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SUMMARY

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.

| 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.

| 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, |
refer to them as “fixation bias”. To distinguish fixation biases from mutation biases, I
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
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each mutation class, | 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. | employed the categorization of
synonymous families, groups of synonymous codons that differ by a single nucleotide. |
estimated fixation biases for mutations for each synonymous family using SFS data. | 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
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discovery of functional effects of mutations that were not detected in experimental or

ecological approaches.
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CHAPTER 1

General introduction

Development of theories of molecular evolution

Fundamental questions in evolutionary genetics are what are the factors that drive
evolution of genetic composition. Population genetics gives us a systematic framework to
pursue such questions. More specifically, population genetics mainly considers two

processes: the origination of new variations and the fixation of the variations in a population.

Neutral and nearly neutral theories of molecular evolution

Until molecular variation data became available, biologists have believed that evolution
proceeds under Darwin’s theory of natural selection (Darwin 1859). The mechanisms of
evolution became controversial due to the extensively high levels of naturally occurring
variations at molecular level. Harris (1966) and Lewontin and Hubby (1966) applied the gel
electrophoresis to proteins and showed high levels of allozyme polymorphisms (Harris 1966;

Hubby and Lewontin 1966; Lewontin and Hubby 1966). The initial discussion was how

natural selection can maintain the extensive variations in a population. Some form of

balancing selection was the initial candidate. An alternative model was proposed

independently by Kimura (1968) and King and Jukes (1968) (Kimura 1968; King and Jukes
1969). They categorized new mutations into two classes: strongly selected and selectively
neutral. Among strongly selected classes, they think strongly advantageous mutations are
very rare and have negligible impact on molecular evolution. Since strongly deleterious

mutations are quickly removed from a population by natural selection, most mutations that go
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to the fixation should be selectively neutral. The fixation process of the neutral mutations is
driven by genetic drift, fluctuation in the allele frequency by random sampling of gametes in

a finite population (Kimura and Ohta 1971). This model is referred to as the neutral theory of

molecular evolution and explains early observations of protein variations: the existence of

high levels of variations and clock-like properties of protein evolution (Zuckerkandl and

Pauling 1965; Harris 1966; Hubby and Lewontin 1966; Lewontin and Hubby 1966).

Subsequent studies reported DNA variations that are not consistent with predictions of the
neutral theory. Under the neutral model, heterozygosity is predicted to be proportional to
population size and mutation rate. Therefore, a greater heterozygosity is expected for a large
population. However, species that supposedly have different population sizes (human, fly,
and yeast) show similar levels of protein polymorphism. This issue is often referred to as

“invariance of heterozygosity” (Lewontin 1974).

Another issue was generation time effect of DNA divergence; DNA divergence was
greater in lineages experiencing more numbers of generations per year, while protein
divergence was proportional to absolute time. If mutation rates are constant between
synonymous and nonsynonymous changes, substitution rates for those changes are expected

to be equal.

Ohta proposed that nearly neutral mutations may explain the invariance of heterozygosity
and generation time effect (Ohta 1972). The nearly neutral theory assumes a continuous
distribution of selection coefficient, s, for new mutations around range of s = 0 (Ohta 1972,

1973) and she called mutations under selective pressure, s < |1/Ne|, nearly neutral mutations.



Base composition evolution

Early observations of codon usage bias

One of the well-studied phenomena supporting the nearly neutral theory is codon usage
bias, non-random usage of synonymous codons. Codon usage bias was initially considered

the best candidate for the neutral evolution (Kimura 1968; King and Jukes 1969) because

synonymous mutations do not affect a primary protein structure. Codon usage bias is
observed across a wide range of taxa (Grantham et al. 1980a; b, 1981; Bernardi and Bernardi
1985; Ikemura 1985; Ogasawara 1985; Aota and Ikemura 1986; Vicario et al. 2007;
Drummond and Wilke 2008) including Drosophila (Shields et al. 1988; Moriyama and
Powell 1997). Under the neutral theory, mutation bias is considered a major factor shaping

codon usage bias (Sueoka 1962; Freese 1962; Grantham et al. 1980a; Filipski 1987).

Several observations were inconsistent with the neutral model of codon usage bias. The
first observation is that frequently used codons (“major codons”, “minor codons” for less
frequent codons) tend to be ones recognized by abundant tRNA isoacceptors and the

isoacceptors tend to have anticodons that form the Watson-Crick base pairing with the major

codons (Ikemura 1981, 1985; Bennetzen and Hall 1982). The second is that highly expressed

genes showed higher levels of codon usage bias than lowly expressed genes (Gouy and
Gautier 1982; Bennetzen and Hall 1982; Sharp et al. 1986; Shields et al. 1988; Andersson
and Kurland 1990). The third observation is that synonymous substitution rates show
negative correlations with the degree of codon usage bias and with gene expression levels
(Sharp and Li 1987; Shields et al. 1988). These observations are not expected under the

neutral model, assuming a uniform mutational spectrum across genes.



Test of directional force among synonymous codons

Directional selection can be detected using population genetics methods. One approach is
the comparison of site frequency spectra (SFS) between mutation classes that are physically
interspersed within DNA. The null hypothesis in this test is that the mutation classes are
segregating at the same frequency in a population, which come from the neutral prediction.
This approach was employed to study protein evolution; Frequency distributions are
compared among protein polymorphisms based on allozyme data (Bulmer 1971) and
frequency distributions are compared between nonsynonymous and synonymous
polymorphisms (Sawyer et al. 1987). Akashi and Schaeffer (1997) expanded the method to
compare SFS between forward and reverse mutations (e.g., TTT—>TTC vs TTC—TTT)
among synonymous codons (Akashi and Schaeffer 1997). The test has rejected the neutral
evolution of synonymous codons in Drosophila (Akashi and Schaeffer 1997; Begun 2001;
Kern and Begun 2005; Poh et al. 2012; Jackson et al. 2017). In Drosophila melanogaster and
D. simulans, previous studies have found that GC-increasing mutations are segregating at

higher frequency than AT-increasing mutations (Akashi and Schaeffer 1997). Polymorphisms

and divergence comparison also showed that GC-increasing mutations are fixed within a
population at a higher rate than AT-increasing mutations in D. simulans (Akashi 1995). The
disagreement from the neutral expectation was initially interpreted as the action of natural
selection. The selection intensity, N.s, was estimated in a range of 0 to 1 in the two
populations (Akashi 1995, 1996; Akashi and Schaeffer 1997; McVean and Vieira 2001,

Jackson et al. 2017), consistent with the prediction under the Li-Bulmer model (Li 1987;
Bulmer 1991).
There is experimental evidence that suggests differences in translation efficiency between

major and minor codons. Previous studies suggested shorter waiting time for isoaccepting
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tRNA and effective rejection of non-cognitive tRNA in bacteria and yeast (Robinson et al.
1984; Varenne et al. 1984; Sgrensen et al. 1989; Curran and Yarus 1989; Gardin et al. 2014).
The fast translation may be beneficial because it increases free ribosomes in a cell and
decreases total energy consumed for rejecting non-cognitive tRNA. Major codons are also

found to be translated more accurately than minor codons in bacteria (Precup and Parker

1987). The accurate translation of major codons may be because of lower rate of mis-
aminoacylation of isoaccepting tRNA, the efficiency of initial rejection of non-cognitive

tRNA, and subsequent proofreading.

Non-selective force may also explain the observed patterns. Since most of the major
codons in Drosophila species end in G or C (Shields et al. 1988; Akashi 1995; Akashi and
Schaeffer 1997; Vicario et al. 2007), GC-biased gene conversion may also underlie codon
usage bias. GC-biased gene conversion is a non-random repair of GC/AT mismatches into
GC alleles during meiotic recombination. Meiotic recombination at homologous locus
carrying different sequences (heterozygous locus) forms mismatches within heteroduplex
DNA, which is subject to a DNA repair. When the repair process has a systematic bias
toward particular nucleotides, such bias is expected to affect base composition evolution. GC-
biased repair was found by transfection of viral DNA containing mismatches to monkey
kidney cells (Brown and Jiricny 1988) and was suggested to result in GC-biased gene

conversion (Brown and Jiricny 1989). Later studies show experimental evidence for GC-

biased gene conversion as a consequence of meiotic recombination in yeast (Birdsell 2002;
Mancera et al. 2008) and in humans (Odenthal-Hesse et al. 2014; Williams et al. 2015). GC-
biased gene conversion was proposed to contribute to elevation of GC content in DNA
sequences (Brown and Jiricny 1989; Holmquist 1992; Eyre-Walker 1993)(Brown and Jiricny

1989; Holmquist 1992; Eyre-Walker 1993).



One prediction of the GC-biased gene conversion model is a positive correlation between
meiotic recombination rate (more specifically GC-biased DNA repair rates during meiosis)

and GC content. Such correlations have been reported for many taxa: human (Ikemura and

Wada 1991; Eyre-Walker 1993; Meunier and Duret 2004; Duret and Arndt 2008), yeast

(Gerton et al. 2000; Jeffreys and Neumann 2002), mouse (Clément and Arndt 2013), and

other taxa (Pessia et al. 2012). GC-biased gene conversion may affect substitution rates. A
positive correlation between recombination rates and GC-increasing substitution rates is
found for mammals (Duret and Arndt 2008; Clément and Arndt 2011; Galtier et al. 2018;
Pracana et al. 2020), reptiles (Figuet et al. 2014), avians (Nabholz et al. 2011; Mugal et al.

2013; Rousselle et al. 2019), plants (Clément et al. 2017), and bacteria (Lassalle et al. 2015;

Long et al. 2018). Polymorphism data can be employed to test GC-favoring fixation biases;
one prediction is that GC-increasing mutations segregate at higher frequencies than AT-
increasing mutations in populations. This prediction is supported in mammals (Eyre-Walker

1999: Smith and Eyre-Walker 2001). However, these lines of evidence are also consistent

with directional selection favoring GC and evidence for GC-biased gene conversion in

Drosophila species is still controversial (see below).

The impact of biased gene conversion has been studied in a framework of population
genetics theories (Nagylaki 1983; Walsh 1983; Bengtsson 1986). A model of mutation, drift,
and biased gene conversion (but without natural selection) can give a prediction of
evolutionary dynamics that are not distinguishable from those under a model with weak
natural selection (Nagylaki 1983). Therefore, in this study, | refer to directional selection and
biased gene conversion as fixation bias. More specifically, fixation biases that elevate GC

content will be referred to as “GC-favoring fixation bias”.



Intron base composition

Population genetics approaches often employ putatively neutral sites. In Drosophila,
currently the best candidate of neutral evolution is sites within short introns. Previous studies
have shown that the middle regions (specifically, 8-30 bp regions) of short introns have the
highest divergence and polymorphisms compared to other regions in the D. melanogaster
genome (Halligan and Keightley 2006; Parsch et al. 2010). There is evidence for GC-
favoring fixation biases in short introns in D. melanogaster and D. simulans (Jackson et al.
2017; Jackson and Charlesworth 2021). However, fixation biases have not been tested for

mutations that do not change GC content of short introns.

Goal of the study

The goal of the dissertation is to reveal the evolutionary forces shaping codon usage bias
and intron base composition in Drosophila. More specifically, | focused on fixation biases
(directional selection and biased gene conversion). To estimate fixation biases, | employed
population genetics methods and compared the estimates among various mutation classes:
synonymous mutations within individual amino acid coding families (synonymous families)

and intronic mutations.



CHAPTER 2

Base composition evolution in Drosophila

Introduction

Codon usage bias is a well-established system to study the nearly neutral theory of

molecular evolution. The observed synonymous polymorphisms (Akashi and Schaeffer 1997)

agreed with the action of weak directional force, as predicted by the quantitative model of

codon usage bias (Li 1987; Bulmer 1991). The directional force is often interpreted as

directional selection because 1) codons that are used at higher proportion (“major codons”)
than other synonymous codons (“minor codons”) are ones that are recognized by the most
abundant tRNA. Major codons tend to form the Watson-Crick base pairings with the tRNA

anticodons (Ikemura 1981, 1985; Bennetzen and Hall 1982), 2) the degree of codon usage

bias is greater for highly expressed genes than lowly expressed genes (Gouy and Gautier
1982; Bennetzen and Hall 1982; Sharp et al. 1986; Shields et al. 1988; Andersson and
Kurland 1990), and 3) synonymous substitution rates are lower in highly biased and highly

expressed genes (Sharp and Li 1987; Shields et al. 1988).

Support for directional selection from population genetic approaches can be confounded
by a different directional force that does not reflect fitness effects, such as biased gene
conversion. Because theory predicts that biased gene conversion has equivalent outcome of

evolution as directional selection (Nagylaki 1983), biased gene conversion needs to be taken

into account in tests of directional selection. Jackson and colleagues (2017) attempted to
distinguish directional selection for codon usage bias from GC-biased gene conversion by

comparing fixation bias estimates among mutation classes (Jackson et al. 2017). Fixation bias



estimates at 4-fold redundant sites are greater than those at short intron sites and show
elevated magnitudes for genes with high GC content at 4-fold redundant sites (Jackson et al.

2017). However, they did not examine synonymous mutations at 2-fold redundant sites.

In this study, I aimed to distinguish effects of directional selection and biased gene
conversion acting on synonymous mutations and to examine whether directional forces vary
among 2-fold synonymous families. | employed genome-scale data for population samples;
14 lines from the Rwandan population of D. melanogaster (Pool et al. 2012) and 21 lines
from the Madagascar population of D. simulans (Rogers et al. 2014; Jackson et al. 2017) and
two closely related species as outgroups. | tested fixation biases by comparing SFS for
forward and reverse mutations within each of the synonymous families (e.g., AAA — AAG
vs AAG — AAA). The categorization of mutation classes is based on ancestral and derived
states and designations of “forward” and “reverse” are arbitrary; We use the term forward
mutations for A or T (W)— G or C (S) changes among GC-altering mutations and for T—>A
and C—G among GC-conservative mutations. Mutations in the opposite direction are termed
reverse mutations. As many studies have suggested non-stationary and lineage-specific
evolution of synonymous mutations in the D. melanogaster subgroup (Akashi et al. 2006;
Nielsen et al. 2007; Singh et al. 2007, 2009; DuMont et al. 2009), | employed a refined
ancestral inference method with a non-stationary model (Yang 2007; Matsumoto et al. 2015;
Matsumoto and Akashi 2018). Furthermore, I employed a maximum likelihood method
(Glémin et al. 2015) to estimate fixation biases and compared estimates among mutation

classes.



Results

Population genomics analysis

Level of DNA polymorphisms

The D. simulans population has a greater level of polymorphisms than the D.
melanogaster population (Fig. 1). Nucleotide polymorphism was roughly four-fold greater in
D. simulans than in D. melanogaster for autosomal short introns, those with lengths 100bp or
less for the D. melanogaster and D. simulans sequences. Watterson’s 8 wegpe 0.0495 and
0.0110 for D. simulans and D. melanogaster, respectively. The greater diversity in D.
simulans than in D. melanogaster is consistent with previous reports (Moriyama and Powell
1996; Andolfatto 2001; Langley et al. 2012; Jackson et al. 2017; Jackson and Charlesworth
2021). | compared the levels of nucleotide polymorphisms between X-linked and autosomal
short introns. X vs autosome ratio (X:A ratio) of neutral variations is expected to be 0.75
under assumptions of 1:1 sex ratio and equal mutation rates in the sexes. The X:A ratio of
short intron diversity in D. simulans (0.727) was slightly smaller than but close to the
expectation, while the estimate was greater than the expectation in D. melanogaster (1.25).
Previous studies have also shown the similar patterns of X:A ratio of diversity (Begun and
Whitley 2000; Andolfatto 2001; Jackson et al. 2017). The results confirm that our methods of

ortholog identification do not produce a systematic bias at least in the diversity estimates.

Fixation bias tests in short introns

I simply assumed the selective neutrality in DNA variations in short introns to obtain a
rough estimate of the population diversity. To filter out intronic mutations that show evidence

of no neutrality, | tested against the neutral assumption for each pair of forward and reverse
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mutations. In D. simulans, GC-increasing mutations show higher values of allele frequency
estimates than AT-increasing mutations in short introns (Table 1; Fig. 2). This pattern was
found for both autosomal and X-linked short introns (Table 1; Fig. 2). Interestingly, the
magnitude of SFS differences seem greater for X-linked, compared to, autosomal short
introns in this species (Fig. 2). On the other hand, GC-increasing and AT-increasing

mutations do not show significant differences in D. melanogaster (Table 1; Fig. 2).

GC-conservative mutations (G—C and A<~ T) show a contrasting pattern. There was no
statistically significant difference in SFS between forward and reverse changes within GC-
conservative mutations in autosomal and X-linked short introns in both species (Table 1).
Previous studies have employed GC-conservative mutations as an assumed neutral reference
for Drosophila species (Maside et al. 2004; Galtier et al. 2006; Haddrill and Charlesworth
2008; Jackson et al. 2017; Jackson and Charlesworth 2021) but had not explicitly tested this
assumption. In the following sections, we employ GC-conservative mutations within short
introns as a neutral reference to estimate the magnitude of fixation bias parameters. We

pooled GC-conservative mutations into a single class.

Evidence for GC-fixation biases in D. simulans

Among synonymous polymorphisms, GC-increasing mutations segregate at higher
frequencies than AT-increasing mutations in D. simulans (Table 2). Such SFS differences are
predicted under fixation bias (natural selection and/or biased gene conversion) that favors
GC-ending codons. The patterns are strongly supported at both 2-fold and 4-fold redundant
sites (Table 2) and expand on previous results that combined data from 2-fold and 4-fold sites

for smaller numbers of genes (Akashi and Schaeffer 1997; Kliman 1999) and that employed
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only 4-fold sites in larger data sets (Jackson et al. 2017). Genome-scale data allow us to
further refine the analysis to individual synonymous families. Each of the 10 synonymous
families shows SFS differences similar to the general pattern of elevated frequencies of GC-

increasing compared with AT-increasing mutations in this species (Table 3; Fig. 3a and 3b).

We estimated fixation bias parameters, ywos, in order to compare SFS differences across
mutation classes using the maximum likelihood method (Glémin et al. 2015). This approach
requires polymorphism data for a putative neutrally-evolving class of mutations and we
employed GC-conservative mutations within short introns. We confirmed the fixation bias
estimates strongly correlate with the magnitudes of SFS differences (Fig. 4). The fixation bias
parameters can be considered summary statistics of magnitudes of SFS differences. Fixation
bias estimates are heterogeneous among synonymous families in D. simulans (Fig. 3¢). ywess
for synonymous changes are uniformly greater than that for GC-altering mutations within
short introns (Fig. 3c) and are correlated between autosomal and X-linked loci (Fig. 3c;
Spearman’s rank correlation rs= 0.955, p < 10°°). Interestingly, X-linked loci show larger
fixation bias estimates than autosomal loci across mutation classes (Fig. 3c; Wilcoxon

signed-rank test p = 0.0051).

Evidence for both GC- and AT-fixation biases in D. melanogaster

In contrast to the patterns in D. simulans, evidence for fixation biases is heterogeneous
between 2-fold and 4-fold redundant sites in D. melanogaster. In the pooled analyses, 4-fold
redundant sites show GC-increasing mutations segregating at higher frequencies compared
with AT-increasing mutations but 2-fold sites show little support for SFS differences (sample

sizes are similar, Table 2). Many previous studies have suggested that natural selection
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became less effective in the D. melanogaster lineage since its split from D. simulans (Akashi
1995; Akashi and Schaeffer 1997; Jackson et al. 2017). This may be because of population

size reduction (Akashi 1995: McVean and Vieira 2001) and/or reduction in selection

coefficient (Clemente and Vogl 2012). The pooled analysis is consistent with weaker fixation
biases in D. melanogaster than in D. simulans. The weaker fixation bias in D. melanogaster
may reflect smaller population size or selection coefficient but this study does not address

which factors are contributing to the observation.

Individual 2-fold synonymous families show striking patterns in D. melanogaster
polymorphism. For five out of the 10 families, SFS for GC-increasing and AT-increasing
mutations are indistinguishable (Table 3). However, four synonymous families (Asp, Asn,
His, and Tyr) show a distinct pattern of AT-increasing mutations segregating at higher
frequencies than GC-increasing mutations at both autosomal and X-linked loci (Table 3 and
Fig. 5). In each case, X-linked loci show larger point estimates of fixation bias in favor of AT
(Fig. 5¢). These four families (NAY codons) correspond perfectly with those for which
cognate tRNAs undergo queuosine (Q) modification in the 3rd (wobble) position in almost all
eukaryotes (Harada and Nishimura 1972; White et al. 1973; Kasai et al. 1975). Such
modifications are not known to occur for cognate tRNAs for other synonymous families

(Fergus et al. 2015).

We further examined the statistical support for X vs autosome differences in fixation bias
estimates at NAY codons. Because sample sizes are limited for some of the codon families
(especially for X-linked genes), we pooled data for the four families and increased the
numbers of bootstrap replicates. Among autosomal loci, all 10,000 replicates supported GC-
favoring forces (ywos > 0) in D. simulans and AT-favoring forces in D. melanogaster (ywes

< 0; Fig. 6). X-linked loci show larger magnitudes (absolute values) of fixation biases than
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autosomal loci in both D. simulans (all replicates) and D. melanogaster (all but one replicate;
Fig. 6). Opposing directions of fixation biases in D melanogaster and D. simulans and greater
efficacy of fixation biases on X-linked, compared to autosomal, loci are well-supported for

NAY codons.

Robustness of individual family analysis

I confirmed the robustness of our findings based on a different approach of SFS
construction. I inferred ancestral nucleotides and their probabilities using sequence
alignments, where codon positions are pooled among 2-fold synonymous families: Asp, His,
Asn, Tyr, Cys, Phe, Ser2, Lys, GIn, and Glu. | used the ancestral states to construct SFS for
each synonymous family. This approach differs from the approach employed for analysis
above in ancestral states for which sites from different classes were inferred under a single set
of phylogenetic parameters. Overall patterns were consistent with the results above. In D.
simulans, GC-increasing mutations are segregating at higher frequencies than AT-increasing
mutations across all of the 2-fold synonymous families (Table 4). In D. melanogaster, Lys
show GC-increasing mutations segregating at higher frequencies than AT-increasing
mutations (Table 4). Asp, Asn, His and Tyr in D. melanogaster show patterns of AT-
increasing mutations segregating at higher frequencies than GC-increasing mutations (Table
4). This analysis confirms that AT-favoring fixation bias does not reflect outlier in

polymorphism data but does reflect global force in D. melanogaster.
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Fixation biases for 4-fold synonymous families

Individual 4-fold synonymous families show GC-increasing mutations segregating at
higher frequencies than AT-increasing mutations in D. simulans; the pattern is found at both
autosomal and X-linked loci (Table 5; Table 6). One exception was Gly. Synonymous
mutations to GGG codons (GGH—GGQG) are segregating at lower frequencies than mutations
in the opposite direction at autosomal loci in D. simulans (Table 5). This pattern of SFS
differences is found also at X-linked loci for GGC«+>GGG mutations but not for GGA—~GGG
and GGT«>GGG mutations (Table 6). X-linked loci show larger magnitude of fixation bias
parameters than autosomal loci in D. simulans (Fig. 7; Wilcoxon signed-rank test p =
0.00063, site classes that include 200 polymorphisms for each forward and reverse

mutations).

In D. melanogaster, SFS differences are found for fewer mutation classes compared with
D. simulans (Table 5; Table 6). Interestingly, GGW—GGG mutations are found at lower
frequencies compared with mutations in the opposite direction at autosomal loci in D.
melanogaster (Table 5), consistent with the pattern in D. simulans. This suggests fixation
biases that reduce GGG codon usage within the Gly synonymous family in both D. simulans
and D. melanogaster. Overall, a simple model of fixation biases that favors GC-increasing
mutations can not explain SFS patterns of 4-fold families in D. simulans and D.

melanogaster.
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Discussion

| observed heterogeneity in evolutionary parameters among mutation classes within D.
simulans and D. melanogaster. | tested fixation biases acting on mutations within individual
synonymous families using genome-wide polymorphism data. The results strongly support
the major codon preference model of codon usage evolution in D. simulans. In contrast, |
found little support for fixation biases within most synonymous families in D. melanogaster

but found strong support for AT-fixation biases in NAY codon families.

Support for the major codon preference model in D. simulans

The mutation model does not seem a likely explanation. The mutation model considers
mutation bias and drift as main drivers of codon usage evolution. If there is no fixation bias
between two nucleotides states, SFS are expected to be not distinguishable between forward
and reverse mutations because mutations affect the number of polymorphisms for each
frequency class to the same extent. But if the degree of mutation bias has dramatically
changed since the MRCA of segregating alleles, forward and reverse mutations can show

differences in SFS (Akashi 1997; Eyre-Walker 1997). For example, a recent increase of AT-

increasing mutation rate is expected to result in excess of rare AT-increasing changes
segregating in a population. If there was no change in GC-increasing mutation rate, GC-
increasing changes may appear to segregate at higher frequencies compared to AT-increasing
changes in a population. To explain the observed heterogeneity in fixation biases (between
synonymous and intronic mutations, between autosomal and X-linked loci, and among
synonymous families; Fig. 3c) by mutation effects, it requires three conditions; the degree of

mutation bias change is greater in coding regions than in non-coding regions, greater in X-
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linked than autosomal loci, and heterogeneous among synonymous families (Fig. 3c).
Although mutation processes may be context-dependent (Assaf et al. 2017), a recent change
in context-dependent mutations has not been reported for Drosophila species. It is unlikely
that mutation effects are the only factor underlying the heterogeneity in fixation bias
estimates. Overall, the patterns of elevated segregating allele frequency of GC-increasing
mutations compared to AT-increasing mutations suggests that GC-favoring fixation biases
are prevalent across intronic and synonymous mutations in D. simulans. Previous studies
have also supported GC-fixation biases acting on synonymous mutations in D. simulans
(Akashi and Schaeffer 1997; Begun 2001; Nielsen et al. 2007; Jackson et al. 2017). We
expanded analyses on 2-fold synonymous families and revealed heterogeneity in the fixation

biases among synonymous families.

GC-favoring fixation bias may include effects of GC-biased gene conversion and
directional selection. It is still not clear if GC-biased gene conversion is effective in the
Drosophila genomes. If GC-biased gene conversion is effective, we can expect a positive
correlation between gene conversion rate, which can be inferred from recombination rates,
and GC content at putatively neutral sites. However, different studies using the D.
melanogaster genome reported controversial results; some studies show positive correlation
between recombination rate estimates and GC content (Kliman and Hey 2003; Marais et al.
2003), but some show the lack of correlation (Haddrill et al. 2007; Campos et al. 2012;
Comeron et al. 2012; Jackson and Charlesworth 2021). These studies employ different
putatively neutral sites. Marais and colleagues (2003) employed only long introns (Marais et
al. 2003) because long introns may contain a smaller proportion of sequences required for
splicing than short introns (Mount et al. 1992). Other studies employed short introns (Jackson

and Charlesworth 2021), intergenic and intronic sequences (Comeron et al. 2012) and short
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and long introns and the third codon positions (Haddrill et al. 2007; Campos et al. 2012). In
addition, GC-biased gene conversion alone cannot explain the difference in intron GC
content and synonymous codon usage between autosomal and X-linked loci (Campos et al.
2013). SFS analysis showed GC-increasing mutations segregating at higher frequency than
AT-increasing mutations in short introns in D. melanogaster (Robinson et al. 2014; Jackson
et al. 2017; Jackson and Charlesworth 2021). However, the magnitude of SFS differences and
fixation bias estimates do not show correlation with recombination estimates (Robinson et al.
2014; Jackson and Charlesworth 2021). For other Drosophila species, some studies suggest
that GC-biased gene conversion may be active on the X chromosome in D. simulans
(Haddrill and Charlesworth 2008) and in D. americana (de Proceé et al. 2012). Our analysis
does not reject the possibility that GC-biased gene conversion is acting across sites in the D.
simulans genome. The existence of GC-biased gene conversion in Drosophila species still
remains a question. If biased gene conversion rates are roughly constant between intronic and
coding regions. fixation biases should be equally effective at these regions under the absence
of natural selection. The different magnitude of fixation biases between intronic and
synonymous mutations (Fig. 3c; Fig. 7) suggests the action of directional selection. Assuming
that Sl sites are better examples of neutral evolution than synonymous sites, the result

suggests that GC-ending codons are advantageous over AT-ending codons in this species.

Autosomal vs X-linked loci

Both directional selection and biased gene conversion may contribute to the greater
efficacy of fixation biases at X-linked, compared to autosomal loci. Some mechanisms may
bias the efficacy of fixation biases systematically between autosomal and X-linked loci in
Drosophila. The first is the recessivity (expression reduction in heterozygotes) of
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advantageous alleles. Fitness effects of advantageous mutations may be “masked” in
heterozygotes if the advantageous allele is recessive. The average rate of the masking effect
is greater at autosomal loci than X-linked loci, because of heterogamety of the X
chromosome in fly males, assuming equal numbers of males and females in a population. The
net difference in the masking effects may be seen as a difference in the efficacy of natural

selection (Avery 1984; Charlesworth et al. 1987).

The second is dosage compensation. In Drosophila, it is known that dosage compensation
is done by transcriptional upregulation of X-linked genes in males (Marin et al. 2000; Baker
et al. 2003). Under the major codon preference model, highly expressed genes are expected
to be seen in natural selection more frequently compared to lowly expressed genes. Higher
expression levels (on average) of X-linked loci can cause greater efficacy of natural selection.
Recessivity and dosage compensation may not be independent factors but dosage
compensation may induce recessivity of advantageous alleles (Mank et al. 2010). Mank and
colleagues discussed that the Kacser-Burns model of dominance mechanism (Kacser and
Burns 1981) may be applied from the flux of metabolic pathway to amount of gene
expression. The fitness effect (contribution to the amount of final product of a metabolic
pathway) of a mutation may be small if a large number of genes is involved in the pathway.
However, fitness effects of non-additive (i.e., dominant or recessive) mutations may be
equivalent to those for additive mutations when fitness effects are very small. We still do not

know the impact of recessivity of slightly adaptive alleles on molecular evolution.

Another possibility is the gene content difference between X-linked and autosomal loci. If
X-linked loci harbor genes under stronger directional selection at a higher proportion than

autosomal loci, the observed pattern may be consistent with this scenario. Previous studies
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have shown that the X chromosome of D. melanogaster includes female-biased expression
genes at a higher frequency than autosomes (Ranz et al. 2003; Hambuch and Parsch 2005;
Mikhaylova and Nurminsky 2011). Mutations within X-linked genes with female-biased
expression should be seen by selection at greater number of times compared with those
within autosomal genes with female-biased expression. Gene content difference between
autosomal and X-linked loci may be a plausible factor driving greater efficacy of major

codon preference.

GC-biased gene conversion may also be more effective at X-linked loci. Because of
recombination suppression in Drosophila males (Morgan 1914; Chovnick et al. 1970), the X
chromosomes experience recombinations at roughly 4/3 times greater number of times than
autosomes (Langley et al. 1988). Because biased gene conversion is thought to occur at
heteroduplex DNA formed during recombination (Szostak et al. 1983), a higher
recombination rate may result in a greater rate of GC-biased gene conversion at X-linked loci
compared to autosomal loci. Recombination rates may also be different between autosomal
and X-linked loci if these loci differ in the distributions of factors that regulate meiotic
recombination. Fine-mapping of double strand breaks (DSB), which are the initial steps of
meiotic recombination, in yeast revealed a significant enrichment of recombination hotspots
in promoter regions (Petes et al. 1991) and in DNase | sensitive regions (Wu and Lichten
1994). This pattern suggests that chromatin accessibility may be related to recombination
initiation. Some DSB hotspots in yeast are also known to require the binding of transcription
factors (White et al. 1991, 1993; Fan et al. 1995; Gerton et al. 2000) and some do not require
the binding of known transcription factors (Kirkpatrick et al. 1999). Recombination initiation
may be associated with these factors (i.e., chromatin accessibility, binding of transcription

factors and others) in yeast. If there are complex interactions among various factors
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determining recombination patterns also in Drosophila (Comeron et al. 2012), and if these
factors differ between X chromosomes and autosomes, recombination rates, consequently

GC-biased gene conversion rates, might be different.

The mechanism of greater fixation biases may be explained by directional selection or
biased gene conversion. However, again, GC-biased gene conversion does not explain the

heterogeneity among mutation classes within X-linked loci (Fig. 3c).

Support for AT-favoring selection in D. melanogaster

SFS differences between GC-increasing and AT-increasing mutations were strongly
supported within particular synonymous families in D. melanogaster (Fig. 5a; Table 3).
Importantly, only the Tyr, Asn, Asp, and His showed SFS differences toward increasing AT
content (Fig. 5; Table 3) and Sl did not show SFS differences between GC-increasing and
AT-increasing mutations (Table 1). SFS difference may be expected if there is a relatively
large change in the degree of mutation biases. If there is such change within AY contexts,
SFS difference is likely to be seen also in Sl, given that other synonymous families but Lys
did not show significant SFS differences. Mutation effects are not a likely explanation for the
SFS differences within NAY synonymous families. Similarly, biased gene conversion that
increases AT content does not explain this because such force should be observed in SFS for
short introns sites and other synonymous families if it exists. Furthermore, X-linked loci
show a greater degree of SFS differences between AT-increasing and GC-increasing
mutations compared to autosomal loci (Fig. 5¢; Fig. 6). To explain all the results without
natural selection, we need to assume context-dependent mutations and greater degree of

mutation bias in the female germ line. To my knowledge, there is no such report to date and

21



the scenario may be unrealistic. Therefore, we conclude that AT-favoring natural selection is

acting on mutations within NAY synonymous families in the D. melanogaster population.

Many previous studies have investigated evolutionary forces shaping codon usage bias of
the D. melanogaster genes. However, the conclusion has been mixed. Previous studies that
have pooled synonymous families along the genome supported that natural selection on
synonymous mutations has reduced on the D. melanogaster lineage (Akashi 1995, 1996;
Jackson et al. 2017). On the other hand, AT-increasing changes are found at higher
frequencies among D. melanogaster strains than GC-increasing mutations (Poh et al. 2012).
However, Poh and colleagues employed strains from African (Malawi) and non-African
(Raleigh) samples as alleles in the same population. This seems an unrealistic assumption;
African and non-African populations show different levels of DNA variations and do not

share many within-species variations (Begun and Aquadro 1993). The pattern found by Poh

and colleagues may reflect the effect of pooling samples from different population histories

but may not reflect the effects of fixation biases.

Although there has not been a strong support for global AT-favoring fixation biases in D.
melanogaster, substitution analyses revealed strong support for AT-increasing forces at a
single locus, Notch (Bauer DuMont et al. 2004; Nielsen et al. 2007; Singh et al. 2007;
Holloway et al. 2008). To detect non-neutral forces in this locus, Bauer DuMont and
colleagues developed a method that takes mutation bias into account for the estimation of
substitution rates. The authors found significantly greater numbers of AT-increasing
synonymous substitutions than that of GC-increasing synonymous substitutions (Bauer
DuMont et al. 2004). The similar pattern of nucleotide substitution rates was not observed in

closely located introns. This suggests that mutation bias does not explain the strikingly
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greater rate of AT-increasing substitutions for synonymous mutations in the Notch locus.
Later studies applied a more parameter-rich phylogenetic method (Nielsen et al. 2007) and
expanded the analyses on genome-wide (Singh et al. 2007). These studies found that the
significantly greater rates of AT-increasing synonymous substitutions than GC-increasing
synonymous substitutions are specific to the Notch locus; other loci showed slightly greater
rates for GC-increasing synonymous substitutions and almost no difference (Nielsen et al.
2007; Singh et al. 2007). Holloway and colleagues applied another approach that attempts to
detect lineage-specific accelerated evolution to D. melanogaster and closely related species.
This approach was initially developed to study human-specific accelerated evolution and
acted as an independent confirmation of the substitution bias in the Notch locus in Drosophila
(Holloway et al. 2008). Overall, AT-favoring fixation biases on synonymous mutations have

not been established as global forces acting genome-wide in D. melanogaster.

Next question is which NAT or NAC codons are ancestrally preferred codons. According
to previous studies, NAC codons seem to be preferred in lineages prior to the split between
D. simulans and D. melanogaster. In the previous studies, almost all the synonymous families
show positive correlations between degree of codon usage bias and a proportion of G- or C-

ending codons in D. melanogaster (Shields et al. 1988; Akashi 1995) and similarly in D.

simulans (Akashi and Schaeffer 1997). Although variation in mutation bias among genes can
shape a similar pattern, multivariate analysis including intron GC content was not consistent
with prediction under mutational explanation. While there was a positive correlation between
GC content at the 3rd codon positions and that at intronic sites for genes showing low codon
usage bias, there was no correlation for genes showing high codon usage bias (Kliman and
Hey 1994). Because it is less likely that mutation bias varies between non-coding and coding

regions within a gene, fixation biases should have acted to establish a greater proportion of
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GC-ending codons in D. melanogaster. Later analyses confirmed that NAC codon usage
increases from lowly to highly biased genes in seven other Drosophila species: D. simulans,
D. sechellia, D. yakuba, D. erecta, D. ananassae, D. pseudoobscura, D. persimilis (Akashi
and Schaeffer 1997; Vicario et al. 2007). Putatively neutral intronic sites are AT biased in
these species, similarly to D. melanogaster (Moriyama and Hartl 1993; Vicario et al. 2007).
Assuming that intron GC content more closely reflects mutational equilibrium, NAC codons

have been ancestrally preferred over NAT codons.

NAC codon preference is also supported by a different approach. Deviation from equal
codon usage between conserved or non-conserved positions has been compared across
Drosophila species for each synonymous family (Zaborske et al. 2014). If a synonymous
change has an influence on translation accuracy, codon positions that are sensitive to
replacement change should show enrichment of preferred codons (Akashi 1994). D.
melanogaster showed preference for NAC codons over NAT codons (Zaborske et al. 2014).
This discrepancy may be because NAT codon preference is completely independent of
translational accuracy selection and/or is a very recent force. In either (or both) cases, the
identity of the preferred codon may have changed from NAC codons to NAT codons recently

in the D. melanogaster lineage.

Queuosine modification of tRNA

NAY -decoding tRNAs share a common feature of chemical modification, queuosine
modification. Queuosine is a modified nucleoside and was first identified in Tyr-tRNA of E.
coli and was designated as “nucleoside Q” as an unknown nucleoside (Goodman et al. 1968;

RajBhandary et al. 1969; Doctor et al. 1969). Queuosine comprises a 7-deazaguanosine core,
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where nitrogen at the seventh position in purine is replaced with a carbon, to which an
aminomethyl chain and cyclopentanediol moiety are attached (Ohgi et al. 1979). Queuosine
is found in Tyr-tRNA, Asp-tRNA, His-tRNA, and Asn-tRNA (Goodman et al. 1968;
RajBhandary et al. 1969; Doctor et al. 1969; Harada and Nishimura 1972) in various
organisms, including bacteria, flies, plants, worms, and mammals (Kasai et al. 1975; Katze et
al. 1982). Although queuosine is found across a wide range of organisms, eukaryotes cannot
synthesize queuosine but salvage a precursor base, queuine (Reyniers et al. 1981; Ott et al.
1982; Kirtland et al. 1988; Siard et al. 1991; Gaur et al. 2007). The precursor base is
involved in a transglycosylation reaction, where the precursor base is replaced with guanine
base at the wobble position. Since eukaryotes rely on diet for the source of queuine, the
queuine is considered “micronutrient” for eukaryotes by recent studies (Zaborske et al. 2014;
Zallot et al. 2014; Fergus et al. 2015; Miller et al. 2019; Hayes et al. 2020). Interestingly,
NAY -decoding tRNAs are the only tRNAs that are found to be subject to queuosine
modification to date (Okada and Nishimura 1979; Fergus et al. 2015). The overlap with
codon preference reversal within NAY synonymous families may be consistent with the

contribution of queuosine modification of tRNA to preference reversal.

Previous studies have examined whether the presence of queuosine at the wobble
positions changes the efficiency of protein synthesis but conclusions are controversial
(Harada and Nishimura 1972; Grosjean et al. 1978; McNamara and Smith 1978; Owenby et
al. 1979; Yokoyama et al. 1979; Smith and McNamara 1982). Some other studies suggest its
impact on the protein synthesis process. Meier and colleagues compared histidine
incorporation rates between CAC and CAU codon positions within mRNA of a virus coat
protein using an in vivo translation system (Meier et al. 1985). Drosophila two His-tRNA

isoacceptors, which have the identical primary sequence except for the wobble position, were
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injected into Xenopus oocytes with the target mMRNA. His-tRNAcuc shows a higher rate of
histidine incorporation at CAC compared to CAU codons, whereas His-tRNAquc shows little
difference between CAC and CAU codons (but show a slightly higher rate for CAU codons)
(Meier et al. 1985). Computational modeling of tRNA structures predict that Asp-tRNAcua
forms more stable binding with GAC compared to GAU codons but Asp-tRNAgua shows
slight bias in binding stability between these codons (Morris et al. 1999). Under queuosine-
deficient conditions, C-ending codons are likely to be preferred over T-ending codons for
efficient translation. The preferred codon under queuosine-rich conditions is still unclear. In
addition, studies have reported other possible functions of queuosine modification such as
difference in aminoacylation efficiency (Noguchi et al. 1982; Singhal and VVakharia 1983),

reduced misread of stop codons (Bienz and Kubli 1981), elevated tRNA stability (Tuorto et

al. 2012, 2015, 2018), and efficient translation of mitochondrial genome coded genes (Suzuki
et al. 2020). These aspects of the effects of queuosine modification may impact molecular

evolution.

Although there is a potential influence of the tRNAqun abundance on codon preference,
we do not know if the tRNAqun abundance is likely different between the African
populations of D. simulans and D. melanogaster. queuosine is synthesized de novo in bacteria

(Kersten and Kersten 1990) and taken by eukaryotes through diet (Ott et al. 1982; Kirtland et

al. 1988; Siard et al. 1991; Gaur et al. 2007), and/or gut microbiota (Reyniers et al. 1981;
Nishimura 1983; Katze et al. 1984). A recent study has shown that Marula fruit odor
activates Or22a-expressing olfactory sensory neurons of D. melanogaster and that the Or22a
locus showed high values of genetic differentiation statistics (FST) between African and
European populations (Mansourian et al. 2018). Gut microbiota may be affected by diet

(Staubach et al. 2013) but may also affect the foraging preference of D. melanogaster (Wong
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et al. 2017). Such change may consequently alter the amount of queuine/queuosine
consumption and may lead to a change in the ratio of tRNAcun and tRNA.... We do not know
the biological mechanisms underlying AT-favoring fixation biases but our analysis suggests
queuosine modification of tRNA may be an important factor. The fitness effects of fixation
bias change may be related to protein synthesis but other phenotypes may be key

contributors.
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Methods

Identifying orthologs

Genome sequences

We identified orthologs for protein-coding genes among four species, D. melanogaster,
D. simulans, D. yakuba, and D. erecta, from the D. melanogaster subgroup. We obtained
genome sequences and gene annotations from FlyBase (ftp://ftp.flybase.net/genomes/) for D.
melanogaster (r6.24 FB2018_05; last downloaded on 12th July 2019), D. simulans (r2.02
FB2017_04; last downloaded on 9th March 2020), D. yakuba (r1.05 FB2016_05; last
downloaded on 12th July 2019) and D. erecta (r1.05 FB2016_05; last downloaded on 12th
July 2019). In the following analysis, we employed the longest CDS for genes with multiple
protein isoforms and filtered genes for which CDS lengths were not multiples of three. We
obtained 13,867, 13,996, 14,489, and 13,369 predicted CDS from the D. melanogaster, D.
simulans, D. yakuba and D. erecta genomes, respectively. As outgroup species for ortholog
identification, we employed genome sequences and gene annotations for D. ananassae (r1.06
FB2018 04, last downloaded on 16th October 2019) and D. pseudoobscura (r3.04
FB2018_05; last downloaded on 16th October 2019). We found 14,125 and 14,390 predicted

CDS matching to the criteria above, respectively.

Identifying putative ortholog groups
We combined two approaches to group the predicted CDS: one is based on published

ortholog groups, and the other is protein sequence homology. The first approach employed
the FlyBase ortholog annotations for D. melanogaster genes across 12 Drosophila species

(ftp://ftp.flybase.net/releases/FB2018_05/precomputed_files/orthologs/D.
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melanogaster_orthologs_in_drosophila_species_fb_2018 05.tsv.gz; last downloaded on 26th
December 2019; [Thurmond et al. 2018]). We obtained 13,493 putative ortholog groups that
include at least two representatives among D. melanogaster, D. simulans, D. yakuba, D.
erecta, D. ananassae and D. pseudoobscura. The second approach employed protein

sequence similarity searches using OrthoFinder ([Emms and Kelly 2015]; last downloaded on

13th September 2019). We obtained 12,789 putative ortholog groups that include at least two
representatives among D. melanogaster, D. simulans, D. yakuba, D. erecta, D. ananassae
and D. pseudoobscura. FlyBase and OrthoFinder groups were fused if groups shared one or
more members. After fusing, we obtained a total of 16,193 groups. Among these, 10,320
groups included a single representative each from D. melanogaster, D. simulans, D. yakuba
and D. erecta. 1,384 groups had at least one representative each from the four species but
greater than one representative for at least one species. Other groups were missing
representatives from one or more species of the D. melanogaster subgroup and were not

included for further analyses.

We further processed the groups to obtain the four-species ortholog sets that are likely to
be evolving independently of other sets. We will refer to such sets as “msye ortholog sets”. D.
ananassae and D. pseudoobscura genes were included in the groups for processing when

available.

Groups with single representatives from each D. melanogaster subgroup species

We excluded groups that may include mis-assigned orthologs and show questionable
alignments from the 10,320 groups that include single representative each from the four

species. We employed phylogenetic and DNA distance approaches. We aligned predicted
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protein sequences within ortholog groups using the E-INS-I1 method within the MAFFT
software package (Katoh et al. 2002) and replaced amino acids with codons in the
corresponding positions. We removed codons at which any of the aligned codons included
gaps and/or non-ATGC characters. Nine groups were eliminated because no codons remained
after this process. We estimated gene trees under a maximum parsimony assumption and
conducted bootstrap resampling of nucleotide sites (n = 1000). Since a maximum parsimony
method does not require computational power, it allows bootstrap analyses for each candidate
group. We determined supported clades among gene trees for the bootstrap replicates for each
group using the “majority rule extended method” (implemented as a default setting of
consense program of Phylip). In this method, clades that are observed more frequently among
replicates are shown in an output gene tree as long as it does not contradict with more
frequently occurring groups. Bootstrap resampling, parsimony tree estimation and consensus
tree estimation were conducted using segboot, dnapars and consense programs respectively

in Phylip ((Felsenstein 2004); version 3.697; last downloaded on 25th September 2019). We

filtered groups in which D. ananassae and D. pseudoobscura genes were placed within a D.
melanogaster subgroup clade (bootstrap support > 50%) because D. ananassae and D.
pseudoobscura are established as distantly related to this subgroup (Kopp and True 2002; Ko
et al. 2003; Akashi et al. 2006; Pollard et al. 2006). Among the 10,311 phylogenetic trees, 26
groups were rejected because of the placement of D. ananassae/D. pseudoobscura. We did
not filter based on estimated topologies within a D. melanogaster subgroup clade. Because D.
melanogaster, D. simulans, D. yakuba and D. erecta are closely related (Ko et al. 2003;
Akashi et al. 2006; Heger and Ponting 2007; Wong et al. 2007), we do not expect

relationships within this clade to be resolvable for most single genes.
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To reduce the proportion of misaligned/misannotated data, we filtered groups that show
extremely high sequence distance for the closely related species. We tested levels of
synonymous divergence (ds) for all CDS pairs within groups. We made CDS alignments for
D. melanogaster, D. simulans, D. yakuba, and D. erecta genes as described above. For each
alignment, we generated sliding windows of 50 codons with a step-size of one codon and

calculated pairwise ds for each window based on the Nei-Gojobori method (Nei and Gojobori

1986) implemented in CODEML (Yang 2007). ds estimates for each window were tested
against threshold values of 0.7 for D. melanogaster/D. simulans pairs and 1.0 for other
species pairs. We excluded a group if more than 75% of codons were found in high ds (>
threshold for at least one pair) windows or if less than 40 codons remained after removing
codons in high ds windows. We excluded 37 groups according to these criteria. For this
filtering, and for other steps described below, arbitrary thresholds were chosen to filter

groups with extreme values (usually a few percent).

Extracting msye ortholog sets from multiple candidate-containing groups

To extract msye ortholog sets from the 1,384 FlyBase/OrthoFinder groups, we examined
phylogenetic relationships, DNA distances, synteny, and alignment lengths. For the
phylogenetic approach, we constructed gene trees and determined consensus trees among
bootstrap replicates as described above. From inferred gene trees, we extracted clades (sets of
gene members that are monophyletic on a phylogenetic tree) that can be explained by simple
scenarios of gene duplications on lineages prior to, and within, the D. melanogaster subgroup
(Fig. 9). The clade support requirements (Fig. 9) were designed to exclude cases of gene
conversion among paralogs following gene duplications. We found a total of 1,788 clades

that may contain one or more msye ortholog sets. 1,148 of these clades came from inferred
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ancestral duplication cases. Among these, 76 included terminal duplications and 1,072 did
not show duplications within the D. melanogaster subgroup clade. 4 of the candidate clades
showed internal duplications (all on the ms lineage in Fig. 1b). 636 clades showed terminal
duplications and those clades did not include internal duplications and not from ancestral

duplications.

We considered all possible sets within the candidate clades as candidate msye ortholog
sets. We filtered candidate sets based on synonymous divergence as described above. In
addition, we tested synteny conservation (i.e., sharing of neighboring orthologous genes). For
each candidate msye ortholog set, we obtained 20 neighboring genes (10 genes 5’ and 10
genes 3’ of a given gene within a genome) from msye ortholog sets identified among the
10,320 FlyBase/OrthoFinder groups. If fewer than 10 genes were available, we listed as many
genes as possible. In each species pair, we counted the numbers of the neighboring genes that
belong to the same msye ortholog set and summed the counts across all species pairs. We
retained candidate msye ortholog sets that had the highest overall counts among candidates

that came from the same clade.

For remaining clades that contain multiple candidates of msye ortholog sets, we selected
one set having the greatest number of aligned codons across the four species (and randomly
chose one of remaining candidates). Overall, we obtained 1,774 msye ortholog sets from the
1,788 clades that contain multiple candidates. In total, we obtained 12,022 msye ortholog
sets: 10,248 from the FlyBase/OrthoFinder groups that contain a single representative each
from the D. melanogaster subgroup and 1,774 from FlyBase/OrthoFinder groups that contain

more than one msye ortholog set candidates.
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Among these, we employed msye ortholog sets of which both D. melanogaster and D.
simulans genes show predicted chromosomal locations in the same class either autosomal or
X-linked. We considered “2L”, “2R”, “3L”, and “3R” scaffolds in the D. melanogaster
genome, and “Scf 2L”, “Scf 2R”, “Scf 3L”, and “Scf 3R” scaffolds in the D. simulans
genome as autosomal class. “X” and “Scf X are considered as X-linked class for D.
melanogaster and D. simulans, respectively. 10,202 and 1,746 msye ortholog sets were

employed for the further analyses as autosomal and X-linked loci data sets, respectively.

Identifying putative intron ortholog groups

We examined gene structure consistency within msye ortholog sets to identify putative
intron orthologs. We analyzed 36,400, 37,197, 36,516 and 36,537 introns predicted in D.
melanogaster, D. simulans, D. yakuba, and D. erecta genes, respectively. We considered an
intron pair as candidate orthologs as those that showed consistency in splice site positions
(i.e., predicted splice sites occur within aligned codons within CDS alignments). We obtained
34,585, 34,509 and 34,440 such pairs for D. melanogaster/D. simulans, D. melanogaster/D.
yakuba and D. melanogaster/D. erecta, respectively. We also retained candidate orthologous
introns among the remaining introns if an intron pair maintained consistency of intron order
within ortholog, assuming that intron inversion events within a gene are rare among closely
related species. We obtained 235, 311 and 380 such pairs for D. melanogaster/D. simulans,
D. melanogaster/D. yakuba and D. melanogaster/D. erecta pairs, respectively. Among the
candidate pairs, we employed pairs in which D. melanogaster introns have lengths less than
or equal to 100 bp for the further analyses. From the intron pairs, we constructed groups that

include a single representative each from D. melanogaster, D. simulans, D. yakuba and D.
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erecta and obtained 22,209 groups. We considered these groups as candidates for msye intron

ortholog sets.

We filtered a fraction of the candidates for msye intron ortholog sets based on sequence
distances. We calculated the number of aligned nucleotides and the level of sequence identity
for all the intron pairs within the candidate groups. In addition, we also examined the number
of gaps and gap lengths for intron pairs that do not show consistent splice site positions but
maintain the order of introns within orthologs. We tested the statistics for each of D.
melanogaster/D. simulans, D. melanogaster/D. yakuba and D. melanogaster/D. erecta pairs
within candidates. If one or more pairs within a candidate group did not pass any of the tests,
the group was excluded from the intron data set. We made intronic sequence alignments for
each of msye intron orthogroups by using the E-INS-I algorithm implemented in the MAFFT
software (Katoh et al. 2002). We filtered groups that include pairs of which the number of

aligned nucleotides is less than 40 bp.

We employed different threshold values for sequence identities depending on species
pairs. Threshold values are 0.50 for D. melanogaster/D. simulans and 0.40 for D.
melanogaster/D. yakuba and D. melanogaster/D. erecta species pairs for pairs that show
consistent splice site positions. For the other type of pairs, the threshold values were set to
0.712, 0.552 or 0.554 for D. melanogaster/D. simulans, D. melanogaster/D. yakuba and D.
melanogaster/D. erecta species pairs, respectively. The threshold values that include most of
the intron pairs that show consistent splice site positions are chosen. This strategy of

threshold value choice was applied to other filterings below.

We filtered some candidate ortholog groups if a pair included relatively large gaps. We

calculated sequence length divided by an alignment size (total number of sites including gaps
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in an alignment) for a given pair and employed a smaller value as a statistic. We filtered pairs
that do not show consistent splice site positions but maintain intron order by the following
cutoff values: 0.833, 0.738 or 0.730 for D. melanogaster/D. simulans, D. melanogaster/D.
yakuba and D. melanogaster/D. erecta species pairs, respectively. We also filtered the class
of intron pairs if a pair included many gaps between two sequences. We calculated the
number of gaps in each sequence for a given pair scaled to the number of aligned nucleotides
and employed a larger value as a statistic. Cutoff values were set to 0.0317, 0.0405 or 0.0408
for D. melanogaster/D. simulans, D. melanogaster/D. yakuba and D. melanogaster/D. erecta

species pairs, respectively.

After filtering, we retained a total of 21,998 msye intron ortholog sets. We excluded four
sets among them because we could not resolve intron orthology. We employed 19,113 and
2,759 intron ortholog sets as autosomal and X-linked loci data sets, respectively, for the

further analyses.

DNA sequences for samples within species

We employed available genome data for lines established from natural populations of D.
melanogaster and D. simulans. We downloaded genome sequences for D. melanogaster lines

established from a Rwanda population (http://www.dpgp.org/dpgp2/DPGP2.html; last

downloaded on 22nd July 2014; [Pool et al. 2012]). Among 22 lines reported in the Pool et
al. study, 14 lines were employed for this analysis (RG2, RG3, RG5, RG9, RG18N, RG19,
RG22, RG24, RG25, RG28, RG32N, RG34, RG36 and RG38N). We excluded five lines that
show evidence for a high proportion of admixture with European populations [RG10,

RG11N, RG15, RG21N and RG35; (Pool et al. 2012)]. In addition, we excluded three lines
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that contain relatively high frequencies of ambiguous nucleotides (RG4N, RG7 and RG33).
We converted the r6.24 gene annotations to the r5.28 annotation using an annotation mapping

table (https://github.com/FlyBase/bulkfile-scripts/blob/master/D. melanogaster r5 to r6/D.

melanogaster_r5_to_r6_mapping.tsv; last downloaded on 30th July 2019) and extracted CDS

and intronic sequences from the genomic sequences for the Rwandan population samples.
Genes with different numbers of exons between r5.28 and r6.24 were excluded from the

analysis. We obtained a total of 13,691 protein-coding genes.

We employed a reference sequence (Hu et al. 2013) and DNA variant information for D.
simulans lines from a Madagascar population (Rogers et al. 2014; Jackson et al. 2017) to
reconstruct genome sequences for within-species samples. These data were downloaded from

https://drive.google.com/drive/folders/0B40-acc8EJwheS1HZ1hnWkpOOQIE?usp=sharing

(last downloaded on 1st March 2017). We analyzed the DNA variant information for 21

lines; 10 lines (MDO06, MD105, MD106, MD15, MD199, MD221, MD233, MD251, MD63,
and MD73) were sequenced by (Rogers et al. 2014), and 11 lines (MD03, MD146, MD197,
MD201, MD224, MD225, MD235, MD238, MD243, MD255, and MD72) were sequenced
by (Jackson et al. 2017). These 10 and 11 lines were sampled from the same localities in
Madagascar by (Rogers et al. 2014) and Wiliam Ballard, respectively, as described in
(Jackson et al. 2017). To create an annotation matching table, we compared genome
sequences of the FlyBase reference (r2.02) and a reference sequence (Hu et al. 2013) used for
reconstruction of genome sequences for the Madagascar samples (Rogers et al. 2014; Jackson
et al. 2017). We compared scaffold sequences from the reference genomes using MUMmer
(version 3.23; last downloaded on 6th March 2020; [Kurtz et al. 2004]). We compared
sequences of pairs of five main scaffolds: 2L and Scf_2L, 2R and Scf 2R, 3L and Scf 3L,

3R and Scf_3R, 4 and Scf_4, and X and Scf_X. We obtained coordinates of 1-to-1 matching
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regions using the delta-filter command with -1 option in MUMmer. 99.9% of r2.02 sequences
for the five chromosomes was found in the Hu et al. (2013) reference genome with almost
perfect sequence match (minimum sequence identity is 99.99%). Using the annotation
matching table, we converted r2.02 gene coordinates corresponding to the Hu et al. (2013)
genome for CDS and intron sequence extraction. We extracted predicted CDS and intron

sequences from the genome sequences for a total of 13,831 protein-coding genes.

Sequence alignments

We made sequence alignments using sequences from the reference genome and added
sequences from the natural populations. For CDS, we aligned amino acid translations for the
ortholog CDS’s using the E-INS-i algorithm implemented in the MAFFT program (Katoh et
al. 2002) and back-translated to nucleotides. For intron analysis, we focused on S, those with
length 100bp or less in both D. melanogaster and D. simulans, for the following analyses. We

aligned intronic sequences using the E-INS-i method, similarly.

We aligned within-species data using the reference sequence alignments of orthologs as a
“backbone”. We inserted sequences for the within-species lines (14 for the D. melanogaster
population and 21 for the D. simulans population) to the alignments by mapping codon or
nucleotide positions to the corresponding positions of the reference sequences. The D.
melanogaster and D. simulans reference sequences were removed from the sequence
alignments prior to analyses. The data set includes 10,122 CDS and 18,719 intron alignments

for autosomal loci, and 1,746 and 2,705 for X-linked loci.
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We filtered data from heterochromatic/low crossover regions because such regions may
experience different mutational spectra (Takano-Shimizu 2001; Marais et al. 2001, 2003;

Singh et al. 2005) as well as reduced efficacy of natural selection (Fisher 1930; Muller 1932;

Crow and Kimura 1965; Felsenstein 1974) compared to euchromatic regions. We employed
the cytogenetic positions of heterochromatic and other chromosomal regions experiencing

low crossing-over defined in (Kliman and Hey 1993) and employed chromosome map

positions of D. melanogaster genes for filtering
(ftp://ftp.flybase.net/releases/FB2018_05/precomputed_files/genes/gene_map_table fb 2018

_05.tsv.gz; last downloaded on 29th December 2020).

We also filtered some regions within the remaining CDS and intronic sequence
alignments. To focus on single nucleotide variants, we filtered positions that align with gaps
in the reference or in any of the population lines. We used the D. melanogaster genome
annotation to determine coordinates of codons/sites that overlap with predicted transposable
elements and/or of transcripts from other genes. In addition, we restricted the analysis to sites
that are included in all predicted CDS isoforms for a given gene. Finally, we filtered
putatively functionally constrained regions within introns (Halligan and Keightley 2006;
Parsch et al. 2010): 10 bases at the 5’ splice junctions and 30 bases at the 3’ splice junctions

in the sequence alignments. Table 7 shows filtering statistics.

Inference of polymorphisms and fixations

We define “synonymous family” as a group of synonymous codons that can be
interchanged in single nucleotide steps; serine coding codons were split into a 2-fold (AGY,

referred to as Serz) and a 4-fold (TCN, referred to as Sers) family. We analyzed ten

38


ftp://ftp.flybase.net/releases/FB2018_05/precomputed_files/genes/gene_map_table_fb_2018_05.tsv.gz
ftp://ftp.flybase.net/releases/FB2018_05/precomputed_files/genes/gene_map_table_fb_2018_05.tsv.gz

synonymous families (Phe, Asp, Asn, His, Tyr, Serz, Cys, GIn, Glu, and Lys) at 2-fold

redundant sites and six families (Ala, Gly, Val, Thr, Pro and Sers) at 4-fold redundant sites.

We estimated probabilities of nucleotides at ancestral nodes in the gene tree shown in Fig.
1. Although the sequences examined are relatively closely related, ancestral inference under
simple substitution models such as maximum parsimony can be unreliable when character
states are biased and/or changing on the gene tree (Collins et al. 1994; Matsumoto and
Akashi 2018). In addition, our analyses require inference of ancestral and derived states at
segregating sites in recombining regions where gene trees may differ among sites. In order to
address these issues, we employed a likelihood-based approach that attempts to incorporate
uncertainty in ancestral inference. We employed the Bifurcating Tree with Weighting (BTW)

method (Matsumoto and Akashi 2018), which allows reconstruction of ancestral nucleotides

for both within- and between-species variation. Ancestral nucleotides and their probabilities
were estimated under a non-stationary model, GTR-NHb» model (Tavaré 1986; Matsumoto et
al. 2015) using BASEML (Yang 2007). We employed a newly implemented option (available
on BASEML in PAMLver4.9) that allows user-defined branches to share transition
parameters. Here, we set parameters to be shared within (but not between) collapse sequence
pairs in D. melanogaster and D. simulans. Ancestral inference was conducted separately for
data from autosomal and X-linked loci. We employed probabilities of changes as counts for
the numbers of polymorphic and fixed (in the sample) mutations for each of 12 mutation

classes.
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Polymorphism analysis

We analyzed SFS for forward and reverse mutations between pairs of nucleotides (e.g.,
A—G vs G—A). Among the six possible pairs, four are “GC-altering” (i.e., W<>S) and two
are “GC-conservative” (i.e., AT and G—C). We employed Mann-Whitney U tests to
compare differences in SFS for forward and reverse mutations. This is a non-parametric
approach to test for differences in locations of frequency distributions of data and the
statistical power to detect weak fixation biases was examined in (Akashi 1999). Because the
counts in our SFS are not integers, all counts were scaled by a factor of 100 and the resulting
test statistic was adjusted accordingly (scaled down by the same factor). Direct SFS
comparisons between mutation classes that are physically interspersed within DNA (Bulmer
1971; Sawyer et al. 1987) attempt to control for effects of linked selection and demographic
history in the inference of fixation biases. This approach can be employed to test weak

selection models of synonymous codon usage bias (Akashi and Schaeffer 1997; Akashi

1999).

We estimated fixation bias acting on GC-altering mutations using a maximum likelihood
method (Glémin et al. 2015) that fits observed SFS to theoretical expectations (Wright 1938).
SFS of putatively neutral mutations (here, intronic GC-conservative mutations) were
employed to adjust for possible departures from steady-state SFS caused by demographic
history and linked selection (Eyre-Walker et al. 2006). We employed the M1 model in the
anavar software package (Muyle et al. 2011; Glémin et al. 2015) to estimate ywes, the
fixation bias parameter. Positive and negative values of yw«s indicate fixation biases that
elevate and reduce GC content, respectively. This parameter is an estimate of the product of
4Ne and either the selection coefficient (s), or the intensity of the conversion bias (b) in

selection and biased gene conversion models, respectively. In our analyses, estimates are
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strongly correlated with MWU test statistics scaled to sample size (Fig. 3) and can be
considered as summary statistics for the magnitude of difference between SFS that can be

compared across mutation classes, X-linked and autosomal loci, and across species.

We conducted bootstrap resampling to estimate confidence intervals (Cls) of statistics.
The units for resampling were CDS or introns and we obtained 300 replicates unless
otherwise noted. For each replicate, we re-estimated ancestral nucleotides and their

probabilities and calculated counts for polymorphic and fixed mutations.

Statistical methods

Bootstrap estimates of confidence intervals

| employed two approaches for CI estimation. The input data for BASEML ancestral
reconstruction are terminal node nucleotide configurations (TNNC) and a tree topology. The
inference method produces sets of ancestral node nucleotide configurations (ANNC) each
with an associated probability (each such set is a “joint reconstruction”). Here, terminal nodes
are me1, Me2, Sc1, Sc2, y and e and ancestral nodes are ms, ye, m’ and s’ (Fig. 1b). Each
bootstrap replicate resamples TNNC (within units of CDS or introns). For ancestral inference
of most results, | employed an approach in which joint reconstructions are determined for
each bootstrap sample. For analyses to confirm “robustness of individual family” analysis
and for SFS constructions for sliding windows, | resampled joint reconstructions for each
bootstrap replicate. 95% CI was estimated as the range from 2.5th- to 97.5th-percentile of

observed statistics among replicates (Efron 1979).
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CHAPTER 3

Conclusion

| observed heterogeneity in evolutionary parameters among mutation classes within D.
simulans and D. melanogaster. | tested fixation biases acting on synonymous mutations
within individual synonymous families using genome-wide polymorphism data. The results
strongly support the major codon preference model of codon usage evolution in D. simulans.
In contrast, | found little support for fixation biases within most synonymous families in D.

melanogaster but found strong support for AT-fixation biases in NAY codon families.

| conclude that evolutionary parameters are strongly heterogeneous among sites in the
genome and between species. Most of my findings are consistent with the nearly neutral
prediction that most mutations are weakly selected. Under the nearly neutral model, the
general assumption is that among weakly selected mutations, the vast majority is deleterious
and that slightly advantageous mutations are to compensate for the fitness reduction by
slightly deleterious mutations. However, my analysis, in collaboration with lab members,
suggests that slightly advantageous mutations may also play a role in ecological adaptation in

nature.
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Figures

Figure 1. Gene tree of Drosophila melanogaster subgroup species.

Data from D. melanogaster (Dmel), D. simulans (Dsim), and two outgroups, D. yakuba
(Dyak) and D. erecta (Dere), were employed for population genetic analyses and/or ancestral
inference. (a) Genetic distances among DNA sequences from the four species. Branch lengths
are numbers of intronic nucleotide changes per 100 sites at autosomal loci. The within-
species gene trees are rough depictions based on the strong and weaker excesses of rare
polymorphisms (star-like trees) in Dsim and Dmel, respectively, compared to neutral
equilibrium expectations. Gray circles indicate approximate positions of the MRCA within
each population sample. (b) Tree topology employed for ancestral inference. Within-species
variation was collapsed to two sequences (mc1 and mc2 for Dmel, sc1 and sc2 for Dsim).
Ancestral nodes for within-species sequences are indicated as m’and s’ for Dsim and Dmel,
respectively. Ancestral nodes for between-species sequences are labeled ms and ye for the
pairs Dmel / Dsim and Dyak / Dere, respectively. Note that only the topology is employed as
input for ancestral inference (branch lengths are among the estimated parameters).
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Figure 2. Estimates of fixation biases acting on intronic mutations based on scaled
Mann-Whitney U test statistic.

SFS at Sl sites are analyzed. The directions of SFS differences are indicated by colors for
each pair of forward and reverse mutations. The magnitudes of SFS differences are indicated
by color saturation which reflects MWU z statistics scaled to a square root of sample sizes
(sum of forward and reverse polymorphisms) to give MWU z’ values. Positive MWU z’
indicates SFS of forward mutations skewed toward higher frequencies compared with reverse
mutations. The top four rows are GC-altering mutations and the bottom two rows are GC-
conservative. Gray shading indicates sample size < 200. *, ** and *** indicate p < 0.05, <
0.01 and < 0.001, respectively. The sequential Bonferroni method (Holm 1979) was applied
within each species and chromosome class to account for multiple tests.
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Figure 3. Fixation biases on synonymous mutations in D. simulans.

SFS comparisons for mutations at autosomal loci for Asp (a) and Lys (b) synonymous
families (shown as examples). Data for some intermediate and high frequency classes were
pooled as indicated in the x-axis labels. (c) Fixation bias estimates for GC-altering mutations
at 2-fold redundant sites and at intronic sites. “intron” indicates data for SI. Autosomal (A)
and X-linked (X) loci were analyzed separately. Data are plotted in order of magnitude of y
for autosomes. Error bars indicate 95% bootstrap Cls.
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Figure 4. Relationship between fixation bias parameter and scaled Mann-Whitney U
test statistic.

Tweos and MWU z statistics are compared for mutations for 2-fold synonymous families and
intronic mutations (mutations at sites within short introns). Data for autosomal (A) and X
chromosomal loci are plotted separately. MWU z for SFS comparisons of W—S vs S>W
polymorphisms are scaled to a square root of the sum of sample sizes (i.e., # W—S
polymorphisms + # S—W polymorphisms) to give z’ values. Error bars indicate 95%
bootstrap Cls.
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Figure 5. Fixation biases on synonymous mutations in D. melanogaster.

SFS comparisons for mutations at autosomal loci for Asp (a) and Lys (b) synonymous
families (shown as examples). Data for some intermediate and high frequencies were pooled
as indicated in the x-axis labels. (c) Fixation bias estimates for GC-altering mutations are
plotted similarly to Fig. 2c (including order of site classes). X-axis labels are red for NAY

families (see also Result section). Error bars indicate 95% bootstrap Cls.

b

Asp
GAC - GAT

Proportion of sample

Frequency class

0.4

0.3

0.2

0.1

0.0

Lys
AAG - AAA
771 AAA - AAG

Fixation bias (y,, ¢
I

. A
[— 4

“0“_.‘; RO U t._/\‘*{ 3O B o ® eﬁd W
W peR ST e A gt gfF o Y ot o

Site class

47



Figure 6. Fixation bias for synonymous changes at NAY codons between species and
chromosome classes.
Bootstrap distributions of yw.s estimates for synonymous mutations pooled among NAY

families. Data are plotted for autosomal (A) and X-linked loci within each species. 10,000
bootstrap replicates were conducted with resampling of both CDS and introns. Vertical dotted

line indicates y = 0.
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Figure 7. Fixation biases for synonymous mutations at 4-fold redundant sites.

vy estimates for each pair of forward and reverse mutations in D. simulans autosome (a) D.
melanogaster autosome (b), D. simulans X chromosome (c) and D. melanogaster X
chromosome (d). GC-conservative mutations at SI were employed as a neutral reference for
estimation within each table (i.e., within each chromosome class within species). The top four
rows within each table are GC-altering mutations and the bottom two rows are GC-
conservative. Gray shading indicates that sample size is less than 200. *, ** and *** indicate
p <0.05, <0.01 and < 0.001, respectively. The sequential Bonferroni method (Holm 1979)
was employed in multiple test corrections within each table.
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Figure 8. Magnitude of fixation bias estimates for intronic and synonymous mutations
at NAY codons.

Bootstrap distributions of yw.,s estimates for intronic and synonymous mutations in D.
simulans autosomal loci. SI were employed for the intron analysis. Synonymous mutations
were pooled among Asp, His, Asn and Tyr (labeled as “Qmod”, see Table 1). Resampling of
introns and CDS was conducted for 10,000 replicates. A vertical dotted line indicates ywes =

0.
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Figure 9. Phylogenetic analysis for ortholog identification.

Clades that contain candidate msye ortholog sets (gray boxes; candidate set-containing
clades). Three gene duplication scenarios were considered: (a) gene duplication prior to the
ancestor of the D. melanogaster subgroup, (b) gene duplication on an internal branch within
the D. melanogaster subgroup [prior to the D. melanogaster (Dmel), D. simulans (Dsim) split
or prior to the D. yakuba (Dyak), D. erecta (Dere) split] and (c) gene duplication on a
terminal branch within the D. melanogaster subgroup. Locations of inferred gene
duplications are shown as filled circles. Clades requiring bootstrap support (>50%, n=1000)
are indicated with open circles. Relationships among the D. melanogaster subgroup members
are shown as star trees when the topology is not considered for extraction. D. ananassae
(Dana) /D. pseudoobscura (Dpse) outgroup lineages are shown as dotted lines when
outgroup support is not required for the identification of duplication lineages. We extracted
cases with mixtures of (a), (b), and (c) duplication types if the extant gene configuration can
be explained by a single most parsimonious scenario that combines such gene duplications.
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Tables

Table 1. Fixation bias tests: short introns.

Species Chromosome Mutation type # forward changes® # reverse changes” MWU zf

.......... TeCc 550 56750 742%
.......... AG a7 48653 saswer
N ToG 21862 w8 3790w

AaC 2203.7 33133 292 *
B 2 R S A - N 1

Dsim C—G 1521.0 1323.0 —0.106
__________ Tec 6758 7622 409%=*
__________ AeG 6273 5497 469
X TG 2810 3100 323%*
__________ AeC 2620 3570 427
__________ TeA 4763 407 167

C—G 236.4 172.6 0.915
__________ TeC 87 83 140
__________ AoG 8636 12144 olIs
N Teo w04 ss16 0.661
__________ AeC 3866 e74 7

Teo A 810.2 863.8 0.469
o oA o2 080
.......... ToC 1694 3506 213

AeG 157.9 254.1 0.558
Y - S T S 1
__________ AoC T sss s 030
__________ ToA s4 T ase 115

C—G 78.7 53.3 —0.798

2 Numbers of forward mutations found polymorphic within species. Forward refers to “left”
to “right” changes (e.g., T—C for T<C) and reverse refers to the opposite direction.

® Numbers of reverse mutations found polymorphic within species.

*MWU test statistics for SFS comparisons between forward and reverse changes. Positive z
values indicate SFS of forward changes skewed toward higher frequencies compared with
reverse changes. *, ** and *** indicate p < 0.05, < 0.01 and < 0.001, respectively. The
sequential Bonferroni method (Holm 1979) was employed in multiple test corrections within
chromosome class within each species.
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Table 2. Fixation bias tests: synonymous mutations pooled within 2-fold and within 4-
fold families.

Species  Site class® # W—S changes” # S—W changes® MWU z*
pey | 2fold 394475 1034465 562 %%
4-fold 33847.6 105169.4 54.4 **x*
Dmel 2fold 63462 ... 308638 72.36%
4-fold 6572.7 30582.3 7.01 ***

& Class of mutable sites. “2-fold” and “4-fold” indicate 2-fold and at 4-fold redundant sites in
autosomal loci, respectively.

® Numbers of W—S changes found polymorphic within species.
¢ Numbers of S—W changes found polymorphic within species.

4 MWU test statistics from SFS comparisons of W—S vs S—W changes. Positive z values
indicate SFS of W—S changes skewed toward higher frequencies compared with S—>W
changes. *, ** and *** indicate p < 0.05, < 0.01 and < 0.001, respectively.
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Table 3. Fixation bias tests: synonymous mutations for individual 2-fold families.

Species Chromosome  Site class® Mutation type # W—S changes” # 5—W changes” MWU z*

16559.2

A
Drsim

X

A
Dmel

X
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(continue from the previous page)

2 Class of mutable sites. Amino acid abbreviations indicate 2-fold synonymous families.
“Intron” indicates sites within SI.

® Numbers of W—S changes found polymorphic within species.
¢ Numbers of S—W changes found polymorphic within species.

d MWU test statistics from SFS comparisons of W—S vs S—W changes. Positive z values
indicate SFS of W—S changes skewed toward higher frequencies compared with S—>W
changes. *, ** and *** indicate p < 0.05, < 0.01 and < 0.001, respectively. The sequential
Bonferroni method (Holm 1979) was employed in multiple test corrections within
chromosome class within each species.
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Table 4. Fixation bias tests: synonymous mutations for individual 2-fold families based
on ancestral inference for pooled families.

Species Site class” Mutation type # W—$ changes’ # S—W changes® MWU z*

o Phe  TTTeTIC 42481 163749 299
o Tyr o TAToTAC 33494 79846 132w
o His  CAToCAC 29722 9138 BATMx
..Gn CAAoCAG 29321 123239 195
_Asn AAToAAC 49868 0 89422 126%%*
Lys AAA o AAG 4589.3 14484.7 28.3 **x

. Asp  GAToGAC  6609.1 90709 854
LGl GAA©GAG 45739 o L6418l 235
LCys o TGT e TGC 22468 8152 A0

Ser, AGT & AGC 2939.8 6118.2 13.2 ***

Dsim

_Phe  TITeTIC 7031 46489 210
oy TATeTAC 3222 ......26038 . ..TL4T .
o His o CATeCAC 4520 . M9780 LRI
Gl CAAoCAG 4895 ...36325 . ...70485

o Asn_ AAToAAC 7887 28333 ASxM
o Lys o AAACAAG IS 41849 277
LoAsp o GAToGAC 10141 o 28749 . T3.84%
G GAA©GAG  7sLo o 47420 0.556
Cys . TGTeTGC 3967 ... 16923 70423

Ser, AGT & AGC 5137 1654.3 -0.228

Dmel

Note: Polymorphisms at autosomal loci are analyzed. Ancestral states were inferred using
redundant sites pooled among 10 families and polymorphic mutations were inferred using
terminal node nucleotide configurations for each family. Column titles are labeled similarly
as Table 3. *, ** and *** indicate p < 0.05, < 0.01 and < 0.001 from MWU tests,
respectively. The sequential Bonferroni method (Holm 1979) was employed in multiple test
corrections within chromosome class within each species.
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Table 5. Fixation bias tests: synonymous mutations for individual 4-fold families in
autosomal loci.

Dsim

Dmel

Site class” Mutation type # forward changes” # reverse changes® MWU z*

# forward changes” # reverse changes® MWU z*

GTT < GTC
GTA « GTG

4286.2

9.76 ***

279.9

1376.1

0.526

Val
GTT o GTA . . .
GTC o GTG 256 333.1 704.9 “1.15
TCT < TCC

SeT TeA o TCC 8.08 *** . .
TCT < TCA 0.767 1722 1.49
TCC o TCG 239 633.5 3.99 #*
oCToccC 16775 55665 B 2894 15646 307
CCA o CCG 132 *kx 520.8 139

e CCT & CCG 11.4 % 169.9 2.89
CCA « CCC
CCTCCA 11900 13550 496% 3347 g1y sppwer
CCC o CCG 573.0 325.0 1.40
ACT — ACC 177+ 259.1 1792.9 0.914
ACA < ACG 11.5 %k 3177 1531.3 156

e ACToACG 6984 2186 go9res 98 212 43
ACAGACC 8638 36452 o01%+s 1690 10390 126
ACTACA 15764 12196 0750 mo7 2613 389%
ACC < ACG 1.08 514.1 265.9 1.64
GCT & GCC 16.3 *** 4179 2764.1 2.09
GCA©GCG 17571 asien 00 72 12748 203

Al OCTGCG 9008 19502 sagrer 1396 254 0440
GCAOGCC 10776 43604 PR 2105 14135 164
GCT < GCA ~127 471.1 368.9 1.86
GCC o GCG —2.94* 638.9 268.1 0.474
GOT & GGC 35524 8846 179 6563 2617 126
GGA GGG 27976 19554 Sgoawer so18 5862 413%%

Gly GGT < GGG —5.38 161.4 249.6 556 ***
GGA « GGC 16.9 **x 290.8 10272 5.81 ***
GGT<GGA 15957 28433 139 3693 676.7 —3.37*
GGC & GGG 977 *¥x 457.0 145.0 ~1.86

2 Class of mutable sites. Amino acid abbreviations indicate 4-fold synonymous families.

b Numbers forward mutations found polymorphic within species.

¢ Numbers of reverse mutations found polymorphic within species.

4 MWU test statistics for SFS comparisons between forward and reverse changes. Positive z
values indicate SFS of forward changes skewed toward higher frequencies compared with
reverse changes. *, ** and *** indicate p < 0.05, < 0.01 and < 0.001, respectively. The
sequential Bonferroni method (Holm 1979) was employed in multiple test corrections within
chromosome class within each species.
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Table 6. Fixation bias tests: synonymous mutations for individual 4-fold families in X-
linked loci.

Dsim Dmel
Site class® Mutation type # forward changes” # reverse changes® MWU z*  # forward changes” # reverse changes® MWU z?
GTT « GTC 164.9 505.1 5.40 *** 457 296.3 —1.46
GTA < GTG | 1516 9044 9.91 *** . 390 560.0 0.605
val SIT<GIG | 1024 5686 6.06*** . 188 3222 -1.02
GTA<GIC 35.5 . 153.5 . 268 101 ] 189 0.937 .
GTT « GTA 113.1 82.9 —1.86 40.3 37.7 —0.944
GTC & GTG 198.3 283.7 0.649 62.9 158.1 -3.53 *
TICT<TCC ] 1253 6147 SA2wRx 268 3952 1.02
TCATCG ] 1583 643.7 T29%k* 454 3896 0.896
Sers JCToTCG 496 2424 431w 190 940 ... 1.81
TCA « TCC 65.9 264.1 2.20 9.7 169.3 -0.187
TCT «— TCA 533 52.7 2.29 422 16.8 0.947
TCC & TCG 257.2 259.8 1.75 125.0 79.0 1.65
CCT<CCC ] 141.9 580.1 5.50 %> 357 3023 0.270
CCA «— CCG 344.2 845.8 7.62 Hkk 98.9 427.1 1.09
Pro CCT « CCG 53.0 253.0 4,49 Hdk 19.7 91.3 1.27
CCA=CCC ] 1519 3241 338 271 2159 -2.67
CCT<CCA M2 1168 . 272 424 376 3.06
CCC « CCG 284.3 211.7 —0.406 137.6 63.4 3.11
ACT < ACC 156.8 652.2 6.82 *** 373 375.7 1.28
ACA — ACG 184.0 620.0 7.30 Hk* 55.8 365.2 -0.217
The ACT<ACG 53.1 2339 . 284 208 832 1.50
ACA<ACC 154 3546 6.68*** . 252 2028 -1.63
ACToACA ] 107.3 . 1267 . “L9S 590 440 238
ACC < ACG 216.7 148.3 0.654 101.0 58.0 2.20
GCT « GCC 239.0 1163.0 8.9( *** 68.8 608.2 2.08
GCA =« GCG 2149 5811 505 xR 608 3402 -1.11
Ala GCT=GCG 11T 2503 . 209 192 1098 . 228
GCA<GCC ] 135.8 5462 6.18*** . 335 269.5 0.580
GCT « GCA 147.9 173.1 1.14 66.6 47.4 0.631
GCC « GCG 3594 163.6 —0.915 146.6 73.4 247
Gly GGT «— GGG 109.2 82.8 0.833 22.2 49.8 -1,19
GGA « GGC 200.9 504.1 571 *** 48.4 207.6 3.25%*
GGT < GGA | 183.1 2589 0332 . 522 1478 . -1.23
GGC « GGG 260.7 87.3 —4.52 *** 93.3 227 =2.60

Note: Column titles are labeled similarly as Table 5. *, ** and *** indicate p < 0.05, < 0.01
and < 0.001 from MWU tests, respectively. The sequential Bonferroni method (Holm 1979)
was employed in multiple test corrections within chromosome class within each species.
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Table 7. Data filtering statistics.

Site class® Chromosome” # alignments® KH? TE overlap® Alternatively spliced Transcript overlap” # alignments?

CDS A 10,122 761 491 334,393 446,299 8,166
X 1,746 133 304 67,528 100,456 1,382
A 18,719 1,475 - 8,765 77,852 15.927
Intron ?
X 2,705 141 - 5,370 13,584 2,350

a “Intron” indicates data for SI.
b Chromosome class: autosomal (A) and X-linked chromosomal loci.
¢ Numbers of CDS or introns prior to filtering.

d Numbers of CDS or introns located in heterochromatic/lowly recombining regions defined
by (Kliman and Hey 1993).

¢ Numbers of codons overlapping with transposable elements.
" Numbers of codons overlapping with transcripts for other genes.

9 Numbers of CDS or introns after filtering.
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