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‘We employ fine-scale population genetic analyses to reveal dynamics among interacting
forces that act at synonymous sites and introns among closely related Drosophila spe-
cies. Synonymous codon usage bias has proven to be well suited for population genetic
inference. Under major codon preference (MCP), translationally superior “major”
codons confer fitness benefits relative to their less efficiently and/or accurately decoded
synonymous counterparts. Our codon family and lineage-specific analyses expand on
previous findings in the Drosophila simulans lineage; patterns in naturally occurring
polymorphism demonstrate fixation biases toward GC-ending codons that are con-
sistent in direction, but heterogeneous in magnitude, among synonymous families.
These forces are generally stronger than fixation biases in intron sequences. In contrast,
population genetic analyses reveal unexpected evidence of codon preference reversals
in the Drosophila melanogaster lineage. Codon family-specific polymorphism patterns
support reduced efficacy of natural selection in most synonymous families but indicate
reversals of favored states in the four codon families encoded by NAY. Accelerated syn-
onymous fixations in favor of NAT and greater differences for both allele frequencies
and fixation rates among X-linked, relative to autosomal, loci bolster support for fitness
effect reversals. The specificity of preference reversals to codons whose cognate tRNAs
undergo wobble position queuosine modification is intriguing. However, our analyses
reveal prevalent dinucleotide preferences for ApT over ApC that act in opposition to
GC-favoring forces in both coding and intron regions. We present evidence that changes
in the relative efficacy of translational selection and dinucleotide preference underlie
apparent codon preference reversals.
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Codon usage bias is a well-developed system for studying evolutionary dynamics under
nearly neutral genome evolution. A combination of sequence patterns and experimental
findings support “major codon preference” (MCP), coadaptation between synonymous
codon usage and cognate tRNA abundances and their modifications to allow efficient use
of the translational machinery (i.., greater elongation rates and reduced misincorporation)
(reviewed in ref. 1). A wide range of microbes, as well as multicellular eukaryotes, show
elevated usage of particular codons within synonymous families in highly expressed genes
(reviewed in refs. 2, 3). Such codons are generally recognized by abundant and/or
non-wobble-pairing cognate tRNAs and are referred to as “major” codons (4). Biochemical
studies support both elevated elongation rates (5-7) and reduced misincorporations (8, 9)
at major codons relative to their minor counterparts. Putative major codons can be identified
through characterizations of tRNA pools (e.g., refs. 10, 11), experimental measures of
translation rate (e.g., ref. 5), or by compositional trends among genes (e.g., refs. 12-18).
The main features of MCP can be captured in relatively simple, testable evolutionary
models. Observed levels of codon usage bias are consistent with a balance among weak
evolutionary forces including mutation, genetic drift, and weak natural selection (19, 20).
Under MCP, mutations from minor to major codons confer small fitness benefits and
mutations in the opposite direction are deleterious with similar magnitudes; population
genetic approaches can test the model by contrasting evolutionary patterns between these
predicted fitness classes (17). In addition, because translational effects of synonymous
codon usage should be similar among genes, data can be pooled among loci to enhance
the statistical power to detect minute fixation biases (i.e., forces that alter expected allele
frequencies from generation to generation in a consistent direction). These features facil-
itate the study of evolutionary dynamics under a balance of weak forces and previous
population genetic analyses have demonstrated directional forces that favor major codons
over their synonymous counterparts (e.g., refs. 17, 21-24). GC-biased gene conversion
can also underlie base compositional biases (25, 26), and distinguishing between natural
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selection and nonselective fixation biases has proven challenging.
In addition, a number of empirical studies support beneficial
effects of translational pauses in regulating protein folding or
membrane insertion (reviewed in ref. 27). Major codons may be
disadvantageous in some contexts, but such cases may be more
strongly selected and relatively rare.

Here, we take advantage of genome-scale data from population
samples of closely related Drosophila species to pursue evolutionary
analyses at an increased resolution. We test fixation biases within
individual synonymous families both among mutations segregat-
ing in populations and among fixations in ancestral lineages. Our
analyses support MCP favoring predominantly G- and C-ending
codons in Drosophila simulans but reveal appreciable heterogeneity
in the magnitude of selective forces among synonymous families.
In contrast, the Drosophila melanogaster lineage shows little evi-
dence of fixation biases on synonymous mutations for most codon
families. Population genetics theory predicts long-term stability
of codon preferences under coadaptation between codon usage
and tRNA pools, but surprisingly, we found that a subset of syn-
onymous families, those encoded by NAY codons, show strong
evidence for recent codon preference reversals in the D. melano-
gaster lineage. These findings, together with greater contrasts in
both the SES and fixation patterns at X-linked, relative to auto-
somal, loci make a compelling case for genome-wide shifts in NAY
codon family adaptation. Intriguingly, all NAY codons, and no
other codons, are recognized by cognate tRNAs that undergo a
chemical (queuosine) modification within the anticodon region.
The chemical precursor for this modification, queine, is obtained
through the environment; diet- or habitat-based shifts in major
codon definition have been suggested for other Drosophila lineages
(28, 29) and seemed to be a compelling scenario to account for
the patterns observed in this study.

However, NAT preference at NAY codons could also reflect
dinucleotide ApT preference over ApC. We show patterns at
synonymous codons as well as intron sites that support prevalent
dinucleotide preference in coding and noncoding regions. ApT
over ApC preference acts in opposition to GC fixation biases
(including MCP) in both D. melanogaster and D. simulans. In
the D. melanogaster lineage, reductions in the efficacy of GC
fixation bias have shifted the balance of forces toward relatively
stronger context-dependent T over C preference leading to
apparent codon preference reversals at NAY codons. Although
similar opposing forces act in D. simulans, the greater relative
strength of GC-favoring factors, including MCP, can mask the
signals of ApT over ApC preference. Our population genetic
analyses reveal a dynamic balance among fixation biases under-
lying codon and base composition evolution among closely
related Drosophila species.

Results and Discussion

We analyzed available population genomic DNA sequence data
among closely related species from the D. melanogaster subgroup.
We constructed CDS and intron sequence alignments for 21 D.
simulans lines from a Madagascar population (24, 30) and 14 D.
melanogaster lines from a Rwandan population (31). Reference
sequences for Drosophila yakuba and Drosophila erecta (32), were
used as outgroups (Fig. 14). Classifying synonymous mutations
by their predicted fitness effects, a key step for population genetic
analyses of codon usage (17), requires inference of ancestral and
derived states at polymorphic sites. The relatively short branch
lengths in our tree allows reliable inference using a likelihood-
based method that incorporates both biased and fluctuating base
composition (33, 34; see Materials and Methods).
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Fig. 1. Gene tree of Drosophila melanogaster subgroup species employed
in this study. Population genetic analyses employed data from Drosophila
simulans (Dsim), D. melanogaster (Dmel), and two outgroups, Drosophila yakuba
(Dyak) and Drosophila erecta (Dere); only species included in our analyses are
shown. (A) Genetic distances among DNA sequences from the four species.
Branch lengths are numbers of nucleotide differences per site at autosomal
short introns. The within-species gene trees are rough depictions based on
the strong and weaker excesses of rare polymorphisms (“star-like” trees)
compared to neutral equilibrium expectations in Dsim and Dmel, respectively.
Gray circles indicate approximate positions of the MRCA within each
population sample. If a single allele is sampled from a population, a proportion
of the changes inferred on the terminal branch will occur at polymorphic
sites; the post-MRCA distances reflect the expected numbers of such changes
assuming independence among observed polymorphisms. (B) Tree topology
employed for ancestral inference. Within-species variation was assigned to
two sequences (s., and s, for Dsim and m., and m, for Dmel, see Materials
and Methods). Ancestral nodes for within-species sequences are indicated as
s' for Dsim and m’ for Dmel. Ancestral nodes for between-species sequences
are labeled ms and ye for the pairs Dmel/Dsim and Dyak/Dere, respectively.
This topology is assumed for ancestral inference (note that branch lengths
are estimated in the process).

Inferring Fixation Biases from D. simulans and D. melanogaster
Polymorphism. Directional forces impact allele frequencies of
mutations segregating within populations. We can infer such forces
by examining distributions of allele frequencies among variants
segregating in a population, the site frequency spectrum (SFS).
Direct comparisons of SFS between classes of mutations that
are interspersed within DNA (35, 36) can be a robust statistical
approach that is sensitive to weak forces (21, 37) including natural
selection and GC-biased gene conversion (gBGC).

SES comparisons support directional forces favoring G/C over
A/T at both twofold and fourfold redundant sites in D. simulans
(SI Appendix, Table S5). The results expand on previous findings
that combined data from twofold and fourfold synonymous fam-
ilies for smaller numbers of genes (21, 22) and that employed only
fourfold synonymous families in larger datasets (24). These com-
parisons distinguish between mutational and fixation biases
because the former affects the numbers of segregating mutations
but not their frequencies within the population (assuming that
mutation biases remain constant over the relevant time period).
The results are also consistent with compositional trend analyses
(refs. 13, 17, 38; see also SI Appendix, Figs. S11 and S17) that
supported G- and/or C-ending major codons in all synonymous
families in D. melanogaster (compositional trends are similar in
D. simulans).

Genome-scale data allow us to refine the SFS analyses to a reso-
lution of individual synonymous families. The following analyses
will initially focus on twofold redundant sites and the term “synon-
ymous” will refer to this class unless noted otherwise. SFS analyses
for fourfold redundant sites in CDS are presented in S/ Appendix,
Fixation biases in fourfold synonymous families. In D. simulans,
each of the 10 synonymous families (i.e., Phe, Asp, Asn, His, Tyr,
Ser,, Cys, Gln, Glu, and Lys) shows SFS differences similar to the
general pattern of elevated within-population sample frequencies of

GC-increasing (W — S) compared with AT-increasing (S — W)
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mutations (Fig. 24 and SI Appendix, Table S6). The results are con-
sistent with MCP predictions, but SES for W — S mutations within
short introns (SI) also indicate a GC fixation bias (S Appendix,
Table S3; this table also shows data for long introns, LI, >100 bp)
as noted in previous studies (24, 39—41). GC fixation biases that
are common to synonymous and intron mutations can include
biased gene conversion and/or fitness differences unrelated to MCP.

We employ summary statistics to capture the magnitude of dif-
ferences in SFS comparisons in order to distinguish among under-
lying directional forces. Glémin et al. (42) estimated a fixation-bias
statistic (selection coeflicient or conversion parameter scaled to
population size) from SES comparisons between forward and
reverse mutations (Materials and Methods). We employ “W — S
y” as a measure of the magnitude of SFS differences between W
— S and S — W mutations. For some analyses, we employ a dif-
ference statistic (W — S aDAF skew, where aDAF refers to average
derived allele frequency) as an alternative measure that does not
require an assumed neutrally evolving control class of mutations.
The two measures are strongly correlated (S Appendix, Fig. S1).

Directional forces favor G and/or C-ending codons across syn-
onymous families in D. simulans (Fig. 34) and the magnitude of
GC fixation bias is heterogeneous among synonymous families.
SI sequences also show GC fixation biases consistent with gBGC
and/or natural selection. Larger W — S y at synonymous sites
than at SI sites supports additional directional forces favoring G
and/or C-ending codons in coding regions (such as natural selec-
tion) as predicted under MCP. Kliman (39) found similar patterns
among synonymous families as well as introns in polymorphism
data from an autosome in Drosophila pseudoobscura.

The numbers of polymorphisms from genes on the X chromo-
some are sufficient for comparisons to autosomal loci (S Appendix,
Table S6) and stronger fixation biases at X-linked loci are a con-
spicuous feature in D. simulans that holds across synonymous
families (Fig. 34; Wilcoxon signed-rank test 2= 0.0051). Potential
causes are difficult to resolve, however, and include greater efficacy
of natural selection acting on partially recessive fitness effects (43),
GC elevation related to dosage compensation (44) or a greater
impact of gBGC on the X chromosome.

A
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In contrast to trends that generally conform to expectations
under MCP in D. simulans, synonymous family-specific analyses
reveal remarkable patterns in D. melanogaster polymorphism.
Several synonymous families show SES supporting fixation bias
in the opposite direction to that observed in D. simulans: S — W
mutations are segregating at higher frequencies than W — S muta-
tions. The pattern holds for the four NAY synonymous families
(codons encoding Asp, Asn, His, and Tyr) but is not found outside
of these families (Fig. 3B and SI Appendix, Table S7). The Lys
synonymous family (AAR) shows SES supporting GC fixation
bias; W — S mutations segregate at higher frequencies than S —
W mutations but the magnitude of fixation bias is small (Fig. 28
and SI Appendix, Table S7). All other twofold synonymous fam-
ilies show indistinguishable SFS at both autosomal and X-linked
loci (SI Appendix, Table S7) consistent with previous analyses of
pooled data (17).

D. melanogaster polymorphisms reveal differences in evolution-
ary processes for X-linked vs. autosomal loci, an “X effect,” for
NAY families. Fig. 3B shows consistent support, across the four
NAY synonymous families, for stronger fixation biases favoring
NAT over NAC at X-linked than at autosomal genes. Thus, D.
simulans and D. melanogaster both show elevated fixation biases
at X-linked genes, but in opposing directions, i.e., favoring GC
and AT, respectively. AT preference at NAY codons in D. melano-
gaster may reflect partially recessive fitness effects and/or other
forces that override fixation biases toward GC (i.e., gBGC or
dosage compensation constraints). The cause(s) of X chromosome
vs. autosome differences in GC fixation biases in D. simulans are
ambiguous as discussed above. However, the X effect for NAT
fixation bias in D. melanogaster is difficult to explain in the absence
of lineage-specific fitness benefits for NAT over NAC codons
(interestingly, LI sites show an X effect in the opposite direction,
GC preference. See SI Appendix, Fixation bias tests: mutation
classes at intron sites). Mutation-driven scenarios require highly
specified changes in mutational patterns (i.e., specific to NAY
codons, greater on the X chromosome, and timed near the MRCA
of the species polymorphism) to explain NAY polymorphism pat-
terns in D. melanogaster.

° = AAG—AAA (n=14167)
0.4 0 AAA-AAG (n=734)
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0.1 A
0.0-

Frequency class

Fig. 2. Site frequency spectra and fixation bias estimates: an example from lysine codons in D. simulans and D. melanogaster. SFS for AAG — AAA (gray) is
compared to that for AAA — AAG (yellow). (A) SFS for D. simulans (Dsim). (B) SFS for D. melanogaster (Dmel). See SI Appendlix, Tables S5 and S6 for the results
of statistical tests for Dsim and Dmel, respectively. Counts (n) for the two polymorphism classes are shown (values are rounded to integers). Data from some
frequency classes are pooled as indicated on the x-axis labels. “W — S y” indicate maximum likelihood estimates of G- and C-favoring fixation biases using the
approach of Glémin et al. (42). SFS for intron GC-conservative changes are employed as a putatively neutral reference for the W — S y estimation. Independent
ancestral inference was performed for bootstrap replicates. Error bars indicate 95% Cls among 300 bootstrap replicates.
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Fig. 3. Synonymous family-specific fixation biases inferred from D. simulans and D. melanogaster site frequency spectra. Fixation biases for GC-altering changes,
W — Sy, estimated using SFS data are shown for (A) D. simulans (Dsim) and (B) D. melanogaster (Dmel). Negative W — S y values indicate fixation bias favoring
AT. “SI" refers to short introns. Autosomal (darker colors; “A") and X-linked (lighter colors; “X") loci are analyzed separately. SFS for GC-conservative changes
within SI from autosomal and X-linked loci are employed as required neutral references for W — S y estimation for the corresponding coding region data.
Synonymous families are arranged in the order of y values for Dsim autosomal loci. W — S y values are presented in S/ Appendix, Tables S5 and S6, for Dsim
and Dmel, respectively. The x-axis labels are shared between the Top and Bottom panels. Independent ancestral inference was performed for each bootstrap

replicate. Error bars indicate 95% Cls among 300 bootstrap replicates.

The analyses above support genome-wide differences in the
direction of fixation biases at NAY codons in D. melanogaster and
D. simulans but do not address the location of the preference shift
within the evolutionary tree. Compositional trend analyses indicate
NAC preference at all NAY families in species within the melano-
gaster group as well as in the more distantly related obscura group
(refs. 21, 38; see also ST Appendix, Figs. S10-S17). SES analyses
further support NAC preference in D. pseudoobscura (39). The
fixation bias patterns discussed above are most simply explained
by a reversal of codon preference specific to NAY families in the
D. melanogaster lineage after its split with D. simulans.

Fixation Biases in the Ancestral Lineages of D. simulans and D.
melanogaster. The SES analyses above focused on polymorphisms
(i.e., mutations segregating within populations) in D. simulans and
D. melanogaster and revealed strong evidence for AT fixation biases
specific to NAY codons in D. melanogaster. We also examined
patterns deeper in the evolutionary histories of these species.
Fixations on the D. simulans ancestral (ms-s) and D. melanogaster
ancestral (7s5-m) branches can reveal changes in mutation and/or

fixation biases in the relatively short lineages prior to the s’and 7’

nodes (Fig. 1B). Previous analyses of pooled synonymous families
showed weak AT content increases in the D. simulans ancestral
lineage (24, 45-48) and stronger AT content increases in the D.
melanogaster ancestral lineage consistent with reduced GC fixation
biases (17, 24, 46-50).

We employ a summary statistic to capture the direction and
extent of departures from GC content equilibrium: W — S fixa-
tion skew, (2 - b)/(a + b), where 2 = Ny, the number of W —
S fixations and & = Ny, the number of S — W fixations.

https://doi.org/10.1073/pnas.2419696122

Expected W — S fixation skew is zero at steady-state GC content
and differs in sign, but is scaled symmetrically, for GC-increasing
and GC-decreasing departures from equilibrium.

GC content decline is prevalent in the ancestral D. simulans
lineage among mutation classes. However, W — § fixation skew
is positive for our presumed best candidates for neutral evolu-
tion, SI with the lowest GC content (Fig. 44 and SI Appendix,
Fig. S§4). We attribute GC elevation at putatively neutrally
evolving sites to an increase in mutational pressure toward GC.
From coding regions, we analyzed synonymous changes within
NAY and “non-NAY” families (synonymous families encoding
Phe, Cys, Ser,, Lys, Gln, and Glu) separately. For all three
mutation classes (i.e., SI, non-NAY, and NAY), loss of GC
intensifies with ancestral GC content (Fig. 44 and SI Appendix,
Fig. S6C). Such near-linear trends are consistent with simple
MCP scenarios of nonstationary mutation ratio and/or fixation
bias (51). In particular, the D. simulans W — S fixation skew
patterns appear roughly consistent with a combination of
increase in GC mutation pressure and reduction in GC fixation
bias (87 Appendix, Fig. S6; note the contrasting patterns for LI,
however).

We tested whether GC content changes are consistent with
shared parameter fluctuations among SI, non-NAY, and NAY muta-
tion classes. Data were partitioned so that comparisons are con-
ducted within similar ancestral GC-content ranges (S/ Appendix,
Table S11). SI and NAY classes show indistinguishable W — S
fixation skews in D. simulans (SI Appendix, Table S11). Non-NAY
codons show a weak signal toward less AT-biased fixation skews
than STand NAY codons (S7 Appendix, Table S11), but low fixation
counts on the 7s-s’branch (Fig. 1) prevent firm conclusions.
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Fig. 4. GC content changes in the D. simulans and D. melanogaster ancestral
lineages. W — S fixation skew = (Ny . s = Ns . w)/(Nw . s + N5 ), where Ny, . ¢ is
W — S fixation count and Ns , \ is S = W fixation count. This index measures
the direction and magnitude of the departure from GC content equilibrium.
Changes in GC content are plotted against GC content at ms node, GC,,,.
Fixations are inferred within internal branches: (A) and (B) ms-s' for D. simulans
fixation data and (C) and (D) ms-m’ for D. melanogaster fixation data (Fig. 1B).
(A) and (C) Autosomal and (B) and (D) X-linked loci are analyzed separately.
The legends in (A) and (B) apply to (C) and (D), respectively. “SI” indicates short
introns. Synonymous families are pooled into two classes: non-NAY (GIn, Glu,
Lys, Phe, Cys, and Ser,) and NAY (Asp, Asn, His, and Tyr). For binning, introns
or CDS are ranked by GC,,, for the mutation class and assigned to bins with
similar numbers of intron sites or codons, respectively. Statistical analyses
are presented in S/ Appendix, Table S12. W — S fixation skews are compared
between autosomal and X-linked loci in S/ Appendix, Fig. S7. Error bars indicate
95% Cls among 1,000 bootstrap replicates.

The ancestral lineage for D. melanogaster (Fig. 1) shows strong
negative relationships between GC change and ancestral GC con-
tent for SI, non-NAY, and NAY classes. The slopes of these trends
are steeper than in D. simulans (Fig. 4). Low-GC SI, our assumed
neutrally evolving class, show an elevation of GC similar to the
pattern in D. simulans (Fig. 4B) consistent with a shift in
GC-elevating mutation bias that predates the 75 node. Stronger
negative W — S fixation skew slopes can be explained by larger
fixation bias reductions (smaller Ny) in the ancestral D. melano-
gaster lineage (51). Notably, NAY codons show accelerated AT
content shifts compared to non-NAY codons within this lineage
(81 Appendix, Table S11). Extents of GC content change were
statistically indistinguishable between SI sites and non-NAY
codons (S Appendix, Table S11). Such patterns are predicted
under a combination of fixation biases fzvoring S — W mutations
at NAY codons and reduced GC fixation biases at SI sites and
non-NAY codons.

X effects are a compelling feature in the SFS analyses (see above)
and W — S fixation skew comparisons between X-linked vs.
autosomal genes reveal similarly notable patterns. We focus on
D. melanogaster because the low number of fixations on the D.
simulans lineage limits the exploration of X effects (findings are
discussed in S/ Appendix). In D. melanogaster, non-NAY, NAY,
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and fourfold synonymous classes as well as SI mutation classes
show small, but statistically significant, elevations of AT gains at
X-linked loci compared to autosomal loci (S7 Appendix, Fig. S7
E-H and Table S12). Notably, NAY codons show significantly
greater AT gains at X-linked, than at autosomal loci, than other
mutation classes (S Appendix, Fig. S7H and Table S13). Enhanced
efficacy of NAT codon preference at X-linked, relative to autoso-
mal, loci for both polymorphism (post-7’ node) and fixations
(ms-m’ nodes) in the D. melanogaster lineage provides a simple
explanation for this pattern and is consistent with partially reces-
sive fitness advantages for NAC to NAT mutations.

tRNA Modification: A Potential Factor in D. melanogaster
Preference Reversals at NAY Codons. Shared properties of NAY
codons raise several possibilities for the biological cause(s) of the
reversal of fitness benefits of NAT over NAC codons in the D.
melanogaster lineage. These codons have common nucleotide
composition at the 2nd and 3rd codon positions, show relatively
weak fixation biases in D. simulans in SES analyses (Fig. 3A4),
and are recognized by cognate tRNAs that undergo a particular
chemical modification: queuosine (Q) modification at the
anticodon Ist (wobble) position G nucleoside. Q modification is
observed in the majority of eukaryotes (52-55) and is not known
to occur for cognate tRNAs for other synonymous families (56).
Many eubacteria can synthesize the QQ precursor, queine, but
eukaryotes lack the required biochemical pathways and sequester
the micronutrient from their diet and/or gut microbiota. Because
queine levels are strongly dependent on diet in Drosophila (29,
57, 58), lineage-specific modification levels (related to nutrient
availability) have been proposed to explain codon preference
differences (29, 59).

Fitness benefits of Q modification are clear from the retention
of this pathway in a wide range of eukaryotes, but the functional
basis of the benefit remains difficult to determine and may differ
among taxa (reviewed in ref. 56). Such benefits could lie outside
of impacts on translational elongation/accuracy; for example,
tRNA-modification affects rates of breakdown of isoacceptors into
tRNA-derived small RNAs that function in gene regulation and
stress response (60, 61). Experimental studies of protein synthesis
support similar translation rates at NAC and NAT codons for
unmodified cognate tRNAs and higher translational elongation
rates at NAC codons for Q-modified tRNAs (62). Changes in Q
modification can have measurable effects on translation rates at
both cognate and noncognate codons and tissue- and sex-specific
effects in mice (63). Importantly, compositional trend analyses
consistently support translational preference of NAC over NAT
in organisms that employ Q modification [Escherichia coli (18),
Bacillus subtilis (18), Saccharomyces pombe (64), and Caenorhabditis
elegans (16, 65)] as well as in those that lack the modification
[Saccharomyces cerevisiae (66), Candida albicans (15), and
Arabidopsis thaliana (65, 67)]. These patterns argue against a sim-
ple relationship between Q modification levels and major codon
identity; in the limited number of established cases of loss of Q
modification, translation selection appears to favor NAC codons.

We tested for signals for major codon reassignment (reversals
in translational advantages) as a cause of NAT preference in D.
melanogaster. Greater fitness benefits in highly translated genes are
a hallmark feature of MCP (10, 68). We expect elevated fixation
biases for minor to major codon mutations among genes that show
the strongest patterns of ancestral MCP. In D. simulans, both NAY
and non-NAY codons show greater GC fixation biases in genes
with higher major codon usage at the ms node (S Appendix,
Fig. $20). If NAT preference in D. melanogaster is driven by trans-
lational selection, then we expect similarly larger absolute
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magnitudes of fixation bias in genes under stronger translational
selection. We detected no such trend; magnitudes of fixation bias
are indistinguishable between high and low major codon usage
genes (SI Appendix, Fig. S20). We consider potential advantages
of NAT codon usage that fall outside of the standard MCP model.

Testing ApT vs. ApC Dinucleotide Preference. Context-dependent
fixation biases can arise from dinucleotide preferences that act
in opposition to MCP-related GC fixation biases. ApT vs. ApC
dinucleotide preferences could, in principle, account for NAY
family-specific polymorphism and fixation patterns and may show
less association with gene expression level than MCP. Interactions
between dinucleotide preferences and translational selection have
been proposed in previous Drosophila studies (69, 70). We take
advantage of features within the genetic code to distinguish specific
codon and dinucleotide preference scenarios. Leu is encoded
by six codons and, T — C transitions at the first position are
synonymous among YTR codons. ApT dinucleotide preference
predicts context-dependent fixation biases toward TTR codons for
Leu codons downstream of a 5’ A (A|T'TR vs. A|CTR where pipe
symbols indicate codon boundaries). We discuss D. melanogaster
patterns before comparisons to D. simulans in order to assess causes
of NAT preference. Fig. 54 confirms the predicted signal within
D. melanogaster polymorphism; SES is skewed toward elevated
frequencies for C — T compared to T — C transitions among
A|TTR < A|CTR synonymous polymorphism. The magnitude
of the fixation bias (aDAF skew is strongly correlated with y;
SI Appendix, Fig. S1) appears roughly similar to NAT preference
at NAY codons. This pattern is consistent with ApT over ApC
dinucleotide preference but could also simply reflect translational
selection favoring TTR over CTR Leu codons. We distinguish
these possibilities by examining context (5’ nearest neighbor)
effects for synonymous changes at Leu first codon positions
within D. melanogaster polymorphism. Differences in SFS for T
— C and reverse changes are specific to the 5’ A context; B[TTR
< B|CTR synonymous polymorphism show similar aDAF
(ambiguity character B denotes C, T, or G nucleotides; Fig. 54).

A Dmel synonymous sites
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014 VY
vy v J( B BIT-BIC
-0.2 v AlT-AlC
q;,) T T T T T
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G
%)
; C  Dmeluisites
0.05 éﬁ <% A TpT—-TpC
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0.00 f--fpmmofrmmmm T %’ 77777 v ApT—ApC
-0.05 é( o GpT—GpC

Permutation tests support context-dependent T — C fixation bias;
W — S aDAF skew is lower for A|/TTR — A|CTR than for B[TTR
— B|CTR (P < 0.005, 10° iterations). These patterns together
support ApT over ApC dinucleotide preference and, because Leu
cognate tRNAs do not undergo queuosine modification, call into
question the tRNA modification-driven codon preference reversal
scenario.

We examined first codon position synonymous changes at Leu
codons to test for ApT vs. ApC preference within D. simulans
polymorphism. Fig. 5B illustrates context-dependent SFS differ-
ences among T — C and reverse synonymous changes at Leu first
positions. SFS differences indicate a relatively strong GC fixation
bias among B|TTR < B|CTR synonymous polymorphism.
However, the same nucleotide transition in a 5> A context shows
more similar SFS; permutation tests support lower W — S aDAF
skew for AJTTR — A|CTR than for B|TTR — B|CTR (P <
0.0001, 10’ iterations). Viewed in isolation, this difference could
be interpreted most simply as support for context-dependent
weakening of first codon position C preference (i.e., reduced
MCP) at Leu codons. However, support for fixation biases favor-
ing A|TTR over A|CTR in D. melanogaster (Fig. 5A) lead us to
posit that this reduction in the magnitude of aDAF skew in D.
simulans (Fig. 5B) reflects a common ApT over ApC preference
acting in opposition to a stronger CTR-favoring force (presumably
MCP) than in D. melanogaster. We employ similar reasoning in
the analyses below.

We tested for dinucleotide preferences for ApT vs. GpT, the
reverse complement (RC) of ApT vs. ApC within coding regions.
We consider synonymous A <> G transitions in the context of 3’
neighboring T vs. V (C, A, or G nucleotides). Overall trends
toward aDAF skew differences expected under ApT over GpT
preference are strong among 13 synonymous families (D. mela-
nogaster, P < 0.0008; D. simulans, P < 0.0003; SI Appendix, Fig. S8
and Tables S14 and S15). We propose a scenario of MCP-related
GC pressure balanced by an opposing ApT over ApC pressure at
NAY and Leu codons in both D. melanogaster and D. simulans.
Synonymous changes within a larger number of families support
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Fig. 5. ApT vs. ApC dinucleotide preference inferred from D. melanogaster and D. simulans site frequency spectra. W — S aDAF skew measures the direction
and magnitude of SFS difference between “forward” and “reverse” context-dependent nucleotide changes. Arrows specify the forward direction. Positive W — S
aDAF skew indicates higher frequencies for forward changes than reverse changes. W — S aDAF skews for ApT — ApC are compared to those for BpT — BpC (“B”
indicates “non-A" or T, C, or G nucleotides). ApT — ApC and BpT — BpC changes at synonymous sites in (A) D. melanogaster (Dmel) and (B) D. simulans (Dsim). Pipes
(*]") indicate codon borders. ApT — ApC and other context-dependent nucleotide changes at long intron (LI) sites in (C) Dmel and (D) Dsim. Context-dependent
nucleotide changes on the transcribed (tr) strand are indicated in the in-figure legends. Light colors indicate reverse complement (RC) changes (e.g., ApA —
GpA is the RC of TpT — TpCQ). Error bars indicate 95% Cls among 1,000 bootstrap replicates. Ancestral reconstructions are resampled in units of introns or CDS.

https://doi.org/10.1073/pnas.2419696122

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2419696122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2419696122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2419696122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2419696122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2419696122#supplementary-materials

this dinucleotide preference on the nontranscribed strand.
Reduced efficacy of MCP reveals the action of this dinucleotide
preference at D.  melanogaster  NAY  codons  but
nearest-neighbor-dependent SFS in other synonymous families
reveal similar forces, acting with different relative intensities, in
D. simulans.

We expanded the data for analyses of ApT vs. ApC preference
by including polymorphisms within LI. Although constraints
within LI are not well understood (71), larger numbers of segre-
gating sites in these data (57 Appendix, Tables S16 and S17) allow
us to examine fixation biases in specific contexts. In D. melano-
gaster, aDAF skew indicates T over C preference ina 5’ A context
which is absent, or acting in the opposing direction, for other 5’
contexts (Fig. 5Cand SI Appendix, Table S16). Cl are large in the
D. melanogaster data, but context-dependent SFS differences
appear to be similar on transcribed and nontranscribed strands
(Fig. 5C). Higher polymorphism levels in the D. simulans data
help to reveal strong context dependence in T — C fixation biases.
BpT — BpC mutations are strongly favored but this W — §
fixation bias is clearly reduced for ApT — ApC changes (Fig. 5D).
These contrasting patterns of SES are similar for RC changes. SES
analyses of polymorphisms within LI support ApT over ApC
dinucleotide preference in noncoding regions and confirm that
evolutionary forces act similarly in the transcribed and nontran-
scribed strands.

These features of ApT over ApC preference may be important
in considering the biological function(s) underlying dinucleotide
preferences. Dinucleotides can impact biophysical properties of
DNA such as bendability that can affect chromatin structure,
DNA repair, and protein binding (69), reviewed in (72). Highly
ApT-rich regions can be prone to chromosomal mutations (73).
Dinucleotides can influence secondary structure formation in
mRNAs (74) which can affect the translation process (75).
However, the similarity of preferences in coding and noncoding
regions and on transcribed and nontranscribed strands is more
consistent with DNA constraints. Langley and coworkers (76)
found enrichment of ApA, TpT, and GpC dinucleotides in D.
melanogaster intergenic and intron regions. These dinucleotides
occur in (roughly 10 bp) periodic patterns consistent with nucle-
osome positioning constraints. Population genetic analyses sup-
port fixation biases underlying these patterns. However, ApT
dinucleotides are not overrepresented in their analyses (76) or in
previous compositional analyses within coding regions (69, 77),
but see ref. 78. The functional bases for ApT over ApC dinucle-

otide preferences remain unclear.

Genome Dynamics Under Near Neutrality. Sensitivity of rates
of evolution and levels of adaptation to effective population
size is central features of nearly neutral evolution. N, variation
on the time-scale of evolutionary processes (and corresponding
modulations in selection intensity, N,s) are often invoked to
explain patterns in genome variation (e.g., refs. 47, 79, 80). Our
findings challenge whether /V, fluctuations are sufficient to account
for evolutionary dynamics across mutation classes in either the D.
melanogaster or the D. simulans lineage.

In D. melanogaster, reduced historical V, could explain patterns
of declining GC usage among classes of synonymous sites in cod-
ing regions (non-NAY and fourfold synonymous families), SI, and
LI (81 Appendix, Fig. S6D). However, the same factor should also
have attenuated the efficacy of selection for preferred dinucleo-
tides. Changes in the relative fitness effects (i.e., an increase in
selection coeflicients favoring ApT vs. ApC dinucleotides relative
to those favoring major codons and intron GC-elevation) appear
necessary to account for our observations.
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In D. simulans, proportionate changes in N, are consistent with
declines in GC among several classes of synonymous change (four-
fold and NAY synonymous families; ST Appendix, Fig. S6C) as
well as SI. However, LI show a distinct pattern of GC content
stability across GC classes in the ancestral lineage; this suggests an
elevation in selection coefficients favoring GC at LI sites relative
to similar forces at SI and synonymous sites. Our findings are
difficult to explain in the absence of changes in the relative mag-
nitudes of fitness effects among mutation classes in both focal
evolutionary lineages. More generally, our findings indicate that
pleiotropy plays an important role in synonymous site and non-
coding DNA evolution and that small fitness effects may not
reflect weak functional effects; in particular, smaller fixation biases
at NAY codons compared to other synonymous families do not
necessarily indicate smaller translational effects of synonymous
changes in these families.

Our study demonstrates how increasing the resolution (includ-
ing codon-family specificity and short time scales) of molecular
evolutionary studies can reveal context effects and interactions
among opposing forces in genome adaptation. Between-species
contrasts of polymorphism and fixation patterns were critical for
identifying dinucleotide preferences that we hope will motivate
functional genomic analyses.

Materials and Methods

DNA Sequences. \We employed available genome data for isofemale lines estab-
lished from natural populations of D. melanogasterand D. simulans. Data from a
Rwanda population of D. melanogaster (31) were downloaded from http://www.
dpgp.org/dpgp2/DPGP2.html (last downloaded on 22nd July 2014). Sequence
analyses support a relatively stable effective population size (81) and lower inver-
sion frequencies (81, 82) for this population compared to other populations for
which population genomic data are available. Among 22 lines reported in the
Pool et al. study, 14 lines were employed for this analysis (RG2, RG3, RG5, RGY,
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, RGT1N, RG15, RG21N, and RG35; (31)]. In
addition, we excluded three lines that contain relatively high proportions of
ambiguous nucleotides (RG4N, RG7, and RG33). We extracted predicted CDS
and intron sequences from the genomic sequences for a total of 13,691 protein-
coding genes using FlyBase r6.24 D. melanogaster genome annotations (ftp:/
ftp.flybase.net/genomes/Drosophila_melanogaster/dmel_r6.24_FB2018_05/;
last downloaded on 12th July 2019; SI Appendix, Methods).

We reconstructed genome sequences for D. simulans within-species
samples using available data (https://drive.google.com/drive/folders/0B40-
acc8EJwheSTHZThnWkpOQIE; last downloaded on 1st March 2017; SI Appendiix,
Methods). We analyzed the DNA variant information for 21 lines from a
Madagascar population (24, 30); 10 lines (MD06, MD105, MD106, MD15,
MD199,MD221,MD233,MD251, MD63, and MD73) were sequenced by Rogers
et al. (30), and 11 lines (MD03, MD146, MD197, MD201, MD224, MD225,
MD235, MD238, MD243, MD255, and MD72) were sequenced by Jackson
etal. (24). These sequences show high nucleotide diversity relative to data from
other population samples (83). These 10 and 11 lines were sampled from the
same localities in Madagascar by Rogers et al. (30) and William Ballard, respec-
tively, as described by Jackson et al. (24). We extracted predicted CDS and intron
sequences from the genome sequences for a total of 13,831 protein-coding
genes using FlyBase r2.02 D. simulans genome annotations (ftp:/ftp.flybase.
net/genomes/Drosophila_simulans/dsim_r2.02_FB2017_04; last downloaded
on 9th March 2020).

Genome sequences from species within the D. melanogaster subgroup, D.
yakuba and D. erecta were employed as outgroup data. We extracted predicted
CDS and intron sequences from the genome sequences using genome anno-
tations for FlyBase r1.05 D. yakuba (ftp://ftp.flybase.net/genomes/Drosophila_
yakuba/dyak_r1.05_FB2016_05/; last downloaded on 12th July 2019) and
FlyBase r1.05 D. erecta (ftp:/ftp.flybase.net/genomes/Drosophila_erecta/dere_
r1.05_FB2016_05/; last downloaded on 12th July 2019).
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We constructed CDS and intron sequence alignments including D. mela-
nogaster and D. simulans within-species samples and outgroup sequences
(SI Appendix, Methods). Custom Python codes used in the alignment pipeline
are available at https://github.com/nigevogen. The dataset includes 9,361 CDS
and 26,534 (17,244 for Sland 9,290 for LI) intron alignments for autosomal loci
and 1,613 CDS and 4,305 (2,564 for Sl and 1,741 for LI) intron alignments for
X-linked loci which are available on Zenodo (DOI: 10.5281/zenodo.15274324).

Inference of Polymorphic Changes. 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 twofold (AGY, referred to as Ser,) and a
fourfold (TCN, referred to as Ser,) family. We analyzed 10 synonymous families
(Phe, Asp, Asn, His, Tyr, Ser,, Cys, GIn, Glu, and Lys) with twofold redundancy and
six families (Ala, Gly, Val, Thr, Pro, and Ser,) with fourfold redundancy.

We estimated probabilities of nucleotides at ancestral nodes in the gene tree
shown in Fig. 1B.Although the sequences examined are relatively closely related,
ancestral inference under simple substitution models such as maximum parsi-
mony can be unreliable when character states are biased and/or composition is
changing within the gene tree (34, 84). In addition, our analyses require inference
of ancestral and derived states at segregating sites in recombining regions where
gene trees may differamong sites. In order to address these issues, we employed
a likelihood-based approach that incorporates uncertainty in ancestral inference.
We inferred ancestral nucleotides for both within- and between-species variation
using a combination of BASEML (85) and the Bifurcating Tree with Weighting
(BTW) approach (34). For BASEML ancestral inference, we employed the GTR-NH,
nucleotide substitution model (33, 86) with a newly implemented option (avail-
able on BASEMLin PAMLver4.9) that allows user-defined branches to share tran-
sition parameters. Here, we set parameters to be shared within (but not between)
collapsed sequence pairs in D. melanogaster and D. simulans (terminal branches
leading to m;, m_,and s, s, respectively, in Fig. 1B). Ancestral inference was con-
ducted separately for data from autosomal and X-linked loci. We refer to inferred
changes onthe m*-m_, and m-m_, branches as polymorphisms in D. melanogaster
and those on the s™s,; and s™s,, branches as polymorphisms in D. simulans. We
treated probabilities of changes as counts for the numbers of polymorphic muta-
tions for each of 12 mutation classes (S/ Appendix, Methods). Ancestral inference
for context dependence analysis is also described in the S/ Appendix.

Polymorphism Analysis. We analyzed SFS for forward and reverse mutations
between pairs of nucleotides (e.g.,A — Gvs. G — A). We use the term “forward”
mutations for W — S changes (where W indicates A or T, and S indicates G or C)
among GC-altering mutations and forT— Aand C — G among GC-conservative
mutations. Mutations in the opposite direction are termed “reverse” mutations
(designations of the terms “forward” and “reverse” are arbitrary). Among the six
possible pairs, fourare GC-altering (i.e., W <> S)and two are GC-conservative (i.e.,
A< Tand G < C). Mann-Whitney U (MWU) tests were employed to test for SFS
differences among synonymous and intron mutations. Direct SFS comparisons
between mutation classes that are physically interspersed within DNA (35, 36)
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 (21, 37).

We estimated the magnitude of fixation biases using a maximum likelihood
method (40) that fits observed SFS to theoretical expectations (87, 88). SFS of
putatively neutral mutations (here, intron GC-conservative mutations; see also
SI Appendix, Table S3) were employed to adjust for possible departures from
steady-state SFS caused by demographic history and linked selection (89). We
employed the M1 model in the anavar software package (42, 90) to estimate W
— S, the fixation bias statistic. Positive and negative values of W — Sy indicate
fixation biases that elevate and reduce GC content, respectively. This statistic is
an estimate of the product of 4N, 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, y estimates are strongly correlated with
simple difference statistics between average derived allele frequencies (aDAF

1. G.E.Andersson, C. G. Kurland, An extreme codon preference strategy: Codon reassignment. Mol.
Biol. Evol. 8,530-544 (1991).

2. H.Akashi, Gene expression and molecular evolution. Curr. Opin. Genet. Dev. 11, 660-666 (2001).

3. L Duret, Evolution of synonymous codon usage in metazoans. Curr. Opin. Genet. Dev. 12, 640-649
(2002).
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skew; SI Appendix, Fig. S1). We employ these indices as summary statistics for
the magnitude of difference between SFS in comparisons across mutation classes
and X-linked vs. autosomal loci.

Inference of Fixations in Coding Regions. We inferred synonymous and
replacement changes within the D. simulans ancestral (ms-s) and D. melano-
gasterancestral (ms-m’) lineages by combining an approach introduced by Akashi
etal.(47) with the method described above (BTW using the GTR-NH, model). This
approach reconstructs internal node codon configurations (INCC) by combining
separate estimations of internal node nucleotide configurations (INNC) for three
codon positions, assuming independent processes among positions (47).

We employed the alignments described in S/ Appendix, Methods. We inferred
ancestral codons atinternal nodes in the tree shown in Fig. 1B.A pair of ancestral
and derived codons that differ at a single position will be referred to as a “codon
change” (e.g., AAAat the ms node and AAG at the m"node at a given codon posi-
tion in the aligned CDS is an AAA — AAG codon change in the ms-m’branch).
The probability of INCC is used as a “count” of the change. For the case of codon
pairs that differ at two or three positions, we calculated the relative probability
for each possible minimal step path from ancestral and derived codon. These
probabilities were weighted by the numbers of synonymous and nonsynony-
mous changes involved in a path (91) using the nonsynonymous-to-synonymous
substitution rate ratio calculated from codon pairs that differ at a single position
(dy/d = 0.1234 for autosomal loci; d\/d = 0.1434 for X-linked loci). We used
the Nei and Gojobori (91) method to count the numbers of synonymous and
nonsynonymous sites.

In our analyses, “fixations” refer to changes inferred on the ms-s”and ms-m’
branches and are thus “fixed in the sample” and may include mutations segre-
gating at high frequencies within the populations (these changes do not overlap
with data for the SFS analysis). We also note that our approach of fixation counting
does not consider multiple changes at a site within a branch. This can cause
underestimation of fixation counts, but the effect is expected to be minor given
the low divergence levels between D. simulans and D. melanogaster (33, 34).

W — S Fixation Skew Analysis. To infer changes in fixation bias and/or muta-
tion rate bias, we compared dlys sy among genes that differ in GC content at the
msnode (GC,,,). GC,,, is the sum of probabilities for INNC with G or C nucleotides
at the ms node divided by the number of "sites" (i.e., the total probabilities for
INNC) for introns and serves as a proxy for ancestral GC fixation bias. We used a
similarapproach to calculate GC,, at synonymous sites, the proportion of G- and/
or C-ending codons at the ms node. GC,,, are used for binning introns and CDS
into nonoverlapping bins with similar numbers of sites (nucleotide positions for
intron and codons for CDS). We filtered introns and CDS that include fewer than
10 aligned sites. Ancestral reconstructions were resampled in units of intron and
CDS. Statistical approaches to detect differences in W — Sfixation skews between
mutation classes are described in S/ Appendix, GC content evolution in the D.
simulans and D. melanogaster ancestral lineages.
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