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One of the central questions in evolutionary genetics is whether natural
selection is a primary force acting on new mutations. However, our
understanding is limited, especially when natural selection is weak, because
of technical challenges. Detection of natural selection requires large sample
sizes (numbers of DNA changes) and reliable ancestral inference methods.
This study aims to address these limitations in order to understand the role of

weak natural selection in molecular evolution.

Codon usage bias, non-random usage of synonymous codons, can be
described in population genetic models that include fitness differences among
codons. We can test model predictions given ancestral and derived states for
observed changes. Because the model applies roughly across codon positions,
synonymous changes from different genes can be pooled to provide statistical

power in the analysis.

I assembled a data set of genome sequences from species in the
Drosophila melanogaster subgroup from the public databases. The species are
an excellent system for our analyses in several aspects. Since these species
are closely related, the degree of sequence differences reflects the number of
mutations in a lineage. This feature allows us to reduce errors in ancestral
inference compared to lineages with long genetic distances. Genome

sequences are available from natural population samples and outgroup



species. | employed DNA sequences for strains from Rwanda and Madagascar
populations of Drosophila melanogaster and D. simulans, respectively, and

reference sequences of D. yakuba and D. erecta as outgroups.

I focused on distinguishing among directional forces, natural selection
and GC-biased gene conversion (gBGC), acting on synonymous mutations and
intronic mutations. Since the two forces are predicted to give overlapping
signatures in polymorphisms and divergence, I refer to them as “fixation
bias”. To distinguish fixation biases from mutation biases, | analyzed site
frequency spectrum (SFS), distributions of allele frequencies among variants
segregating in a population. Mutations that have positive fitness effects are
expected to be segregating at higher frequencies in a population than
mutations that have negative fitness effects. The expectation can be tested by
comparing SFS between two classes of mutations that are physically
interspersed within DNA (e.g., T—C vs. C—T). To construct SFS for each
mutation class, I employed an ancestral inference method that our lab has
developed previously. Our lab has confirmed the method’s reliability in
studying the base composition evolution in the Drosophila species. The
combination of large-scale data and a reliable method is one of the advances

from previous studies.

In D. simulans, synonymous and intronic mutations show strong support
for fixation biases consistent with the direction to increase GC content. I
employed the categorization of synonymous families, groups of synonymous
codons that differ by a single nucleotide. I estimated fixation biases for
mutations for each synonymous family using SFS data. I found that the
absolute values of the estimates are heterogeneous among synonymous

families and between synonymous and intronic mutations. Because gBGC



should not distinguish functional classes (e.g., coding vs. non-coding
regions), it cannot explain the heterogeneity in fixation biases. Fixation bias
estimates are greater at X-linked loci than at autosomal loci. This difference
may reflect the differences in factors, such as heterogamety in males, dosage
compensation, gene content, and population-scale recombination rates. These
factors have been predicted to differentiate the magnitudes of fixation biases
between X-linked and autosomal genes but this work does not address which
mechanisms contribute to the autosome vs X chromosome difference in

fixation biases.

In D. melanogaster, fixation bias is strongly supported for synonymous
mutations, but is acting in the opposite direction from that in D. simulans;
AT-increasing changes are segregating at higher frequencies compared to GC-
increasing changes for synonymous mutations only within NAY codons. This
pattern is not found for other mutations but is consistently found for NAY
codons at autosomal and X-linked loci. Moreover, the absolute values of
fixation bias estimates are greater at X-linked loci than at autosomal loci.
The results cannot be explained by gBGC. The results provide strong
evidence that synonymous mutations in D. melanogaster are under ongoing
adaptive evolution toward fitness optimum different from the closely related
species, D. simulans. NAY codons are the only ones translated by tRNA that
can undergo post-transcriptional replacement of guanosine with its modified
form at wobble positions, called queuosine modification. The levels of
queuosine modification are known to depend on substrate abundance in diets.
One possibility is that diet changes may underly change in directions of
selection between D. simulans and D. melanogaster. This study shows that

population genomics approaches can contribute to the discovery of functional



effects of mutations that were not detected in experimental or ecological

approaches.
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