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A consequence of sexual reproduction in eukaryotes is the evolution of a biphasic life cycle
with alternating diploid and haploid gametic phases. While our focus in evolutionary biology is
on selection during the diploid phase, we know relatively little about selection occurring during
the haploid gametic stage. This is particularly true in predominantly diploid animals, where
gene expression and hence selection have long been thought to be absent in haploid cells like
gametes and particularly sperm. During my PhD, I tested the idea of selection during the haploid
gametic phase using zebrafish Danio rario as a study species. I combined a large-scale selection
experiment over three generations with fitness assays and next-generation sequencing to assess
the importance of haploid selection. We measured offspring fitness in all three generations.
In addition, we compared gene expression in brain and testes of F1 and F3 adult male from
each treatment by RNA sequencing. We found that offspring sired by longer-lived sperm
showed higher survival rate and higher early- and late-life reproductive fitness compared to
offspring sired by shorter-lived sperm. We also found differentially expressed genes between
the two treatments with functions in metabolic and developmental pathways. These findings
suggest that the observed fitness differences to be caused by small expression changes in many
basic genes. We also tested for a genetic underpinning of the selected sperm phenotypes and
identified allelic differences across the entire genome. Finally, we investigated the additive
genetic component and parental effect of different sperm phenotypes. We found generally low
additive genetic variation and high parental effects on sperm performance traits. In conclusion,
this thesis provides evidence that the phenotypic variation among intact fertile sperm within
an ejaculate affects offspring fitness throughout life and provides a clear link between sperm
phenotype and offspring fitness and between sperm phenotype and sperm genotype.
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Maybe, not every sperm is sacred!

Cover illustration name “Fertilization” by Roy M. Francis based on the
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Abbreviations

DNA

deoxyribonucleic acid

dpf
hpf
IVF
LAT
RNA
SAT
spa

days post fertilization
hours post fertilization
in vitro fertilization
long activation time
ribonucleic acid
short activation time
seconds post activation

1 Introduction

1.1 Sexual reproduction and the evolution of a biphasic
life cycle
Sexual reproduction is the most common form of reproduction in eukaryotes.
In order for sexual reproduction to occur two individuals of two different
sexes are needed to reproduce and contribute to the next generation. In animals, a sperm from a male and an ovum from a female are required to produce a zygote. The ubiquity of sexual reproduction is still somewhat unclear,
as it bears substantial costs (Daly 1978; Lloyd 1980). However, sexual reproduction and the resulting combination of genomes from different individuals also have many potential benefits. One benefit is the effective removal
of deleterious mutations. For example if mutations are more harmful to
males than females as a result of sexual selection then those deleterious mutations have lower equilibrium frequency in sexual populations compare to
asexual populations (Agrawal 2001). This means that if an individual is reproducing asexually, it will, with high probability pass the mutation on to its
progeny but when the same individual reproduces sexually then the frequency of the mutation is potentially lost, which results in the dilution across
generations and in the population (Agrawal 2001). In the 19th century, it was
suggested that due to the fact that there are no obvious direct fitness advantages to sexual reproduction, other evolutionary forces must be behind
the phenomenon of sexual reproduction (Crow 1994). One hypothesis was
that sexual reproduction provides the possibility of recombination that can
help populations to adapt to the new environments more efficiently (Crow
1994) and potentially survive better, therefore despite the costly process of
sexual reproduction, it outcompeted the asexual form and became a dominant way of reproduction among eukaryotic taxa. As a consequence, the
biphasic life cycle can be found in all sexually reproducing eukaryotes.
In 1851, Hofmeister discovered that plants have two distinct phases in their
life cycle and that they constantly alternate between the two across generations (Mable and Otto 1998). In 1894, Strasburger suggested that this alternation in fact is the alternation between diploid and haploid phases (Roe
1975).
It has since been shown that sexual eukaryotes in general exhibit a life cycle
with alternating haploid (gametic or gametophytic) and diploid (sporophytic)
9

phases (Mable and Otto 1998; Hughes and Otto 1999). The relative duration
of each phase varies across taxa and may range from organisms with growth
and development occurring largely during the haploid phase (haplontic; species of green algae (Otto and Marks 1996), brown algae (Bell 1997) and
yeast (Fowell 1969) to those where growth and development occurs mainly
during the diploid phase (diplontic; most animals) (Richerd et al., 1993)
[Figure 1]. In some organisms such as the red alga Gracilaria verrucosa,
growth and development processes may occur in both phases and they can
co-exist potentially occupying different ecological niches (Hughes and Otto
1999). In this alga, both diploid and haploid spores can co-exist. Both spore
types survive better than male gametes and haploid spores have even higher
survival (Destombe et al., 1992). In green algae Ulva spp., vegetation and
growth happens in both, the haploid and diploid phase (Mable and Otto
1998).

Figure 1. Three form of life cycles, from left to right: haploid, diploid and haplodiploid.

1.2 Haploid and diploid selection
The mechanisms and outcomes of selection occurring during diploid and
haploid phases differ substantially (Crow and Kimura 1965). Because diploids have two copies of each allele, they can mask recessive mutations,
which are therefore less exposed to selection. In contrast, when an allele is
expressed in a haploid state, it is entirely exposed to selection since there is
no masking effect of a sister allele. This can in fact facilitate the rate of
spreading and fixation of beneficial alleles while reducing the accumulation
of deleterious mutations in a population by efficiently eliminating deleterious mutations (Haldane 1924; Crow and Kimura 1965; Mable and Otto
1998). Diploid populations have a higher chance of carrying a new mutation,
10

and while this can be an advantage when the mutation is beneficial, it is a
disadvantage when the new mutation is deleterious. Diploid populations also
have the advantage of survival due to the masking effect of recessive alleles
given that the majority of mutations affecting fitness are partially recessive
(Simmons and Crow 1977), while the occurrence of such mutations is generally low in haploid populations (Mable and Otto 1998). Haploid populations
on the other hand, may have lower survival (Mable and Otto 1998) due to
the lack of masking effect for deleterious mutations but those who survive
can carry beneficial alleles and pass them on to the next generations more
efficiently, therefore haploid populations tend to have higher average fitness
in equilibrium (Crow and Kimura 1965).
Haploid selection is a situation in which a phenotype under selection is determined by a haploid allele (Joseph and Kirkpatrick 2004).
Haploid gene expression and haploid selection is proven and well studied in
plants (Mascarenhas 1990). In 1982, Zamir et al. showed that gametophytic
selection for low temperature tolerance of tomato pollen is at least partially
determined by genes expressed in the haploid pollen (Zamir et al., 1982).
Several other studies also showed the expression of many genes in haploid
male gametophytes in flowering plants (Mascarenhas 1990; Walbot and
Evans 2003; Borg et al., 2009).
In contrast, in animals, haploid selection is understudied due to an existing
dogma that gene expression at the post-meiotic haploid phase is largely absent. Many researchers dismissed the possibility of haploid selection in animals for several reasons. The first reason was the fact that most animals
spend the majority of their life cycle as diploids followed by a very short
haploid stage. The other reason was that the DNA in sperm/gametes is
densely packed and almost entirely lacking a cytoplasm, therefore haploid
gene expression and translation (Kettaneh and Hartl 1976) are impossible
and sperm in basically transcriptionally silent (Steger 1999; Joseph and
Kirkpatrick 2004). Although later on, researchers found evidence of postmeiotic DNA transcription in sperm, they believed that the newly made transcriptomic products and other molecules could be shared between sperm
cells through cytoplasmic bridges (Jeon 2004), therefore, all sperm cells
benefit from the similarly defined sperm traits and none of the sperm develops advantages over others. Later on researchers found more proofs of DNA
transcription (Erickson et al., 1981) and even small amounts of protein translation in sperm cells (Gur and Breitbart 2006; Gur and Breitbart 2007; Gur
and Breitbart 2008), and evidence that showed not all of the transcriptomes
and proteins can be passed through cytoplasmic bridges (Erickson et al.,
1981). They also found that the alterations of the epigenome of sperm after
meiosis (Teperek et al., 2016) cause individual sperm to vary and to affect
the next generation offspring differently. All these post-meiotic changes may
form a basis for differences between individual sperm and create a potential
for haploid selection to occur. In 2004 a review on a few studies showed
several loci in animals’ genome experience haploid selection and it empha11

sized that such selection might potentially affect several evolutionary processes. Antagonistic adaptation between haploid and diploid phases, sex
specific recombination rates and genome imprinting, loads of deleterious
mutations and extent of inbreeding depression are a few, among the many
ways that haploid selection can affect evolutionary processes (Charlesworth
and Charlesworth 1987; Charlesworth et al., 1993; Joseph and Kirkpatrick
2004; Wyman and Wyman 2013).

1.3 Selection at the gametic stage
Throughout evolution gametes have been under strong selection. Natural
selection drove the ova to be big and immobile while sperm became tiny and
mobile (Parker et al., 1972; Lehtonen and Parker 2014). Sexual selection,
which is one form of natural selection acting on sperm, strongly contributed
to the unique phenotypic diversity of sperm. From amoeboid sperm of nematodes lacking a tail entirely (Ward and Carrel, 1979) to sperm of an Australian termites species Mastotermes darwiniensis with 100 tails (Baccetti and
Dallai, 1978), they all have one function only: to fertilize an ovum.
From mating to producing offspring, sexual selection can act at each and
every step of the way (Kamimura 2014). The high number of spermatozoa
produced by each male and the relatively low number of ova produced by
each female force males to compete for access to females, whereas females
are thought to choose among males (Andersson 1994; Parker and Simmons
1996). The two processes of male-male competition and female choice are
driving the evolution of primary and secondary sexually selected traits such
as male courtship behavior, male ornamentation and male weaponry, and
these might can alter corresponding preferences in females (Kamimura
2014).
Sexual selection was thought to be limited to pre-mating stages until Geoff
Parker discovered that sexual selection continues after mating (Parker 1970).
He discovered that in polyandrous species, sperm from multiple males compete for the access to a limited number of ova in a process called sperm
competition. A little later it was recognized that females are not passive at
the postcopulatory level either, but that they evolved mechanisms that allow
them to choose among sperm of different males (cryptic female choice; Andersson 1994). Similar to male-male competition and female mate choice
during pre-copulatory sexual selection (Kvarnemo and Simmons 2013),
sperm competition and cryptic female choice are the respective equivalents
occurring during post-copulatory sexual selection (Parker 1970). Postcopulatory sexual selection has driven the evolution of many primary and
secondary sexual traits such as mate guarding (Poole 1989), copulatory plugs
(Sutter and Lindholm 2016) and sperm displacement mechanisms (Birkhead
and Møller 1998; Simmons 2001). As processes involved in cryptic female
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choice, females developed mechanisms such as sperm ejection (Pizzari and
Birkhead 2000; Wagner et al., 2004; Córdoba-Aguilar 2006; Droge-Young
et al., 2016), sperm utilization, and oviposition after copulation with fitter
males meaning the sperm of certain males are favored over those of other
males based on their phenotype or genotype (Choe and Crespi 1997; Firman
et al., 2017).
Both pre- and post-copulatory selection and the processes involved as described above exposed sperm to continuous strong selection, which resulted
in the unique diversity among sperm phenotypes (Snook 2005) despite the
fact that this cell type has essentially the same function across all taxa (Baccetti and Afzelius 1976; Birkhead et al., 2008). Over generations, sperm
competition and cryptic female choice lead to the rapid evolution of sperm
traits. In some Drosophila species, longer sperm have the advantage to displace their small rival sperm in female sperm storage organs, therefore
achieving a higher fertilization success (Lüpold et al., 2016). Moreover, the
female reproductive tract selectively biased paternity in favor of males with
longer sperm (Miller and Pitnick 2002), which led males to produce extraordinarily long sperm (Miller and Pitnick 2002; Lüpold et al., 2016). In the
field cricket Gryllus bimaculatus on the other hand, males selected for longer sperm in an artificial selection experiment, had no greater fertilization
success over those selected for shorter sperm (Morrow and Gage 2001b).
The main cause of the variation in sperm size (LaMunyon and Samuel
1999), sperm velocity (Gage et al., 2004) and other sperm traits, are similar
processes involved in sperm competition (Snook 2005).
As mentioned above the concept of sperm competition was defined, as two
or more males competing over the ova of a female (Parker 1970; Parker
1982) and the concept of intra-ejaculate sperm competition was not considered because scientists believed that there is no sperm competition unless
there is a rival male or ejaculate in the picture (Simmons 2001). However,
the great number of spermatozoa produced by each male in most species
induces potentially strong sperm competition not only between sperm from
different males but also between the sperm of a male in a single ejaculate
and that is because sperm, either within the female reproductive tract or the
harsh surroundings have to face numerous physical, chemical and immunological barriers to reach and fertilize the ova therefore in each copulation
only a small fraction of sperm will reach and fertilize an egg (Cohen and
McNAUGHTON 1974; Birkhead et al., 1993).
Beside all the mechanisms and behavioral adaptations described above that
are found in both sexes that act as a selection force on male and female gametes, the shear number of sperm produced in the ejaculate of a male and the
competition among them may act as a selective force to produce high quality
sperm. However, while sperm competition between males is well studied,
sperm competition within a single ejaculate has not received much attention.
In Chapters I, II and III of this thesis I have focused on identifying different
sperm cohorts by their varying phenotypes within a single ejaculate of a
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male. Using artificial selection on sperm phenotype, I assessed the consequences of sperm phenotype on fitness traits of offspring from early embryo
to adulthood.

1.4 Sperm research
Ancient Greek philosophers believed the generation of a new life originated
from male semen and female menstrual blood (Birkhead et al., 2008).
Hipppocrates (ca.460-370 BC), Aristotle (ca.384-322 BC) and Galen (129ca.200AD) considered that both sexes are important for reproduction. It was
also assumed that semen of a male is a crucial component of reproduction
and the female body is nourishing the seed from the male (Birkhead et al.,
2008). As a consequence, the word “spermatozoa” is derived from the Greek
word “spermein” which means, “to sow” (Birkhead et al., 2008). In 1676,
sperm were named ‘animalcules’ (little animals) when Anton Leeuwenhoek
first observed wiggling particles in a drop of a rabbit, a dog and his own
semen using his own constructed microscope (Leeuwenhoek, 1678; Howards, 1997) [Figure 2].
Leuwenhook’s finding, initiated a wave of interest in sperm biology. In the
eighteenth century, some naturalists believed that spermatozoa only exist in
semen to keep it fluid and that they have no role in reproduction (Cobb
2007), whereas others considered sperm as an organism that should be classified along with animals (Birkhead et al., 2008). In 1780, Lazzaro Spallanzani discovered the crucial role of semen in fertilization by designing contraceptive trousers for male frogs preventing them from achieving fertilizations.
Although Spallanzani was unable to assess and separate the role of spermatozoa and semen, in 1824, two other naturalists resolved the issue of whether
the spermatozoa or seminal fluid triggers the development of ova (see also
Wagner 1837). Finally in 1841, Albrecht von Kölliker suggested that sperm
are actually cells and a few years later, three publications documented the
interaction between spermatozoa and ova during fertilization in the sea urchin; (Von Baer 1847; Dufossé 1847; Derbès 1847).
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Figure 2. 1-4 Human spermatozoids, 5-8. Canine spematozoids drawn by Anton
Leeuwenhoek. Source: (Chemes and Rawe 2003), (see also Phil. Trans. XII, 1678,
no. 142, Table 2, drawings sent by Leeuwenhoek.)

For many years, sperm were believed to be only the DNA courier to the egg
without having any additional role in fertilization or embryo development. In
the early 1990s, researchers confirmed that beside DNA, sperm can transfer
RNAs, protein, centrioles and epigenetic marks (DNA methylation and histone modification) (Parrington et al., 1996; Miller et al., 2005; Miller et al.,
2010; Marshall 2015).
Our knowledge in sperm biology has come a long way and although there
are still many more aspects and unanswered questions in sperm biology,
many areas of basic and applied research including ecology and evolution,
reproductive biology, human fertility, animal breeding and conservation
biology have already benefited from around 340 years of sperm biology
research (Birkhead et al., 2008).
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1.5 Heritability of reproductive traits
Heredity is defined as a process by which parental traits are transmitted to
the offspring through DNA. Based on individual variation within populations, the “constantly changing environment” forms a platform for natural
selection to act on, and gives some individuals benefits or disadvantages
both in survival and reproduction (achieving higher or lower fertilization
success) and in general fitness. If these traits are to some extent heritable,
then the next generations will continue to have similar traits. Charles Darwin
(1859) reasoned that if parents with better fitness traits (traits resulting in
higher survival and reproductive success) pass on these traits at a higher rate
to the next generation, these traits would become more common in the population.
Traits vary substantially in their heritability. It has previously been shown
that the traits more closely associated with fitness of an organism are generally more likely to have less heritability than the traits which are less associated to fitness, like morphology (Falconer 1960; Gavrus-Ion et al., 2017).
Rapid fixation of alleles leads to natural selection conferring highest fitness
and not allowing many changes, therefore traits related to fitness are expected to have lower additive genetic variance (Houle 1992; Kruuk et al.,
2000). In other words, life history traits such as longevity and fecundity tend
to have lower heritability than morphological, physiological and behavioural
traits (Gustafsson 1986; Price and Schluter 1991). It had been shown that in
crickets, ovary weight had higher additive genetic variance than embryo
survival (García-González and Simmons 2007). Similarly, in the Glanville
fritillary butterfly Melitaea cinxia, body size, female age at first reproduction
and egg mass were all moderately to highly heritable, whereas heritabilities
were low or non-existent in clutch size and lifetime egg production
(Saastamoinen 2008). In free-ranging snakes, traits like egg mass showed
high maternal heritability, but other traits like clutch size, clutch mass and
post-partum maternal mass have very low heritability (Brown and Shine
2007).
Understanding the underlying genetic basis and degree of heritability of lifehistory traits is critical because it determines the effects and gradation of
selection on such traits (Brown and Shine 2007). This understanding can be
very informative and beneficial in animal breeding programs to select for
desired traits. For example in cattle males, the testicular measurements are
moderately to highly heritable, while heritability estimates for calving rate in
females is ranked low to moderate. If for example selection for increased
testicular size would result in an improvement in female reproduction, particularly an increase in calving rate and a decrease in first breeding age
which are critical traits in measuring cattle reproductive performance, then to
produce females with higher reproductive performance it would be sufficient
to perform a selection on males testicular size without the need for selecting
16

on female desired traits directly (Meyer et al., 1990; Goyache and Gutiérrez
2001).
Research on heritability of sperm traits in animals is quite controversial.
Several studies showed a substantial additive genetic component in heritability of sperm traits from fathers to sons while others showed very low additive genetic component. In promiscuous animals, sperm traits that are positively correlated with fertilization ability are reported to be heritable (by
additive genetic component). Several studies show that sperm design traits
(e.g head, mid-piece and flagellum length) are generally heritable in several
species including the zebrafinch, Taeniopygia guttata (Birkhead et al.,
2005), cricket Gryllus bimaculatus (Morrow and Gage 2001a) and In the
dung beetle Onthophagus taurus (Simmons and Kotiaho 2007). There are
several other studies reporting the high heritability of other sperm phenotypes like sperm functions (motility, velocity and viability) in the domestic
fowl, Gallus gallus domesticus (Froman et al., 2002), in the cockroach Nauphoeta cinerea (Moore et al., 2004) and in White leghorn
(Bongalhardo et al., 2000). In Canadian Holstein bulls, heritability of semen
volume, concentration, sperm motility, number of sperm, and number of
motile sperm per ejaculate were heritable in young bulls and the heritability
scores increased in mature bulls (Mathevon et al., 1998).
In contrast, other studies show low heritability of sperm competition success
in bulb mite Rhizoglyphus robini (Konior et al., 2005), low heritability of
sperm motility and no heritability of sperm concentration in Nellore bulls
(Sarreiro et al., 2002) and low to no heritability of sperm viability in yearling
Angus bulls (Knights et al., 1984).
So if not heritability, what is causing the variation in fitness related traits?
Variation in fitness related traits like survival and reproductive traits in many
species should be caused by factors other than direct genetic component.
Parental effects are no longer neglected and counted as troublesome factors
when assessing genetic heritability of traits (Mousseau and Fox 1998). It has
been shown that parental effects are shaped by natural selection and act as
efficient factors in adaptive phenotypic responses (Mousseau and Fox 1998)
thereby affecting selection outcomes. Parental effects can lead to variation in
offspring phenotypes and might also affect grand offspring development,
fitness and reproductive traits (Curley et al., 2011). In the African cichlid
Neolamprologus pulcher, a cooperativley breeding fish, helping behaviors
had very low heritability, therefore the high within-individual consistencies
in these behaviors were mainly due to maternal and permanent environment
effects (Chervet et al., 2011). It also has been shown that in crickets, embryo
survival is more affected by parental indirect genetic effects than an additive
genetic component (García-González and Simmons 2007).
Although there are several studies on heritability of traits in breeding animals, there have been very few studies on parental effect and the heritability
of sperm traits. In one study, Birkhead et al. (2005) showed that while sperm
morphology traits like sperm head, mid-piece and flagellum length are herit17

able, significant indirect (maternal) genetic effects is also existing. Studies
like this are important because understanding the genetic or non-genetic
mechanisms behind the heritability of reproductive traits can greatly affect
the degree of selection and successful production in breeding programs
(Goyache and Gutiérrez 2001), assisted fertilization techniques and it also
gives us insights to several evolutionary processes. Indirect genetic effects
and parental effects collectively can have extensive implications for evolutionary processes due to the fact that they allow selection to act on traits for
which there is no or very little additive genetic variation (García-González
and Simmons 2007). In chapter IV of this thesis, I therefore focused on heritability of sperm traits in the zebrafish.

1.6 Reproductive Aging
Aging or senescence is the process of physiological deterioration of an organism over time, which results in the reduction of reproductive output and
of the probability to survive (Partridge and Barton 1993). Oxidative damage
to DNA, proteins, and other macromolecules that accumulate in the cells and
tissues over time are thought to be one of the most important factors that
lead to senescence (Ames et al., 1993). Also mutations may occur over time
and those mutations that affect late-life traits can accumulate in a population
when the individuals have a long life span (Wachter et al., 2013; Maklakov
et al., 2015). Mutation load increases stress on soma and that can cause reduced reproductive performance, which results in the putative trade-off between lifespan and reproduction (Briga and Verhulst 2015). However, in
some situations where life span extension has strong negative effects on one
sex, it can have negligible or even positive effects on reproduction of the
other sex (Berg and Maklakov 2012; Maklakov and Immler 2016). Several
studies showed different effects of aging on reproduction in both human and
animals. In human and subhuman primate species, the oocyte quality and
implantation ability in females are reduced with increased age (Meldrum
1993). In female cockroaches Nauphoeta cinerea, mating after the optimum
age (6 days postadult molt) resulted not only in fewer clutches and fewer
eggs in each clutch but also reduced choosiness of the females, and therefore
less investment into courtship before mating (Moore and Moore 2001).
Males in most mammals also go through physiological and behavioral
changes as a result of aging, which can cause a decrease in reproductive
capacity (vom Saal et al., 1994; Strauss et al., 2013). In the brown Norway
rat (also referred to as common rat), Rattus norvegicus, that exhibit a longer
life span without suffering from age-related dysfunctions as Sprague-Dawley
rats do, testicular sperm concentration and total sperm production declines in
older males (Wang et al., 1993).
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Reproductive aging affects both males and females but the ways in which
the two sexes age may differ (Chen and Maklakov 2014; Griffin et al.,
2018). While some previous studies showed the evolution of more rapid
aging rate in male than in female in vertebrates (Clutton-Brock and Isvaran
2007) including natural populations of mammals (Promislow 1992; Carranza et al., 2004; Nussey et al., 2009), some others showed a higher mortality
in females than males (McCulloch and Gems 2003). One of the important
factors for male-biased mortality across taxa is the high cost of production
and maintenance of male sexually selected traits (Promislow 1992) and intense male competition in polygamous species as we observe a femalebiased mortality in monogamous species (Clutton-Brock and Isvaran 2007).
The antagonistic effect of aging and in particular reproductive aging on different sexes and the potential effect of haploid selection in the process pursued us to investigate the question further. In chapter II of my thesis, I investigated the effect of sperm selection within a single ejaculate on reproductive
aging as an important trait reflecting overall fitness of the offspring sired by
different sperm cohorts within a single ejaculate.
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2 Study system

2.1 Zebrafish
The zebrafish Danio rerio is a tropical fresh water fish native to the Southeastern
Himalayan
region
and
belongs
to
Cyprinidae
of
the order Cypriniformes. Zebrafish habitats mostly consist of shady, slow
flowing water bodies such as the slow-flowing streams and flood-plains of
the Indian subcontinent (Ganguly et al., 2012). The zebrafish got its name
from the uniform, dark blue-pigmented, horizontal stripes that run along the
length of its body (Ganguly et al., 2012).
In captivity and with optimal feeding conditions, zebrafish can reach sexual
maturity around 3-4 months. They can grow up to 7 cm but they are usually
between 3-4 cm long (Spence et al., 2008). Sexually mature females can be
identified by their slightly enlarged belly and a yellowish dorsal and anal fin.
They also have a prominent genital papilla (Ganguly et al., 2012; Yossa et
al., 2013), while males are generally smaller, slimmer and have a reddish
tone to their fins (Spence et al., 2008) [Figure 3].
Females can spawn every 2-3 day and each clutch may contain up to several
hundred eggs. The eggs are relatively large (~0.7mm in diameter) and transparent (Spence et al., 2008). Male spermatogenesis in zebrafish lasts for
around 6 days and males constantly produce sperm (Leal et al., 2009). Embryo development is relatively fast with precursors to all major organs within
36 hours post fertilization (Kimmel et al., 1995). The embryo maintains the
transparency throughout the development and therefore all embryo developmental stages are clearly visible and traceable under a normal dissection
microscope (Spence et al., 2008).

A.

B.

Figure 3. From left to right, zebrafish male (A) and zebrafish female (B).
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High fecundity, regeneration abilities, small size (adult 3-5 cm), low maintenance, relatively short generation time (sexual maturity 3-4 months) and
optical transparency during early embryogenesis are a few characteristics
that made zebrafish a compatible and popular animal model in a wide range
of research fields throughout the years (Lawrence 2007). Zebrafish are a
well established model organism in a variety of research topics such as developmental biology (Lele and Krone 1996), morphological and behavioral
biology (Vascotto et al., 1997; Grunwald and Eisen 2002), neurobiology
(Rinkwitz et al., 2011), behavioral genetic study (Norton and Bally-Cuif
2010), cancer (Feitsma and Cuppen 2008) and other diseases and also drug
developments (Sprague et al., 2006). More over the large scale genetic
screen of zebrafish helped identification and characterization of genes and
pathways and also mutations resembling human clinical disorders (Sprague
et al., 2006). It has been one of the first species that has been cloned and
modified to produce many transgenic strains.
Zebrafish are external fertilizers, which means the fertilization happens outside the female’s body. Zebrafish sperm and eggs are activated upon contact
with water. Being able to do in vitro fertilization assays under semi-natural
conditions was crucial for the success of my experiments. The fact that
zebrafish are external fertilizers in combination with their short generation
time made them an ideal study organism for my projects.

2.2 Zebrafish used in my studies
The zebrafish used in all experiments in this thesis belonged to the AB wildtype strain and were originally obtained from the Zebrafish International
Research Centre (ZIRC), Oregon, US and maintained at the SciLifeLab
zebrafish facility at the Evolutionary Biology Center (EBC) of Uppsala University, Sweden. All adult fish were kept in small groups of 15 (3-L tanks) or
45 fish (10-L tanks) in a system equipped with an automated filtering cycle
and constant water flow. Fish were kept at a water temperature of 28.5 °C
and with 12:12 dark-light cycle. Fish were fed three (adults) to five (juvenile) times per day on a mixed diet consisting of high protein dried food and
live brine shrimp. In all studies, we used zebrafish at the age between 8 to 12
months. Only in chapter II our experimental fish were older (12-24 months)
due to the aim of the study to assess reproductive aging.
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3 Main methods

3.1 Gamete collection
Before gamete collection, males were separated and kept in smaller unisex
groups for 24 hours and without food to allow the replenishment of gametes
and to avoid contamination with feces. We kept males in groups of 5-7
males per tank (1.5 liter) and females in company of one non-experimental
male in the tank separated by a tank divider before in vitro fertilization
(IVF).
Zebrafish initiate breeding at the onset of light (Eaton and Farley 1974; Avdesh et al., 2012). In order to postpone egg laying, we covered the fish tanks
with a black cloth until they were used in IVFs (collecting eggs). For gamete
collection both males and females were anesthetized using MS-222 and AquacalmTM for up to maximum two minutes. Anaesthetized fish were then
rinsed in fresh tank water and the area around the papilla carefully blotted
dry to avoid premature activation of gametes. Males were placed in a wet,
soft sponge with genital region up. We used blunt-edged forceps to gently
press along the belly and collected the ejaculate into a microcapillary glass
tube with a gentle suction (If necessary). The ejaculate was then transferred
into an Eppendorf tube containing Hank’s buffer and kept on ice until use.
Females were rinsed, wiped dry and placed in a dry Petri dish. We gently
squeezed the belly with damp fingers while avoiding touching the eggs. Only good quality clutches (yellowish intact eggs) were used for IVF and milky
and disturbed clutches were discarded. Both males and females were returned to a recovery tank after squeezing until they fully recovered. They
were then returned into their tank of origin and carefully monitored over the
coming days to ensure full recovery.

3.2 In vitro fertilization
In vitro fertilization (IVF) is an assisted reproduction technique of artificially
fertilizing an egg with sperm. IVF is widely used in animal breeding (Foote
1987), humans with fertility problems and laboratory animals (mouse, rabbit,
etc.). In externally fertilizing fish, IVF occurs under semi-natural conditions
that allow sperm to be activated and actively swim to the eggs. By adjusting
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the dilution, we strived for as natural conditions as possible. The reason why
we used IVF for our experiments was that it allows us the control gamete
numbers, gamete quality and the exact timing of activation and fertilization.
Moreover, using IVF not only gave us the ability to exert selection on sperm
longevity to create two selection regimes within one ejaculate but also
helped us to eliminate possible pre-copulatory sexual selection and mate
choice.

3.3 Split clutch design in vitro fertilization
Split clutch design is a common design in biological experiments to obtain
high statistical power and confidence. In our design, the eggs of a female and
the ejaculate of a male were split into two or more parts and each part was
exposed to a specific treatment. Using this design has the benefit of lowering
individual variation (background noise) using one male and one female instead of several individuals. In other words, it allows comparison across
treatments while controlling for genetic variation, gamete variation, quality
and quantity (Agrawal et al., 2001) We used split clutch designs in in-vitro
fertilizations in all four chapters.

3.4 DNA and RNA extraction, preparation, sequencing
and analysis
Molecular work was done for chapters I and III in this thesis.
In paper I, we were interested in genetic differences (allele frequency differences) between two cohorts of sperm within a single ejaculate. Two pools of
sperm were artificially selected based on their ability to swim out and reach
a certain distance within a certain amount of time. DNA of selected and nonselected sperm pools and finclips were extracted and sequenced. The nonselected ejaculate and a fin clip from the same males were used as a reference to control for individual variation, sequencing biases due to technical
issues and meiotic drive. Due to the low cell number present in the selected
sperm pools, library preparations were performed in the DNA lab using a
PCR-free library preparation kit from Illumina
In paper III, RNA was extracted from brain and testes of F1 and F3 males
and gene expression levels were compared between the same tissues in two
treatment lines (Short and Long sperm activation lines). The aim of this
study was to investigate the effects of sperm selection on the offspring transcriptome.
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RNA libraries were prepared using Illumina NEBNext Ultra Directional
RNA library prep kit.
Extracted DNA from sperm pools and RNA from brain and testes were sent
to the SNP&Seq ScilifeLab facility in Uppsala, Sweden for sequencing using
Illumina HiSeq 2500 system.
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4 Research aims

The overall aim of my PhD studies was to investigate the possibility of haploid selection in animals, the short-term and long-term effects of selection on
sperm phenotype on the fitness of the resulting offspring and to assess heritability of sperm phenotypes more generally. The specific aim of each chapter of this thesis is as explained below:
I.

Investigating the role of haploid selection in zebrafish Danio rerio
and studying the effects of selection on sperm phenotype on offspring fitness and test for a link between sperm phenotype, sperm
genotype and offspring phenotype.

II.

Investigating the long-term effects of selection on sperm phenotype
on the reproductive ageing in the resulting offspring and compare
the effects on males and females.

III.

Studying the effects of selection on a sperm phenotype, on offspring
fitness for three subsequent generations and how this selection affects gene expression in the brain and testes of adult males.

IV.

Investigating the heritability of performance sperm traits using an
extensive pedigree and quantitative genetic analyses.
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5 Summary of the papers and future
prospects

An inescapable consequence of sex in eukaryotes is the evolution of a biphasic life cycle with alternating diploid and haploid phases. The occurrence of
selection during the haploid phase can have far reaching consequences for
several fundamental evolutionary processes. While haploid selection is well
established in plants, little is known about haploid selection in animals. This
is particularly true in predominantly diploid animals, where gene expression
and hence selection have long been thought to be absent in haploid cells like
gametes and particularly sperm. A current dogma assumes that in animals,
intact fertile sperm within a single ejaculate are equivalent at siring viable
offspring. During my PhD, I tested the idea of selection during the haploid
gametic phase using zebrafish Danio rario as a model system.
In paper I, I combined a large-scale selection experiment with fitness assays
and next-generation sequencing to assess the importance of haploid selection. We performed artificial selection on sperm longevity. We created two
selection lines with longer-lived (LAT) and shorter-lived (SAT) sperm by
manipulating the time between sperm activation and fertilization. Then we
compared several fitness and reproductive traits in offspring early and late
life in both treatment lines.
We showed that selection on phenotypic variation among intact fertile sperm
within an ejaculate affects the fitness of offspring both in early and late life.
We found that longer-lived sperm sired embryos with increased survival,
reduced number of apoptotic cells and lower larval abnormality rate. Adult
LAT offspring also exhibited higher reproductive fitness. We also tested for
potential effects of pre- and post-ejaculate sperm aging on the same traits on
the offspring but found no evidence for any influence of sperm ageing on our
results.
In order to determine whether within-ejaculate sperm phenotypic variation is
based on genetic mechanisms, we tested for genetic differences between
sperm pools selected for different phenotypes. We performed in vitro assays
to separate sperm within an ejaculate according to their ability to survive and
swim to a certain distance. Sperm pools selected by motile phenotypes differed genetically at numerous sites throughout the genome. Our results in
paper I showed that the phenotypic variation among intact fertile sperm
within an ejaculate affects offspring fitness and that the phenotypic variation
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of the two selected sperm cohorts are based on genetic variation, indicating a
link between sperm phenotype, sperm genotype, and offspring phenotype.
Our findings suggest the possibility of haploid selection and emphasize on
the consequences and the important role of haploid selection in evolutionary
processes and dynamics.
In paper II, we investigated the late life consequences and patterns of reproductive aging in response to haploid selection in the F1 offspring. F1 males
and females from SAT and LAT lines were mated with non-experimental
females and males four times from 12 to 24 months and reproductive traits
(fertilization success, embryo survival and fecundity) were measured at each
time point. While both LAT males and females generally exhibited higher
reproductive fitness, and slower ageing, the effect of sperm selection at early
and late ages differed between males and females and also across the different traits.
In paper III, we looked at SAT and LAT offspring fitness in F1, F2, and F3
and also in each generation after outcrossing the experimental fish with nonexperimental fish (stopping the selection force). Our findings showed the
persistence of the high fitness in LAT fish throughout the three generations
with lower variance within treatment lines. Similarly, the high fitness effects
were present in all generations even after stopping the selection force. We
examined sperm viability and longevity as two additional sperm traits in
males in all three generations. Similar to previously observed sperm traits,
LAT males had higher sperm viability in all three generations. Sperm longevity on the other hand, was lower in LAT compare to SAT males in all
generations; this trade off may be explained by resource allocation between
sperm traits as a male’s strategy to optimize fertilization success.
Furthermore, we looked at tissue specific gene expression patterns in F1 and
F3 males in both treatment lines. We found that several fundamental genes
which play important roles in basic and primary functions such as respiratory
chain, cellular respiration, electron transport chain, oxidative phosphorylation, metabolic processes, mitochondrial processes, etc., were differentially
expressed in brain and testes of LAT and SAT males. These differences in
gene expressions of genes with primary functions are in line with the phenotypic and fitness differences we observed in the offspring of all three generations in response to our selection regime.
In paper IV, we investigated the heritability of sperm performance traits
measured in our selection experiment by using the pedigree produced from
the experiment for three generations. We also assessed the phenotypic correlations between those traits to test for potential trade offs between different
sperm traits. We assessed heritability of sperm velocity, sperm motility,
sperm viability and sperm longevity and found that while the additive genetic component plays a role in heritability of sperm traits, the parental effect
component showed stronger effects. We found that sperm concentration and
sperm longevity had negative associations with both, sperm velocity and
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initial motility (sperm viability). On the contrary, there was a positive correlation between sperm velocity and initial motility (sperm viability). Similarly, sperm concentration and sperm longevity had a positive correlation. These findings suggest different allocation strategies in males to achieve a high
fertilization success.
In conclusion, we showed that gametes can be the target of haploid selection
and that such selection has far reaching consequences for general fitness in
the resulting offspring throughout life. The finding of differences in tissue
specific gene expression between males sired by different sperm types further confirms the fundamental effects of haploid selection on offspring performance. Additionally, we provide a clear link between sperm phenotype
and sperm genotype, and between sperm phenotype and offspring fitness.
Furthermore, we sequenced F1 and F3 offspring and are currently scanning the genomes for treatment-specific SNPs.
Overall, my PhD provides comprehensive and pioneering evidence for the
role and importance of the haploid genome in determining sperm phenotype
and in turn for selection acting at the haploid gametic stage and the importance of gamete selection on next generation’s short- and long-term fitness.
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6 Sammanfattning på svenska

En oundviklig konsekvens av sex hos eukaryoter är utvecklingen av en bifasisk livscykel som alternerar mellan diploida och haploida faser. Förekomsten
av selektion under den haploida fasen kan ha rejäla konsekvenser för ett flertal
evolutionära processer. Till skillnad från haploid selektion hos växter finns det
enbart liten kunskap om haploid selektion bland djur. Detta gäller i extra stor
utsträckning djur som primärt är diploida, där genuttryck och därmed selektion
under lång tid ansetts vara frånvarande hos haploida celler som könsceller, och
framförallt hos spermier. Enligt en rådande dogm antas det att intakta och fertila
spermier från ett enskilt ejakulat är likvärdiga när det kommer till att producera
livskraftig avkomma. Under mina doktorandstudier har jag undersökt selektion i
den haploida könscellsfasen med zebrafisken Danio rario som modellsystem.
I artikel I, kombinerade jag ett storskaligt selektionsexperiment med
duglighetsanalys samt Next Generation Sequencing (NGS) för att utvärdera
vikten av haploid selektion. Vi utförde artificiell selektion baserad på livslängd
hos spermier. Vi skapade två selektionslinjer med långlivade (LAT) och
kortlivade (SAT) spermier genom att manipulera tiden mellan spermieaktivering och fertilisering. Sedan jämförde vi ett flertal reproduktiva samt duglighetsegenskaper, tidigt och sent i livet hos avkomma från båda linjerna. Vi kunde
visa på att selektion på fenotypisk variation bland intakta och fertila spermier
inom ett ejakulat påverkar livsdugligheten hos avkomma, både tidigt och sent i
livet. Vi fann att spermier med längre livslängd producerade embryon med ökad
överlevnadsgrad, minskat antal apoptosa celler samt en lägre grad av missbildningar i larvstadiet, medan vuxen LAT-avkomma uppvisade ökad reproduktiv
duglighet. Vi undersökte även samma egenskaper med pre- och post-ejakulat av
spermier, men fann inga bevis för att spermieåldrande hade påverkan på
resultaten. För att avgöra om fenotypisk variation inom ett ejakulat beror på
genetiska mekanismer sökte vi efter genetiska skillnader mellan grupper av
spermier som valts för olika fenotyper. Vi utförde in vitro-analys för att separera spermier inom ett ejakulat baserat på dess överlevnadsförmåga och
förmåga att simma en viss distans. Spermiegrupper som valts baserat på rörliga
fenotyper uppvisade genetiska skilnader på ett flertal platser inom genomet.
Resultaten i artikel I visar på att fenotypisk variation bland intakt fertil sperma
inom ett ejakulat påverkar livsdugligheten hos avkomma. Vidare visar resultaten att den fenotypiska variationen mellan två valda grupper av spermier
beror på genetisk variation vilket indikerar en länk mellan spermiers fenotyp,
spermiers genotyp samt avkommans fenotyp. Våra upptäckter visar på
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möjligheten för haploid selektion och understryker konsekvenserna och vikten
av haploid selektion för evolutionära konsekvenser och dynamik.
I arkikel II, undersökte vi konsekvenserna sent i livet samt mönster för reproduktivt åldrande baserat på haploid selektion av F1-avkomma. F1-hanar och
honor från SAT- och LAT-linjer parades med icke-experimentella honor och
hanar fyra gånger från 12 till 24 månader; reproduktiva egenskaper (lyckad
fertilisering, embryoöverlevnad samt fruktbarhet) mättes vid varje tidpunkt.
Medan både LAT-hanar och honor generellt uppvisade ökad reproduktiv form
samt långsammare åldrande, skiljde sig effekten av spermieselektion vid tidiga
och sena åldrar mellan hanar och honor över de olika egenskaperna.
I artikel III, undersökte vi formen hos SAT- och LAT-avkomma från F1, F2
och F3 samt i varje generation efter att ha korsat den experimentella fisken med
icke-experimentell fisk (för att stoppa selektionskraften). Våra upptäckter visar
att god form består hos LAT-fisk över tre generationer med lägre varians inom
linjerna. Vidare uppvisades god form i alla generationer, även efter att selektionskraften hade stoppats.
Vi undersökte spermiers livsduglighet samt livslängd som ytterligare två
spermie-egenskaper hos hanar i alla tre generationer. I likhet med tidigare
observerade egenskaper hos spermier visade spermier från LAT-hanar högre
livsduglighet i alla tre generationer. Spermier från LAT-hanar visade å andra
sidan kortare livslängd jämfört med spermier från SAT-hanar i alla generationer. Detta kan möjligen förklaras som en resursallokering mellan spermiers
egenskaper som en del av en hanes strategi för att uppnå optimal fertilisering.
Vidare undersökte vi specifika mönster bland genuttryck hos F1 och F4 hanar i
båda linjerna. Vi fann att ett flertal fundamentala gener som har viktiga roller i
grundläggande och primära funktioner som exempelvis respiratorisk kedja,
cellulär respiration, elektrontransportkedja, oxidativ fosforylation, metaboliska
processer, mitokondriska processer et cetera, hade olika uttryck i hjärnan samt
testiklar hos LAT- och SAT-hanar. Skillnaderna i genuttryck hos gener med
primära funktioner stämmer överens med skillnaderna i fenotyp och duglighet
vi observerade i avkomman hos alla tre generationer baserat på vårt urval.
I artikel IV undersökte vi ärftligheten av spermas prestationsegenskaper som
uppmätts i selektionsexperiment genom att använda den stamtavla som producerades av ett experiment över tre generationer. Vi utvärderade även de fenotypiska korrelationerna mellan olika egenskaper hos spermier för att undersöka
eventuella avvägningar mellan olika egenskaper. Vi utvärderade ärftligheten av
spermas hastighet, mobilitet, livsduglighet samt livslängd och fann att föräldraeffekten på ärftlighet av spermas egenskaper var större än den additiva genetiska komponenten. Vi fann att spermakoncentration och livslängd hade
negativa assiociationer med både hastighet och initial rörlighet (spermas
livsduglighet). Å andra sidan fanns det en positiv korrelation mellan hastighet
och initial rörlighet. Liknande fanns en positiv korrelation mellan koncentration
av sperma och livslängd. Dessa upptäckter tyder på olika allokeringsstrategier
hos hanar för att uppnå hög fertiliseringsgrad.
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Slutsatsen är att vi visat att könsceller kan vara ett mål för haploid selektion
och att sådan selektion har vidsträckta konsekvenser för dugligheten hos
avkomman genom ett helt livsspann. Upptäckten av skillnader i vävnadsspecifika genuttryck mellan hanar producerade av olika typer av sperma stärker
bekräftandet av att haploid selektion har inverkan på avkommans prestationsförmåga.
Vidare visar vi på ett tydligt samband mellan spermie-fenotyp och spermiegenotyp samt mellan spermie-fenotyp och dugligheten hos avkomma.

Översättning av/translation by Marcus Ihlar
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