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One of the ultimate goals of population genetics is to understand how changes
in DNA sequences are influenced by various evolutionary factors. Natural selection is
a very powerful evolutionary force that determines the direction of evolution. How
natural selection affects evolution is of great interest for researchers in population
genetics and has been a subject of many studies. Most previous theoretical studies have
considered simple situations where selection pressure is homogeneous across multiple
populations and interactions between different loci are negligible. These studies have
revealed how natural selection affects various properties such as mutation fixation
probability and allele frequency distribution. However, recent advances in DNA
sequencing technology have made it possible to obtain large amounts of sequence data
across multiple loci from many populations, suggesting a need of new theories that
take into account more complex selection pressures involving multiple loci and multiple
populations. It is not yet clear how such complex natural selection affects evolution. In
this thesis, I develop theories to explore the effects of complex natural selection on
molecular evolution.

In Chapter 2, I focus on the evolutionary process of genome divergence in a
local adaptation process. In local adaptation, the direction of natural selection could
differ among populations. Using a two-population model, I quantitatively evaluate the
establishment probability of a locally adaptive allele and the level of nucleotide
diversity after the establishment. The results show that the combination of diffusion
and effective migration approximations describes the dynamics well. The probability
of establishment of a new locally adaptive allele is obtained as a function of selection
coefficient, migration rate, and population sizes of the two populations. The expected
patterns of nucleotide diversity are also derived. It is found that nucleotide diversity
changes significantly when a new locally adaptive allele is established, and then the
pattern changes gradually through a joint work of migration, selection, recombination,
and mutation.

In Chapter 3, I incorporate sexual selection into the model of local adaptation
in Chapter 2 and examine the effect of sexual selection on the establishment of locally
adaptive alleles. First, an approximate expression of the probability of establishment
is derived. It is found that assortative mating enhanced by sexual selection inhibits

the establishment of locally adaptive alleles. The probability of establishment depends



mainly on the relative strength of natural and sexual selection, but random genetic
drift also affects the dynamics when the population size is small. I also describe the
expected trajectory of allele frequency during the establishment process.

In Chapter 4, I examine how a turnover of sex-determining loci is driven by
sexually antagonistic selection at linked loci. Turnovers of sex-determining gene are
often observed in amphibians and teleost fishes, and sexually antagonistic selection is
thought to be one of the driving forces. Previous studies have investigated this process
in deterministic models, whereas I use a more realistic stochastic model and
demonstrate that the stochasticity of random genetic drift essentially changes the
establishment dynamics of a new sex-determining allele. The mode of sexually
antagonistic selection is a key determinant of the establishment probability. The
establishment probability is high when linked selection works as balancing selection,
while it is low when selection works as directional selection. I also use simulations to
illustrate how the mode of selection affects the pattern of nucleotide diversity following
the turnover process.

In Chapter 5, I study the degenerative process of Y chromosomes. It is
theoretically known that in non-recombinant chromosomes such as the Y chromosome,
the interaction between multiple deleterious mutations makes them easily fix. Recent
genome analyses have revealed that Y chromosomes retain duplicated genes in many
species and that gene conversion between homologous sequences occurs frequently.
However, previous models of the degenerative process of the Y chromosome have not
taken this into account. Therefore, I construct a new Y chromosome model that takes
gene duplication and gene conversion into account and analyze its evolutionary
dynamics. The results show that gene duplication and gene conversion affect the

evolutionary dynamics in a complex manner.
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