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ABSTRACT

Sexual dimorphism is commonly understood as differences in external features, such as
morphological features or coloration. However, it can more broadly encompass behavior
and physiology and at the core of these differences is the genetic mechanism — mRNA and
protein expression. How, and which, molecular mechanisms influence sexually dimorphic
features is not well understood thus far. DNA, RNA and proteins are the template required to
create the phenotype of anindividual, and they are connected to each other via processes of
transcription and translation. As the genome of males and females are almost identical with
the exception of the few genes on the sex chromosome or the sex-determining alleles (in
the case of organisms without sex chromosomes), it is likely that many of the downstream
processes resulting in sexual dimorphism are produced by changes in gene regulation and
result from a regulatory cascade and not from a vastly different gene composition. Thus,
in this thesis a systems biology approach is used to understand sexual dimorphism at all
molecular levels and how different genomic features, e.g. sex chromosome evolution, can
affect the interplay of these molecules.

The threespine stickleback, Gasterosteus aculeatus, is used as the model to investigate
molecular mechanisms of sexual dimorphism. It has well-characterized ecology and behavior,
especially in the breeding season when sexual dimorphism is high. Moreover, threespine
stickleback has a recently evolved Y chromosome in the early stages of sex chromosome
evolution, characterized by a lack of recombination leading to degeneration (i.e. gene loss).

The aim of my thesis is to investigate how the genotype links to the molecular phenotype
and relates to differences in molecular expression between males and females. Based
on previous research on sex differences in mRNA expression, | investigated sex-biased
protein expression in adult fish outside the breeding season to see if differences persisted
after translation. As sex-biased expression also prevailed in the proteome and previous
transcription expression seemed to be related to the sex chromosomes, | investigated the
genome level with a particular focus on the sex-chromosomes. | characterized the status of
Y chromosome degeneration in the threespine stickleback and its effects on gene function.
Furthermore, since the degeneration process leaves genes in a single copy in males, |
examined whether the resulting dosage difference of messenger RNA for hemizygous genes
is compensated as it is in other organisms. In addition, threespine sticklebacks have well-
characterized behavioral differences related to the male’s social status during the breeding
season. To understand the connection between the genotype and behavior, | examined
gene expression patterns related to breeding behavior using dominant and subordinate
males as well as females.
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1. INTRODUCTION

Sexual dimorphism is a term used to describe features that discriminate between the two
sexes, males and females. These features can be diverse ranging from external to internal
and they are often linked with reproduction (Barnett and Bellwood, 2005; Frayer and
Wolpoff, 1985; Hedrick and Temeles, 1989; Isensee and Noppinger, 2007; McPherson and
Chenoweth, 2012); this is why sexual dimorphism is often most obvious during the time of
breeding. Elaborate morphological features, such as the tail feathers of a peacock (Petrie et
al., 1991) or the mating colors of African Cichlid species (Maan and Seehausen, 2010; Miyagi
and Terai, 2013), are most pronounced and well-known. These morphological traits aim at
conveying superiority as a mate (Williams, 1978) and ensuring mating with conspecifics
(Genner and Turner, 2005; Moller and Cuervo, 1998; Parker and Partridge, 1998). Sexual
dimorphism in behavioral traits, such as song characteristics of male birds (McGregor et
al., 1981; Buchanan and Catchpole, 2000; Woodgate et al., 2012), are usually most striking
at the breeding season and function in attracting a mate and thus ensuring successful
reproduction. During the non-reproductive period the sex of an individual is maintained
in the functions of many organs which express sex-specific genes (Isensee and Noppinger,
2007; Nishida et al., 2005a; Yang, 2006). Thus sexual dimorphism extends also beneath
the external appearance with differences in physiology, such as metabolizing alcohol and
steroid hormones in liver ((Mode and Gustafsson, 2006; Waxman and Holloway, 2009).
Sexual dimorphism has received a lot of interest within the scientific community (Barnett
and Bellwood, 2005; Isensee and Noppinger, 2007; McPherson and Chenoweth, 2012;
Packer, 1983; Petrie et al., 1991). Additionally, many have examined the relationship among
sexual dimorphism, sexual selection and reproduction (Fairbairn and Roff, 2006; Lande,
1980; Lindholm and Breden, 2002; Parsch and Ellegren, 2013; Rice, 1984; Valenzuela, 2008).
However, the molecular mechanisms responsible for many sexually dimorphic traits have
remained mostly undetermined. Examination of the underlying molecular mechanisms
of sexual dimorphism has become possible with the increased availability of molecular
methods, particularly for non-model organisms (e.g. Johnston et al., 2011; Pointer et al.,
2013; Takahashi et al., 2013).

Sex-specific differences have been suggested to arise due to sexual selection (Darwin,
1859), such as horn size in African antelope species (Packer, 1983) or coloration in cichlid
fish (Miyagi and Terai, 2013). A trait beneficial for one sex (e.g. bright coloration in males to
attract females) can, when expressed in the opposite sex (e.g. colorful female conspicuous
to predators), lower the fitness of the other sex (Rice, 1992). These types of traits which
affect the fitness of males and females in opposite directions are called sexually antagonistic
as the sexes have different selective optima for the trait (Bonduriansky and Chenoweth,
2009). Specifically, traits related to reproduction are under sexual selection as a tug of war
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exists between the sexes over the investments made to assure the success of the following
generation; this causes a sexual conflict (Chapman et al., 2003; Rice and Chippindale, 2001).
A key question researchers have been trying to answer for decades is how to resolve these
differing selective optima between the sexes (Griffin et al., 2013; Roberts et al., 2009;
Stewart et al., 2010; Wright and Mank, 2013). Commonly the conflict due to an antagonistic
trait is resolved by making the trait sex limited (i.e. sexually dimorphic). This can be achieved
by modifying when and where the trait is expressed, and ultimately, this is controlled by the
DNA.

The most important molecular mechanisms for determining a phenotype, external or
internal, are transcription and translation of the DNA template and the interplay between
these two processes (Carroll, 2009). Gene regulation involves the modulation of what
genes are transcribed in which tissue and at what time during the day or life or an organism
(Lin et al., 2010; Wittkopp et al., 2004). The modification steps between transcription and
translation then further determines which of the transcripts eventually end up as functional
proteins (Kozak, 1992; Valencia-Sanchez, 2006).

Generegulationinvolves transcription factors that promote transcription of a gene by binding
to specific regulatory DNA sequences upstream or within introns of a gene. Composition of
these regulatory areas adjacent to the gene (cis-acting regulation) and transcription factors
acting on these sites (trans-acting regulation) influence which genes and the quantity of
those genes that are ultimately transcribed. Recently, mutations in regulatory regions have
been proposed to be the main force in morphological evolution (Carroll, 2008). In an analysis
of genome-wide variation in mRNA expression in humans, both cis- and trans-acting factors
were found to be responsible for mRNA expression variation (Morley et al., 2004). Further
evidence that gene regulation has a major role in creating sex-specific differences comes
from Drosophila melanogaster where sexually dimorphic abdominal pigmentation was
found to be due to differences in regulation between males and females (Williams et al.,
2008).

As the study by (Williams et al., 2008) shows, one way to generate/maintain sexually
dimorphic traits is by sex-specific gene regulation and expression. Given that the genome
of males and females are almost identical with the exception of the few genes on the
Y- (or W-) chromosome or the sex-determining alleles (in the case of organisms without
sex chromosomes), it is likely that many of the downstream processes resulting in sexual
dimorphism are produced by changes in gene regulation (Griffin et al., 2013; Meiklejohn
et al., 2014; Pennell and Morrow, 2013). By regulating genes differentially, expression of
a trait can be restricted to the sex that benefits and thus detrimental effects on the other
sex can be avoided/diminished (Rice, 1984; Wang and Purisima, 2005; Ellegren and Parsch,
2007; Parsch and Ellegren, 2013). Nevertheless, sexual antagonism does not always need
to be the prerequisite for sex-biased expression (Parsch and Ellegren, 2013) nor are sex
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Figure 1. There are three molecular levels, DNA, RNA and proteins, which constitute the basis of gene
expression. These levels are connected to each other via mechanisms of transcription and translation.
In both of these intermediate steps there can be variation due to regulation and processing of the
MRNA or peptide. Different factors such as sex or environment (on the left hand side) affect what is
expressed and where. Ultimately, gene expression leads to the phenotype and the sexually dimorphic
differences we observe regarding behavior, physiology and morphology. To understand how the
sexually dimorphic features are formed, | studied different parts of this chain. The four studies are
marked with the corresponding Roman numerals in this figure.

chromosomes always needed to resolve sexual conflict as it can also be resolved by sex-
specific expression patterns in autosomal genes (Fairbairn and Roff, 2006; Mank et al.,
2006). Sex-specific expression is achieved by differential gene regulation, as discussed
above, and the sex-specific regulation is expected to originate from the sex chromosomes
(Bellott et al., 2014; Charlesworth et al., 1987; Rice, 1984). However, in organisms with
genetic sex determination, the apparent contradiction between sexually antagonistic traits
and shared genome can be overcome by tight linkage between the antagonistic trait and sex
(sex-linkage) (Parnell and Streelman, 2013); sex-linkage thus further creates the potential
for the evolution of chromosomal sex determination (Rice, 1987).

According to theory, development of chromosomal sex determination begins on the
chromosome where the sex-determining locus resides. The next step involves the repression
of recombination which results in the accumulation of mutations and repetitive DNA
(Charlesworth, 1991). Accumulation of sex-specific alleles or sexually antagonistic alleles
further drives the separation of the sexes (Rice, 1987). However, despite the difference in
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gene composition between the X and the Y, a degenerated Y carries only a small number
of unique genes and therefore the role of gene regulation is likely still an important factor
even in organisms with developed sex chromosomes (Bellott et al., 2014; Charlesworth et
al., 1987; Cortez et al., 2014; Williams et al., 2008).

Three important steps are commonly recognized when heteromorphic sex chromosomes
evolve from autosomes: suppression of XY recombination, Y degeneration, and dosage
compensation (Charlesworth, 1996). The first step towards evolving sex chromosomes
is local suppression of recombination around the sex determining locus in an autosome
to produce the proto-X and proto-Y (Charlesworth, 1991; Rice, 1996). Recombination is
reduced to avoid fitness reduction due to unfit allele combinations which could produce
individuals with an intermediate sex phenotype. Loci in vicinity of this locus are also
affected by the repression of recombination (Rice, 1992). Suppression of recombination
gradually spreads until nearly the whole chromosome has stopped recombining. Once
recombination is suppressed, selection acting against deleterious mutations is also reduced
in the Y (Charlesworth and Charlesworth, 2000).

Once recombination suppression between the Y and X has started, the Y is free to accumulate
mutations and repetitive DNA as well as structural changes (inversions, deletions and
insertions) as a result of the the suppressed recombination; over time these can result
in expansion of the non-recombining region (Charlesworth, 1991; Charlesworth and
Charlesworth, 2000; Charlesworth et al., 2005; Rice, 1987, 1996). This stepwise suppression
of recombination can also been seen in the age of the Y chromosome genes; blocks where
recombination has stopped at a similar time comprise an evolutionary stratum in the Y
(Lahn, 1999). Also, accumulation of sex-specific alleles or sexually antagonistic alleles can
further drive the separation of the X and Y chromosomes (Rice, 1987). Over time, loss of
recombination and the subsequent changes in the Y chromosome lead to loss of genes
either due to non-functionalization or loss of sequence from the Y. The process of loss of Y
chromosome sequence and genes is called Y degeneration (Charlesworth and Charlesworth,
2000). The genes which are retained in the Y chromosome tend to accumulate male-specific
alleles and functions (Wilson Sayres and Makova, 2012; Zhou and Bachtrog, 2012) whereas
in the X chromosome the fate of male-beneficial alleles depends on their dominance;
recessive male-beneficial alleles are more likely to be X-linked than alleles with even partial
dominance (Rice, 1984). Although it is possible for a sexually antagonistic allele to exist in
an autosome, sex-linkage is expected since the spread of an antagonistic allele is better
facilitated in the X chromosome even when the allele is rare in frequency (Rice, 1984).

Once a gene, or its function, becomes lost from the Y chromosome, a male faces a problem
with maintaining the required amount of the transcribed or translated gene product to
sustain the expression balance in the pathway to which the gene belongs (Charlesworth et
al., 2005). As these pathways contain several genes, expression level balance is often highly
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evolved in autosomes and based on having two functioning chromosomes; when loss occurs
in the male Y, the resulting imbalance should be compensated to ensure proper functioning
of the pathway to be expressed (Charlesworth, 1996; Disteche, 2012; Mank, 2013). The
mechanism which corrects the imbalance is called dosage compensation. To date, several
different ways of how dosage compensation can be achieved have been reported and they
range from up-regulation of the single X chromosome in the male to complete silencing of
one of the female X chromosomes (Disteche, 2012).

As sex chromosomes have evolved from autosomes, understanding the trajectory from
an autosome to a sex chromosome requires using taxa which enable investigations of the
incipient degeneration process. However, many well-studied taxa (e.g. mammals, birds, and
Drosophila spp) have old sex chromosomes where the degeneration process has already
resulted in highly diverged sex chromosomes (Berlin and Ellegren, 2005; Bernardo Carvalho
et al., 2009; Kaiser and Bachtrog, 2010; Kejnovsky and Vyskot, 2010; Kondo, 2006; Lahn,
1999; Wang et al., 2012; Zhou et al., 2008)2010; Kejnovsky and Vyskot, 2010; Kondo, 2006;
Lahn, 1999; Wang et al., 2012; Zhou et al., 2008. Neo-sex chromosomes, where autosomal
regions have been fused to an already existing sex chromosome, can offer valuable insights
into the degeneration process (Yoshida et al., 2014; Zhou and Bachtrog, 2012; Zhou et al.,
2008). Nonetheless, the degeneration of novel sex chromosomes that originate directly
from autosomes likely differs from that of neo-sex chromosomes as many mechanisms
associated with sex chromosomes (e.g. suppressed recombination and/or dosage
compensation) already exist at the time of the chromosome fusion (Bachtrog, 2011). As
already discussed, a tight link between sex chromosomes and sexual dimorphism is expected
and thus combining research of sex chromosomes and sexual dimorphism can facilitate
our understanding of the molecular background of sexual dimorphism. Furthermore, as the
evolution of sexual dimorphism can be influenced by dosage imbalances and degeneration
of the Y as well as sex-specific expression in the autosomes, it will important to understand
how these two mechanisms shape the genetics of sexual dimorphism (Dean and Mank,
2014; Fairbairn and Roff, 2006).
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2. AIMS OF THE THESIS

Since it is the molecular expression that eventually leads to a sex-specific phenotype in
morphology, physiology, and behavior, the aim of my thesis is to investigate how males and
females differ at the molecular level. As sex chromosomes are proposed to be important
in development and persistence of sexual dimorphism (Connallon and Clark, 2010; Rice,
1984; Roberts et al., 2009; Vallender and Lahn, 2004; Zhou and Bachtrog, 2012), | will add
further depth to the investigation by examining a species with nascent sex chromosome
evolution. This allows for investigating molecular dynamics and evolution of both sexual
dimorphism and sex chromosomes at the same time. Leder et al. (2010) showed that
the liver transcriptome is sexually biased in adult fish outside the breeding season and
my first aim was to investigate whether this bias extends also to the proteome (study I).
After examining the transcriptome and proteome and identifying sex-bias in both levels,
the next aim was to understand the causes of sex-biased expression in the DNA level.
Towards this aim | characterized and defined the status of Y chromosome degeneration in
the threespine stickleback and its effects on gene persistence and loss (study II). | further
investigated how Y degeneration links to the dose of messenger RNA (mRNA) between the
sexes since some genes in males appear in a single copy (study III). As a major component
of sexual dimorphism in threespine stickleback is observed in morphology and behavior
during breeding, | investigated mRNA expression patterns in the hypothalamus to see what
differences are observed in the brain related to male and female reproductive status (study
V).

2.1. Threespine Stickleback as model for molecular mechanisms of sexual
dimorphism

To accomplish the aim of my thesis, | chose a species which has the features mentioned
above, namely sexually dimorphic traits and in the early stages of sex chromosome
evolution. The threespine stickleback, Gasterosteus aculeatus, has established status as a
model organism in evolutionary studies, and its full potential as a model species has been
realized with the sequenced genome allowing the use of modern molecular techniques to
address a variety of evolutionary and ecological questions (Jones et al., 2012). Besides the
sequenced genome, there are other features in this species, such as evolutionary history
(Aguirre et al., 2008; Leinonen et al., 2006; Makinen et al., 2006; Makinen et al., 2008) and
traits related to reproduction (FitzGerald and Wootton, 1993; Kitano et al., 2007; Tinbergen,
1951) which make it suitable for our study.

The threespine stickleback is a small teleost distributed around the northern hemisphere.
It can be encountered in marine habitats as well as in freshwater habitats. The latter have
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been colonized by marine individuals at the end of the last glacial period as freshwater
habitats became available (Aguirre et al., 2008; Leinonen et al., 2006; Makinen et al.,
2006; Makinen et al., 2008). Since the establishment of freshwater populations, significant
phenotypic divergence between marine and freshwater forms has developed (Aguirre et al.,
2008; Leinonen et al., 2006), and a similar degree of morphological difference has also been
shown to exist between the sexes (Aguirre and Akinpelu, 2010; Albert et al., 2007; Leinonen
et al., 2010). It has been proposed that the phenotypic differences between marine and
freshwater forms would reflect the phenotypic differences between a male and a female
(Albert et al., 2007). In other words, a freshwater form resembles a male phenotype and a
marine form resembles the female phenotype.

Sexually dimorphic traits related to reproduction are well characterized in threespine
stickleback (FitzGerald and Wootton, 1993; Foster et al., 2008; Kitano et al., 2007; Tinbergen,
1951). One extensively studied trait is the sexually selected carotenoid-based thoracic red-
pigmentation (Pike et al., 2007; Sparkes et al., 2008; Tinbergen, 1951) which is displayed for
females by the males during a courtship dance. Parental care displayed by the male is also
characteristic for the threespine stickleback. It includes the male being responsible for nest-
building, for guarding the eggs and ventilating the eggs by fanning their fins (McKinnon,
1996; Pressley, 1981; Slijkhuis et al., 1984). Interestingly, these behaviors differ to some
degree between the ecological morphs. For example the marine morph and benthic form
share less showy courtship behaviors, e.g. zigzag swimming, due to cannibalistic behaviors
within the populations, whereas the benthic morphs lacking cannibalism are more elaborate
in their courtship (Foster et al. 2008). Hormonal regulation is important for controlling the
cyclicity and onset of the breeding season in males (Pall et al., 2005). The major hormonal
player in males is 11-ketotestosterone (11KT) which increases at the start of the breeding
season and also controls the development of secondary sexual characteristics such as
spiggin production (Jakobsson et al., 1999; Jones, 2001), kidney hypertrophy (Jakobsson
et al., 1999) and male nest building and courting behavior (Hellgvist et al., 2008; Pall et al.,
2002a, 2002b).

In addition to morphological and behavioral differences observed within threespine
stickleback, linkage analyses have revealed that several quantitative traitloci (QTL) associated
with sexual dimorphism in body shape map to chromosome XIX (Albert et al., 2007). This
chromosome is the nascent sex chromosome and males are heterogametic (i.e. XY system)
(Peichel et al., 2004). Comparative studies have shown that XIX is the sex chromosome
shared by the two extant Gasterosteus species (G. aculeatus and G. wheatlandi) but not by
Pungitius (Ross et al., 2009). The phylogeny of the stickleback fish species is relatively well
known (Bell and Foster, 1994) and thus the age of the sex chromosomes can be estimated.
Gasterosteus diverged from Pungitius approximately 16-13 million years ago (Bell and Foster,
1994; Bell et al., 2009). Within the Gasterosteus two extant species are encountered, G.
aculeatus and G. wheatlandi and their estimated split happened approximately 10 million
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years ago (Bell and Foster, 1994). Therefore, the sex chromosome has risen after the split
of Pungitius and Gasterosteus but before the split between G. aculeatus and G. wheatlandi
(Bell and Foster, 1994; Bell et al., 2009) placing the age the age of the Gasterosteus sex
chromosome around 13-16 MY. Subsequently, one further split within G. aculeatus has
resulted in two lineages approximately two million years ago; a lineage found in Japan Sea
and the lineage encountered elsewhere in the Northern hemisphere (Higuchi and Goto,
1996). This Japan Sea lineage has recently been observed to contain a neo-sex chromosome
formed by the fusion of chromosome IX to chromosome XIX (Ross et al., 2009).

In the threespine stickleback, the metaphase size of X and Y are only slightly different;
one major deletion and multiple pericentric inversions have been revealed by fluorescent
in situ hybridization experiments (Ross and Peichel, 2008). Additionally, sequencing of
bacterial artificial chromosome (BAC) clones identified multiple insertions and deletions;
thus it is likely that the accumulation of repetitive DNA in the Y contributes to the similarity
in size during metaphase (Peichel et al., 2004; Ross and Peichel, 2008). Altogether the
threespine sex chromosome has been shown to consist of three regions: the recombining
pseudoautosomal region, the non-recombining region (stratum I) and the non-homologous
region (stratum Il) (Roesti et al., 2013; Ross and Peichel, 2008). These features indicate that
the threespine stickleback Y chromosome is undergoing degeneration.

Compared to other recently investigated sex chromosome systems, the threespine
stickleback system has several advantages. Firstly, the threespine stickleback has well-
established ecology and sexually dimorphic traits that have been described in detail (see
above). Secondly, as the estimated age of the threespine stickleback Y chromosome
is around 13-16 MY, it is young compared to the over hundred million year old, vastly
degenerated mammalian sex chromosomes (Livernois et al., 2011; Wilson Sayres and
Makova, 2012). Although young neo-sex chromosomes, where an autosome has fused to
an existing sex chromosome, are useful for studying Y chromosome evolution, the steps
in neo-sex chromosomes can be different due to the fusion occurring in an established
sex chromosome with already existing features of a sex chromosome such as dosage
compensation and suppressed recombination (e.g. the D. miranda neo-Y, Zhou and Bachtrog,
2012). Thirdly, the availability of an assembled genome sequence allows visualizing patterns
of gene loss and silencing in a spatial framework when genome sequencing is combined
with transcriptomics and proteomics; this spatial scale cannot be achieved as efficiently
with just transcriptome sequence (e.g. the Silene latifolia, Bergero and Charlesworth, 2011).
Lastly, differences in life history characteristics, such as mating system, generation time or
alteration of generations, are expected to influence the Y degeneration process (Bachtrog,
2011).

In summary, investigation of species with sex chromosomes of recent autosomal origin and
with varied life history characteristics will benefit our understanding of the early stages
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of Y chromosome evolution. Also as sexual dimorphism is theoretically related to sex
chromosomes, combining these two lines of investigation can yield a deeper understanding
of the link between genotype and phenotype. Thus, the threespine stickleback provides a
valuable system to investigate the early stages of Y chromosome evolution and for relating
Y chromosome evolution to the molecular background of sexually dimorphic traits within
the species.
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3. MATERIAL AND METHODS

3.1. Threespine stickleback sample collection

As the focus of the research was on sexual dimorphism, and it is most pronounced during
the reproductive period, most of the sample collection was done during the breeding
season when the individuals were characterized with visible reproductive traits. These
included male nuptial coloration (i.e. blue eye and red throat) and gravid females (studies
II, III and 1V). For study I, the samples were not collected at the reproductive season but
this was adequate as the investigation was about sexually dimorphic protein expression
between sexes and mRNA expression was previously shown to differ between the sexes in
adult non-reproductively active individuals (Leder et al., 2010). A variety of tissues, which
are known to have impact on sexual dimorphism were collected. For example liver has a
role in metabolism of steroids, and males and females metabolize some compounds with
different efficiency (Ahluwalia, 2003; Kwekel et al., 2010; Roy and Chatterjee, 1983; Valle
et al., 2007). Brain, on the other hand, is known to control onset of sexual maturation and
behavior related to reproduction (Almeida et al., 2012; Schlinger et al., 1999; Schulz and
Sisk, 2006).

The fish used in study I were unrelated individuals from a laboratory experiment conducted
at the University of Helsinki. Parents for the individuals originated from the Baltic Sea
collected in Helsinki, Finland. Details of the individuals, rearing conditions and sampling are
described in (Leinonen et al., 2010). Liver tissue was used for the experiment.

Unlike study in I, the fish used in studies II, III and IV were of wild origin. Fish from lakes
in Alaska, USA, Bear Paw (61.6141109448°, -149.7534433°), Lynne (61.712°, -150.039°),
South Rolly (61.401°, -150.073°) and Corcoran (61.574°, -149.688°) were used for studies
II and III: two males and two females from Bear Paw for study II, and five males and
five females from all four populations for study III. All fish were caught using minnow
traps during breeding season in June 2010. Additionally for study II fish from the Baltic
Sea at the island of Seili (FIN, 60.241321°, 21.962849°) were collected. These two
sampling locations, Alaska (freshwater) and Finland (brackish water), were chosen to add
geographic dimension to the investigation of sex chromosome evolution as these two
populations have diverged since the last ice age (Bell and Foster, 1994). Also 25 additional
individuals from Bear Paw and 10 from Baltic Sea were collected and used in study II to
verify with more individuals the allele calls for the first mentioned eight individuals from
Bear Paw and Seili.

For study IV the samples were collected from a marine population near the Sven Loven
research station, (Fiskebackskil, Sweden). Upon capture, the individuals were separated to
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males and females, and maintained in aquaria at the research station with circulating marine
water (~14 degrees) until the experiment was started. For allowing the establishment of
social status one female and three males (displaying nuptial coloration at collection time)
were put into the experimental aquaria and were observed until one of the males achieved
breeding coloration, was attacking the other males, and was courting the female while the
other males remained subordinate. The other two males were determined as subordinate
based on their behavior of trying to avoid the dominant male and not displaying breeding
coloration. One of the two subordinate males in the tank was randomly chosen for the
microarray experiment. All of the 16 males (eight dominant and eight subordinate) and
five females in the experiments were decapitated and sampled at the research station
immediately after the experiment.

Table 1. Samples used in the four studies presented in the thesis.

Study Sampling location Sampling time Origin Tissue

I Helsinki University 2009 Laboratory Liver

1I Alaska and Baltic Sea 2010 June, Alaska Field Brain, Liver, Testis,
2011 June, Seili Muscle

11T Alaska 2010 June Field Brain

v Sweden 2013 June Field Hypothalamus

3.2. Molecular methods

In the era of the ‘omics science, development of techniques for gathering and analyzing
genomic, transcriptomic, proteomic or other types of data has made it feasible to address
many ecological and evolutionary questions in a high-throughput manner even in non-
model species (Joyce and Palsson, 2006; McLean, 2013). Although availability of genome
is no longer a limitation when selecting a model for testing ecological and evolutionary
guestions, there are benefits for having a well-assembled genome; e.g. it is possible to adopt
methods from model organisms such as targeted genome capture. Throughout my thesis |
am using high-throughput techniques either alone (studies I, Ill and IV), or in a combination
such that the separate techniques complement each other (study Il). For example the route
from mRNA to protein is not always straightforward (Anderson and Seilhamer, 1997; Cox
et al., 2005; Ning et al., 2012) as transcribed mRNA can be subjected to further regulation
by microRNA (Valencia-Sanchez, 2006). In addition, proteins go through post-translational
modifications such as phosphorylation or glycosylation before being functional or are
destined for degradation by ubiquitination. Thus interdisciplinary interpretation of data
is encouraged (Ning et al., 2012). As there are numerous methodologies available for
genomics, transcriptomics and proteomics, | will discuss in more detail the methodological
choices for each study in the following sections.
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3.2.1. Extraction methods

As all the molecular levels, DNA, RNA and proteins, were investigated in the studies, |
primarily used extraction methods which allow simultaneous collection of more than one
type of molecule in high quality. DNA used in study II was extracted following a traditional
salt extraction method with RNAse treatment included to ensure sufficient quality and
quantity for next generation sequencing. Choice of tissue occasionally limits the extraction
method. For example, when the tissue is relatively homogeneous and plentiful (e.g. liver)
it is possible to do several extractions from the same tissue and the amount of tissue is not
limited. On the other hand, when the tissue is functionally organized or small (e.g. brain)
only one extraction is possible and thus consideration for the extraction method given
the desired downstream processes is required. Therefore | chose a phenol-based phase
separation for extracting RNA and proteins used in studies I, II, III and IV. This protocol
yields RNA and protein suitable for transcriptome approaches or mass spectrometry based
proteomics, respectively, and can also provide DNA, yet quantity tends to be limited. All
RNA samples were extracted twice with DNAse treatment with RQ1 RNAse-free DNAse
(Promega) after the first isolation to ensure no traces of DNA or DNAse are left in the RNA.

3.2.2. Next generation Sequencing based methods

Recentadvancesanddevelopmentoffast,accurateandaffordable sequencingmethodologies
have opened a new view to evolutionary research. Collectively these methods that enable
rapid high throughput sequencing are called next generation sequencing (NGS) (Metzker,
2009). For transcriptome research, NGS overcomes some of the problems associated with
microarrays and simultaneously enables acquiring data for millions of molecules without
prior knowledge of the sequence (Wang et al., 2009; Ozsolak and Milos, 2010). The NGS
platform used in studies Il and Il is lllumina HiSeq. For both DNA and RNA 100 bases of
paired-end sequencing was chosen. Paired-end sequencing has benefits for identifying
structural variants or fusion events as a result of read-through between neighboring
transcripts in the genome (Maher et al., 2009).

In the case of the threespine stickleback an assembled genome is available which can
be used for mapping the sequences obtained with NGS. The reference genome used for
mapping the DNA and mRNA reads from Illumina was Ensembl build v67 of the threespine
stickleback. In 2008 Ross and Peichel reported that the last two supercontigs of chromosome
XIX in the Ensembl assembly were inverted. | corrected for this reported inversion of the last
two super contigs in chromosome XIX in my version of the reference genome.

3.2.2.1. Genome sequencing based methods (study II)

Albeit the genome of the threespine is publicly available, it only has the X chromosomal
sequence representing the sex chromosomes (Jones et al., 2012). In this case, whole
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genome sequencing would not yield the same benefits as a reductionist approach targeting
only the sex chromosome. Genome reduction methods provide the advantage of acquiring
more data over a subset, e.g. chromosome, of the genome of interest (Mamanova et al.,
2010). With the availability of the genome, it is possible to adopt techniques used in
model organism and to remold it to suit the need of the experimental question. Since
genome information for males (e.g. Y chromosome) is unavailable, DNA sequence capture
was used to acquire sequence of the sex chromosomes for males and females (see 3.1.
for sample details). Oligo probes (or baits) were designed from the genome sequence
to cover the majority of chromosome XIX and some regions from the autosomes as a
control. These probes are then used to capture corresponding sequences from the total
DNA which are then consequently sequenced. However, Y-specific sequences which are
too divergent to hybridize to the probes based on X sequence will not be observed in
these data.

To confirm that the allele calls from capture study are representative of the population,
genotyping by sequencing (GBS) (Elshire et al., 2011) was done to obtain sequence data
for additional individuals. GBS is also a genome reduction method based on fragmentation
of the genome with a restriction enzyme followed by ligation of adapters for sequencing
and library amplification. This method also allows for the insertion of barcodes with the
adapters for pooling tens of samples on one lane. In addition, the desired insert size is can
be obtained by size selection of the library prior to sequencing. As GBS is based on random
small fragments from the whole genome whereas the DNA capture is targeting specific
chromosomal regions, the overlap between these two datasets is expected to be small.
However, it provides an estimate of the accuracy for genotype calling of the capture data
since it utilizes more individuals.

Reads from both the DNA capture and the GBS were trimmed using window adaptive
trimming to remove low quality bases prior to read mapping. Due to read mapping algorithms
performing alignment one read at a time against the reference genome while the previously
aligned reads at the region are not considered at all, erroneous read alignment can occur
and lead to erroneously called polymorphisms in the sample. Not considering this problem
can lead to biased estimates of variation in the sample. There are tools available, such as
the local re-alignment tool provided in GATK 2.3.9 (Broad Institute) (McKenna et al., 2010),
specifically designed to identify and correct regions where erroneous read alignment has
happened. In essence, the GATK re-alignment tool performs a local multiple alignment for
regions with indels. Local re-alignment was done to improve variant calling in males and
females and also the accuracy of assigning Y chromosome alleles. These Y-specific calls were
also confirmed, when possible, with the allele calls made from GBS data (see paragraph
above) and transcriptomes (see section below).
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3.2.2.2. Transcriptome sequencing based methods (study II, I1I)

In studies Il and lll, | used RNA sequencing (RNA-Seq) to investigate transcript expression
across tissues. In RNA-Seq no prior genome information is required for sequencing as is
needed for microarrays; the only limitation for detecting a transcript comes from whether
the gene is expressed in the tissue at the time of sampling (Ozsolak and Milos, 2010; Wang
et al., 2009). The major benefit of using transcriptome sequencing over hybridization-
based microarray methods is obtaining the actual sequence of the transcript in question.
With sequence information it is possible to identify variants between individuals and this
information can further be used for assessing the level of alternative mRNA splicing and
parental origin of expression (Gregg et al., 2010; Li et al., 2012) or, as in my case, to separate
expression coming from homologous chromosomes in males, namely X and Y. Other
benefits of RNA-Seq are low background, high dynamic range and reproducibility (Malone
and Oliver, 2011).

In study Il the acquired transcriptome reads were used to examine the propensity of the
degenerating Y-copy genes to be transcribed. Mapping of the reads was done with the
Tuxedo pipeline (Trapnell et al., 2012). This pipeline is designed for the specific needs of
mapping MRNA reads to reference genome since a read can contain sequence from two
different exons, and it further characterizes transcripts from the mapped read data. Variant
loci identified from the transcribed genes on the sex chromosome were compared to the
Y allele calls made from DNA capture. This was done to determine presence of Y-specific
transcripts in males in order to ascertain the level of gene loss at the transcriptome level. |
also examined whether expression levels for X and Y chromosomes in males were differing
by determining allele-specific expression (ASE) patterns (Gregg et al., 2010; Li et al., 2012)
for those variant loci in transcripts which overlapped Y-diagnostic loci from the capture data
(i.e. Y alleles) and had a minimum depth of 20 reads to ensure accurate estimation of the
allelic proportions.

In study Ill the focus was solely on expression patterns between the sexes and between
autosomes and the sex chromosome in the genome in order to examine the status of dosage
compensation. Mapping of the reads was done with the Tuxedo pipeline (Trapnell et al.,
2012). Although the tuxedo pipeline can also be used to calculate differential expression,
the R package DeSeq2 (Anders and Huber, 2012) offers more choice in statistical design.
Differential expression was first determined between the sexes after which the expression
levels between autosomal and sex-linked genes were calculated for both sexes. The latter
analysis was also done separately for the two different strata on the sex chromosome
(see 2.1.). As the Y chromosome potentially contributes to the overall sex chromosome
expression level in males, all genes determined to have a transcribed Y-copy in males were
removed therefore leaving only the hemizygous genes in the male (i.e. X:AA).
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Figure 2. Workflow of study Il illustrating how data from different methodologies was used to examine
Y chromosome. The majority of mutations specific to the Y were found in the non-recombining
region, and a hypothetical section of this region is shown (A). A high frequency of SNPs (colored
lines) and indels (white boxes) were identified throughout this region. From the captured DNA data,
Y-specific mutations were then categorized by their potential effect on the gene (B). They can be
broadly classified into mutations in gene regions, both coding (red lines) and potentially regulatory
(green lines) or intergenic (blue lines in A). Transcriptome sequencing was then carried out in order
to confirm and further assess the impact of the mutations identified at the DNA level (C). In some
cases, genes with Y-copy alleles at the DNA level were not observed at the transcriptome level.
These silenced Y-copy genes presumably have been rendered non-functional due to mutation(s) in
the regulatory regions (e.g. mutation 1 in B). Finally, LC-MS/MS of male and female proteomes was
conducted to confirm that Y-copy alleles were being translated into proteins. If a male produced
both X and Y copies of a protein, often it was observed in the peptides from proteomic data (peptide
1in D). In cases where the mutation created a premature stop codon, as * in peptide 2, the Y-copy
of peptide 3 would not be expected in the data. Incidentally, peptide 2 would not be observed from
either the X or the Y due to its small size.

3.2.3. Microarray based methods (study IV)

In study IV, | investigated the transcriptome of hypothalamus tissue in male and female
threespine stickleback with a DNA oligo array. Although the molecule under examination
is the same as in RNA-Seq, the way in which it is analyzed is inherently different (Wang et
al., 2009; Malone and Oliver, 2011). Probes used in oligo arrays are predesigned 60 base
(in this case) oligos that are attached to a glass surface; as mentioned previously, some
prior genome knowledge is needed in order to design the probes. To quantify expression,
samples are fluorescently labelled with one or two dyes and then allowed to hybridize to
the complementary target probes immobilized on the array. Expression level is determined
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by measuring fluorescence of the probes by laser (Malone and Oliver, 2011). Although
there are inherent problems and biases to consider with microarrays (see above for RNA-
seq), a vast body of research has provided solutions to them (Malone and Oliver, 2011,
Smyth, 2005; Yang et al., 2002). For example, in two-color arrays, the difference in the label
florescence intensity needs to be taken into account when analyzing the results across
array slides (Rosenzweig et al., 2004; Yang et al., 2002). A clear benefit of microarrays over
sequencing methods is the cost per sample. One way to overcome cost issues with RNA-Seq
is to pool several individuals together for the sequencing; however, then the information
of individual level variation of expression is lost. Therefore, when individual level variation
is required a microarray provides a more cost-effective way to examine expression for 24
samples compared to RNA Seq.

In brief, each male sample was labelled once, either by Cy3 or Cy5, and hybridized twice
on an array; once against a female and once against a male having the opposite social
status (i.e. dominant or subordinate). Female samples were labelled with both Cy3 and
Cy5 because of this experimental design (i.e. the same female had to be hybridized to both
the dominant male and the subordinate male which were in opposite colors). Differential
expression between the dominant male-female (DMvF), subordinate male-female (SMvF)
and dominant male-subordinate male (DMvSM) comparisons was analyzed using the Limma
package (Smyth, 2005).

3.2.4. Mass spectrometry based methods

In studies I and II, | used mass spectrometry-based proteomics to acquire protein expression
and identifications, respectively. Mass spectrometry based proteomics is at present a
commonly used tool in model and non-model organism research (Buggiotti et al., 2008;
Cox and Mann, 2007; Martinez-Fernandez et al., 2008; Martyniuk and Denslow, 2009; Ong
et al., 2003; Schulze and Usadel, 2010; Tyers and Mann, 2003). In addition to identifying
which proteins are present in the sample, mass spectrometry can be used to determine
protein expression levels similarly to microarrays. Furthermore, it is important to study
the proteome (all expressed proteins in tissue) alongside the transcriptome (all expressed
mRNA in tissue) in order to know which genes are actually expressed as their functional
end products - the proteins (Sun et al., 2010). Studies have shown that that there does
not exist a perfect one-to-one ratio between mRNA and protein abundance (Anderson
and Seilhamer, 1997; Ning et al., 2012). This result highlights the importance of examining
the transcriptome and the proteome together when studying gene expression in order to
acquire a comprehensive picture of the entire process of gene expression.

In principle, mass spectrometry-based detection of proteins requires reduction of the
sample complexity, enzymatic digestion of the full length protein to shorter peptide
sequences, ionization of the peptide molecules followed by mass analysis of the peptide
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molecules (Aebersold and Mann, 2003). As the sample complexity usually exceeds the
detection limits of the instrumentation, reduction of the complexity is commonly done
based on electrophoretic or chromatographic separation by size before (for proteins) or
after digestion (for peptides) (Corthals et al., 2000). For the following steps of ionization and
mass analysis, several types of methods are available. Given the scope of this thesis | will
only discuss the methods used in my studies. The method used in both studies I and II was
liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS). Tandem mass
spectrometry combines two rounds of mass detection; first round chooses a peptide and
identifies its mass, and for the second round the chosen peptide is fractionated followed by
mass analysis of the fractioned ions from the peptide. The mass spectrum which is obtained
with the mass spectrometer is next queried against a database with theoretical mass spectra
of proteins to identify the proteins present in the sample.

3.2.4.1. Protein quantitation (study I)

In study I, protein quantification was used to identify liver proteins differentially
expressed between sexes. The two most common approaches to protein quantitation
are mass-labelling in which an isobaric mass tag is added to each sample prior to mass
spectrometry analysis (e.g. iTRAQ, Wiese et al., 2007) and label free quantitation in which
guantitation is based on counting the spectra observed for a given peptide (Zhu et al.,
2010). In study I, quantitation was done with label free quantitation. Prior to quantitation,
the proteins were first identified by searching the acquired spectra with Mascot Daemon
v.2.2.2 (Matrix Science, London UK) against a custom prepared database with threespine
stickleback proteins (Ensembl v. 57) as well as a list of common contaminants that could be
introduced to the sample during processing (e.g. human keratin). For each protein in the
database theoretical peptide mass spectra are created and the acquired mass spectra are
compared against these to identify which peptides, and thus which proteins, are present
in the sample. As the measurement of mass in the mass spectrometer is influenced by
the instrument calibration and the chemical modifications introduced to the sample
while processing it, these also need to be considered in the search algorithm. Label-free
guantitation of the identified proteins between males and females was performed with
normalized spectral abundance factor (NSAF) (Paoletti et al., 2006). In brief, the spectral
abundance factor for a protein was determined by dividing the unique spectral count
by the length of the protein and then normalizing this value by the sum of all spectral
abundance factors of a sample. Protein length is incorporated as it has been shown to
affect the number of peptides obtained after enzymatic digestion (Asara et al., 2008).
Statistical testing for differential expression was performed with reproducibility optimized
test statistic (ROTS, Elo et al. 2008, 2009), and linear modeling (LIMMA package, Smyth
2005). ROTS package has been proposed as statistical package for experiments with small
number of biological replicates and to overcome the statistical power issues due to small
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sample sizes significance is determined by optimizing the test statistic for the given the
data by maximizing the reproducibility of the top identified proteins.

3.2.4.2. Y-specific protein identification (study II)

In study II, protein identification was performed to identify which transcripts from the
sex chromosome were translated in males and females. Special focus was on identifying
peptides translated from the Y-copy alleles coming from the degenerating Y. To ensure
detection of as many peptides as possible, each sample was fractionated into 10 fractions
and proteins in the fractions were digested with two different enzymes.

For identifying Y-specific proteins in males, a custom database was created which contained,
in addition to the Ensembl predictions from the reference genome (v. 73), the translated
protein sequences of the Y-copy genes (with their associated mutations identified from
the DNA capture inserted into the protein sequences, see section 3.2.). By comparing the
peptides identified with mass spectrometer to the predicted male and female specific
peptides from the database which are expected to be observed with the mass spectrometer
given its detection range, | estimated the proportion of translated Y transcripts that were
observable with mass spectrometry (see figure 2.); this comparison allows for estimating
the amount of Y transcripts that are translated.

As Y-specific peptides were present in males, | further examined the effects of the Y-specific
mutations on protein physiological properties, and thus potential function, by identifying
the corresponding protein structures from the PDB database (Research Collaboratory for
Structural Bioinformatics) and predicting the 2-dimensional structure for the Y proteins with
Modeller v 9.12 (Eswar et al., 2006)and is usually facilitated by having an accurate three-
dimensional (3-D. Effects of mutations for the protein were predicted with SNAP (Bromberg
and Rost, 2007). Each mutation was further assigned to a specific structure (e.g a-sheet or
backbone) with STRIDE (Heinig and Frishman, 2004) based on the structure from Modeller
to estimate if the Y mutations are accumulating in certain parts of the protein structure.

3.3. Bioinformatics methods

3.3.1. Biomart and BLAST in gene functional annotation

Knowing the function of a gene, or a group of genes, in high throughput studies is
worthwhile for gathering meaningful interpretations out of the flood of information. The
most commonly used method to identify gene functions is functional annotation based
on the Gene Ontology (GO) database. It is transferrable between species and thus allows
annotating non-model species based on annotations from model species (The Reference
Genome Group of the Gene Ontology Consortium, 2009). GO terms are divided into
three categories which define them broadly; biological process, cellular compartment
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and molecular function. Due to the annotation of the genome of threespine stickleback
being incomplete, | used annotation based on orthologous human and zebra fish genes to
improve the annotation of the threespine stickleback for downstream analysis in studies I,
IT and IV. For the annotation | first used orthologous gene information provided by Biomart
(Ensembl, Kasprzyk, 2011). Genes for which no orthologs or annotation were found using
Biomart, | queried the translated protein sequence against human (studies I and IV), zebra
fish or the non-redundant database (study IV) provided by NCBI with Basic Local Alignment
Search Tool (BLAST, Altschul et al., 1990).

The downside with BLAST-based annotation is the identification of false positives which can
lead to a biased interpretation of gene functions if the false positive alignments are used for
assigning GO annotation. False positives can be avoided by using more than one threshold
or reciprocal searches (Primmer et al., 2013). To avoid false positive annotations | used an
E-value cutoff of 0.001 in study I and manual curation. Because the numbers of genes were
substantially higher in study IV than in study I (approximately 13 000 compared to only
342) and manual curation of all of them was not feasible, | used a combination of cutoffs:
an orthologous gene was accepted with E-value <0.00001 and percentage of alignment
>50. To support these criteria, assighment of orthologous genes from human and zebra
fish were in agreement. Gene assignments from the non-redundant database were mainly
sequences obtained from various non-model fish species and thus functional annotation
was not possible for these.

3.3.2. Gene functional enrichment and pathway analysis

Functional annotation from gene ontology (GO) terms provides, depending on the gene,
from one to several functions for a gene. With high throughput data, interpretation of
each term alone is neither sufficient nor informative. Therefore, to overcome the problem
with the amount of data, several methods to reduce the data to meaningful entities have
arisen (Primmer et al., 2013). Functional enrichment is one of these methods, and it aims at
finding similar functions, through the use of GO terms, that are overrepresented in a subset
of genes (usually those differentially expressed) when compared to all the genes present
in the sample (i.e. the background). Methods and tools for identifying enrichment of GO
terms are common practice and provide insight into which biological processes, molecular
mechanisms and cellular compartments are likely involved with the biological question at
hand (Maere et al., 2005; Primmer et al., 2013). Selection for an appropriate entity of genes
(i.e. background) against which enrichment in the identified subset of genes is tested, is
crucial for the outcome of the enrichment test; erroneous interpretations can be made if
the background does not match the study question at hand. Often, though, identifying only
enrichment terms is not enough or the amount of data is still too much to comprehend; in
these cases functional clustering based on term hierarchy and pathway analysis (Ramanan
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et al., 2012) based on experimental evidence can yield more meaningful interpretations of
the data.

In study I functional annotation and grouping of proteins was performed with Cytoscape
(Cline et al., 2007) using the ClueGo (Bindea et al., 2009) plug-in. ClueGo groups and
generates networks based on the functional relatedness of the enriched GO terms by
forming functional GO clusters based on kappa statistics (i.e. term relatedness). As ClueGo
bases functional annotation on the relatedness of the GO terms and not on the true
interaction, | used Ingenuity Pathway Analysis (IPA, Ingenuity Systems, QIAGEN Redwood
City, www.giagen.com/ingenuity) to identify which curated pathways and networks are
present among the identified proteins. IPA uses Ingenuity Knowledge Database which is
a repository of biological interactions and functional annotations that is manually curated
based on published research.

In study II enrichment of functional annotation terms was tested using DAVID (Huang et
al., 2008). DAVID is similar to ClueGo in function; it identifies GO term enrichment in the
data and also performs functional clustering based on kappa statistics. As the GO terms are
redundant due to the hierarchical set up of the GO database, clustering was done with the
redundancy reduced GO_fat terms available in DAVID (Huang et al., 2008).

In study IV Cytoscape plugin BiNGO (Cline et al., 2007; Maere et al., 2005) was used for
testing for functional enrichment of GO terms as custom background gene lists can be
easily used in the analysis. Similarly to study I, | used IPA for identifying which pathways are
indicated by the differentially expressed genes in the breeding males and females. IPA also
provides information on whether the gene expression patterns in the dataset are increasing
or decreasing a specific biological function; the determination of the direction of change
(i.e. increase or decrease) is based on the curated interactions of genes from previously
published data in the Ingenuity Knowledge Database.

3.3.3. Gene variant effect prediction (II)

The severity of a given variant allele has on a gene function depends on whether the variant
allele is located within a gene or in the intergenic area. To be able to predict the effects of
the identified Y alleles from the capture data | used Variant Effect Predictor 2.8 (McLaren
et al.,, 2010); it identifies all the possible effects of a mutation given the genome and
annotation provided for the database (e.g. synonymous, frameshift, upstream or intergenic
as determined by Sequence Ontology nomenclature, Eilbeck and Lewis, 2004). With the
known inversion in the sex chromosomes of the threespine stickleback, | built a custom
database using the custom reference genome (see section 3.5.1) and a custom gtf file where
the reported inversion of the two super contigs was corrected (ensemble build version
71). The most severe effect that a variant had on a gene was retained for each gene when
several effects for the gene were associated with the same variant (according to Ensembl’s
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categorization). A given variant can also have an effect on more than one gene at a time if
the genes overlap the variant locus (e.g. due to the overlapping genes being on different
strands).

3.4. Evolutionary analysis of the sex chromosome (study II)

| investigated the evolutionary rates of X and Y genes using dN/dS ratio by comparing
the genes to an out-group species, the ninespine stickleback, Pungitius pungitius (Bell et
al., 2009). Orthologous threespine and ninespine stickleback genes were determined by
reciprocal searches with BLAST (Altschul et al. 1990). Sequences for alternative ninespine
stickleback open reading frames and the threespine stickleback Y chromosome were
manually built using the mutations from the ninespine transcriptomes and the DNA capture
data. As codon alignment is crucial for accurate calculation of dN/dS, all the ninespine and
threespine stickleback nucleotide sequences were translated to peptide sequence prior to
the multiple alignment and then translated back to nucleotide sequence while retaining the
codon alignment of the multiple alignment. In total 514 threespine genes from XIX and 3186
genes from autosomes with orthologous ninespine genes were identified. Firstly, | used
pairwise comparison in PAML (Yang, 2007) to identify whether discrete gene categories (i.e.
autosomal, PAR, X and Y) are exhibiting different selection pressures. Secondly, | investigated
dN/dS ratios of specific genes in PAML to identify which ones are evolving faster in the Y
than in the X chromosome.
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4. MAIN RESULTS AND DISCUSSION

4.1. Sexual dimorphism at the protein level in the threespine stickleback (I)

In study I, sexual dimorphism was measured at the protein level in the threespine stickleback.
| determined protein expression using label free quantitation of liver tissue for four males and
four females from laboratory-reared adults which were not reproductively active. | identified
341 unique proteins with a 95% confidence level to be present in the samples. Functional
categorization of the identified proteins matched the normal functions of liver; e.g. metabolism
related to amino acids, carbohydrates and lipids, and also metabolism of xenobiotics.

Of the identified proteins 5.8% were differentially expressed between the sexes. This
constituted qualitative and quantitative differences between the sexes. Qualitative
comparison of the data revealed five proteins unique to one sex; two were observed only
in males and three in females. As the qualitative analysis is affected by individual variability
and small sample size, power to observe statistical significance is likely diminished. To avoid
this, relaxed criteria were used; proteins were accepted as differentially expressed if they
met the following criteria: an unadjusted p-value less than 0.05, fold change of at least
1.5, and they were identified by both ROTS and LIMMA. Altogether there were 15 proteins
differentially expressed between the sexes; five female-biased and ten male-biased.
Combining the quantitative and qualitative results, there were eight female-biased proteins
and 12 male-biased proteins. Male-biased genes had functions related to amino acid
metabolism and signaling whereas female-biased genes were related to protein synthesis.

As previous analysis of sex-biased liver transcriptome expression was available, | compared
the protein level results with those results. Microarray analysis revealed over 11 000
genes expressed at the mRNA level from liver with 11.3% showing sex-biased expression
(Leder et al., 2010). These numbers are quite different compared to the 342 proteins with
5.8% differentially expressed between sexes. Mainly the discrepancy between the results
highlights some of the key differences between mass spectrometry-based proteomics and
transcriptomics; while microarrays are targeting genes with the use of probes, shotgun
proteomics is non-targeted with selection not based on certain peptides but rather on
abundance of peptides (intensity). Also, at the time of this study, the difference between
the sensitivity of microarrays and mass spectrometry instrumentation was responsible
in part for the differences observed. In addition to technical effects, the biology will also
contribute to the differences observed since the stability of mRNA and protein will have an
effect on the probability of detecting a correlation between mRNA and protein abundance
(Ning et al., 2012). These factors create inconsistencies between microarray-based mRNA
measures and proteomic data (Cox and Mann, 2007; Ning et al., 2012).
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Regardless of the limitations of the technique used in study I, | have established that sexual
dimorphism previously identified at the liver transcriptome (Leder et al., 2010) is reflected to
some extent in the proteome. A recent study by (Ning et al., 2012) showed that correlation
between liver proteome (measured with NSAF) and transcriptome abundance was best
when measured with RNA-Seq although differences between the other methods were not
large. Although in study I, correlations between protein and mRNA abundance were on
average around 0.5, the directions of change in expression between the two measurements
were in agreement for 74% genes (i.e. if gene was up-regulated in mRNA it was also up-
regulated in proteome). These types of comparisons will extend our understanding of
how the phenotype is generated and comparisons between the transcriptome and the
proteome will become more exact as development of instrumentation allows for better
protein measurements (Cox et al., 2005; Tyers and Mann, 2003).

4.2. Effects of Y chromosome evolution on gene loss and persistence patterns (I1)

In study Il | investigated the level of Y chromosome degeneration and the effects of
recombination suppression on the Y chromosome’s gene content at three molecular levels:
DNA (sequence capture), mRNA (RNA-Seq) and protein (mass spectrometry-based protein
identification). The workflow of study Il is briefly illustrated in Figure 2 (see section 3.2.2.2).
Overall | found that the level of degeneration in the form of gene loss, transcript silencing
and non-functionalization is relatively advanced in the threespine stickleback with 58% of
genes either being lost or silenced from the Y; yet, accumulation of male-specific functions
in the Y chromosome has not progressed as fast. | observed the previously identified
regions of the threespine stickleback sex chromosome in my data (Ross and Peichel, 2008):
a pseudoautosomal region where X and Y recombine (PAR), a region where recombination
between X and Y is suppressed (stratum 1) and a region with little homology between X and
Y as it has largely been deleted from the Y (stratum Il). Differences between the X and Y
sequences (e.g. deletions) can be seen in the numbers of reads mapping in males and females
for chromosome XIX. Thus, | examined the similarity of the male and female sex chromosomes
by comparing the normalized average per base read coverage of males to that of the females
for chromosome XIX (Figure 3.). When the ratio is close to one, the read depths of male and
female are similar and suggests that males and females have a similar copy number (i.e. male
has both X and Y sequences). Corresponding to the three described regions, normalized read
coverage is quite similar between the sexes in the PAR and stratum | but is reduced in male in
stratum Il (Figure 3.). In stratum I, reduced male coverage coincides with deletions described
for this region (Roesti et al., 2013; Ross and Peichel, 2008) although areas where the coverage
between the male and female is quite similar were observed (Figure 3.).

As the focus in study |l was on identifying novel male variation, alleles which may be fixed in the
male but are still segregating in the female, were not considered. Following this conservative



30 Main Results and Discussion

[+] Mon-genicsequence
[+| PAR gane

[&] “Cexpreszed gane
(%] “silenced gene

|#] *-hemizvgous gene

b
a8 #i

M/ per base covarage

=

15 20

10
Fosition {million bp)

Figure 3. Normalized average per base read coverage for the captured males and females along
chromosome XIX. A window of 100 bases was used to calculate average per base read coverage
which was then normalized by the pseudoautosomal region of the corresponding sex. Horizontal
axis represents the position along chromosome XIX. Dashed lines represent the borders between
the PAR and stratum I, and the stratum | and stratum Il, respectively. Light grey points represent
non-genic sequence (intron or intergenic), dark grey points represent genes in the pseudoautosomal
region, green represents genes that have a Y-copy which is expressed, blue represents genes that
have a Y-copy which is not expressed and brown represents genes that have lost their Y-copy (i.e.
hemizygous in males).

criterion, over 179 000 of the variable loci in chromosome XIX were determined to be variable
due to Y-specific alleles. The three sex chromosome regions outlined above were also clear in
the distribution of the Y alleles along sex chromosome (see Y-expressed genes in Figure 3.);
the PAR extends to approximately 2.5 million bases after which the accumulation of Y alleles
increases due to suppressed recombination in stratum | (Roesti et al., 2013). A clear drop in
Y allele count around 12.0 million bases marks the boundary between stratum | and stratum
Il. Unexpectedly, Y alleles were identified also from stratum II. These were found primarily in
gene regions and will be discussed in more detail later in the discussion.

With the Y allele information gathered from the DNA capture | was able to investigate the
presence of Y-linked gene copies in the threespine stickleback using Ensembl gene predictions
and RNA-Seq data for males and females. Of the genes in stratum | and stratum Il 36% were
regarded as X-hemizygous in males (i.e. Y-copy lost); 90 % of these hemizygous genes reside
in stratum Il which has suffered large deletions and thus provides an explanation for gene loss
(Peichel et al., 2004; Ross and Peichel, 2008) (Figure 4.). When RNA-Seq data was examined,
the Y transcript was silenced for 23% of genes in the two strata regardless of observing a
Y-linked copy at the DNA level (i.e. Y-silenced) whereas for 39% of the genes the Y transcript
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Figure 4. Patterns of gene loss and expression in the threespine stickleback sex chromosome
(chromosome XIX). The three regions indicated are PAR; pseudoautosomal, stratum |; non-recombining
and stratum Il; non-homologous. Counts of Ensembl (v67) predicted protein coding genes in each
region are given in first row, followed by numbers of X-hemizygous, Y-silenced, Y-expressed genes and
genes for which no transcription was detected. In parenthesis is the number of genes with disrupted
open reading frame due to Y specific variants in a given region. For proteins, counts of observed
proteins in males, possible Y indicative peptides that are be detectable (based on mRNA and MS/MS
instrumentation) and detected translated Y-specific peptides are given for each region to exemplify
the discrepancy in numbers due to different methodologies (namely transcriptomics and proteomics).
As the PAR is still recombining no Y-specific or X-hemizygous genes are detected for this region.

was transcribed (i.e. Y-expressed) (Figure 4.). As the transcription status of Y copies was
determined with RNA-Seq, the probability of detecting the Y copy is dependent on whether
the gene is expressed in a tissue in the first place; for only 2% of the predicted genes no
expression, even in females, was observed. This indicates that the likelihood of not identifying
the Y-copy gene, because the gene was not expressed in the first place, was low in this study.

Of the expressed Y-copies, 27% had reading frame disrupting mutations whereas the
remaining genes had accumulated mutations not affecting the reading frame (e.g. non-
synonymous and inframe deletions) (Figure 4.). Genes, for which the Y-linked copy had a
disrupted reading frame, were expressed at a significantly lower level than genes with intact
reading frames (t-test, p-values: brain 0.06, testes 0.03 and 0.04, pooled organs 0.009).
This has also been observed for genes in the neo-Y chromosome of D. miranda (Kaiser et
al., 2011; Zhou and Bachtrog, 2012). This could suggest that in the threespine stickleback
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these lowly expressed transcripts are likely not that important when it comes to losing gene
function during degeneration (see also 4.3. for discussion of study III). Similarly, mutations
in these lowly expressed genes are tolerated because a sufficient amount of transcript could
be produced by the X, or it could be that they are in the process of being phased out of use
by lowering the expression level while a compensating mechanism evolves.

To estimate expression level of Y-linked gene copies in different tissues, | examined allele-
specific expression patterns in males; as expected, the amount of Y-biased loci in the testes
was significantly higher than that of X-biased loci (t-test, p-value 6.1x107!) but not in the
somatic tissues. Y-specific expression is expected for reproduction related tissues but not for
somatic tissues (Kaiser et al., 2011; Skaletsky et al., 2003; Wilson and Makova, 2009; Zhou
and Bachtrog, 2012)2012. Testes-specific Y-biased expression was evident with 35 genes in
testes having Y-biased expression in all Y-specific loci of the gene (Study II Additional file
5). Based on gene ontology enrichment analyses it appears that there is no specific male
functions that are preferentially retained (or lost) from the threespine stickleback Y at its
present evolutionary state of degeneration. In contrast, in D. Miranda, specific classes of
genes related to male functions and regulatory or developmental processes seem to be
preferentially retained in the neo-Y given the functionality of the genes (Kaiser et al., 2011;
Zhou and Bachtrog, 2012). Similarly in mammals, the Y chromosome has become enriched
for genes with testes-related functions during its degeneration (Vallender and Lahn, 2004).
Thus, the threespine stickleback Y chromosome has acquired testes specific expression
patterns, as expected, but has not been completely evolved to contain only male-specific
functions regardless of the high degree of Y chromosome degeneration.

The occurrence of Y alleles, and expressed Y gene copies, in stratum Il implies that these
locations have most likely become associated with the non-recombining region during the
structural rearrangements that have taken place in the Y chromosome (Ross and Peichel,
2008) (supported by the observation that patterns of fixed mutations are similar to stratum
I, Figure 3. in study II). The observation that these genes have been retained in the Y after
recombination became suppressed is also supported by dN/dS analysis of the genes in the
sex chromosome; dN/dS ratio for stratum Il Y genes was lower than for stratum | Y genes
regardless of the genes being expressed or silenced, (Wilcox test, p-value 0.04 and 0.01
respectively, Figure 5.). On the other hand, stratum Il genes were not different from their
X-homologs in regard to dN/dS ratio (Wilcox test p-value 0.39 and 0.74 for Y-expressed and
Y-silenced respectively). Similar to what | found in the threespine stickleback, X-linked genes
with functional Y homologs are evolving slower (i.e. have lower dN/dS) than those X-linked
genes with non-functional or lost Y homologs in humans and in D. miranda (Wilson Sayres
and Makova, 2012; Zhou and Bachtrog, 2012). Additionally, stronger purifying selection
could be preserving these Y-linked copies from stratum Il within the degenerating Y. This
preservation could be driven by the Y-linked gene copies having an overall higher expression
level than hemizygous genes (see 4.3. for discussion of study III) which is similar to what
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Figure 5. Pairwise dN/dS ratios obtained from comparison between orthologous threespine and
ninespine stickleback genes. Threespine stickleback genes are divided according to location on X and
the transcription status: from left to right the autosomal and pseudoautosomal (PAR) genes, X genes
which have a homologous Y-copy and which do not have homologous Y-copy, followed by Y-expressed
genes from stratum | and stratum Il, and lastly Y-silenced genes from stratum | and stratum Il. The
lower and upper edge of the box represents the first and the third quartile with median indicated by
the horizontal solid line. Vertical solid lines indicate the outer range of the distribution.

was recently shown in mammalian species. Genes with naturally high expression are harder
to compensate for if one of the copies is lost, and thus these highly expressed genes are less
likely to be lost during Y degeneration (Cortez et al., 2014).

To estimate expression level of Y-linked gene copies in different tissues, | examined allele-
specific expression patterns in males; as expected, the amount of Y-biased loci in the testes
was significantly higher than that of X-biased loci (t-test, p-value 6.1x10-11) but not in the
somatic tissues. Y-specific expression is expected for reproduction related tissues but not
for somatic tissues (Kaiser et al., 2011; Skaletsky et al., 2003; Wilson and Makova, 2009;
Zhou and Bachtrog, 2012). Testes-specific Y-biased expression was evident with 35 genes
in testes having Y-biased expression in all Y-specific loci of the gene (Study Il Additional file
5). Based on gene ontology enrichment analyses it appears that there is no specific male
functions that are preferentially retained (or lost) from the threespine stickleback Y at its
present evolutionary state of degeneration. In contrast, in D. Miranda, specific classes of
genes related to male functions and regulatory or developmental processes seem to be
preferentially retained in the neo-Y given the functionality of the genes (Kaiser et al., 2011;
Zhou and Bachtrog, 2012). Similarly in mammals, the Y chromosome has become enriched
for genes with testes-related functions during its degeneration (Vallender and Lahn, 2004).
Thus, the threespine stickleback Y chromosome has acquired testes specific expression
patterns, as expected, but has not been completely evolved to contain only male-specific
functions regardless of the high degree of Y chromosome degeneration.
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Although cessation of recombination has produced new male alleles, many of these Y
mutations do not seem to affect the physical properties of the protein; structural predictions
showed that most of the mutations were neutral by effect and they were distributed in
both the backbone and structural parts of the protein (a helix and B sheets) whereas non-
neutral mutations were located mostly in the backbone of the protein when compared to a
helicases or B sheets (study II Additional file 9). Although protein structure was unaffected,
Y alleles could still affect the function of a protein (e.g. binding efficacy to substrate) which
was not tested here. In humans both TBL1 (Yan et al., 2005) and DDX3 (Ditton, 2004) have
acquired distinct mRNA and protein expression patterns across tissues of their Y copies
compared to the X copy. Furthermore the Y copy of DDX3 has acquired a novel function in
spermatogenesis (Ditton, 2004). Given that we have encountered both coding and potential
regulatory mutations, some Y genes can be expected to acquire their own function and
expression pattern which are distinct from the X copy of the gene during the course of Y
degeneration in the threespine stickleback. Male-specific proteins present in threespine
stickleback are also potential targets for male-specific selection in threespine stickleback
which can further drive the separation of the sex chromosomes or the sex-specific traits
(Rice, 1987, 1992).

4.3. Dosage compensation in threespine stickleback (I1I)

As outlined in the introduction, sex chromosome evolution usually consists of three steps:
suppression of XY (or ZW) recombination, degeneration of Y (or W) and dosage compensation
(Charlesworth, 1996; Rice, 1996; Charlesworth et al., 2005). First two of these steps have
been discussed already in the previous chapter (study II), namely effects of suppression of
recombination and Y degeneration. In study III dosage compensation was investigated using
RNA-Seq data obtained from brain tissue from four populations. Expression levels of sex
chromosome and autosomes were compared in both sexes to identify dosage imbalances
which are a result of the Y chromosome degeneration. The results of study III were twofold;
although the overall ratio of median sex-linked and autosomal expression levels for the
entire sex chromosome (1.03 for females and 0.87 for males, Figrue 6.) indicated incomplete
dosage compensation in the male, region specific analysis of the sex chromosome revealed
a lack of general dosage compensation within the male but local dosage compensation in
stratum II.

The regions of the threespine stickleback sex chromosome, PAR, stratum | and stratum |I,
were investigated separately due to the different evolutionary backgrounds (as shown in
study II). In PAR the male and female have nearly identical sex chromosome-autosome
ratio (approximately 1.05 in both sexes). In stratum | the observed XXfemale:AA ratio
is 0.89 and the XYmale:AA ratio is 0.86. After removing the effect of the Y chromosome
(i.e. examining only the -genes expressed from the X chromosome) the resulting median
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Figure 6. Results of the sex-specific differential expression analyses (XY:XX) for the whole chromosome
XIX and for each of the three regions in the sex chromosome: the pseudoautosomal region (PAR),
stratum |, and stratum Il. Genes with male-biased expression levels are shown in blue and genes with
female-biased expression levels in red. Filled circles indicate median expression for all chromosome
XIX genes identified from the transcriptome (i.e. XX:AA in female and XY:AA in male) and half-filled
circles indicate median expression for genes which are expressed only form the X in males (i.e. XX:AA
in female and X:AA in male). Genes in the recombining PAR are present in two copies for both sexes.

Xmale:AA ratio is 0.53 which is slightly lower than the 0.59 median of the XXfemale:AA for
the same set of genes X-only expressed genes . Removal of the Y-copy genes also shows that
their expression has a substantial contribution to overall male expression level in stratum |
(Figure 6.). In stratum |l the observed median XXfemale:AA ratio was 1.21 while the median
XYmale:AA ratio was 0.83, and after removing the effect of Y, the median Xmale:AA ratio
was decreased to 0.79 whereas the XXfemale:AA decreased only to 1.14. The difference in
Xmale:AA ratios between the two strata indicate local up-regulation for hemizygous genes
in stratum II. As selection will favor up-regulation over no compensation to restore dosage
imbalance created by sex chromosome degeneration (Hall and Wayne, 2013), the restriction
of male X up-regulation in stratum Il in threespine stickleback coincides with the observed
large deletions in this stratum. As the threespine stickleback sex chromosome is relatively
young (16-13 My) and compensation seems to be restricted to stratum Il only, general male
compensation can evolve over time in the Y to account for the expanding degeneration in
the Y chromosome (Charlesworth, 1996, study Il). The regional up-regulation of the male X
chromosome in stratum Il is likely a response to reduced gene expression due to the large,
and likely sudden, deletions of Y chromosome sequence during the earlier steps of the Y
chromosome evolution (Ross and Peichel, 2008).

In addition, substantial preservation of expressed Y-linked genes was observed in both strata
(similar to study Il). Examining the expression levels indicated that genes that have their Y
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copy expressed have overall high expression level; log2 baseline expression in stratum |
ranges from 4-9 and in stratum Il from 5-9. Assuming that transcription rates are limited,
males cannot compensate for the loss of a Y-copy gene which is initially highly expressed
by further up-regulating their remaining X-copy, e.g. via modifier genes (Rice, 1984; Vicoso
and Charlesworth, 2009). Thus highly expressed genes are sheltered from degeneration
because loss of their expression cannot be easily compensated. Similar findings regarding
the preservation of Y copies with high original expression level are found from neo-Y
chromosome of Drosophila miranda (Kaiser et al., 2011), the human Y chromosome (Wilson
Sayres and Makova, 2012), and across mammalian species (Cortez et al., 2014).

4.4. Hypothalamic transcriptome expression during reproduction in males and
females (IV)

In study IV the aim was to quantitatively measure, and to functionally annotate, whole
genome level transcriptome expression in the hypothalamus in relation to 1) reproduction
and sex (i.e. dominant male-female and subordinate male-female) and 2) social status during
breeding season (i.e. dominant male-subordinate male). Overall | found more differential
expression related to reproduction and sex than for social status. Among the sex-specific
genes, neuron cell structure and changes in the structures were found to be functionally
enriched, andthere was anindication for these functions to also be important for determining
social status. Furthermore, functional annotation indicated that in threespine stickleback
several genes with reproduction related functions were located in the autosomes whereas
no specific enrichment was observed for genes in the sex chromosome.

Significant sex-biased expression was observed in the genome and a substantial proportion
of it was female-biased and concentrated on the sex chromosome. Male-biased genes,
however, were more evenly distributed along the genome (Figure 7.). This pattern of female-
bias localized in the sex chromosome in hypothalamus is similar to the pattern observed for
liver tissue between the sexes from a previous microarray experiment (Leder et al., 2010)
and in the RNA-Seq data in study Ill. These findings highlight the fact that the female-biased
expression in the sex chromosome is a general feature which is not restricted to liver tissue
alone. In the dominant male-female comparison overrepresentation of male-biased genes
was observed also for chromosomes IV, IX and XII (x2 test, unadjusted p= 0.046, 0.008 and
0.46, respectively) and for the subordinate male-female comparison for chromosomes XII,
XVII and XXI (x2 test, unadjusted p = 0.017, 0.005 and 0.012, respectively).

Considering the dominant-female comparison, IX and XII are interesting in light of what
is known of X1X2Y sex chromosome systems within Gasterosteus (Ross et al., 2009; Natri
et al., 2013; Kitano et al., 2009). In G. wheatlandi the neo-Y is a result of fusion between
chromosomes XIX and XlI, and similarly in the Japan Sea G. aculeatus, a fusion has occurred
between chromosomes XIX and IX. In the Japan Sea lineage, quantitative trait loci related
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Figure 7. Accumulation of significantly differentially expressed genes within the autosomal
chromosomes (A and B) and the sex chromosome (C and D) of the threespine stickleback in the
dominant male-female (DMvF) and the subordinate male-female (SMvF) comparisons. For the
dominant male-female A) and subordinate male-female B) autosomal chromosomes are indicated
on the horizontal axis and proportion of differentially expressed male and female-biased genes of
all genes expressed on the given chromosome is presented on the vertical axis. Sex chromosome
(19) is omitted from A) and B) and is presented in detail in C) for the DMvF comparison and in D)
for the SMvF comparison. For the sex chromosome, location along chromosome 19 is indicated on
the horizontal axis in 1 million base bins. Proportions are presented on the vertical axes and are
calculated as the number of up-regulated male and female genes compared to the total number of
expressed genes within that bin. Female up-regulated genes from all comparisons are shown in red,
dominant male up-regulated genes in DMvF comparisons are dark blue and subordinate male up-
regulated genes in the SMvF comparisons are light blue.

to behavioral reproductive isolation (e.g. dorsal pricking behavior) have been shown
to localize in chromosome IX (Kitano et al., 2009; Yoshida et al., 2014). Even though the
enrichments on these chromosomes for male-biased genes are only marginally significant,
the observation that two of these regions have independently fused to the Y chromosome
in other stickleback systems (i.e. neo-Y) suggests that these regions are truly male-specific
and are thus following the theory that Y chromosomes will accumulate male-specific
functions. Furthermore, underrepresentation of male-biased genes in the X chromosome
have been observed as a result of a female-biased mode of inheritance, Y chromosome
degeneration and the accompanying dosage imbalances, especially in somatic tissues (not
in gonads) (Reinius et al., 2012; Vicoso and Charlesworth, 2009). The lack of male-biased
MRNA expression in the sex chromosome was observed in this study for hypothalamus and
also for whole brain in study IIl.

Overall, hypothalamic gene expression in stickleback reflects similar functions as identified
in other species. These results corroborate previous studies which have shown that
hypothalamic gene expression is characterized by high energy metabolism, cell structure
and communication, and transportation (Nishida et al., 2005a, 2005b; St-Amand et al.,
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2012). An interesting pattern emerging from functional enrichment analysis of the sex-
specific genes was neuronal growth and change in neuronal morphology which have been
associated with reproductive maturation and social behaviors in mammals (Ferri and
Flanagan-Cato, 2012; Sisk and Zehr, 2005). In teleost, this could serve as a potential future
target of research related to reproduction. Although expression differences between males
with different social status were not large, the result likely suggests plasticity of the social
behavior in threespine stickleback as well as individual variation. Plasticity in behavior is
likely driven by subtle changes in the brain structure (e.g. axon connections and dendritic
growth) as indicated by the observed gene expression patterns for the dominant male-
subordinate male comparison (Ferri and Flanagan-Cato, 2012; Pasterkamp and Giger, 2009).
Interpretation of expression patterns of single genes was not as straightforward as the
interpretation of general patterns of expression since genes are usually part of a regulatory
cascade; understanding the change in one part alone can only give a partial understanding
of the whole cascade. Thus for understanding the molecular background of breeding
behaviors identifying gene expression patterns and the pathways to which they belong, as
seen with my data, is recommended.

Although several genes were found to be differentially expressed between the sexes, no
specific enrichment of GO terms was found on the sex chromosome even though the
hemizygous genes, which could bias the result due to incomplete dosage compensation
(study III), were removed. In autosomes, however, terms related to reproduction were
observed in the functional enrichment analysis (study IV supplementary tables S4 and S5).
Finding no specific functional enrichment in the sex chromosome of threespine stickleback
is in line with the previous microarray study in liver tissue (Leder et al., 2010) and with the
results of study II. However, it is in contrast to mammals where Y chromosomes harbor
genes related to male-specific reproductive functions although it has been predicted that
the original gene content of the autosome pair that evolved into the sex chromosome
pair was likely quite different (Vallender and Lahn, 2004). As the sex chromosome of the
stickleback is young, lack of enrichment of reproduction and gonad related functions
from XIX (other than sex determination) likely reflect the original gene composition of
chromosome XIX and translocation of sexually antagonistic male beneficial genes to Y
might not have taken place yet. Alternatively, the observed pattern of autosomal presence
of reproductive functions and male-biased expression (Figure 7.) could result from gene
regulation imposed by the sex chromosome over the autosomes (i.e. modifier mechanism
proposed by Rice, 1984). No support for enrichment of transcription factors in the sex
chromosome, or increased expression of transcription factors, was observed in the data.
This result could, nevertheless, be influenced by the female-bias in the sex chromosome
as only 4 male-biased transcription regulators were observed compared to 17 female-
biased (after removing the genes previously determined as X-hemizygous from the data).
A recent study by Bellott et al. (2014) found that gene regulation is an important function
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of X-Y genes that have been retained the human sex chromosomes. To properly identify
transcription regulators, and their role for molecular sexual dimorphism in the threespine
stickleback, requires an experimental setup which would allow for testing presence of cis-
and trans-regulation in the genome.
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5. IMPLICATIONS AND FUTURE DIRECTIONS

The four studies | have presented have provided examples of how one can exploit the
range of molecular methods available to investigate evolutionary questions. My results
have shown that sex-specific differential expression is present in the transcriptome and
proteome of the threespine stickleback and it reflects differences in physiology between
the sexes as determined by the functions of differentially expressed genes in liver and
the hypothalamus. Regardless of tissue, the sex-specific expression patterns in the
transcriptome (study III and IV) were affected by the young sex chromosome which is
still in the early stages of evolution. This effect of the sex chromosome on sex-biased
expression was not observed in the liver proteome in study I. Nevertheless, the male
proteome has Y-specific proteins which are transcribed and translated while containing
novel mutations; these novel alleles could serve as material for becoming male-specific
genes if they develop male-beneficial features or expression patterns. There was evidence
for the Y chromosome accumulating mutations in the gene regulatory areas which can
further affect the expression patterns of genes, but examining this further was beyond
the scope of this thesis.

In order to understand sex-specific selection and accumulation of male-specific functions
in the Y chromosome, detailed research on the expressed Y proteins and their functional
properties are also worthwhile since the mRNA expression alone might not represent
the final functional stage. This is evident in study IV regarding isotocin and vasotocin;
MRNA expression of these neuropeptides in my data does not reflect measurements at
the protein level because the functional protein needs to be cleaved from the pro-peptide
(Kleszczynska et al. 2012). My thesis also shows that research on sex chromosome
evolution and sexual dimorphism will benefit from broad-minded use of molecular
techniques as they often complement each other and can provide insight into regulatory
steps that happen in the transitions from DNA to mRNA and to protein as shown in study
II for Y-specific gene copies. Furthermore, according to theory, the sex chromosomes in
male would act as a regulators of autosomal expression (Rice, 1984) and this has been
shown with the preservation of regulatory controllers in mammals during Y chromosome
evolution (Bellott et al., 2014). Although | could not verify this with my data, experimental
approaches to test for gene regulatory relationships do exist. One such approach is
expression quantitative trait mapping (eQTL); it combines transcriptome expression with
traditional QTL mapping. eQTL has been successfully applied in several taxa (Derome
et al., 2008; Holloway et al., 2011; Morley et al., 2004; Whiteley et al., 2008), and in
threespine stickleback it could provide the data to test for the role of chromosome XIX as
a regulatory controller over autosomal genes to produce sexually dimorphic expression
patterns.
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For examining sex-specific expression, timing and tissue of choice are important. | observed
that there are varying levels of sex-specific differential expression in the tissues | examined
and it can be partly due to the functional properties of the tissue: a metabolic tissue, such
as liver, versus a tissue which exerts control over other tissues like the hypothalamus.
Metabolism is more continuously sex-specific whereas sex-specific control of reproductive
tissues can be restricted to breeding season. As expression patterns between tissues vary,
obtaining data from different tissues at different time points will complement the general
picture of sex-specific expression. In species where sex is facultative (i.e. cannot be changed
during life), it is expected that majority of the sex-specific differential expression happens
at early development and thus differences which are observed later in life are primarily
to maintain the sex-specific traits of an individual. In my studies | did not investigate gene
expression during development and this should be an important area of study in the future
for the threespine stickleback. Although gene expression can be used to identify potential
sexual antagonism (or intralocus sexual conflict) in the genome (Innocenti and Morrow,
2010), it does not tell a complete story as expression is dependent on time (e.g. breeding
season), place (e.g. tissue), the genetic architecture of the genome (e.g. sex chromosomes)
and most importantly sexual selection (Bonduriansky and Chenoweth, 2009; Connallon and
Clark, 2010; Meisel et al., 2012; Parsch and Ellegren, 2013). | observed dimorphic expression
between males and females but to address the antagonistic nature of this dimorphic
expression, one would need to experimentally test how the sex-specific expression of genes
affects the fitness of males and females (Fairbairn and Roff, 2006). Proper experimental
designs to elucidate the sexually antagonistic nature of sex-biased expression would
be a worthwhile pursuit in the future. As many of the sexually dimorphic traits are well-
characterized in the threespine stickleback, understanding the molecular background in
even greater depth could help to resolve the interplay between sex chromosome evolution
and development of sexual antagonism.

As several genes are retained for extended periods of time in the degenerating Y
chromosome, investigating the functional properties of the accumulating mutations on the
Y specific genes could provide insight on how and why dosage compensation develops,
and how the gene content of the Y chromosome is modified over time for male benefit in
XY sex chromosome systems. Furthermore, as the results of studies II and III show, there
is a need to understand the dynamic nature of sex chromosome evolution when assessing
degeneration and development of dosage compensation. Thus prospective future research
could incorporate data from G. wheatlandi and the Japan Sea lineage of the threespine
stickleback (Yoshida et al., 2014) to compare and contrast chromosome XIX and their
respective neo-sex chromosomes with our results. This line of research could provide further
empirical data on the dynamic nature of sex chromosome evolution and its potential effects
on sexual dimorphism.
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