explained 10% of the variation. Similarly, the intersexual genetic correlation for these
fitness components was low and not different from zero (rmr = 0.007). This means
that male and female fitness components seem to function independently from each
other, and there does not seem to be a trade-off or any sexually antagonistic genetic
variation in male and female fitness. Yund et 2/ (1997) found a trade-off between
male and female reproduction and growth in a hermaphrodite Ascidian, and so this
might be something to examine in the future in M. lignano.

Finally, we could show that inheritance of the genetic marker (GFP) was positively
correlated in male and female fitness measurements, which means that the chance of
passing on the marker to the next generation is the same for sperm and eggs.
Deviations from the Mendelian inheritance seen in Marie-Orleach er al. (2014) can
therefore not be explained by variations in the inheritance between gametes (e.g.
maternal effects).
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Paper lll. Environmental variation in sex-specific fitness
in a simultaneous hermaphrodite

We found that environmental variation did not change the phenotypic variance in
fitness components, but it did change the additive genetic variance (Va) for male and
female fitness. There was a significant interaction between the environment and sex-
specific genetic variance, where additive genetic variance (V) for female fitness was
increased in the hyper-salinity condition and additive genetic variance for male fitness
was increased in the food-limited condition (figure 7).

This is interesting, because it means that male and female fitness can experience
different outcomes in local adaptation. We hypothesize that female fitness alleles
might have a larger impact on population demography (Harts ez al. 2014), and
female-beneficial alleles could therefore increase in the population in high salinity
environments. On the other hand, in low-resource habitats where additive genetic
variance for male fitness increased, this might favor a response to sexual selection,
since sexual selection is generally stronger in males (or the male sex-role in
hermaphrodites). Competition for fertilizations - sperm competition - could
potentially lead to sexual conflict if the traits increasing male fertilization success are
harmful to females. Since we found no strong intersexual genetic correlation between
male and female fitness components, and the phenotypic correlation was weak as well,
this means that male and female fitness are evolutionarily independent of each other.
Therefore, we argue that these results may be applicable to separate sexed organisms
as well.

(a) (b) ()
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Figure 7. Density plots showing the posterior distribution of the additive genetic variance for male (grey) and female
(orange) fitness in respective treatments; salt (a), food-restriction (b) and control (c).

41



Paper IV. Sex-limited selection in a hermaphrodite leads
to changes in sex-role related traits

We found that selection on one sex-role leads to an increase in the sex-specific fitness
for that sex-role in a hermaphrodite, which is the first step towards the evolution of a
new sex chromosome system (figure 8). Interestingly, quantitative genetic studies (see
paper II and IIT) have found no strong intersexual genetic correlation between fitness
components (positive or negative). This can be explained by two possible factors;
either because it is easier to detect a genetic correlation in experimental evolution
designs is compared to breeding experiments, or because the genetic correlation has
been built up de novo during the course of the sex-limited selection (Fuller ez al.
2005).
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Figure 8. Interaction plot showing the standardized relative fitness in respective sex role (male or female) in each
treatment. There was a significant sex role by treatment interaction. The symbols represent each selection treatment
(triangle for female selected treatment, square for male selected treatment and circle for control treatment).

The female-selected lines had a stronger response to the selection treatment than the
male-selected lines in the fitness assay. That could have been because male fitness is
harder to select on through the experimental set-up. Focal worms are mated in a
controlled setting of two mating partners, which is smaller than what lab-adapted
worms normally are exposed to. Another explanation for a weaker response in the
male fitness could be that the additive genetic variation (Va) for male fitness was
lower than female Vi (as shown in paper II), so there was simply less variation to
select on.

There was a significant treatment by replicate population interaction for overall body
size, but treatment alone could not explain the body size differences. This was
probably mostly driven by the large variation in body sizes in the female treatment,
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possibly indicating that populations have developed different strategies to increase
female fitness.

Neither ovary size nor testis size were different between treatments alone, but
increased male fitness was correlated with increased testes size, and decreased body
size (irrespective of selection treatment), and this was not seen in female fitness. This
is concordant with previous studies, where female fitness does not seem to be linked
to morphological traits (i.e. ovary size and overall size), whereas male fitness is linked
to larger testes (Janicke ez al. 2016).

Paper V. Gene-expression differences in a simultaneous
hermaphrodite subjected to sex-limited selection

The largest amount of differentially expressed genes could be found between the
male- and female-selected treatments, which could indicate a response to the selection
(figure 9). However, no clear pattern was seen in the significant GO-terms between
treatments, suggesting that the genes that responded to selection might not be
functionally related. There were no differences in expression between antrum-specific
and prostate-specific genes, and this was interpreted to be a result of either the low
annotation quality of the transcriptome, or that M. lignano has, in line with
hermaphroditic Caenohabditis elegans, a reduced number of sex-biased genes
compared to gonochorists (Thomas ez al. 2012), making sex-specific differences
harder to detect. Alternatively, since sex-biased genes are known to be tissue-specific
and the pattern is often strongest in the gonads (Grath & Parsch 2016), we suggest
investigating expression in the testes and ovaries in the future, since they might reflect
changes in sex-biased genes better than the prostate gland and the antrum.
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Figure 9. Number of significant differentially expressed genes between each selection treatment (female-limited selection,
male-limited selection and control treatment).
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Conclusions and future
perspectives

In this thesis, I have gained a deeper understanding of sex chromosome evolution in a
hermaphrodite ancestor. Mainly, I have asked if it is possible to experimentally
simulate sex chromosome evolution in a hermaphrodite and see a response, similar to
what we would expect given sex chromosome theory. In addition, I have also
examined the components necessary for sex chromosome evolution, such as genetic
variance in male and female fitness and the relationship between them. Finally, I
looked at how these fitness components interact with the environment. In this
section, I will connect results from the different papers in my thesis and draw some
general conclusions. Additionally, I will discuss new exciting questions and future
research ideas that my thesis has laid the groundwork for.

I have shown that the additive genetic variance is larger for female fitness than male
fitness in the simultaneous hermaphrodite M. lignano, in line with studies on separate
sexed organisms and a hermaphrodite (Foerster ez a/. 2007, Innocenti & Morrow
2010, Merild & Sheldon 2000, Yund ez al. 1997). Furthermore, I found a sex-specific
additive genetic variance by environment interaction, where the environment affected
female and male additive genetic variance in different ways. Environmental effects on
quantitative genetic parameters have been shown before, especially in stressful
environments (Hoffmann & Merilid 1999, Martinossi-Allibert ez al. 2017).

According to generally-accepted theories of sex chromosome evolution, the presence
of sexual antagonism is an important part in the initial phase (Charlesworth ez al.
2005). However, we found a very weak intersexual genetic correlation between male
and female fitness, and the phenotypic trade-off between them was weak as well.
Furthermore, the correlations did not change across environments, suggesting that
male and female sex role function independently from each other.

In the sex-limited experimental evolution, however, where we selected on either male
or female fitness in M. lignano, we could show a fitness response, especially in the
female-selected lines, where worms had a higher female fitness and a lower male
fitness. This is evidence of a genetically-based trade-off between sex roles. This
contradictive result (compared to the other measures of the genetic correlation
between sex roles) could either be because experimental evolution is better at
estimating genetic correlations (Fuller ez a/. 2005), or because we have reinforced or
built up a genetic correlation during selection (Delph ez al. 2011). In either case, it is
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intriguing that the experimental evolution showed a response, since this is the first
time a sex-limited selection experiment has been carried out in a simultaneous
hermaphrodite. This also demonstrates that it is possible to recreate the first steps
towards the evolution of a new sex chromosome system in the lab, where a
(pseudo)sterility mutation in combination with a sex-specific fitness locus (or loci)
leads to increased fitness in that particular sex. Gene expression data in the same
selected lines after generation 21 and 22 showed the largest change in differentially
expressed genes between the female-selected and male-selected lines, but there was no
difference in antrum- or prostate-specific genes.

The results from my thesis give us hints and ideas of where to go next. It would be
exciting to evaluate the additive genetic variance in the evolved populations. It would
be interesting to see if the genetic variance for fitness has decreased and if the female
and male fitness components have changed in different ways. Given that we have
selected on fitness, we expect that the additive genetic variance has decreased (Kruuk
2004), and since we have seen the strongest response in the female-selected lines,
female additive genetic variance might be more depleted than male additive genetic
variance. It would also be of interest to evaluate the intersexual genetic correlation in
the evolved populations, since we have evidence of a genetically-based trade-off. Has
it changed during the course of the experiment, and if so how? We would expect to
see a nyr < 0, if there is sexual antagonism between male and female fitness

(Bonduriansky & Chenoweth 2009).

There are many possible responses to look for in the evolved populations on the
genomic level. Since sex-specific genes are highly sex-specific and show highest
expression in the gonads (Grath & Parsch 2016), a future direction would be to
examine the expression profiles of testes and ovaries between treatments. Another
exciting approach is to sequence the DNA around the (sex-determining) GFP-locus
and assess whether there is a build-up of sex-specific genes around the locus, as
predicted by sex chromosome evolution theory, and if different alleles have gone to
fixation between treatments.

There are still many more phenotypic traits whose response are also interesting to
measure in the evolved populations, for example development and mating time.
Sexually antagonistic selection is likely to be strongest at the point of development
when male and female organs or structures are starting to develop (Ingleby ez al.
2015), and therefore it is of interest to measure if there is any difference in
development time of male- and female-selected lines. We expect that worms in the
male-selected treatment develop faster than the female-selected ones, since testes
develop before ovaries (Vizoso ez al. 2010).

M. lignano has fairly elaborate mating behavior, the most intriguing aspect being the
sucking behavior, where worms are thought to remove sperm or seminal fluid form
their own antrum after mating (Schirer ez a/. 2004). Seminal fluid proteins are
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components in the seminal fluid known to influence sperm competitiveness and can
be harmful to females (Edward ez al. 2015, Lodi & Koene 2017). If the sucking
behavior is connected to removal of harmful seminal fluid proteins, there might be
more instances of “sucking” after matings with worms having more harmful seminal
fluid proteins. We suggest that worms from the male-selected treatment could
possibly evolve altered seminal fluid proteins, to increase sperm fertilization success.
We also expect the male-selected worms to mate more frequently as opposed to
worms in the female-selected treatments, also to increase fertilization success.

In short, as discussed in (Abbott ez 4/. 2017), the field of sex chromosome evolution is
very active and will probably remain to be so, due to the many exciting new avenues
that are waiting to be explored. This thesis demonstrated clearly that despite the many
calls for increased production of genomic data from multiple sex chromosome systems
(Abbott er al. 2017, Bachtrog er al. 2014), manipulative experiments are also a
potentially valuable way forward.
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