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A B S T R A C T

Codon usage bias is an important genomic phenomenon, where highly expressed genes use optimal codons for
smoother translation with high yield, facilitated by the cognate tRNAs. Here, we presented the tRNA co-adap-
tation index (co-AI) by correlating tRNA gene copy number and codon composition in Saccharomyces cerevisiae.
We observed that this co-AI is positively correlated with protein abundance and translation rate. Considering
nucleotide substitutions, co-AI influences synonymous substitutions more than gene expression and protein
abundance, the most important determinants of evolutionary rate. Co-AI correlates positively with mRNA sec-
ondary structure stability and mRNA half-life, which may lead to protein accumulation under high co-AI.
However, the highly expressed proteins encoded by high co-AI genes are assisted by molecular chaperones to
attain their proper functional conformation and prevent accumulation.

1. Introduction

The universal genetic code is redundant, where 61 codons bind to
their respective complementary (cognate) aminoacylated tRNAs and
code for the 20 standard amino-acids, a phenomenon also known as the
‘degeneracy of genetic code’. Leaving aside methionine and tryptophan,
the remaining 18 amino-acids are encoded by more than one codon.
These different codons coding for the same amino-acids are termed as
synonymous codons. Point mutations generating synonymous codons
are silent because both the wild type and the mutants produce identical
proteins. tRNAs ensure the correct interpretation of the genetic code to
produce the desired polypeptide and prevent premature translation
(Blanchet et al., 2018). However, due to the degeneracy of the genetic
code and the wobble base pairing, all the 61 anticodons may not be
required to form the desired polypeptide. In such cases, near-cognate
tRNAs are used. However, in a lesser extent, translational errors also
incorporate non-cognate aminoacylated tRNAs, affecting translational
fidelity (Blanchet et al., 2018). The copy numbers of tRNAs com-
plementary to each codon for each amino acid vary between species,
which are well documented in GtRNAdb database (Chan and Lowe,

2015). According to this database, there are 275 Saccharomyces cerevi-
siae tRNA genes decoding the standard 20 amino acids, with a max-
imum of 16 tRNA genes for tRNAGCC

Gly and tRNAGTC
Asp , and a minimum of

zero tRNA genes. For the latter group, there is no cognate tRNA and
near-cognate or non-cognate tRNAs should be preferred. This is proved
to be an important factor hindering the translational efficiency and
growth rate in bacteria (Du et al., 2017). Moreover, not all synonymous
codons show equal occurrences in mRNAs. Although the genetic code
remains conserved amongst organisms, codon usage preferences differ
between organisms (Grantham et al., 1980; Ikemura, 1985; Chen et al.,
2004). The variation in the codon usage pattern and the bias for any
codon has two general classes of explanation, namely the selectionist
and the neutralist perspectives. Support for the selection theory arises
from the observation of a strong correlation between levels of gene
expression and codon usage bias across large scale gene expression data
(Duret, 2000; Castillo-Davis and Hartl, 2002; Ghaemmaghami et al.,
2003; Goetz and Fuglsang, 2005). Codon usage bias also plays an es-
sential role in the accuracy of translation (Akashi, 1994; Stoletzki and
Eyre-Walker, 2006). Both the notions indicate that the highly expressed
genes, as well as evolutionarily conserved and functionally important
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genes need to be heavily biased. In such genes with high codon usage
bias the more frequently used codons are recognized by more abundant
tRNA molecules (Ikemura, 1985). This would in-turn result in a
heightened speed of translation elongation by reducing the tRNA
screening time during the translation process (Curran and Yarus, 1989;
Sørensen et al., 1989). Additionally, an abundant tRNA will rarely lead
to incorrect incorporation of an amino-acid during the rapid translation
process. The neutral theory, however, explains codon usage bias as a
consequence of the mutational differences as some codons are more
mutable and tend to have lower equilibrium frequencies. This theory
very well explains the codon usage bias differences amongst organisms
when compared for the GC content of the genes (Kanaya et al., 2001;
Knight et al., 2001; Chen et al., 2004). The fact of a strong relationship
between gene expression level and codon usage bias is contested by the
differences in the mutational biases in genes transcribed at different
levels (Francino and Ochman, 2001). Looking at the exon structure for
codons in Drosophila melanogaster and Caenorhabditis elegans most of the
optimal codons contain either cytosine or guanine at the third position
(GC3) (Duret and Mouchiroud, 1999; Duret, 2002), making the above
proposition not to be completely fit in the determination of the codon
usage pattern. However, while studying their intron structure, abun-
dance of cytosine and guanine isn’t seen, raising queries that these
stretches of genes should be affected by the same transcription coupled
mutational process at synonymous sites (Duret and Mouchiroud, 1999;
Duret, 2002). With both factors i.e. selection and mutation involved in
the phenomenon of codon usage bias, the current accepted model is
mutation-selection- drift balance model (Bulmer, 1991; Duret, 2002)
which propounds the incorporation of major and minor codons due to
mutational and selection pressure along with genetic drift.

To understand the molecular evolution, nucleotide substitution rate
measures like the dN (non-synonymous substitution per nonsynon-
ymous sites) and dS (synonymous substitution per synonymous sites)
have been found to be effective in calculating the rate of evolution.
These calculations are helpful in understanding the codon usage
changes over time in organisms. Studies with S. cerevisiae showed gene
expression as a dominant factor in determining the codon usage over
evolutionary time-span (Drummond et al., 2005a). Protein expression
can viewed from the perspectives of translational robustness and
translational accuracy represented by dN and dS, which entails that if
both are low then the accuracy with robustness is achieved, leading to
the proper folding of a protein (Wilke and Drummond, 2006). Hence,
the rate of change in dN will be highly constrained and incorporation of
the non-synonymous codons is prevented in functionally important
genes. Additionally, the abundance of desired aminoacylated tRNA
molecules along with lower dS reduces the chance of recognition by
near-cognate tRNA, resulting in a greater fidelity of translation.

In all of the previous studies the codon usage bias has been ac-
counted cumulatively to mRNA abundance, its stability, protein abun-
dance and its accuracy. It has also been shown that the existing codon
composition is optimized for each gene for their required expression in
S. cerevisiae, as the computationally generated mRNAs that are highly
biased failed to increase the expression level (Victor et al., 2019),
suggesting that only biased codon composition is insufficient to explain
the scenario. In the present study we have tried to understand the in-
fluence of tRNA gene copy number on the mRNA abundance, protein
abundance and translation rate. As the functionality of a protein de-
pends on its proper folding besides its appropriate abundance (dosage),
we tried to explore how the combined effect of codon usage bias and
tRNA copy number influence protein folding to cope up with the ele-
vated translation rate, using the co-adaptation index that represents the
correlation between the proportion of each of the 61 codons in a gene
and the tRNA gene copy number for that codon. From our study we
found that codon usage bias mainly influences the synonymous sub-
stitution to adapt with the cognate tRNA pool which increases tran-
scription efficiency by controlling the mRNA stability and local ribo-
some traffic and finally influences the protein abundance in highly

expressed genes.

2. Results and discussion

2.1. Co-adaptation of codon and cognate tRNA influence protein
abundance and mRNA stability

Generally, the codon-usage pattern is biased in almost all organisms,
which controls the translation speed (Zhao et al., 2017) and ensures
optimal expression level (Victor et al., 2019). The highly expressed
genes show a more biased preference towards optimal codons to
achieve their elevated expression level required for the cells (Du et al.,
2017). However, analyzing Saccharomyces cerevisiae genes revealed that
the codon composition of genes are optimized for the desired expres-
sion and using biased codons failed to elevate the latter (Victor et al.,
2019), as to achieve this elevated translation speed, they must ensure
ample amount of aminoacylated tRNAs and ribosomes to be present
within the cell. However, GtRNAdb suggests that the tRNA genes for all
61 codons are not present in Saccharomyces cerevisiae genome (Chan
and Lowe, 2015), while many of the tRNAs containing same anticodon
have multiple gene copies or duplicates. The usage of codons com-
plementary to such high copy number tRNA anticodons may increase
translational efficiency. Thus, genes required to express at a higher
level may show a preference towards such codons. In this study, we
explored how tRNA gene pool is correlated with codon pool in Sac-
charomyces cerevisiae, and explored its underlying evolutionary sig-
nificance. We correlated each tRNA copy number in S. cerevisiae for 61
amino acids with the frequency of each of the 61 codons to obtain the
tRNA co-adaptation Index (co-AI) for each gene. We observed that the
co-adaptation index of genes is positively correlated with mRNA
abundance (Spearman ρ = 0.262, P = 3.89 × 10−81, N = 5135) and
protein abundance (Spearman ρ = 0.306, P = 1.59 × 10−111,
N = 5135). The result indicates that the highly expressed genes use
cognate tRNA adapted codons in higher frequency and the protein
abundance depends on the copy number of cognate tRNAs. As mRNA
abundance is also correlated to protein abundance, we also did a partial
correlation between co-AI and protein abundance controlling for mRNA
abundance and observed a significant positive correlation (ρ = 0.107,
P = 1.56 × 10−14, N = 5135), indicating tRNA co-adaptation influ-
ences protein abundance independent of mRNA abundance. We further
divided the data of co-AI into five classes with high (Category A) to low
(Category E) co-AI (see Materials and methods) and observed that the
protein abundance decreases gradually from category A to E
(P = 3.66 × 10−116, N = 5135, Kruskal-Wallis test) (Table 1). It
suggests that co-AI strongly affects the translational efficiency because
tRNA co-adaptation helps in optimizing the translation rate for highly
expressed genes, as they require lower search time for the tRNA during
translation (Ikemura, 1985; Duret, 2000). To strengthen this claim
further, we divided all S. cerevisiae genes into two groups (Low ENC and
High ENC) based on their effective number of codons (ENC), where a
low ENC value represents high codon usage bias (see Materials and
methods). We found that within the same ENC group, the protein
abundances decrease from co-AI category A to E
(PLow_ENC = 4.66 × 10−9, NLow_ENC = 409; PHigh_ENC = 5.93 × 10−47,
NHigh_ENC = 4726, Kruskal-Wallis test) (Fig. 1). This proves that al-
though genes with high codon usage bias are highly expressed, codon
usage bias alone is not sufficient to increase the protein abundance;
rather the tRNA copy number coalesces with it to elevate the protein
abundance.

An mRNA molecule which is highly stable houses a greater number
of ribosomes during the translation process and results in a higher ef-
ficiency under the presence of abundant cognate-tRNA molecules (Mao
et al., 2014). We also observed a negative correlation between co-AI
and mRNA folding free energy (Spearman ρ = − 0.242,
P = 2.39 × 10−69, N = 5135), indicating mRNA secondary structure
stability increases with co-AI, as lower mRNA folding free energy
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indicates higher stability in mRNA secondary structure. When we
compared the mRNA folding free energy in the five categories, we
observed that it becomes less negative from category A to E
(P = 1.50 × 10−90, N = 5135), indicating mRNAs of high co-AI genes
are structurally more stable than the low co-AI groups (Table 1).

2.2. Co-adaptation of codon and cognate tRNA influence synonymous
substitution

In general, the codon usage pattern has seen to be determined by an
equilibrium among mutation, genetic drift, and natural selection
(Akashi and Eyre-Walker, 1998; Akashi, 2001). In a number of cases,
natural selection influences the codon usage bias and gene expression
(mRNA abundance and protein abundance) (Duret, 2002). This is pre-
valent in the unicellular organisms where gene expression level plays a
major role in codon usage determination (Drummond et al., 2006). The
highly expressed genes tend to show a lower evolutionary change
(Drummond et al., 2005b). In this study, we observed that along with
gene expression and protein abundance, co-adaptation index (co-AI)
also shows a negative correlation with protein evolutionary rates (dN/
dS) (Spearman ρ = −0.136, P < 1.0 × 10−6, N = 4176). When
considering the different categories, we observed that average dN, dS
and dN/dS increases from Category A to E (PdN = 2.56 × 10−60,

PdS = 1.69 × 10−39, PdN/dS = 8.87 × 10−16, N = 4091, Kruskal-
Wallis test) (Fig. 2, Table 1), suggesting that co-AI may also control
nucleotide substitution rates and the genes adapted to the tRNA tend to
evolve slower. However, this co-adaptation should have more impact
on synonymous substitutions. Moreover, it is a well established fact that
the protein evolution is mainly guided by gene expression (Drummond
et al., 2006). Therefore, in category A of our dataset, the reduced
evolutionary rate may result from their higher expression than other
groups. Also, when synonymous and nonsynonymous substitutions are
considered separately, codon usage bias reduces the rate of nucleotide
substitution at synonymous site (Sharp and Li, 1987). To compare the
effect of co-AI and gene expression on nucleotide substitution, we
performed a principal component regression analysis in all the com-
ponents dN, dS and dN/dS taking tRNA correlation (co-AI), gene ex-
pression and protein abundance as variables. We found that the varia-
tion in dN and dN/dS is mainly influenced by gene expression and
protein abundance, but the variation in dS is strongly influenced by
tRNA correlation (Fig. 3). This observation is also consistent in all sub-
groups.

Table 1
Comparison of genomic, transcriptomic and proteomic features of genes in different co-adaptation index categories.

Correlation Group Number of genes Protein abundance mRNA Folding free
energy

dN dS dN/dS Half life Proteins/sec %chaperone-assisted
proteins

Category A
(co-AI > 0.6)

179 1580.123 −6.557 0.051 0.795 0.080 36.136 1.765 84.127

Category B
(0.60 ≥ co-AI > 0.5)

610 524.157 −6.216 0.071 1.047 0.076 26.245 0.825 78.802

Category C
(0.5 ≥ co-AI > 0.4)

1427 146.918 −5.703 0.095 1.256 0.083 16.890 0.239 67.946

Category D
(0.4 ≥ co-AI > 0.3)

1745 60.797 −5.552 0.108 1.312 0.090 13.241 0.142 62.599

Category E
(co-AI ≤ 0.3)

1174 45.471 −5.519 0.115 1.264 0.099 11.543 0.169 59.149

Fig. 1. Boxplot representing the log protein abundance values of each co-AI categories within high- and low ENC (effective number of codons) group of
Saccharomyces cerevisiaegenes.
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2.3. Folding of proteins is essential in addition to their appropriate
abundance

We observed positive correlation between co-adaptation index (co-
AI) and translation rate (protein/sec) (Spearman ρ = 0.158,
P = 3.31 × 10−28, N = 4968). The evidence became more significant
when we compared the category A with the category E of co-adapted
genes [Average transcription rateCategoryA = 1.765 proteins/sec,
NCategoryA = 167, Average transcription rateCategoryE = 0.169 proteins/
sec, NCategoryE = 1100, Mann-Whitney U Test, P = 5.74 × 10−28]. The
translation rate is more than ten times higher in highly co-adapted
genes of category A. This is also consistent with a previous study which
suggested that the rate of translation elongation is higher for genes
utilizing optimal or preferred codons (Yu et al., 2015). Our results
clearly suggest that the tRNA pool is oriented in a way to facilitate
maximum expression of the genes for which the cellular demand is
high. Similarly, an appropriate abundance of protein is essential to keep

the cells functioning properly (Torrent et al., 2018). However, proteins
must be folded to their functional conformation to perform their cel-
lular functions. A misfolded protein is either non-functional, that in-
creases the energy cost of the cells to refold it or is toxic to the cells
which can lead to its malfunctioning (Chen et al., 2011). Genes with
high co-AI exhibit very high level of mRNA abundance and protein
abundance. The genes in the category A also have a longer mRNA half-
life which gradually decreases in rest of the categories
(P = 1.05 × 10−114, Kruskal-Wallis test) (Table 1). Now, with the
appropriate mRNA abundance and longer mRNA half life leads to in-
creased protein abundance, but if the proteins remains unfolded or gets
misfolded then the system needs to do away with it. Therefore, with
faster translation rate, faster folding should be a necessary requirement
for highly expressed genes. However, protein folding may be intrinsic
(depending on the proteins’ sequence) or chaperone-assisted, de-
pending on the folding ability inherently associated with the protein
molecules due to their amino-acid composition (Raineri et al., 2010).

Fig. 2. The nucleotide substitution rates of Saccharomyces cerevisiae genes within different co-AI categories, using Saccharomyces bayanus 1:1 orthologs.

Fig. 3. Principal component regression analysis to analyze the effect of three principal components (co-adaptation index, mRNA abundance and protein abundance)
on nonsynonymous (dN), synonymous (dS) nucleotide substitutions and evolutionary rate (dN/dS).
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The proportion of chaperone-assisted proteins was found to be higher in
category A, which gradually decreases in other categories with de-
creasing co-AI (Table 1). This suggests that the chaperones play an
important role to meet the increased requirement of faster folding in
genes with high co-AI, which are translationally more efficient. To-
gether, these results suggest that co-AI is an important factor control-
ling mRNA structural stability, and genes with high co-AI are highly
expressed as they have higher cognate tRNA abundance. These genes
are well adapted to the existing tRNA pool, and must be evolutionarily
more conserved, to make full use of it. The protein sequence of the high
co-AI groups revealed that they have longer mRNA half-lives
(P = 1.05 × 10−114, Kruskal-Wallis test), besides a high translation
rate that may make them more vulnerable to aggregation. Therefore
they are more often assisted by chaperones than the low co-AI groups,
to ensure rapid folding and to prevent protein accumulation.

3. Conclusion

In this study, we explored the influence of tRNAs and codon com-
position on the protein abundance, using Saccharomyces cerevisiae as a
model organism. We observed that the correlation of tRNA copy
number and codon usage patterns for individual genes (co-AI) have a
wide range of distribution, where the group of genes having high co-AI
values shows a higher expression. We speculate that this is due to the
availability of ample amount of desired tRNAs during translation for
genes with high co-AI. For the genes that show a lower co-AI also
produce mRNAs with lower folding stability that can finally affect the
protein abundance. When we examined the nucleotide substitution
patterns of genes, we observed low synonymous (dS) and nonsynon-
ymous (dN) nucleotide substitutions for genes with high co-AI. A
principal component regression analysis suggests that although the
gene expression is the major controlling factor of dN, the dS is influ-
enced more by co-AI values. From this study it can be said that the
combined influence of codon composition of a gene and the copy
number of different tRNAs facilitates faster recognition of codons by the
tRNA molecules, resulting in more efficient translation elongation due
to less ribosomal delay leading to elevated protein abundance. Such
high protein abundance may lead to misfolding or protein accumula-
tion, which can be prevented by the higher chaperone interaction of
proteins encoded by genes with high co-AI.

4. Materials and methods

4.1. Data collection

We downloaded the Saccharomyces cerevisiae ORFs from SGD
(https://www.yeastgenome.org/) (Cherry et al., 2012). All erroneous
sequences were removed by CodonW. The mRNA molecules per cell
were collected from genome-wide expression analysis data by Holstege
et al. (Holstege et al., 1998) and the protein abundance data were
collected from Arava et al. (Arava et al., 2003). Proteins with no ex-
pression level information or zero expression level were omitted from
study. We considered only the longest transcript as a representative of
that particular gene when more than one transcript is available for each
gene. Finally, we obtained the data for 5135 S. cerevisiae genes with
protein abundance data, which we used for our analyses. We down-
loaded S. cerevisiae protein-protein interactions from BioGRID database
(version 3.4.152) (Chatr-Aryamontri et al., 2017). The chaperone pro-
teins were obtained from Gong et al. (Gong et al., 2009). Proteins in-
teracting with at least one chaperone protein were considered as cha-
perone-client and those without any known interaction with any of the
chaperone proteins were considered as non-client proteins of cha-
perone.

4.2. Calculation of co-adaptation index (co-AI) and effective number of
codons (ENC)

The copy numbers of Saccharomyces cerevisiae tRNA molecules
containing anticodons for each of the 61 codons were obtained from
GtRNAdb 2.0 release 17 (Chan and Lowe, 2015). The frequency of each
of the 61 codons for each S. cerevisiae gene were computed using EM-
BOSS (Rice et al., 2000). For finding out the co-AI we calculated the
Pearson correlation coefficient between the frequencies of the 61 co-
dons for each individual gene with the tRNA gene copy number for that
codon in S. cerevisiae. Then we divided the S. cerevisiae genes into five
categories in the decreasing order of this correlation: Category A (co-
AI > 0.6), Category B (0.60 ≥ co-AI > 0.5), Category C (0.5 ≥ co-
AI > 0.4), Category D (0.4 ≥ co-AI > 0.3) and Category E (co-
AI ≤ 0.3) with decreasing order of co-AI. The effective number of co-
dons (ENC, ranges 20 ≤ ENC ≤ 61) were calculated using CodonW
(Peden, 1999), where a lower ENC corresponds to higher codon usage
bias. We divided our data in two groups based on ENC values: Low ENC
(20 ≤ ENC ≤ 40) and High ENC (40 < ENC ≤ 61).

4.3. Calculation of evolutionary rate

For the calculation of evolutionary rate, we identified 1:1 ortholo-
gous protein pairs of Saccharomyces cerevisiae and S. bayanus using re-
ciprocal protein BLAST. We allowed similarity ≥ 80%, overlap ≥ 80%,
e-value < 10−5 and gap < 5% as the cut off and identified 4503
orthologous pairs.We calculated the synonymous substitution rate (dS),
non-synonymous substitution rate (dN) and dN/dS by Yang-Nielsen
method using PAML package (Yang, 2007) and in-house PERL script.
We controlled the mutation saturation by discarding all dS values ≥ 3
(Acharya and Ghosh, 2016).

4.4. Folding free energy and mRNA half life

The folding free energy for NATIVE and all the sequences were
calculated using the RNAfold attribute from Vienna software package2
(Lorenz et al., 2011). A window of 40 nucleotides and a step size of 1
nucleotide is used to calculate the folding free energy following Park
et al. (Park et al., 2013). The predicted local folding free energies were
averaged to obtain the folding free energy for the entire mRNA se-
quence.

4.5. Statistical analyses

The statistical calculations were carried out using IBM SPSS 22. All
the correlations reported in this study are Spearman correlation, unless
otherwise stated. In all statistical analyses, we used 95% level of con-
fidence as a measure of significance.
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