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Abstract

Coding sequence evolution is influenced by both natural selection and neutral evolutionary forces. In many species, the 
effects of mutation bias, codon usage, and GC-biased gene conversion (gBGC) on gene sequence evolution have not 
been detailed. Quantification of how these forces shape substitution patterns is therefore necessary to understand 
the strength and direction of natural selection. Here, we used comparative genomics to investigate the association be
tween base composition and codon usage bias on gene sequence evolution in butterflies and moths (Lepidoptera), in
cluding an in-depth analysis of underlying patterns and processes in one species, Leptidea sinapis. The data revealed 
significant G/C to A/T substitution bias at third codon position with some variation in the strength among different 
butterfly lineages. However, the substitution bias was lower than expected from previously estimated mutation rate ra
tios, partly due to the influence of gBGC. We found that A/T-ending codons were overrepresented in most species, but 
there was a positive association between the magnitude of codon usage bias and GC-content in third codon positions. In 
addition, the tRNA-gene population in L. sinapis showed higher GC-content at third codon positions compared to coding 
sequences in general and less overrepresentation of A/T-ending codons. There was an inverse relationship between syn
onymous substitutions and codon usage bias indicating selection on synonymous sites. We conclude that the evolution
ary rate in Lepidoptera is affected by a complex interaction between underlying G/C -> A/T mutation bias and partly 
counteracting fixation biases, predominantly conferred by overall purifying selection, gBGC, and selection on codon 
usage.

Key words: comparative genomics, codon usage bias, GC-biased gene conversion, substitution rates, tRNA genes, 
Leptidea.

Significance
The rate and patterns of nonsynonymous and synonymous substitutions are commonly used to distinguish between 
neutral evolution and selection on protein evolution. However, the extent of other forces acting on putatively neutral 
sites is unknown in many organisms, this could potentially affect the inference of selection or evolutionary constraints. 
Here, we investigate the relationship between gene sequence evolution and nucleotide composition, and the extent of 
mutation bias and fixation biases, such as GC-biased gene conversion (gBGC) and codon usage bias in Lepidoptera. We 
found that the evolutionary rates and nucleotide composition are affected by a complex interplay between purifying 
selection, mutation bias, gBGC, and selection on codon usage, which should be considered when evaluating estimates 
of selection.
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This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, 
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Introduction
Classification of gene categories evolving under influence 
of natural selection and other evolutionary forces is key 
for understanding the microevolutionary processes acting 
in natural populations. Identification of positively selected 
genes can inform on the importance of specific traits for lo
cal adaptation and lineage divergence (Stinchcombe and 
Hoekstra 2008). A common way to discriminate between 
natural selection and neutral evolution has been to com
pare information from substitutions at presumably neutral 
sites (synonymous sites in coding sequence, or, alternative
ly, sites in noncoding genomic regions) to sites where point 
mutations cause amino acid changes (nonsynonymous 
sites) (Kimura 1977; Nielsen 2005; Booker et al. 2017). 
However, in many nonmodel organisms, it is unknown 
how forces like mutation bias, and different fixation biases, 
like GC-biased gene conversion (gBGC) and codon usage 
preferences, shape patterns of substitution and conse
quently affect the inference of positive selection or evolu
tionary constraints.

GC-biased gene conversion is a fixation bias resulting 
from the preferential utilization of G/C over A/T nucleotides 
in heteroduplex DNA in the recombination-associated 
double-strand break repair mechanism (Marais 2003; 
Duret and Galtier 2009). The effect of gBGC counteracts 
the AT-mutation bias present in most eukaryotes (Lynch 
2007), thereby maintaining or increasing the GC-content, 
depending on the relative strength of the two forces 
(Muyle et al. 2011). This fixation bias mimics directional se
lection and can lead to erroneous interpretation of adaptive 
evolution (Nagylaki 1983).

Codon usage bias is the preferential usage of particular 
codons for a specific amino acid, either by compositional 
biases or selection on specific codons (Sharp 2001). The 
mechanisms by which codon usage influence transcription 
and translation are complex and the interaction can occur 
on many levels including efficiency of translation, number 
of tRNA-gene copies, mRNA secondary structure and stabil
ity, and protein structure and integrity (Garel 1974; Duret 
2000; Presnyak et al. 2015; Zhao et al. 2017; Liu 2020). 
The strength and direction of codon usage bias vary consid
erably between different organisms. For example, 
Drosophila and other Diptera mainly display GC-biased co
don usage with tRNA availability as a major determinant, 
while Hymenoptera present an AT-biased codon usage pre
dominantly governed by variation in nucleotide compos
ition and weak translational selection (Moriyama and 
Powell 1997; Jørgensen et al. 2007; Vicario et al. 2007; 
Behura and Severson 2012; Dennis et al. 2020). Codon 
usage preferences can lead to selective constraints and a 
lower than expected rate of synonymous substitutions 
than under strict neutrality (McVean and Charlesworth 
1999).

In this study, we focus on butterflies and moths 
(Lepidoptera). The order comprises over 175,000 species 
worldwide (Shields 1989) and butterflies have for long 
been tractable study organisms in evolution and ecology re
search (Boggs et al. 2003). Many lepidopterans are also of 
direct economic importance, for instance by acting as dis
ease agents and pollinators and pests of agricultural crops. 
Previous work on lepidopteran comparative genomics has 
focused on identification of positively selected genes in spe
cific lineages (Cong et al. 2015a; Iijima et al. 2018; Li et al. 
2019), but these attempts have not addressed potential 
confounding effects of base composition (i.e., a proxy for 
gBGC) and codon usage bias on gene sequence evolution. 
The presence of a moderate fixation bias of synonymous 
substitutions towards an increase in GC-content has been 
identified in population studies in Lepidoptera (Galtier 
et al. 2018; Boman et al. 2021). Although the impact of 
gBGC appears to be lower in Lepidoptera compared to 
for example birds (Glémin et al. 2015; Bolívar et al. 2018; 
Barton and Zeng 2021), such a fixation bias in combination 
with codon usage preferences can have considerable ef
fects on evolutionary rate estimates. So far, studies of co
don usage preferences have been limited in Lepidoptera, 
and they have only covered specific genes in Bombyx 
mori and a single pair of other moth species (Frohlich and 
Wells 1994; Sharma et al. 2012).

Here, we used a selection of representative genome as
semblies from all major butterfly families to characterize 
base composition and codon usage frequencies and to as
sess potential associations with gene sequence evolution. 
In addition, we investigated the core functions of the 
most conserved butterfly gene set. We also included popu
lation assessment of synonymous substitution bias and 
tRNA-gene abundance in one species, the wood white 
butterfly (Leptidea sinapis), for a more in-depth analysis 
of the underlying molecular processes.

Results
Protein coding sequences representing single copy ortholo
gues from seven phylogenetically representative butterfly 
lineages, including clouded skipper (Lerema accius) (Cong 
et al. 2015a), cloudless sulphur (Phoebis sennae) (Cong, 
Shen, Warren, et al. 2016), common wood white 
(Leptidea sinapis) (Talla et al. 2017), red-banded hairstreak 
(Calycopis cecrops) (Cong, Shen, Borek, et al. 2016), mon
arch (Danaus plexippus) (Zhan et al. 2011), postman 
(Heliconius melpomene) (Davey et al. 2016), swallowtail 
(Papilio machaon) (Cong et al. 2015b), and the silkmoth 
(Bombyx mori) (Kawamoto et al. 2019), were included in 
the study (fig. 1, supplementary table S1, Supplementary 
Material online).

The fractions of coding sequences orthologous to 
B. mori for each of the investigated butterfly lineages ranged 
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between 56% (n = 12,137 genes) in H. melpomene and 
74% (11,298) in D. plexippus, and the number of 1:1 recip
rocal orthologs across all lineages was 6,674 (30–44% of all 
annotated genes in a specific lineage; supplementary table 
S1, Supplementary Material online). After aligning and fil
tering, 4,150 genes remained (the aligned gene set). To es
timate how representative the aligned gene set was in 
terms of nucleotide composition, it was compared to the 
entire coding DNA sequence data set (CDS) from each lin
eage. The total GC-content was similar between the CDS 
(46.6%) and the aligned gene set (45.7%; Wilcoxon’s 
sum rank test, W = 44, P value = 0.23). The only difference 
was found in second codon positions where the 
GC-content in the aligned gene set was slightly but signifi
cantly lower (39.1%) than in the CDS (40.3%; W = 64, 
P value = 9.3*10−4). Within the aligned gene set, the mean 
GC-content varied significantly between first (51.2%), se
cond (39.1%), and third codon positions (46.9%; 
Kruskal–Wallis test, χ2 = 24.78, P value = 1.7*10−5). The 
third codon position showed highly variable GC-content 
between lineages, ranging between 39.7% in H. melpom
ene and 53.1% in C. cecrops (fig. 2a, supplementary table 
S2, Supplementary Material online). There was a strong 
within-lineage association between average GC-content 
between first/second codon positions and third codon po
sitions (Spearman’s rank correlation coefficient; ρ = 0.48– 
0.66, P value < 2.2*10−16; fig. 2b). This shows that the 
GC-content in third codon position is not independent of 
the regional composition, or possibly under selective con
straint. We also observed a positive relationship between 

the mean and standard deviation of the GC-content in third 
codon positions, indicating larger heterogeneity in GC-rich 
genomes (Pearson’s product-moment correlation coeffi
cient; ρ = 0.66, P value = 2.2*10−2; fig. 2a). The distribu
tion of GC-content among genes within each species was 
relatively uniform (supplementary fig. S3a, Supplementary 
Material online). A few functional categories were signifi
cantly overrepresented in the aligned gene set compared 
to the CDS gene sets. The highest enrichment score was 
found for genes associated with 1) regulation of 
stress-activated MAPK cascade, regulation of mitotic 
events, and ribosomal subunit assembly (biological func
tion), 2) replication recognition complex, endosome, and 
transcription factor complex (cellular component), and 3) 
DNA helicase activity, ribosome structure, and DNA replica
tion (molecular function) (supplementary table S3, 
Supplementary Material online). The estimated ω across 
branches (Model M0) was <0.2 for all genes in the aligned 
gene set (supplementary fig. S1, Supplementary Material
online), demonstrating that this set of genes is considerably 
conserved across the butterfly taxa included in the analysis.

Next, we compared the relationship between sequence 
conservation and gene characteristics by comparing the 
100 genes with the lowest ω to the rest of the aligned 
gene set. There was no difference in overall or third codon 
position GC-content between the gene sets, although 
there was a small difference in mean GC-content for first 
(52.5 ± 5.5% vs. 51.2 ± 5.6%, W = 0, P value =  
1.6*10−4) and second codon positions (37.5 ± 5.5% vs. 
39.1 ± 5.5%; W = 64, P value = 1.6*10−4). Significantly 

FIG. 1.—a) Phylogeny of the included taxa. Boxplots showing lineage-specific estimates of b) ω, c) nonsynonymous (dN), and d) synonymous (dS) substi
tution rates for all, GC-conservative (GC-cons), GC-decreasing (S -> W), and GC-increasing (W -> S) substitutions. Boxes represent first and third quartiles, the 
horizontal lines within boxes show median values, whiskers represent upper and lower values (1.5 * interquartile range), and the solid dots indicate outliers.
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overrepresented ontology terms in the conserved gene 
set were associated with housekeeping functions like 
proteasome complex, cytosolic small ribosomal subunit, 
spliceosomal complex, and Sm-like protein family com
plex (cellular component), and structural constituent 
of ribosome and structural molecule activity (molecular 
function) (supplementary table S4, Supplementary 
Material online). In addition, we performed a branch-site 
test for positive selection using the aligned gene set and 
L. sinapis as the foreground branch and found 41 candi
date genes under positive selection. A gene ontology 
analysis did not reveal any enrichment for specific func
tional categories in the positively selected genes, but 
the mean GC-content in third codon positions was higher 

than in the aligned gene set in general (see supplementary 
analysis, Supplementary Material online).

Lineage-specific Evolutionary Rate Variation in 
Lepidoptera

We applied two different methods to estimate the substitu
tion rates; codeml as implemented in PAML for compari
sons between lineages and mapNH in the Bio++ suite for 
analyzing associations with nucleotide composition and co
don usage. The two methods gave different lineage- 
specific estimates of ω, likely due to differences in the 
underlying models for inferring the substitutions rates, 
but the relative differences between lineages were similar 

FIG. 2.—a) Relationship between standard deviation (y axis) and mean (x axis) for lineage-specific gene-wise GC-content in first, second, and third codon 
position. Spearman’s rank correlation coefficients (ρ) and P values are shown. b) Dot plots of gene-wise GC-content in third codon position (percent, y axis) as a 
function of the mean GC-content in the first and second codon position (percent, x axis) per gene and branch in the aligned gene set. Lineage-specific re
lationship between c) ω, d) dN, and e) dS and GC-content in third codon position per gene, including all substitution types. Solid lines represent linear regres
sions with significant correlation coefficients, dashed lines are nonsignificant.
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(supplementary tables S5 and S6, Supplementary Material
online). Mean ω ranged from 3.5*10−2 (P. sennae) to 
4.8*10−2 (L. sinapis) for the codeml branch model and 
from 8.4*10−2 (H. melpomene) to 1.2*10−1 (C. cecrops) 
when mapNH was applied. We applied a generalized linear 
mixed model analysis with B. mori as reference and found a 
significant difference in ω between lineages (glmer; inter
cept 0.03, marginal R2 = 0.017, supplementary table 
S6, Supplementary Material online). This analysis also 
showed that the lineages can be grouped in three distinct 
categories with similar within-group estimates of ω; 1) 
H. melpomene, D. plexippus, P. sennae (lowest ω; esti
mates 0.80–0.88, P values < 1.00*10−04), L. accius and 
P. machaon (intermediate ω, estimates 1.00–1.01, not sig
nificantly different from B. mori), and 3) C. cecrops and 
L. sinapis (highest ω; estimates 1.11–1.16, P values <  
1.00*10−04; fig. 1b, supplementary fig. S2, Supplementary 
Material online, supplementary table S6, Supplementary 
Material online).

Evolutionary Rates for Different Substitution Classes

To further characterize the different types of substitutions 
and potential rate variation associated with base compos
ition, the evolutionary rates of W -> W and S -> S 
(GC-conservative), W -> S (GC-increasing), and S -> W 
(GC-decreasing) substitutions were estimated across 
the different lineages. We found that ω was significantly 
higher in all lineages, except H. melpomene, when using 
the global branch model (all types of substitutions 
combined) compared to using the GC-conservative 
substitutions only (paired Wilcoxon signed rank test, 
P values = 9.50*10−02 – 2.20*10−16, fig. 1, supplementary 
table S7, Supplementary Material online). The differences ob
served in most of the lineages are likely an effect of higher 
GC-conservative synonymous substitution rate, while the dif
ferences in nonsynonymous substitution rates were negligible 
with the exception of H. melpomene and P. machaon. To fur
ther analyze how the directions of substitutions were influ
encing the difference between global and GC-conservative 
estimates, we looked at the GC-altering substitutions. 
Here, we found that ω was significantly higher for S -> W 
compared to W -> S substitutions, except in 
H. melpomene and B. mori where the relationship between 
the substitution types were reversed (paired Wilcoxon 
signed rank test, P values = 9.50*10−02 – 2.20*10−16, fig. 1, 
supplementary table S7, Supplementary Material online). 
Although the nonsynonymous substitutions showed a 
consistently higher rate of GC-decreasing substitutions 
in all lineages, they were counteracted by the W -> S sub
stitution rates being consistently lower thereby having a 
minor impact on the difference in ω between global and 
GC-conservative estimates. The synonymous rates were 
considerably more variable between categories and 

lineages. The differences between the substitution types 
were significant in all species, with the most remarkable dif
ferences in C. cecrops which had a substantially higher 
W -> S substitution rate and H. melpomene with a higher 
S -> W substitution rate (fig. 1, supplementary table S7, 
Supplementary Material online). The main direction of the 
synonymous substitution rate was variable between 
lineages, but for most of the lineages the sum of the impact 
resulted in a reduction in the global rate compared to 
GC-conservative rates.

In summary, we observed a higher ω for global substi
tutions compared to GC-conservative substitutions in 
most of the species, as a result of the higher S -> W 
than W -> S evolutionary rate observed in the majority 
of the analyzed species. However, the underlying substi
tution rates, predominantly the synonymous rate, 
showed a lineage-specific and highly variable main direc
tion of change.

Effects of Nucleotide Composition on Substitution Rate 
Estimates

To assess the effects of nucleotide composition on 
evolutionary rate estimates, lineage-specific correlations 
between GC-content and substitution rates were per
formed for each substitution class. Significant negative as
sociations were observed between GC-content and ω for 
GC-conservative, W -> S and the global set of substitu
tions in all lineages, except in C. cecrops (Spearman’s 
rank correlation, supplementary table S8, Supplementary 
Material online, fig. 2). For S -> W substitutions, there 
was a positive association between GC-content and ω in 
all species except H. melpomene (supplementary table 
S8, Supplementary Material online, supplementary fig. 
S3, Supplementary Material online). The relationship be
tween GC-content and dN and dS was similar to ω for 
GC-conservative and global substitutions, but dS had a 
strong negative association to S -> W and positive associ
ation to W -> S substitutions (supplementary table S8, 
Supplementary Material online, supplementary fig. S3, 
Supplementary Material online). To visualize the associ
ation between GC-content and ω, we applied a local re
gression model which revealed a u-shaped relationship 
between lineage-specific ω and GC-content in third codon 
positions. This indicates higher ω for genes with particular
ly low or particularly high GC-content (although the vari
ance also increased noticeably at the tails of the 
distribution; supplementary fig. S3, Supplementary 
Material online). The associations between GC-content 
and ω estimates, exacerbated in H. melpomene and C. ce
crops, indicate that inferences of evolutionary rates in 
Lepidoptera are dependent on lineage-specific differences 
in the mutation bias, and potential nonselective fixation 
biases (e.g., gBGC).
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Evidence for Fixation Bias Affecting Synonymous 
Substitutions

GC-content is determined by the counteracting forces of 
mutation bias and fixation biases such as GC-biased gene 
conversion and selection. We can infer the determinants 
of GC-content evolution by evaluating the S -> W/W -> S 
substitution rate ratio. Assuming a neutral evolutionary his
tory for synonymous substitutions, we would expect a S -> 
W/W -> S substitution rate ratio close to the mutation bias, 
which in Lepidoptera has been estimated to be approxi
mately 2.6–3.3, dependent on the local GC-content 
(Boman et al. 2021). Using population resequencing data 
from 10 L. sinapis individuals and a population genetics 
model taking both GC-content and gBGC into account 
(Glémin et al. 2015), we estimated the average S -> W/W 
-> S mutations bias at codons to 2.96 at 4-fold and 2.73 at 
0-fold degenerate codon positions (fig. 3c). However, the 
mean and standard deviation of synonymous S -> W/W -> 

S substitution rate ratio across lineages was 1.34 ± 0.89 (me
dian = 1.19), similar to the ratio for nonsynonymous substitu
tions (mean = 1.89 ± 3.89; median = 1.23), which 
presumably includes a substantial fraction of positions under 
purifying selection (fig. 3a, supplementary table S9, 
Supplementary Material online).

The discrepancy between the estimates of S -> W/W -> S 
mutation- and substitution biases is not expected if syn
onymous substitutions only experience neutral evolution. 
This indicates that the fixation probabilities of a consider
able subset of synonymous mutations are affected by fix
ation biases (e.g., gBGC and selection for specific codons) 
that should be considered when estimating evolutionary 
rates in Lepidoptera. With the same population genetics 
model as above (Glémin et al. 2015), we estimated that 
the fixation bias favoring a higher GC-content (B) for 
4-fold degenerate codon positions in L. sinapis to be 
0.46. Although this is lower than the estimates for 0-fold 
degenerate codon positions (B = 0.56), this points to 

FIG. 3.—a) Distribution and mean (horizontal bar) for S -> W/W -> S substitution rate ratios for synonymous (dS, left distribution) and nonsynonymous 
substitution rates (dN, right distribution). The horizontal lines represent the expected S -> W/W -> S ratios if the rates for the two substitution categories would 
be identical to each other (1:1, ratio = 1) or exactly reflect the expected mutation bias (3:1, Ratio ≈ 3). Distribution of population estimates of b) fixation bias 
favoring GC (B, y axis) and c) mutation bias (λ, y axis), on different codon positions (x axis) in Leptidea sinapis, after bootstrapping (1,000 samplings with 
replacement).
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considerable deviations from neutrality at synonymous sites 
in the wood white (fig. 3b).

Codon Usage Within Lepidoptera is Mainly a/T-biased

To characterize codon usage frequencies in Lepidoptera and as
sess potential effects on base composition and substitution pat
terns, we calculated the frequency of each of the 61 different 
codons that encode amino acids (ignoring the three stop co
dons) per 1,000 codons for each species and compared codon 
frequencies between the different gene sets (supplementary 
table S10, Supplementary Material online). The codon usage 
frequencies in the aligned gene set were representative for 
the overall CDS gene set (paired Wilcoxon’s signed rank test, 
W = 55,849, P value 0.22). To investigate the association be
tween nucleotide composition in third codon positions and 
lineage-specific synonymous codon usage in the aligned 
gene set, we used a measure of relative codon usage (RSCU), 
where 1 means equal usage of all synonymous codons, >1 
means increased relative usage and <1 means decreased rela
tive usage. All lineages except C. cecrops showed a higher pro
portion of A/T-ending codons with RSCU > 1 (supplementary 
fig. S4, Supplementary Material online, supplementary table 
S11, Supplementary Material online).

Copy Number Distribution and GC-content in tRNA 
genes

The observed A/T bias in codon usage and the counteracting 
strength of gBGC is not enough to explain the observed GC 
fixation bias at 4-fold degenerate sites. Selection for transla
tional efficiency could increase the usage of codons with 
high tRNA abundance or vice versa; maintenance of high 

number of tRNA-gene copies with anticodons corresponding 
to commonly used codons could potentially increase transla
tion efficiency. We analyzed the copy number variation of 
tRNA genes in the newly assembled chromosome-level 
L. sinapis-genome as a proxy for tRNA abundance. The 
total number of predicted functional tRNA genes was 461, 
with 50 unique anticodons of 61 possible anticodons 
(supplementary table S12, Supplementary Material online). 
The median copy number of represented anticodons was 7 
(range 1–24) with threonine (TACC) as an outlier having 57 
copies (supplementary table S12, Supplementary Material on
line). It is possible that the presence of an exceptionally large 
number of copies of potentially functional TACC is a conse
quence of recent repeat proliferations (e.g., many SINEs con
tain tRNA-gene copies) and that the software cannot 
distinguish these from “true” tRNA-gene models. The distri
bution of codons in the tRNA-gene set deviated significantly 
from random usage of the synonymous codons (Pearson’s 
χ2 test, X2 = 165.11, df = 60, P value = 9.34*10−12), this 
was significant also when excluding the outlier codon TACC. 
There was a strong association between the counts of amino 
acids in the CDS and number of tRNA-gene copies for each 
amino acid (Spearmans’s rank correlation coefficient ρ =  
0.64, P value 2.2*10−03; fig. 4a), the correlation was signifi
cant also when excluding TACC (ρ = 0.69, P value 7.9*10−04).

There was a slightly higher frequency of codons in the 
CDS with a corresponding specific tRNA-anticodon com
pared to unrepresented codons, but this difference 
was not significant (Wilcoxon rank sum test, W = 309, 
P value = 3.92*10−1). We also found an association be
tween the counts of used codons and the copy number 
of tRNA genes for each anticodon (ρ = 0.3, P value 

FIG. 4.—a) Frequency of codons per amino acid in Leptidea sinapis as a function of the number of copies of tRNA genes per amino acid. b) Frequency of 
codons used in L. sinapis as a function of the number of copies of tRNA genes per codon. The squares are colored by amino acid, and letters represent the 
standard amino acid symbol. The lines represent linear regressions of all codons (light) and codons excluding TACC (dark). Spearman’s rank correlation coeffi
cients (ρ) and P values for each comparison is presented.
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2.0*10−2; fig. 4b). This association could be partly driven by 
the strong covariation in the amino acid counts, because there 
is no significant association between the ratio of usage of spe
cific anticodon within each tRNA isoacceptor family and syn
onymous usage of specific codons in the CDS (i.e., RAIT vs. 
RSCU; ρ = 0.18, P value = 0.753). For overrepresented 
tRNA-species (RAIT > 1), there was 12 A/T and 10 G/C ending 
tRNA codons, which was less A/T-biased than the overrepre
sented codons in the CDS in L. sinapis (25 A/T, 4 G/C). The 
GC-content among the tRNA genes at third codon positions 
was 57.9% (52.0% excluding TACC), which is higher than 
for third codon positions in the CDS gene set (44.7%; 
supplementary table S12, Supplementary Material online). In 
summary, there was an association between codon usage 
and the distribution of tRNA genes, but the A/T codon usage 
bias in third codon positions was not represented in the 
tRNA-gene set. The third codon positions in tRNA genes 
had a higher GC-content in total and a lower A/T bias, which 
potentially could influence codon usage and contribute to the 
fixation bias increasing GC-content in third codon positions.

The Effective Number of Codons Vary Among Lineages

To further investigate how codon usage affects the substi
tution rate, we estimated the effective number of codons 

(ENC) score. The ENC score can range from 20 (complete 
codon usage bias) to 61 (all codons are used to the same 
extent), and we found that the mean estimates of 
ENC-scores across genes ranged between 51.9 (C. cecrops) 
and 54.3 (L. accius) (range for individual genes: 21–61; 
median = 54.3; fig. 5a, supplementary table S13, 
Supplementary Material online). The observed ENC-scores 
were positively associated with the GC-content in all 
lineages, except in C. cecrops where the correlation was 
negative (Spearman’s rank correlation, ρ =−0.17–0.70, 
P value < 2.2*10−16; supplementary fig. S5, Supplementary 
Material online).

Codon Usage Bias Contributes to Differences in 
Substitution Rates Among Genes and Lineages

If the estimates of ω are inflated by purifying selection by 
codon usage preferences at third codon positions, we 
would expect a lower synonymous substitution rate where 
codon usage bias is stronger, under the assumption that co
don usage bias is at equilibrium. To get an estimate of the 
magnitude of codon usage bias while controlling for 
GC-content, we compared the observed and expected 
ENC-scores based on overall nucleotide composition in 
each lineage (ENCdiff). The lineage-specific ENCdiff were 

FIG. 5.—a) Lineage-specific observed effective number of codons per gene (ENCobs; dot plot, color by lineage), local regression (LOESS) models for ob
served ENC (solid lines), and expected ENC (dashed lines) as a function of GC-content in third codon positions. b) Linear regression estimates for each lineage 
with GC-conservative estimates of ω as a function of GC-content in third position, observed ENC and difference between expected ENC and observed ENC 
(ENCdiff). c) Lineage-specific synonymous substitutions (dS) for each gene as a function of the difference between expected and observed effective number of 
codons (ENCdiff). Lines represent linear regression model for each branch. d) Cartoon of expected relationship between dS and ENCdiff if the synonymous 
substitutions are neutral or if selection on codon usage is affecting the fixation rate of synonymous mutations.
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on average 0.016–0.025, with a larger bias in genes with 
higher GC-content (Spearmans’s rank correlation coeffi
cient, ρ = 0.035–0.13, P value 5.8*10−02–5.1*10−12; 
supplementary fig. S5, Supplementary Material online), 
in contrast to the observed overrepresentation of 
A/T-ending codons in most of the lineages. There were sig
nificant negative associations between ENCdiff and dS (ρ = 
−0.05 to −0.19, P value 2.2*10−16 – 4.0*10−03; fig. 5c, 
supplementary table S13c, Supplementary Material online), 
in all species except D. plexippus, and the negative rela
tionship remained when only GC-conservative substitu
tions were included. This again indicates selection on 
synonymous sites and that codon usage preferences 
influence substitution rate estimates. We found a trend 
towards negative associations between ENCdiff and 
GC-conservative estimates of ω in the majority of lineages 
(ρ = 0.01–0.07, P values = 3.7*10−04 – 9.5*10−01; 
supplementary table S13c, Supplementary Material online). 
In addition, when binning the most conserved genes and 
comparing with the rest of the aligned gene set, we ob
served a trend towards stronger codon usage bias in the 
conserved gene set. The stronger codon usage bias in 
more conserved genes was consistent across all lineages, 
but not significant for all (Wilcoxon’s rank sum test; P va
lues = 1.9*10−05 – 8.7*10−01; supplementary fig. S5, 
Supplementary Material online). Taken together, these re
sults show that codon usage bias contributes to differences 
in substitution rates and could lead to erroneous inference 
of the mode of natural selection, especially at the level of 
individual genes.

Synthesizing the Effects of Base Composition and 
Codon Usage Bias on ω
In order to assess the relative effects of different factors on 
the overall evolutionary rate in Lepidoptera, we applied a 
linear model with ω as the dependent variable and 
ENC and ENCdiff, together with GC-content in third codon 
positions as explanatory variables. The variance in ω was 
partly explained by all three variables in varying degrees 
among the lineages (linear regression, F = 11.60–47.46, 
P value < 2.2*10−16; fig. 5b, supplementary table S14, 
Supplementary Material online), but the total variance in 
ω explained by the model was low (adjusted R2 = 0.011– 
0.046; supplementary table S14, Supplementary Material
online). The influence of codon usage bias and 
GC-content on the evolutionary rate estimates shows the 
importance of assessing both codon frequencies and po
tential mutation- and fixation-biases when estimating rates 
and patterns of gene sequence evolution in Lepidoptera.

Discussion
Here, we explored the impact of base composition and co
don usage on evolutionary rates in Lepidoptera. It should be 

noted that the particular taxonomic sample set used for 
analysis obviously affects the potential to study microevolu
tionary processes, since the expected level of conservation 
depends both on the number of lineages and the variance 
in divergence times between sampled taxa. The set of 
genes identified as 1:1 orthologs across all Lepidoptera 
lineages (the aligned gene set) evidently includes the 
most conserved genes in the clade. The low overall evolu
tionary rate estimates for this gene set supports consider
able effects of purifying selection. As expected, given the 
inherent bias towards conserved genes in the aligned 
gene set, we found that the overrepresented functional 
categories were associated with core cellular processes 
like translational activity and DNA maintenance (Stein 
et al. 2003). This was especially evident in the bin with 
the lowest ω (the conserved gene set) with overrepresenta
tion of functions associated with pathways involved in basal 
cellular functions like cytoplasmic translation and prote
asome function.

Lineage-specific Rates of Evolution in Lepidoptera

The lineage-specific analyses revealed three distinct groups 
with significantly different ω estimates. The lowest ω was 
found in H. melpomene, D. plexippus, and P. sennae, while 
B. mori, L. accius, and P. machaon showed intermediate ω 
and C. cecrops and L. sinapis the highest ω. Differences in 
demographic histories between the lineages could affect 
the evolutionary rates, as variation in effective population 
size (Ne) determines the efficacy of selection, thereby pre
dominantly influencing the accumulation of slightly dele
terious nonsynonymous mutations in lineages with lower 
Ne (Galtier 2016). It should be noted that both L. sinapis 
and C. cecrops have larger genomes than the other species 
in the data set, predominantly a consequence of accumula
tion of TEs (Cong, Shen, Borek, et al. 2016; Talla et al. 
2017). In L. sinapis, the level of heterozygosity is also com
paratively low (Mackintosh et al. 2019; Talla et al. 2019). 
Hence, a comparatively low long-term Ne in L. sinapis 
may have resulted in both accumulation of repeats and 
slightly deleterious mutations, explaining the higher esti
mate of ω in this lineage.

An alternative, but not mutually exclusive explanation 
for the observed phylogenetically disordinate differences 
in evolutionary rate could be differences in generation 
time. Some species, in particular in temperate regions, en
ter diapause after a single life cycle, while other species 
have several (up to ≈10) complete life cycles per breeding 
season (Tolman and Lewington 2009), thereby accumulat
ing more mutations due to an increased per time unit rate 
of DNA replication errors (Nabholz et al. 2007; Thomas 
et al. 2010). Such an effect should mostly be at play for syn
onymous substitutions (but see e.g., Thomas et al. 2010) 
while the effect on nonsynonymous sites is more complex. 
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An increased nonsynonymous mutation rate as a conse
quence of short generation time could be canceled out by 
more efficient selection against slightly deleterious variants, 
since species with shorter generation times tend to have lar
ger Ne, although we do not know if this is the case for the 
species included in our data set (Ohta 1992). No associa
tions between nonsynonymous substitution rates and 
body size (Thomas et al. 2006) or metabolic rate (Lanfear 
et al. 2007) have been observed in Lepidoptera, traits that 
often are used as proxies for Ne. Furthermore, levels of gen
etic diversity in butterflies are generally negatively corre
lated with body size, but not with other life history traits 
(Mackintosh et al. 2019). Further studies including more 
taxa should give more information on the relationship be
tween gene sequence evolution and life history traits.

Effects of Base Composition, gBGC, and Codon Usage 
on Evolutionary Rates

Our analyses showed a higher ω for global substitutions 
compared to GC-conservative substitutions in most of the 
species, indicating that the nucleotide composition influ
ence the inference of evolutionary rates. The nucleotide 
composition was highly variable between lineages, espe
cially for the third codon positions. We also found a strong 
association between GC-content at first and second codon 
positions, which generally can be assumed to be under 
strong purifying selection, and the GC-content at third co
don positions where most sites are synonymous. Potential 
evolutionary forces that may contribute to the observed 
patterns include mutation bias (Petrov and Hartl 1999; 
Keightley et al. 2015; Boman et al. 2021), gBGC, and selec
tion on codon usage (Marais 2003; Martin et al. 2016). It 
is well established that multicellular eukaryotes in general 
experience a S -> W mutation bias (Long et al. 2018), pre
dominantly as a consequence of spontaneous deamination. 
Such a mutation bias has also been observed in several 
Leptidea species and seems to be pervasive in butterflies 
which in general have low genome-wide GC-content 
(0.3–0.4) (Challis et al. 2016; Boman et al. 2021). We ob
served higher rates of S -> W than W -> S substitutions 
at both nonsynonymous and synonymous sites in the ma
jority of the investigated lineages, supporting a general ef
fect of the S -> W mutation bias on gene sequence 
evolution in butterflies. The general negative association 
between substitution rates and GC-content are also in 
line with a higher number of random fixations of S -> W 
mutations. However, the ratio of S -> W over W -> S syn
onymous substitutions was lower than expected from the 
mutation bias alone in the majority of species. Both the dif
ference between the observed and expected ratios of S -> 
W/W -> S substitutions and the presence of a GC-favoring 
fixation bias at third codon positions are in line with an ef
fect of gBGC, the GC-biased repair of double-strand breaks 

during homologous recombination observed in many taxa 
across the tree of life (Marais 2003; Duret and Galtier 
2009). GC-biased gene conversion mimics directional (posi
tive) selection as the efficiency of the process depends on 
the recombination rate and Ne. This means that the impact 
of gBGC on sequence evolution should vary across lineages 
that differ in demographic history and recombination rate 
(Glémin et al. 2015). We found that nucleotide compos
ition varied considerably between butterfly species, and 
there was a higher heterogeneity in regional nucleotide 
composition in species with a higher GC-content. This indi
cates that the intensity of gBGC has varied between species 
and likely also between genomic regions as a consequence 
of differences in the recombination landscape (Figuet 
et al. 2015). If gBGC had been a dominating force in 
Lepidoptera, the expectation would be that W -> S substi
tutions should constitute a large proportion of the total 
number of substitutions, especially at synonymous sites 
(Mugal et al. 2015; Bolívar et al. 2019). In contrast, we ob
served that S -> W substitutions contributed slightly more 
to the global rates, suggesting that gBGC, although its ef
fect is substantial, only partly compensate for the strong S 
-> W mutation bias in some lineages. This shows that spe
cific effects of gBGC should be investigated in more detail 
in Lepidoptera since it can affect the assessment of selective 
and neutral processes, for example, by development of de
tailed recombination maps and/or direct quantification of 
the fixation bias (Glémin et al. 2015; Kawakami et al. 
2019). Our estimates of B in the coding sequences in 
L. sinapis were higher (0.46) compared to previous 
genome-wide estimates (≈0.2) (Boman et al. 2021), al
though lower compared to other Lepidoptera ranging be
tween 0.7 and 1.16 (Galtier et al. 2018) The impact of 
gBGC will fluctuate with regional variation in both nucleo
tide composition and recombination rate, and we know 
from previous analyses in butterflies that the recombination 
rate is reduced in coding compared to intergenic sequences 
(i Torres et al. 2022; Shipilina et al. 2022). Hence, we would 
expect that the effect of gBGC should be higher in non
coding compared to coding sequences. The observed fix
ation bias towards increased GC-content at synonymous 
sites compared to genome-wide estimates therefore indi
cates that additional evolutionary forces, such as selection 
for GC-ending codons, influence the nucleotide compos
ition at synonymous sites.

The strength and direction of codon usage bias has been 
shown to vary between different organisms. Parasitoid 
wasps have been shown to have AT-rich genomes 
and A/T-biased codon usage (Dennis et al. 2020), while 
D. melanogaster has high GC-content in coding sequences 
and a preference for GC-rich codons (Vicario et al. 2007). 
We found a bias towards A/T-ending codons, but stronger 
codon usage bias in G/C-rich genes in general. An excep
tion was C. cecrops, the species with the highest average 
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GC-content, where we observed a negative correlation be
tween ENCobs and GC-content, in line with observations in 
other lepidopteran species with GC-rich genomes (Sharma 
et al. 2012). The pattern of codon usage in Lepidoptera is 
hence similar to ants and honey bees, where a bias for 
AT-rich codons seems to be dominating (Behura and 
Severson 2012). We suggest that codon usage in butterflies 
is partly dependent on compositional constraints, as has 
previously been shown in for example prokaryotes, plants, 
humans, and flatworms (Knight et al. 2001; Palidwor et al. 
2010; Lamolle et al. 2019). Nucleotide composition, how
ever, does not fully explain the stronger codon usage bias 
in GC-rich genes observed in our data. We observed a 
strong relationship between copy number of tRNA isoac
ceptor genes and amino acid usage in the CDS of L. sinapis, 
similar to what has been observed for example in bacteria, 
mosquitos, and other organisms (Behura and Severson 
2011), supporting coevolution between tRNA genes and 
codon usage mainly driven by amino acid usage (Lobry 
and Gautier 1994; Higgs and Ran 2008). However, the 
abundance of specific tRNA:s in the cytoplasm has been 
shown to be highly correlated to codon usage and a limiting 
factor in the translation rate of highly expressed genes 
(Ikemura 1982; Varenne et al. 1984). In line with this, 
tRNA availability is an important determinant of codon 
usage bias in Drosophila (Moriyama and Powell 1997). 
We found only a weak association between the synonym
ous codon usage and specific anticodons within each isoac
ceptor family, but the observed tRNA genes had 
considerably higher GC-content in third codon positions 
without the overrepresentation of AT-ending codons ob
served in the coding sequences. One explanation could 
be that the relationship between anticodons and codons 
are complicated by the wobble-function of the third pos
ition nucleotide, which gives one anticodon the possibility 
to match several nucleotides at third codon position. In 
addition, although tRNA-gene copy number in several or
ganisms is proportional to the abundance of mature tRNA 
in the cytoplasm, it is not a direct measure (Percudani 
et al. 1997; Kanaya et al. 1999). The tRNA abundance in 
the cytoplasm could vary due to regulation of expression le
vels and post-transcriptional modifications depending on 
for example developmental stage (Moriyama and Powell 
1997). Another explanation could be that there is a mis
match between the “optimal” codons for translation as de
termined by the tRNA-gene set on the one hand and the 
bias towards AT-ending codons caused by the general mu
tation bias on the other. The high GC-content in tRNAs 
could lead to an increase of the fixation of A/T -> G/C mu
tations as those potentially are beneficial for rapid or more 
accurate translation and thereby counteract the A/T accu
mulation caused by the mutation bias. Thus, it is possible 
that both the tRNA-gene set and gBGC could contribute 
to the observed fixation bias that leads to an increase in 

the GC-content in general and to the stronger codon usage 
bias in GC-rich genes.

Depending on the mechanism underlying the codon 
usage bias, we would expect different patterns on the syn
onymous substitution rate. If the codon usage bias is a con
sequence of the mutation bias alone, there would be no 
correlation with the GC-conservative synonymous substitu
tion rate. If, on the other hand, the codon usage bias is an 
effect of selection for utilization of specific codons, the syn
onymous substitution rate would have a negative relation
ship with strength of codon usage bias, as seen in 
Drosophila (Sharp and Li 1989; Maside et al. 2004). We 
therefore investigated the associations between codon 
usage, base composition, and substitution rates and found 
a negative association between the strength of codon 
usage bias and the synonymous substitution rate. One po
tential caveat here is that the substitution estimates are 
based on a modified version of mutation opportunity 
when counting the proportion of synonymous sites 
(MapNH). There is hence a risk of underestimating the num
ber of synonymous sites (the denominator in dS), which 
would lead to underestimation of the strength of codon 
usage bias (Bierne and Eyre-Walker 2003). Our data point 
to a significant codon usage bias in Lepidoptera in general, 
but these estimates are likely conservative and forthcoming 
efforts to quantify codon usage bias could preferably apply 
analysis including physical sites models. Finally, we also ob
served a trend towards stronger codon usage bias in more 
conserved genes, corroborating other studies (Rao et al. 
2011), which points to potential effects of selection for 
translation efficiency and/or structural stability (Zhou et al. 
2016; Novoa et al. 2019).

Conclusion
Here, we characterized the relationships between gene se
quence evolution and nucleotide composition in eight 
Lepidoptera lineages. Our analyses show that mutation-, 
fixation-, and codon usage biases have been key in shap
ing gene sequence evolution in butterflies in general. 
We conclude that substitution rates in lepidopteran genes 
are affected not only by directional selection on nonsy
nonymous sites, but a complex interplay between a gen
eral S -> W mutation bias and the general preference 
for utilization of AT-ending codons, counteracted by a sig
nificant W -> S fixation bias, likely acting in concert with 
selection for translational efficiency.

Materials and Methods

Data Collection

Protein codon sequences from seven of the taxa were 
downloaded from the database LepBase, http://ensembl. 
lepbase.org/ (Challis et al. 2016) (supplementary table S1, 
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Supplementary Material online). The protein-coding se
quences from L. sinapis were obtained from a previous 
study (Talla et al. 2017). One-to-one orthologous genes be
tween each respective butterfly lineage and B. mori were 
identified using the BLASTP tool (Altschul et al. 1990). 
Pairwise alignments for all orthologs were generated based 
on translated protein sequences using Prank v.170427 
(Löytynoja 2014). To omit potential pseudogenes, align
ments that contained interspersed stop codons and/or in
dels that were not multiples of three, were discarded 
from the data set. To eliminate inadequately aligned genes, 
a set of filtering steps was applied. First, Trimal v.1.2 
(Capella-Gutierrez et al. 2009) was used to remove codons 
with more than 50% gaps across lineages, alignments with 
more than 50% missing codons in any lineage and align
ments with on average >25% gaps per sequence. 
Second, alignments shorter than 300 bp were omitted to 
avoid including fragmented genes. The resulting total set 
of alignments, from now on referred to as “the aligned 
gene set”, contained 4,150 genes. To get the necessary 
tree topology of the species’ for downstream analysis, a 
phylogenetic tree was constructed with a random set of 
1,091 concatenated genes using RaxML with the GTR- 
gamma substitution model (Stamatakis 2014). The top
ology of the resulting tree was in accordance with the 
well-established phylogeny of the species set (Espeland 
et al. 2018; Kawahara et al. 2019).

Evolutionary Rate Analysis

Mean pairwise nonsynonymous (dN) and synonymous (dS) 
substitution rates (number of substitutions per site cat
egory) and the dN/dS-ratio (ω) were estimated for all individ
ual genes in all Lepidoptera lineages using model M0 in 
codeml, as implemented in PAML v.4.9e (Yang 2007). 
Alignments were excluded if gene wide dS > 30 (saturation) 
or if ω ≥ 999 (absence of synonymous substitutions in the 
sequence). Evolutionary rate variation among lineages 
was estimated by applying the free-ratio branch model, 
as implemented in codeml in PAML v. 4.9e (Yang 2007). 
To assess potential differences in ω between lineages, we 
applied a generalized linear mixed model with ω as depend
ent variable, branch as a fixed variable and gene identity as 
a random variables, using the glmer function as implemen
ted in lme4 (version 1.1–28); glmer(dnds∼branch+(1| 
GeneID), data = branch_paml_long, family = Gamma 
(link = “log”)) (Bates et al. 2015). In addition, we identified 
candidate genes under positive selection in the aligned 
gene set in L. sinapis using codeml (see supplementary ana
lysis, Supplementary Material online).

To investigate the impact of nucleotide composition on 
the evolutionary rate estimates, we also applied a model in
ferring the rates of different substitution classes. The substi
tutions were categorized according to the bases involved 

and their effect on base composition. Since G–C base pairs 
have three hydrogen bonds, they are referred to as strong 
(S), while A–T base pairs that only have two hydrogen bonds 
are referred to as weak (W). Hence, G/C -> A/T substitutions 
are categorized as S -> W, and A/T -> G/C as W -> S substi
tutions. Substitutions that do not alter the GC-content in 
the gene, S -> S or W -> W, were grouped together and 
are referred to as GC-conservative substitutions. To infer 
lineage-specific substitution rates for the different substitu
tion categories, we applied a probabilistic mapping ap
proach as implemented in the Bio++ library programs 
BppML and MapNH v2.3.2 (Dutheil and Boussau 2008; 
Romiguier et al. 2012). First, BppML was used to infer substi
tution model parameters. As estimated from the data, the 
best-fitting model was YN98 with F(3X4). These model para
meters were then used with MapNH to infer dN and dS while 
correcting for nonstationarity, that is allowing GC-content to 
vary between lineages and taking ancestral nucleotide fre
quencies into account. Two models were applied per branch 
and gene; a branch model without accounting for substitu
tion category and a model that infers specific substitution 
rates for each category. The number of substitutions 
was normalized by using the number of expected substitu
tions per category with the same substitution model, as im
plemented in the nullModelParams-option in mapNH 
(Guéguen and Duret 2018). MapNH does not handle missing 
data in the alignment resulting in a reduction in the number 
of genes with length >300 bp to 3,308 genes for these spe
cific analyses. The differences in dN, dS, and ω estimates, be
tween global substitution categories on the one hand and 
GC-conservative substitutions on the other, were tested 
with paired Wilcoxon signed rank test as implemented in R 
v.3.3.3 (R Core Team 2021).

Gene Ontology Enrichment Analysis

To compare potential functional categories associated with 
specific gene sets, gene ontology (GO) enrichment analyses 
were performed. The analyses were applied to the aligned 
gene set and the 100 most conserved genes across 
Lepidoptera. Potential overrepresentation of specific func
tional categories in the classes biological process, molecular 
function, and cellular component were quantified using 
PantherGO (Mi et al. 2019). The Fisher’s exact test imple
mented in the software evaluates over- or underrepresenta
tion of ontology terms associated with a specific gene set as 
compared to a reference gene set included in the analysis. 
All annotated genes in Drosophila melanogaster in the 
Panther database were used as reference for the aligned 
gene set, and the aligned gene set was used as reference 
for the conserved gene set. The test statistic for each 
gene set was corrected for multiple testing with FDR correc
tion (adjusted P value < 0.05), as implemented in the 
software.
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Characterization of Base Composition

To investigate if nucleotide composition was associated 
with evolutionary rates, codon position-specific propor
tions of GC were estimated in each species in each focal 
gene set (see above), and in the entire gene set of each lin
eage (CDS). Gene-wise GC-content was estimated for each 
position in each lineage and the differences between gene 
sets, and differences in GC-content between codon posi
tions, were tested with pairwise Wilcoxon signed-rank 
tests. Differences in GC-content between codon positions 
within the gene sets were tested with a Kruskal–Wallis 
test, a nonparametric test for determining if multiple sam
ples originate from the same distribution. Potential associa
tions between gene-wise average GC-content and dN, dS, 
and ω were analyzed with Spearman’s rank correlation 
test. The mean and standard deviation in lineage-specific 
GC-content in third codon positions were calculated from 
gene-wise nucleotide proportions and a potential associ
ation between mean and standard deviation was tested 
with Spearman’s rank correlation test.

Population Genetic Analysis of Mutation- and Fixation 
Bias in Leptidea Sinapis

We used previously published population resequencing 
data from 10 Swedish male L. sinapis individuals to investi
gate the S -> W/W -> S mutation bias and W -> S fixation 
bias at 0- and 4-fold degenerate sites. For more details on 
sequencing and variant calling, see Talla et al. (2019a). 
First, we polarized the alleles using parsimony by compar
ing the L. sinapis alleles with one individual from each of 
the closest relatives Leptidea reali and Leptidea juvernica. 
Then, we separated SNPs according to mutation category 
and computed derived allele frequency spectra for S, W, 
and GC-conservative mutation classes. Finally, we inferred 
the strength of the S -> W/W -> S mutation bias and the 
strength of fixation bias favoring GC (B = 4Neb, where b 
is analogous to the selection coefficient) using a population 
genetic model assuming gBGC-mutation-drift equilibrium 
(Glémin et al. 2015).

Analysis of Codon Usage Frequencies

In order to characterize potential differences in codon fre
quencies between gene sets and lineages, we estimated 
the frequencies of all possible 61 amino acid encoding co
dons (stop codons ignored) using the cusp application as 
implemented in EMBOSS v.6.6.0 (Rice et al. 2000). The es
timates of explicit codon frequencies were averaged per 
1,000 codons for each of the lineages separately—a com
monly applied procedure in codon frequency analysis 
(Clarke and Clark 2008; Athey et al. 2017). The relative syn
onymous codon usage (RSCU) was calculated by dividing 
the frequency of a specific codon with the expected 

frequency assuming that all synonymous codons would 
be equally frequently used for each amino acid (RSCU =  
1) (Sharp and Li 1986). To assess if preferred codons were 
ending with G/C or A/T, overrepresented codons (RSCU 
>1) were categorized based on the nucleotide in the 3rd 
codon position in each lineage.

Quantification of tRNA-Gene Copy Number

To explore the influence of tRNA abundance on codon 
usage bias in L. sinapis, we used the distribution of 
tRNA-gene copy number as proxy for tRNA abundance 
from a chromosome-level genome assembly from the 
Wellcome Sanger Institute Tree of Life initiative https://ftp. 
ncbi.nlm.nih.gov/genomes/all/GCF/905/404/315/GCF_905 
404315.1_ilLepSina1.1/GCF_905404315.1_ilLepSina1.1_ 
genomic.fna.gz (Lohse et al. 2022). Only chromosome-level 
scaffolds were used for the analysis. The tRNA-gene models 
were detected with tRNAscan-SE version 2.0.9 for each 
chromosome with default settings (Chan et al. 2021). A 
custom script was used to remove truncated gene models 
and pseudogenes. We calculated the number of 
tRNA-gene copies for each specific anticodon, the number 
of tRNA-gene copies per aminoacid (isoacceptor tRNAs), 
and the relative abundance of isoacceptor tRNA (RAIT), or 
the relative use of specific anticodons per amino acid, 
which is equivalent to RSCU.

Effective Number of Codons

To obtain a 1D estimate of codon usage per gene and 
lineage, we estimated the effective number of codons 
(ENC)—which theoretically ranges from 20 (extreme codon 
usage bias) to 61 (all codons used at equal frequencies)— 
using the chips application in EMBOSS v.6.6.0 (Rice et al. 
2000). Codon usage bias can be caused by compositional 
constraint or selection on specific codons and to differentiate 
between these two processes we estimated the expected 
ENC based on composition alone (without selection). The ex
pected ENC (ENCexp) was approximated based on base com
position, using a modification of the formula:

ENCexp = (a + GC3 + b)/(GC2
3 + (c-GC3)2), 

where GC3 is the GC-content at third codon position (Wright 
1990). We used optimized constants as suggested by simu
lations (a = 6, b = 34, c = 1.025) (dos Reis et al. 2004). In 
genes where synonymous codon usage is only affected by 
mutation, ENCobs will be similar to the ENCexp (Gun et al. 
2018). The normalized difference, ENCdiff = (ENCexp– 
ENCobs)/ENCexp, was used as a proxy for the level of codon 
usage bias. Potential associations between ENCobs and 
ENCexp, and the substitution rates, were estimated with non
parametric Spearman’s rank correlation tests as implemen
ted in R v.3.3.3 (https://www.R-project.org/).
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Linear Regression Analysis

To quantify the overall association and relative effects of 
base composition and codon usage on the evolutionary 
rate estimates in the different butterfly lineages, a multiple 
linear regression was performed for each lineage independ
ently. The response variable (ω), was log-transformed to ap
proach a normal distribution and GC3, ENCobs, and ENCdiff 

were included as explanatory variables. To accommodate 
for different scales, the explanatory variables were centered 
and scaled by subtracting with the mean and dividing by 
the standard deviation.

All statistical analyses described were performed in R 
v.3.3.3 (R Core Team 2021).

Supplementary Material
Supplementary data are available at Genome Biology and 
Evolution online (http://www.gbe.oxfordjournals.org/).
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