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Abstract

Codon usage bias, where certain codons are used more frequently than their synonymous counterparts, is an interesting phenomenon
influenced by three evolutionary forces: mutation, selection, and genetic drift. To better understand how these evolutionary forces affect
codon usage bias, an extensive study to detect how codon usage patterns change across species is required. This study investigated 668
single-copy orthologous genes independently in 29 Drosophila species to determine how the codon usage patterns change with phyloge-
netic distance. We found a strong correlation between phylogenetic distance and codon usage bias and observed striking differences in
codon preferences between the two subgenera Drosophila and Sophophora. As compared to the subgenus Sophophora, species of the
subgenus Drosophila showed reduced codon usage bias and a reduced preference specifically for codons ending with C, except for
codons with G in the second position. We found that codon usage patterns in all species were influenced by the nucleotides in the codon’s
2nd and 3rd positions rather than the biochemical properties of the amino acids encoded. We detected a concordance between preferred
codons and preferred dinucleotides (at positions 2 and 3 of codons). Furthermore, we observed an association between speciation, codon
preferences, and dinucleotide preferences. Our study provides the foundation to understand how selection acts on dinucleotides to influ-

ence codon usage bias.
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Introduction

Most amino acids are encoded by more than one codon due to
the degeneracy of the genetic code (Lamolle et al. 2019).
However, the synonymous codons for a particular amino acid
are not necessarily used with equal frequency. This phenome-
non, where specific codons are used more often than other syn-
onymous codons, is called codon usage bias (CUB) (Heger and
Ponting 2007). Currently, the widely accepted hypothesis pro-
poses that CUB manifests due to the combined effects of three
evolutionary forces: mutation, selection, and genetic drift
(Guan et al. 2018).

The biological implications of CUB are well established (Quax
et al. 2015), and the selective pressures acting on it are multifold.
The codon usage pattern is known to influence mRNA folding,
the translation elongation rate, and protein folding, thereby af-
fecting gene expression (Quax et al. 2015). In prokaryotes, codons
and codon pairs that resemble canonical Shine-Dalgarmo sequen-
ces are avoided to prevent excessive ribosome pausing during
translation (Shabalina et al. 2013). In another example, a synony-
mous change in the human IRGM gene alters the binding site for
miR-196, causing tissue-specific dysregulation and predisposition
to Crohn’s disease (Brest et al. 2011). Although there are numer-
ous examples of how selection may be acting on CUB, there are
very few reports analyzing how codon usage patterns vary across
species during evolution (LaBella et al. 2019; Lamolle et al. 2019).

Multiple reports mention that the codon usage patterns differ be-
tween different species (Sharp and Li 1986; Hershberg and Petrov
2008; Plotkin and Kudla 2011). However, a study analyzing CUB in
12 Drosophila species yielded contradicting results. Vicario et al.
(2007) studied nine species from the subgenus Sophophora and
three from the subgenus Drosophila, including one from the
Hawaiian Drosophila radiation. The authors evaluated CUB using
three methods; one specifically worth mentioning was the rela-
tive synonymous codon usage (RSCU) for the 10% highly biased
genes based on their effective number of codons (ENC).
Generally, the report found that the preferred set of codons was
constant across the genus Drosophila in 11 of the 12 species stud-
ied. The only species that showed a different CUB was D. willistoni.
Also, only serine showed a change in codon preference between
species. The authors did not find any striking differences in the
codon usage patterns, even between the two subgenera. Five
years later, another group (Behura and Severson 2012) studied
CUB in 22 insect genomes, 15 dipteran species (including the 12
Drosophila species reported previously), and seven hymenopteran
species. They found differences in codon preferences between
the two orders Diptera and Hymenoptera, as well as among the
12 Drosophila species. These contradicting reports warrant an ex-
tensive study in species within the genus Drosophila to test the hy-
pothesis of whether each species prefers a different set of codons
(Sharp and Li 1986).
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The post-genomic era, along with improved computational
methods, is an appropriate time to extend the study of CUB in the
genus Drosophila. The NCBI genome database currently contains
whole genomes, coding sequences, and translated coding
sequences for 29 Drosophila species, providing a better representa-
tion of the subgenera Sophophora and Drosophila across the phy-
logenetic tree. In this study, we performed a CUB analysis in
these 29 species to answer the following questions: (1) Is there a
difference in CUB within the genus Drosophila? (2) How well does
phylogenetic distance correlate with CUB? (3) What specific dif-
ferences in CUB can be seen among closely versus distantly re-
lated species? (4) Does CUB depend on the biochemical properties
of the amino acids encoded or the nucleotides at the dinucleo-
tideys position of the codon? and (5) Is there a connection be-
tween codon preference, dinucleotide,s preference, and
speciation?

Here, we show that the species of the genus Drosophila show
differences in CUB and that differences in CUB are strongly corre-
lated with phylogenetic distance. We propose that nucleotides at
the dinucleotide,s position of the codon may influence CUB and
establish, for the first time, an association between codon prefer-
ence, dinucleotide,; preference, and speciation in 29 Drosophila
species.

Materials and methods
Data acquisition and ortholog identification

The genomes, coding sequences, and translated coding sequen-
ces of 29 Drosophila species (Supplementary Table S1) were down-
loaded from the NCBI database (https://www.ncbinlm.nih.gov).
Whole-genome sequences and coding sequences were used to
identify the GC content for each species. The latest version of
OrthoFinder (Emms and Kelly 2019) that uses Diamond (Buchfink
et al. 2015) to identify sequence similarities was applied to trans-
lated coding sequences of the 29 species to identify orthologous
proteins. OrthoFinder identified 668 single-copy orthologous
(SCO) genes present in all 29 species, which were selected for fur-
ther analysis. The number of SCO genes is small compared to
~14,000 genes present in the Drosophila genome (Alberts et al.
2002). Also, SCO genes identified across multiple species have
been reported to be highly conserved, duplication-resistant, and
may be involved in essential metabolic processes (Han et al
2014). The authors note that analyzing 668 highly conserved SCO
genes may not necessarily reflect the entire genome of the
Drosophila species as potential biases may be introduced based on
the extent of conservation and the functional roles of these
genes. However, studying SCO genes prevents the confounding
effects of variations in gene length and expression levels that are
known to influence CUB (Novoa et al. 2019). The authors also ac-
knowledge that genes in the same genome showing differential
expression between tissues may have different codon usage pat-
terns (Payne and Alvarez-Ponce 2019) reaffirming the use of SCO
genes when comparing CUB among multiple species.

Phylogenetic tree

OrthoFinder generated a phylogenetic tree for the 29 Drosophila
species, based on gene trees inferred from 18,789 orthogroups,
using the Markov Cluster Algorithm (Enright et al. 2002). The
ape package (Paradis et al. 2004) was used to simulate the phy-
logenetic tree from the OrthoFinder results (Figure 1). This phy-
logenetic tree was used for Phylogenetic Generalized Least
Squares (PGLS) regression analysis and calculating the phylo-
genetic signal.
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Figure 1 Phylogenetic tree of 29 Drosophila species generated using the
results from Orthofinder and ape package in R.

tRNA abundance

To compare CUB with tRNA abundance, we estimated the num-
ber of tRNA genes in the genomes of each species using
ARAGORN (Laslett and Canback 2004). It was observed that all
species lacked certain tRNA genes (Supplementary Table S2), and
multiple alloacceptor tRNA genes made the correlation between
the tRNA gene abundance and CUB complicated (Sahyoun et al.
2015).

Codon usage analysis

Codon usage analysis was performed on the orthologous genes,
using two R packages: seqinR (Charif and Lobry 2007) and coRdon
(Elek et al. 2020). The seginR package was used to estimate the
overall GC content of the coding sequences, the SCO genes, and
GC content at the third codon position (GC3). The ENC (Wright
1990) was calculated for all coding sequences and separately for
668 SCO genes, using the coRdon package. The ENC is a non-
directional measure of CUB (Subramanian and Sarkar 2015), and
its values can range from 20 (high CUB) to 61 (no CUB).

The seqginR software was used to identify the RSCU values and
the codon counts. A codon with an RSCU value of >1.0 would in-
dicate a preference for that codon. The codon counts were used
to calculate the sENC-X value (Powell and Moriyama 1997) as a
measure of the contribution of each amino acid toward CUB. This
value provides the ENC for each amino acid, scaled from 0 to 1,
for all amino acids, irrespective of the extent of redundancy,
making the comparison between amino acids credible. A low
SENC-X value would indicate a high CUB and vice versa.

Dinucleotide representation analysis

Dinucleotide representation analysis at the 2nd and 3rd nucleo-
tide position of the codon (dinucleotide,s) was performed using
the dinuq package (Lytras and Hughes 2020) in Python 3 (Van
Rossum and Drake 2009). Because nucleotide changes at the 1st
and 2nd nucleotide positions of the codons alter the amino acids
encoded in most cases, they were not analyzed. The synonymous
dinucleotide usage (SDU) values were calculated to identify
whether certain dinucleotides were over-or underrepresented in
the orthologous genes. An SDU value of 1 would indicate no CUB,
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greater than 1 would indicate overrepresentation, and between O
and 1 would indicate underrepresentation.

The mean RSCU, mean sENC-X, and mean SDU values of the
668 SCO genes were plotted using ggplot2 (Wickham 2016). The
vhcub package (Anwar et al. 2019) was used to plot the ENC val-
ues versus the GC3 values of the SCO genes. Hierarchical cluster-
ing was performed using the Heatmaply package (Galili et al.
2018) on the mean RSCU values to generate a heatmap revealing
codon usage patterns across the 29 Drosophila species.

Statistical analyses

The Mann-Whitney test was used to evaluate whether the mean
ENC values and the mean RSCU values between the two subge-
nera Drosophila and Sophophora showed a statistically significant
difference. The R packages ape (Paradis et al. 2004) and nlme
(Pinheiro et al. 2021) were used for the PGLS regression analysis to
study the correlation between the GC content and ENC values of
the SCO genes. We calculated the Pagel’s & (Pagel 1999) to assess
the degree of phylogenetic signal in codon preferences and dinu-
cleotide,; preferences, using the package phytools version 0.7-70
(Revell 2012).

Data availability

All code used for data processing, generating figures, and statisti-
cal analyses is available through GitHub (https://github.com/pko
kate18/CUB/blob/main/data_processing). Relevant data required
to execute the code are available in the supplemental material.
Supplementary material is available at figshare: https://doi.org/
10.25387/g3.14331020.

Results
The GC content positively correlates with CUB

Because the GC content is known to influence CUB (Behura and
Severson 2012; Novoa et al. 2019), we calculated the GC contents
of whole genomes, coding sequences, and SCO genes in 29
Drosophila species. The whole-genome GC contents ranged from
32 to 45%, with D. grimshawi showing the lowest and D. persimilis
the highest GC contents (Table 1). The GC contents of the coding
sequences were generally higher than those of the whole-
genome sequences, ranging from 47 to 56%, which corroborated
a previous report (Lamolle et al. 2019). The coding sequences of D.
willistoni had the lowest GC content of 46.64%. We used PGLS to
examine the relationship between GC content and ENC while cor-
recting for phylogenetic signal. The PGLS regression analysis,
which accounts for phylogenetic nonindependence between spe-
cies, showed a negative correlation between the GC content and
the ENC values of coding sequences as well as the SCO genes
(Table 2), indicating that the GC content positively correlates
with CUB.

Codon usage analysis

The extent of CUB differs between subgenera

To quantify the CUB in all 29 species, we used ENC (Wright 1990)
values derived from coding sequences and 668 SCO genes
(Table 1). When the mean ENC values of coding sequences were
compared between the species of the subgenus Drosophila and the
subgenus Sophophora, the difference was not statistically signifi-
cant. However, the mean ENC values of the SCO genes were
higher in the species of the subgenus Drosophila, as compared to
those of the subgenus Sophophora, and this difference was statis-
tically significant (Mann-Whitney test, P < 0.01). These results
demonstrate that the subgenus Drosophila shows reduced CUB as

compared to the subgenus Sophophora. Furthermore, these
results establish the foundation of how the use of SCO genes may
improve the evaluation and comparison of CUB among species.

Selection may play a substantial role in CUB

To assess the extent of influence of mutation bias and natural se-
lection on CUB, we plotted the ENC values and the GC3 values of
the SCO genes from each species using the vhcub package
(Figure 2 and Supplementary Figure S1). The curve represents the
null hypothesis that the bias at the synonymous position (GC3) is
solely due to mutation. Genes plotted on or above the curve
would suggest that mutation is the primary force acting on CUB,
whereas genes with lower ENC values than the expected curve
would indicate that natural selection substantially influences
CUB (Ismail et al. 2019). As depicted in Figure 2 and
Supplementary Figure S1, most of the SCO genes were below the
curve, suggesting that selection may have a significant role in
CUB observed in these genes.

Codon usage patterns may have changed with speciation

To identify differences in codon preference among the 29
Drosophila species, we analyzed and plotted the mean RSCU val-
ues (Sharp and Li 1986) for the 668 SCO genes (Figure 3 and
Supplementary Figure S2). Table 3 presents the preferred codons
in the two subgenera: Drosophila and Sophophora. We found that
each subgenus preferred different codons for specific amino acids
or showed a statistically significant difference in their preference
for the same codons (Mann-Whitney test, P < 0.001, Table 3). Our
data confirmed the results of our ENC analysis that between the
two subgenera, species of the subgenus Drosophila generally
showed a reduced CUB.

Correspondence analysis of the mean RSCU values of SCO
genes provided further evidence of differences in codon prefer-
ence between the two subgenera (Supplementary Figure S3). The
first and second dimensions explained 75.9 and 16.9% of the vari-
ation between species, and the two subgenera showed noticeable
segregation.

Differences in the codon preferences were evident even at the
species group and subgroup levels (Figure 3, Supplementary
Figure S2, and Table 3). For example, within the subgenus
Sophophora, species from the obscura species group preferred
AGC for serine, whereas species of the melanogaster species
group preferred UCC slightly more than AGC. Species of the ob-
scura species group also showed reduced CUB compared to spe-
cies from the melanogaster species group for certain amino
acids: histidine, phenylalanine, isoleucine, and threonine.
Similarly, within the subgenus Drosophila, species from the virilis
species group showed a slight preference for the codon CAU
encoding the amino acid histidine. On the other hand, species
from the repleta species group could be further divided into D.
hydei from the hydei species subgroup that preferred CAU and
species from the mulleri species subgroup that preferred CAC. A
similar trend was seen for the amino acids phenylalanine and
isoleucine. The observed differences in the codon usage pattern
between subgenera, species groups, and species subgroups indi-
cate a correlation between CUB and speciation. To confirm a cor-
relation between CUB and speciation, we evaluated Pagel's A
(Pagel 1999) for mean RSCU values to assess the phylogenetic sig-
nal of codon preferences. The phylogenetic signal is a statistical
approach to evaluate whether closely related species are more
similar than species drawn randomly from the same tree
(Blomberg and Garland 2002). Pagels’s A is a measure of the phy-
logenetic signal with values ranging from 0 to 1, where A=0
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indicates no phylogenetic signal (the trait has evolved indepen-
dently of the phylogeny), whereas values close to 1 indicate a
strong phylogenetic signal (similarities in the trait are propor-
tional to the relatedness of the species (Molina-Venegas and
Rodriguez 2017; James et al. 2020). The Pagel’s  for all but four
codons (CCU, CUU, AGU, and AGA) was >0.95, with a P < 0.05
(Table 4), each coding for a sixfold degenerate amino acid, except
CCU, which codes for proline. A strong phylogenetic signal for
mean RSCU values of most codons indicates a strong correlation
between codon preferences and speciation.

The nucleotides at the dinucleotide,3 position may
influence CUB

The RSCU analysis was also useful to identify specific differences
in CUB among the 29 Drosophila species. As mentioned previously,
species of the subgenus Drosophila showed a reduced CUB. This
difference was clearly evident for certain amino acids (histidine,

Table 2 Correlation between GC content and ENC in coding
sequences (CDS) and SCO genes

Value SE t-value P-value
CDS Intercept 100.74 5.019 20.07 <0.0001
GC content —0.967 0.095 —10.15 <0.0001
SCO Intercept 119.08 5.38 22.109 <0.0001
GC content -1.32 0.1 —13.088 <0.0001

(a} ENC versus GC3: D.virilis

Ene

6ca

(C) ENC versus GC3: D.willistoni

60

EMc

GC3

tyrosine, phenylalanine, lysine, and isoleucine; Figure 3 and
Supplementary Figure S2). On the contrary, species of the subge-
nus Sophophora showed a reduced CUB for aspartic acid and gly-
cine (Figure 3B and Supplementary Figure S2C). In the case of
amino acids having twofold degenerate codons with AC or AU in
the dinucleotide,s position, except for aspartic acid, species of
the subgenus Drosophila either showed no preference (RSCU value
< 1.0) or reduced preference (lower RSCU values) (Figure 3, A, C,
and D and Table 3). When the two subgenera Drosophila and
Sophophora were compared, species of the subgenus Drosophila
showed reduced preference for codons ending with C, except for
three amino acids. The codons CGC for arginine, AGC for serine,
and GGC for glycine showed higher RSCU values in species from
the subgenus Drosophila (Figure 4). It is noteworthy that, although
species of the subgenus Drosophila usually show a reduced prefer-
ence for C-ending codons, they make an exception when the
codons have GC in their dinucleotide,s position. These findings
suggest that the nucleotides in the dinucleotide,s position may
have a substantial role to play in CUB.

Drosophila willistoni showed a distinct codon usage pattern. As
seen in Figure 3, for all the twofold degenerate amino acids with
codons ending with AU or AC in the dinucleotides,; position, D.
willistoni strongly preferred the AU-ending codons (Figure 3, A-D).
D. willistoni showed either no preference or reduced preference
for the other 5 twofold degenerate amino acids (cysteine, glycine,
lysine, phenylalanine, and glutamine). Three of these amino
acids have AG or AA in the dinucleotide,; position (Figure 3, G-I).

(b) ENC versus GC3: D.novamexicana

0.50
GC3

(d) ENC versus GC3: D.obscura

GC3

Figure 2 ENCGC3 plots of 668 SCO genes from 4 Drosophila species; (a) D. virilis, (b) D. novamexicana, (c) D. willistoni, and (d) D. obscura.
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Figure 3 Plots showing mean RSCU values of synonymous codons for 2-fold degenerate amino acids in SCO genes (y axis) from 29 Drosophila species (x

axis). The background shading indicates species from the same species sub-group. (a) Asparagine, (b) Aspartic acid, (c) Histidine, (d) Tyrosine, (e)
Cysteine, (f) Phenylalanine, (g) Glutamine, (h) Glutamic acid, and (i) Lysine.

Table 3 Comparison of codon preference between subgenera Drosophila and Sophophora in SCO genes

Amino acid Preferred codon *Exceptions P-value
(Mann-Whitney test)
Subgenus Drosophila Subgenus Sophophora
Virilis Repleta Willistoni Melanogaster and
species species species group obscura species
group group (only one species: groups
D. willistoni)
Asparagine AAU AAU AAU AAC
Asparticacid  GAU GAU GAU GAC* D. eugracilis prefers GAU
Cysteine UGC UGC UGC UGC 6.76E-05
Glutamine CAG CAG CAA* CAG D. willistoni shows very low  2.25E-06
CUB
Glutamic acid GAG GAG GAG* GAG D. willistoni shows very low  0.0001486
CUB
Histidine CAU CAC* CAU CAC D. hydei shows preference
for CAU
Lysine AAG AAG no preference AAG 2.25E-06
Phenylalanine No preference® uuc* Uuu uuc D. virilis shows slight pref-
erence for UUU; D. hydei
shows no preference
Tyrosine UAU no preference* UAU UAC D. hydei shows slight pref-
erence for UAU
Valine GUG GUG GUG GUG 0.002092
Alanine GCC GCC GCC GCC 2.25E-06
Glycine GGC GGC GGC GGC 9.01E-06
Proline CCC ccer No preference CCC D. hydei shows no prefer- 4.50E-06
ence
Threonine ACC/ACG ACC/ACG* ACA ACC D. hydei shows preference
for ACA
Arginine CGC CGC CGU CGC
Leucine CUG CUG uuG CUG
Serine AGC AGC AGC/AGU/UCC uccer obscura subgroup shows
preference for AGC
Isoleucine AUU AUC* AUU AUC D. hydei shows preference

for AUU
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Table 4 Pagel’s A estimate for the mean RSCU values of 59 codons

Codon Pagel’s 1 P-value Codon Pagel’s . P-value Codon Pagel’s 1 P-value
AGG 1.037037037 4.83E-19 uuc 1.014011999 2.99E-10 UGU 1.0094039 3.83E-06
ucc 1.037037037 5.70E-17 CAA 1.015947254 6.52E-10 UGC 1.0078439 4.65E-06
ACC 1.028807517 5.54E-16 CAG 1.01507155 7.92E-10 CUG 0.994765 6.70E-06
AUA 1.037037037 2.10E-15 CCA 1.011613927 1.11E-09 GUU 1.0073325 9.18E-06
ACA 1.017326513 1.17E-13 UCA 1.01040289 1.21E-09 GUC 1.037037 9.26E-06
CGG 1.03445007 1.18E-13 CcC 1.010885551 1.97E-09 CUA 0.9875778 1.58E-05
GCC 1.016616089 3.36E-13 UUA 1.020871003 7.67E-09 GGU 0.9976393 1.66E-05
GCA 1.018165385 3.42E-13 uuG 1.015222201 8.05E-09 GCU 1.0164908 2.02E-05
AUC 1.022260603 7.10E-13 cuc 1.036938511 9.38E-09 GUG 0.9998965 2.21E-05
UAU 1.015422856 1.88E-12 Uuuu 1.015015679 2.48E-10 CGA 1.0106425 6.90E-05
UAC 1.014524219 2.24E-12 AUU 0.997364498 1.28E-08 ACU 1.0155664 0.0002226
GGA 0.983707443 5.79E-12 GCG 1.028160385 2.89E-08 CCG 1.0187482 0.0005579
AAU 1.013265257 1.75E-11 GAU 0.982927412 8.09E-08 GUA 0.9818203 0.0013685
AAC 1.012300381 2.03E-11 AGC 1.006078819 8.69E-08 ucu 1.0009604 0.0028898
CAU 1.022170443 2.98E-11 GAC 0.981246733 9.20E-08 UCG 1.0208646 0.0132103
CAC 1.021410712 3.58E-11 GGC 0.95118194 1.47E-07 CCU 0.9970469 0.065568
CGU 1.01402525 8.94E-11 ACG 1.012412505 1.63E-06 AGA 0.2432681 0.1532303
AAA 1.017385707 1.07E-10 GAA 1.00069091 2.14E-06 CUU 0 0.9829608
GGG 1.029575014 1.20E-10 GAG 0.999345877 2.51E-06 AGU 0.0063535 1
AAG 1.016477846 1.31E-10 CGC 0.988323579 2.91E-06

Relative synonymous coden usage (RSCU) analysis

dE PEVENEENEEEEEEE B

Figure 4 Hierarchical cluster mapping depicting differences in codon preferences between two subgenera: Drosophila and Sophophora. Species of
subgenus Drosophila avoid C-ending codons except when the dinucleotide,s is GC.

The results from D. willistoni provide further evidence to support
our suggestion that nucleotides at the dinucleotide,; position
may have a considerable contribution toward CUB.

Amino acids with the same dinucleotide,s have similar
codon usage patterns

Comparing the two subgenera Drosophila and Sophophora, all
two- and fourfold degenerate amino acids (except aspartic acid
and glycine) showed high mean sENC-X values in species of the
subgenus Drosophila, indicating reduced CUB (Figure 5). This ob-
servation is in agreement with our results from the ENC and the
RSCU analysis, where certain amino acids showed a similar trend
of CUB in each species from both subgenera. The Pagel’s A (Pagel
1999) for mean SENC-X values for each amino acid showed a
strong phylogenetic signal (A>0.85, P < 0.0001, Table 5) for all

amino acids except 2 fourfold degenerate amino acids (glycine
and alanine) and all the sixfold degenerate amino acids (arginine,
serine, and leucine). The amino acids, where the mean sENC-X
values showed a strong phylogenetic signal, could be grouped
further based on the dinucleotides,; of the synonymous codons
encoding them. Figure SA depicts four amino acids that showed a
consistent change in mean sENC-X values for each amino acid
across the phylogenetic tree. For example, all four amino acids
showed increased CUB, as evident by reduced mean sENC-X val-
ues in three species: D. willistoni, D. ficusphila, and D. biarmipes.
The codons for these four amino acids had either AU or AC in
their dinucleotide,; position. The pattern was more conspicuous
in Figure 5B, where three amino acids with synonymous codons
ending with AA or AG showed a striking similarity in the codon
usage pattern in each species.
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Figure 5 Mean sENC-X values for 2-fold and 4-fold degenerate amino acids in SCO genes from 29 Drosophila species. The background shading indicates
species from the same species sub-group. a. Two-fold degenerate amino acids with ‘AU’/’AC’ dinucleotide23, b. Two-fold degenerate amino acids with
‘AA’/'AG’ dinucleotide23, c. Four-fold degenerate amino acids, and d. Proline and threonine.

Table 5 Pagel’s A estimate for the mean SENC-X values of 18
amino acids

Amino acid Pagel’s L P-value
Alanine 6.86E-05 1
Glycine 0.000139 0.999227
Leucine 0.123656 0.454539
Arginine 0.405609 0.164516
Serine 0.595586 0.589475
Tyrosine 0.8541 1.50E-08
Histidine 0.881316 5.29E-07
Asparagine 0.889795 0.001935
Phenylalanine 0.925138 1.14E-06
Cysteine 0.953992 1.91E-05
Valine 0.96357 0.028574
Isoleucine 0.970706 1.03E-11
Proline 0.979507 1.57E-09
Glutamic acid 0.980207 4.76E-06
Glutamine 0.982469 2.21E-08
Lysine 0.991687 3.11E-09
Aspartic acid 1.019727 3.25E-08
Threonine 1.023205 1.21E-06

Among the fourfold degenerate amino acids, the pattern was
not as evident when all the five amino acids were compared to
each other (Figure 5C). However, two amino acids, proline and
threonine, showed a very close association in their codon usage
pattern in all species (Figure 5D). Notably, these two amino acids
are biochemically dissimilar. The commonality between these
amino acids is that their respective synonymous codons have C
at the 2nd position, and the preferred codons for both the amino

acids end with CC. However, this is not a feature unique to pro-
line and threonine. Alanine also is a fourfold degenerate amino
acid with C in the 2nd codon position. It is evident from the mean
RSCU values (Supplementary Figure S2, B, D, and E) that proline
and threonine have similar codon usage patterns as compared to
alanine, and this may attribute to the unique similarities
reflected in the mean sENC-X values of proline and threonine
(Figure 5D). These findings strengthen our hypothesis that CUB is
noticeably influenced by the nucleotides at the dinucleotide,s; po-
sition.

Codon preferences correlate with dinucleotide,s preferences

As indicated by the RSCU and sENC-X analysis, the peculiar co-
don preferences suggest that the dinucleotide,s patterns may
play a significant role in CUB. To investigate this observation fur-
ther, we calculated the SDU values at the dinucleotide,; position
for the SCO genes in all 29 species. As shown in Figure 6, the di-
nucleotide preferences were in concordance with the codon pref-
erences. Species of the subgenus Sophophora showed an
overrepresentation (SDU > 1.0) for the CC dinucleotide,; and an
underrepresentation (SDU < 1.0) of the CA dinucleotideys.
Similarly, AC at the dinucleotide,; position was underrepre-
sented, whereas AU was overrepresented in species of the subge-
nus Drosophila. When the SDU values were compared between
the two subgenera, species of the subgenus Drosophila showed an
overrepresentation of GC dinucleotide,s. As deduced from the
RSCU analysis, species of the subgenus Drosophila show a reduced
preference for C-ending codons compared to those of the subge-
nus Sophophora, except in the case of GC dinucleotide,s. These
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Figure 6 Synonymous dinucleotide usage in SCO genes from 29 Drosophila species. The background shading indicates species from the same species
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codon, and d. A in the 2nd nucleotide position of the codon.

findings clearly illustrate how codon preferences correspond to
the dinucleotide,s preferences among species.

The irregularity in the codon usage pattern in D. willistoni was
reflected in the dinucleotide,s preference as well. The dinucleo-
tideys representation in D. willistoni was unlike either subgenus.
The AU dinucleotide,; was overrepresented, and AC was under-
represented. These results coincided with the mean RSCU values
of aspartic acid, asparagine, histidine, and tyrosine (Figure 3, A-
D). The AG and AA dinucleotides,s had SDU values of 1.0, indicat-
ing no codon usage preference for codons ending with these dinu-
cleotides. This observation agrees with the mean RSCU values of
glutamine, glutamic acid, and lysine (Figure 3, G-I). The results
from D. willistoni fortify our observed connection between dinu-
cleotide,; and codon preferences.

The mean SDU values for all 16 dinucleotides,; exhibited a
strong phylogenetic signal (Pagel's 1 >0.97, P < 0.001, Table 6),
establishing a strong correlation between dinucleotide,s prefer-
ences and speciation.

Discussion

In this study, we investigated CUB in the genus Drosophila by ana-
lyzing 668 SCO genes in 29 Drosophila species. We (1) show a dif-
ference in CUB within the genus Drosophila, (2) show a strong
correlation between phylogenetic distance and CUB, (3) identify
the specific differences in CUB among species, (4) describe an as-
sociation between codon preference and dinucleotide,; prefer-
ence, and (5) show a connection between codon preference,
dinucleotide,s preference, and speciation.

Table 6 Pagel's A estimate for the mean SDU values of 16

dinucleotides,s

Dinucleotide,; Pagel’s . P-value
GG 1.030876 4.05E-15
CcC 1.015944 5.69E-14
CA 1.00912 1.39E-11
AC 1.005113 1.34E-10
AU 1.005108 1.35E-10
GA 0.97812 1.26E-09
ucC 1.024857 2.09E-09
AG 1.007625 8.97E-09
AA 1.007593 9.04E-09
UA 1.009185 5.65E-08
GU 1.003112 2.81E-07
GC 0.975313 8.84E-07
uu 0.9934 2.76E-05
CG 1.014305 0.000129
uG 0.98143 0.000217
CU 1.007935 0.0006

Our data indicate that distantly related species show greater

differences in CUB, while closely related species have similar
CUB. The codon usage patterns showed the most substantial dif-
ferences between the two subgenera, but it was also evident, al-
though to a lesser degree, down to the species subgroup level.
Hence, the observed patterns across the phylogenetic tree estab-
lished from our chosen 29 Drosophila species support the previ-
ously held hypothesis that each species appears to prefer a
different set of codons (Sharp and Li 1986; Hershberg and Petrov
2008; Plotkin and Kudla 2011).
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We note that our findings are partially contradicting a previ-
ous study. Vicario et al. (2007) were unable to detect any substan-
tial differences in codon preference among 11 of the 12 species
(except D. willistoni) that they chose for their investigation. The
discrepancy between our and their data may be explained by the
different data set sizes and species composition. Our study uses
29 species with a better representation of species from both sub-
genera and species groups than the 12 species represented in the
Vicario et al. (2007) study. Another possible explanation for this
discrepancy could be that in the previous study, the authors used
10% most highly biased genes (determined by a low ENC) from
each species for the CUB evaluation. It is now well established
that genes from the same genome show variation in the codon
usage pattern and that gene length and expression levels impact
CUB (Behura and Severson 2012; Paul et al. 2018). On the other
hand, our study analyzes only 668 SCO genes present in all 29
species, irrespective of their ENC values. We conclude that select-
ing genes with low ENC (<35) as a criterion for CUB studies may
introduce a bias that could potentially affect the optimal evalua-
tion of CUB, especially across species.

The codon usage patterns between the two subgenera,
Drosophila and Sophophora, differ in the preferred codons and the
extent of codon preference, where species of the subgenus
Drosophila show a reduced preference for C-ending codons, except
for codons with GC in their dinucleotide,s position. Our study is
the first report describing this unusual trait that distinguishes
the two subgenera. Further tests are required to identify the se-
lective pressures acting at this evolutionary juncture.

D. willistoni was described as an “outlier” in the previous publi-
cation examining CUB in Drosophila (Vicario et al. 2007), and our
findings corroborate their results. Coding sequences of D. willi-
stoni had the lowest GC content, which fits with the mean RSCU
values of the preferred codons that are predominantly U-ending
rather than C-ending. The relatively high ENC value for the
orthologous genes also correlates well with the codon usage pat-
tern, as D. willistoni showed reduced CUB for all amino acids, ex-
cept for aspartic acid, asparagine, histidine, and tyrosine. The
codons preferred for these four amino acids were also precisely
opposite to the codons preferred by the other species of the sub-
genus Sophophora. Further studies to understand the codon us-
age patterns in D. willistoni and other closely related species will
be necessary to explain how speciation of the willistoni species
group has affected CUB.

Behura and Severson (2012) observed a potential association
between CUB and amino acid composition. They found that
codons with A in the 2nd codon position were more abundant than
codons with G, U, or C in the 2nd position in the insect genomes
they studied. We propose that the preference for codons with A in
the 2nd codon position may have a simpler explanation. Codons
with A in the 2nd codon position encode seven amino acids,
whereas codons with G, U, and C in the 2nd position code for four
amino acids each. Furthermore, Behura and Severson (2012) associ-
ated a preference for codons with A in the 2nd position with the hy-
drophilic nature of the amino acid encoded, suggesting that CUB
may be related to the biochemical properties of the amino acid. We
have studied 668 SCO genes that have a similar amino acid compo-
sition (Supplementary Figure S4 and Supplementary Table S3) and
still found changes in CUB that correlated with phylogenetic dis-
tance. Therefore, we propose that the amino acid composition may
not have a substantial role to play in CUB.

Rather than the role of encoded amino acids in CUB, we ob-
served that codon preferences are associated with the nucleotide
composition at the dinucleotides,s position of the codon. In

twofold degenerate amino acids, the three amino acids that have
codons with AG or AA as the dinucleotide,; showed almost iden-
tical mean RSCU values and comparable mean sENC-X values in
all the 29 species. These three amino acids (lysine, glutamine,
and glutamic acid) are polar, hydrophilic but differently charged.
Lysine is positively charged, glutamine is uncharged, and glutamic
acid is negatively charged. Similarly, the mean sENC-X values for
amino acids with AU or AC at the dinucleotide,; position of their
respective synonymous codons showed a convincing pattern for
the four amino acids (aspartic acid, asparagine, histidine, and thre-
onine), again with biochemically distinct properties. In the fourfold
degenerate amino acids, the association between the two amino
acids, proline, and threonine, was particularly robust. Their pre-
ferred codons had CC dinucleotide,s, followed by CG. These instan-
ces, in which biochemically distinct amino acids that share the
same dinucleotide,; show a similar codon usage pattern, suggest
that the nucleotides at the dinucleotide,; position may have a sig-
nificant contribution toward CUB. Further, the codon preferences
and dinucleotide,s preferences coincided with each other in all 29
Drosophila species, confirming this observation.

Although the effect of dinucleotide preference on CUB has
been reported in viruses (Castells et al. 2017; Gu et al. 2019), very
few reports describe this effect in prokaryotes and eukaryotes
(Paul et al. 2018; Roy and van Staden 2019; Wang et al. 2019). Roy
and van Staden (2019) studied five species of the fungal genus
Puccinia. While they found an overrepresentation of certain dinu-
cleotides, they have not described a correlation between the pre-
ferred codons and the preferred dinucleotides. Another group of
researchers studied three dicot species and found a correlation
between dinucleotide preferences and codon preferences (Paul
et al. 2018). However, they have not established a connection be-
tween codon preferences and speciation. We found a strong phy-
logenetic signal for codon preferences as well as dinucleotides,s;
preferences. Our research reports, for the first time, an associa-
tion between speciation, CUB, and dinucleotide preferences in a
large dataset of 29 Drosophila species.

In conclusion, CUB is strongly correlated with phylogenetic
distance. Our study in 29 Drosophila species demonstrates that
CUB may be influenced by dinucleotide,s preferences. Further
studies are necessary to identify the causes and the consequen-
ces of the selection acting at the dinucleotide,s positions that, in
turn, are related to codon preferences.

Limitations

Each Drosophila species genome contains approximately 14,000
genes. Our study is based on 668 SCO genes. We understand that
the number of genes studied is low and raises the possibility that
the entire genome may not necessarily show the pattern
reflected in these orthologs. However, CUB studies throughout
the genome in a holistic manner may have certain drawbacks.
The presence of pseudogenes, paralogues, and different codon
usage patterns between genes of the same genome can produce
confounding results in the CUB analysis. Furthermore, the length
and expression levels of genes are known to influence CUB. The
668 SCO genes used in our study essentially have the same length
and a similar amino acid composition. Thus, we are confident
that the study of single-copy orthologs is an appropriate method
to identify evolving codon usage patterns. Also, gene prediction
and gene annotation of eukaryotic genomes involve various tech-
nical challenges (Yandell and Ence 2012). Therefore, the
OrthoFinder (Emms and Kelly 2019) indirectly ensures better
curation of the genes. We recommend the use of SCO genes for
the comparison of CUB among species.
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