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Abstract
Codon usage bias (CUB) is the non-uniform usage of synonymous codons in which some codons are more preferred to others in
the transcript. Analysis of codon usage bias has applications in understanding the basics of molecular biology, genetics, gene
expression, and molecular evolution. To understand the patterns of codon usage in genes involved in the central nervous system
(CNS), we used bioinformatic approaches to analyze the protein-coding sequences of genes involved in the CNS. The improved
effective number of codons (ENC) suggested that the overall codon usage bias was low. The relative synonymous codon usage
(RSCU) revealed that the most frequently occurring codons had a G or C at the third codon position. The codons namely TCC,
AGC, CTG, CAG, CGC, ATC, ACC, GTG, GCC, GGC, and CGG (average RSCU > 1.6) were over-represented. Both mutation
pressure and natural selection might affect the codon usage pattern as evident from correspondence and parity plot analyses. The
overall GC content (59.93) was higher than AT content, i.e., genes were GC-rich. The correlation of GC12 with GC3 suggested
that mutation pressure might affect the codon usage pattern.
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Background

Neurodegenerative diseases (ND) occur when a nerve cell in
the central nervous system or peripheral nervous system loses
its function over time and ultimately the cell dies. ND affect
millions of people over the globe, among which Alzheimer’s
disease and Parkinson’s disease are more prevalent. Reports
have suggested that over five million Americans suffer from
Alzheimer’s disease, and at least 500,000 Americans suffer
from Parkinson’s disease. The risk of ND increases gradually
and its incidence is dramatical ly related to age.
Neurodegeneration is the process of neuropathological condi-
tions and brain aging. It is well known that brain pathology

and neurodegenerative diseases are the most important causes
of death all over the world. The neurodegenerative disorders
such as Parkinson disease (PD), Alzheimer’s disease (AD),
dementia, cerebrovascular impairment, and seizure disorders
have been accounted for the major health problem in the
twenty-first century. Neurodegenerative disorders are caused
by the defects in some of the genes. AD is a progressive
neurodegenerative disorder that accounts for a vast majority
of age-related dementia and is known to be one of the most
serious health problems in the modern world. AD is charac-
terized by cognitive demur and the accumulation of Aβ de-
posits and neurofibrillary tangles in the brain. Genetically, the
mutations in three genes (i.e., APP, PSEN1, and PSEN2) have
been shown to cause AD [1]. Fronto temporal dementia (FTD)
with parkinsonism brings about a mutation in the microtubule-
associated protein tau [2]. PD is the second most common
neurodegenerative disease of adult onset, characterized by a
severe loss of dopaminergic neurons in the substantia nigra
region of the brain and cytoplasmic inclusions. The mutation
in α-synuclein leads to Parkinson disease (PD). The nigra
region and cytoplasmic inclusions consist of insoluble protein
aggregates in the form of Lewy bodies, causing difficulty in
the progressive movement, namely the classic triad of tremor,
bradykinesia, and rigidity. The PD occurs at an average age of
50 to 60 years [3–5]. The mutations of five genes have now
been shown to cause parkinsonism in early onset such as α-
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synuclein (SNCA or PARK1) [6]; parkin (PRKN or PARK2)
[7]; DJ-1 (DJ1 or PARK7) [8]; PTEN-induced putative kinase
I (PINK1 or PARK6) [9]; and leucine-rich repeat kinase 2 or
dardarin (LRRK2 or PARK8) [10]. The Lewy body dementia
(LBD) is the second most common type of dementia in the
aged people, perhaps accounts for 15% of all dementia [11]
which is characterized by progressive cognitive impairment,
including fluctuating course, visual hallucinations, and par-
kinsonism. On the other hand, Lewy bodies are also frequent-
ly found in classic AD patients with mutations in APP,
PSEN1, and PSEN2 [12]. Huntington disease (HD) is due to
degeneration of neurons in the basal ganglia and then in cor-
tical regions which are characterized by involuntary move-
ments (chorea), psychiatric symptoms, and dementia.
Approximately 90% of HD cases are hereditary and transmit-
ted in an autosomal dominant fashion. The HD gene was the
first autosomal disease located in the chromosome 4q16. The
HD is due to a defect in a single gene, i.e., huntingtin, although
such defects only account for 50% of the cases [13].

Amino acids are the building blocks of proteins. Each ami-
no acid is encoded by a codon, a sequence of three nitroge-
nous bases. Except for methionine and tryptophan, all the
amino acids are encoded by more than two codons, which
are known as synonymous codons. The phenomenon of syn-
onymous codon usage is not uniform, i.e., some codons are
more preferred to others. It is known as codon usage bias
(CUB) and found to be species specific [14, 15]. CUB is
determined by either compositional constraints under muta-
tion pressure or natural selection, and it is a unique character-
istic of organisms from prokaryotes to eukaryotes [16]. An
earlier study suggested that the CUB in mammals has been
caused by the difference in isochores or variation in tRNA
pool of the cell [17, 18]. Various factors have been attributed
to cause the synonymous codon usage bias such as protein
secondary structure, expression level of the gene, gene func-
tion, and translational selection [19, 20]. The codon usage bias
is positively correlated with gene expression level, but is in-
versely associated with the rate of synonymous substitution in
human [21]. The diverse factors which affect the evolution of
CUB have been extensively studied in various organisms [22,
23]. Earlier reports suggested that highly expressed genes
have stronger CUB which may possibly be due to the selec-
tion pressure influencing on those genes (Ikemura 1985).
However, the degree of selection varies which depends on
the amino acids that exhibit stronger bias. Mutation pressure
is the major factor contributing to codon usage variation in
various prokaryotes [19] and in many mammals [24].
However, translational selection plays the important role in
codon usage bias in Drosophila [25] and in some plants [26].

Analysis of CUB acquires importance in the heterologous
gene expression, prediction of the expression level of genes,
design of degenerate primers as well as in the prediction of
gene functions. The studies of CUB have focused on model

organisms namely Drosophila, Caenorhabditis, Arabidopsis,
Giardia lamblia, Entamoeba histolytic, and Saccharomyces
cerevisiae [17]. However, no work was reported on nucleotide
composition and codon usage bias of genes associated with
the central nervous system (CNS). This study sheds insight
into the factors which influence the codon usage bias. This
study also elucidates the over-represented and under-
represented codons which help increase or decrease the gene
expression level.

Methodology

Sequence Retrieval

The coding sequences (cds) of the genes (in FASTA format)
associated with the central nervous system were retrieved
from the National Center for Biotechnology Information
(NCBI) GenBank database (http://www.ncbi.nlm nih.gov).
In these analyses, we used only the coding sequences of 52
genes that are devoid of any unknown base (S1). To minimize
sampling errors and improve the quality of sequences, coding
sequences without correct initiation and termination codons or
with internal termination codons were avoided.

Compositional Properties

The compositional properties such as the overall frequency of
occurrence of the nucleotides (A, C, T, and G %) and the
frequency of each nucleotide at the third site of the synony-
mous codons (A3, C3, T3, and G3%) were calculated for the
genes associated with CNS. The start and stop codons along
with the codons for met and trp were excluded from the
analysis.

Relative Synonymous Codon Usage

RSCU of a codon is the ratio of the observed frequency of a
synonymous codon to the sum of all the synonymous codons
encoding the same amino acid multiplied by degeneracy level
[27]. The synonymous codons with RSCU values > 1.6 and <
0.6 were referred as over-represented and under-represented
codons, respectively [28].

GC3 Analysis

It is a useful index for evaluating the degree of base compo-
sition bias, which indicates the frequency of either a guanine
or cytosine at the third codon position of synonymous codons
for an amino acid.
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Improved Effective Number of Codons and Effective
Number of Codon Prime (ENC′)

The effective number of codon (ENC) is used to quantify the
codon usage bias of the cds of interest, independent of the
gene length and the number of amino acids [29]. The ENC
values range from 20 for a cds showing high codon usage bias
to 61 for cds showing no bias. When the ENC value of a cds is
less than or equal to 35, the cds is said to have a significant
codon usage bias [30]. It is a non-directional measure of codon
usage bias, i.e., higher ENC value means lower codon usage
bias and vice versa. The ENC of a cds was calculated using the
following formula:

ENC ¼ 2þ 9

F2
þ 1

F3
þ 5

F4
þ 3

F6

where Fk (k = 2, 3, 4, 6) is the mean of Fk values for the k-fold
degenerate amino acids.

The mathematical formula used in calculating the ENC
gives inappropriate weightage to the amino acids of low abun-
dance and the magnitude of error also varies according to
degeneracy level of codons. So, two parameters viz. improved
ENC and ENC prime were developed by Satapathy et al.
2017, which measure the codon usage bias of a cds more
accurately [31]. In this study, improved ENC and ENC prime
were estimated using online tool (http://agnigarh.tezu.ernet.in/
~ssankar/cub.php).

Competition Adaptation Index

Competition adaptation index (CompAI) is a measure of
translational speed of a coding sequence. It is based on the
tRNA gene copy number (tGCN) of a species. CompAI value
varies from 0 (lowest translation rate) to 1 (highest translation
rate). It takes into account the cognate as well as the near-
cognate anticodons of the corresponding codons [32]. When
compAI equals zero, it indicates the highest competition in
translation and hence reveals the lowest translation rate of
the coding sequence. But when the compAI value is 1, it
means the lowest competition for translation of the coding
sequence and therefore the coding sequence is translated at
the highest rate. Therefore, compAI is used as a measure of
translation rate of the coding sequences.

Correspondence Analysis

Correspondence analysis (COA) is a multivariate statistical
method that has been used in our analysis to explore the major
trends in codon usage patterns of coding sequences of genes
associated with CNS using RSCU values of codons. The cod-
ing sequences of the genes were represented as a 59-
dimensional vector, and each dimension corresponded to the

RSCU value of each of 59 codons used to minimize the effect
of amino acid composition on codon usage [33, 34].

PR2-Bias Plot Analysis

The Parity Rule 2 (PR2) bias plot was drawn using the value
of AT-bias [A/(A + T)] as the ordinate and GC-bias [G/(G +
C)] as the abscissa [35]. The center of the plot, i.e., 0.5, is the
place where A = T and G = C (PR2), indicating no bias be-
tween the two complementary strands of DNA resulting from
mutation and selection rates (substitution rates) [36].

Statistical Analysis

Correlation analysis was performed to detect and quantify the
relationship between overall nucleotide composition and its
composition at the third codon position. All statistical analyses
were carried out using the statistical software SPSS 16.0 for
windows. Nucleotide compositional features were estimated
by using an in-house perl script.

Results

Codon Usage Bias of Genes Associated with Central
Nervous System

The improved ENC of genes associated with human central
nervous system ranged from 31.34 to 52.01, with a mean of
40.53. But the ENC prime ranged from 43.43 to 55.4 with a
mean value of 50.07. These results suggested low codon us-
age bias of these genes [31, 37].

Relative Synonymous Codon Usage

To understand the pattern of non-uniform usage of synony-
mous codons in these genes, relative synonymous codon us-
age (RSCU) of individual codons was calculated.
Additionally, the RSCU values of 59 sense codons also sup-
port the conclusion that the genes associated with central ner-
vous system showed weak codon bias. Nearly half of the
codons (24/59) were frequently used as shown in Fig. 1.
More frequent codons ended with G or C. Among these, the
codons TCC, AGC, CTG, CAG, CGC, ATC, ACC, GTG,
GCC, GGC, and CGG showed (average RSCU> 1.6) strong
usage bias (over-represented) (Fig. 1) while 20 codons were
under-represented (average RSCU < 0.6). It was also evident
from the Fig. 1 that the trend of codon usage differed among
genes which strongly support our hypothesis that the pattern
of synonymous codon usage was different among the genes
associated with CNS [28, 38].
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Correspondence Analysis

Correspondence analysis was performed on the RSCU values
of codons in the coding sequences of genes involved in CNS.
All the genes showed scattered distribution which indicated
that codon usage pattern was different in CNS genes. The axis
1 of the COA contributed 36.47% and axis 2 contributed
9.24% of the total variation, respectively (Fig. 2). Axis 1 rep-
resented the major factor that affected codon usage bias and
the distribution density of G/C ended codons was closer to
axis 1 than that of codons ending with A/T. These results
suggested that nucleotide composition of G/C ended codons
influenced the codon usage bias more than A/T ended codons
[39]. Further, some of the genes were in a discrete distribution,
suggesting that other factors such as natural selection might
have affected the codon usage bias of the genes [40].

Parity Plot

If only mutation pressure influences the codon usage bias of a
gene, GC and AT should be used equally in 4-fold degenerate
codon families while natural selection would not necessarily
cause the equal use of GC and AT [35]. We, therefore, ana-
lyzed the associations between the purine (A and G) and the
pyrimidine (C and T) content using A3/A3 + T3 as ordinate
and G3/G3 + C3 as abscissa in the 4-fold degenerate codon
families. We found that A and T (G and C) were not used

proportionally in these degenerate codons (Fig. 3), which re-
vealed that both mutation pressure and natural selection might
influence the codon usage bias [41, 42].

Nucleotide Composition of Genes Involved in CNS

We analyzed the nucleotide composition of coding se-
quences of genes associated with CNS to understand the
compositional properties which greatly influenced the co-
don usage bias [25]. We found the nucleobase C (31.16%)
and G (29.38%) occurred more frequently than nucleobase
A (21.71%) and T (17.73%). The same trend was found for
nucleotide composition at the 3rd codon position. The
nucleobase C occurred most frequently at the third codon
position (38.63%) and A occurred the least frequently
(12.05%). The overall nucleotide composition and the
composition at the third codon position in the coding se-
quences of genes associated with CNS suggested that com-
positional constraint might influence the codon usage pat-
tern of these genes. The average GC content of the genes
was 59.93%, i.e., genes were GC-rich, which was different
from GC content at the first (61.85%), second (44.22%),
and third (73.73%) position of codons. The GC content at
the third position was higher than GC content at the first
and second codon position and the greatest difference of
GC content was found between second and third codon
position (Fig. 4).

Fig. 1 a Frequency of 59 codons. b Over-represented codons of genes associated with CNS. cUnder-represented codons of genes associated with CNS
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Relationship of Compositional Properties

We compared the correlation between general nucleotide
composition (A, T, G, C, GC) and nucleotide composition at
the third codon position (A3, T3, G3, C3, GC3) using the
Pearson’s product moment method to understand whether
the evolution of codon usage bias in the coding sequences of
genes associated with CNS had been driven by mutation pres-
sure alone or by both mutation pressure and translational se-
lection. We found a significant correlation between overall
nucleotide composition and its third codon position
(Table 1) which suggested that both mutation pressure and

natural selection might affect the codon usage bias of these
genes [37].

Further, we found significant positive correlation between
GC12 and GC3 (r = 0.412**, p < 0.01) while significant neg-
ative correlation between ENC and GC3 (r = − 876**, p <
0.05), which suggest that mutation pressure might influence
the codon usage bias [28, 42].

Regression Analysis Among Compositional Properties

We performed regression analysis between homogeneous
overall nucleotide composition and its third codon position

Fig. 2 Correspondence analysis of genes involved in CNS using RSCU values. Red color indicates AT-ending codons, diamond color indicates GC-
ending codons, and blue indicates different genes. Axis 1 contributes 36.47% and axis 2 contributes 9.24% of the total variation

Fig. 3 Parity plot of genes in 4-
fold degenerate codon family
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to explore the magnitude of contribution of each base for
mutational pressure. From the Fig. 5, it was evident that G,
G3, T, and T3 were responsible for higher mutational pressure
than C, C3, A, and A3.

Relationship Between Improved ENC
and Compositional Properties

We found significant positive correlation between codon us-
age bias (ENC) and different nucleobases namely A (r =
0.498**, p < 0.01), T (r = 0.752**, p < 0.01), A3 (r = 0.771**,
p < 0.01), and T3 (r = 0.888**, p < 0.01) while significant neg-
ative correlation was found between ENC and nucleobase viz.
G (r = − 0.773**, p < 0.01, C (r = − 0.60**, p < 0.01), G3(r = −
0.791**, p < 0.01 and C3 (r = − 0.736**, p < 0.01) (Table 2).
From the Fig. 6, it was evident that the regression coefficient
was negative between ENC and nucleobase G, C, G3, and C3
while it was positive between ENC and nucleobase A, T, A3,
and T3. Since ENC is a non-directional measure of codon
usage bias (i.e., high value of ENC indicates low codon usage
bias), the negative regression coefficient between ENC and
nucleobase G, C, G3, and C3 indicated that two nucleobases
G and C positively influenced the codon usage bias [43].

Relationship Between Codon Usage Bias and Various
Skews

The GC skews in most of the genes were negative whereas AT
skews were positive (S2). This result indicated that asymmet-
rical nucleotide composition between the two strands of DNA,
one with an abundance of C over G and the other with an
abundance of A over T [44].

We performed correlation analysis between ENC and each
skew to understand the effect of skewness on codon usage
bias. We found highly significant positive correlation between
ENC and purine skew (r = 0.675**, p < 0.01), ENC and py-
rimidine skew (r = 0.795**, p < 0.01), ENC and amino skew
(r = 0.580**, p < 0.01), ENC and keto skew (r = 0.803**, p <
0.01 which suggested that these skews might affect the codon
usage of the genes [38].

Effect of Competition Adaptation Index on Codon
Usage Bias

CompAI is a measure of translational speed of a coding se-
quence and its value ranges from 0 to 1. When compAI value
is zero, it indicates the lowest translation rate of the coding
sequence whereas the compAI value 1 suggests the highest
translation rate [32]. We estimated compAI for coding se-
quences of genes involved in CNS and found the average
value was 0.190, which suggested that translation rate of the
coding sequence was low. The values of compAI ranged from
0.145 to 0.230. Further, we performed correlation analysis
between ENC and compAI to understand whether compAI
had any effect on codon usage bias. We found highly signif-
icant positive correlation between ENC and compAI (r = −
0.357**, p < 0.01), which suggested that translation speed of a
coding sequence might influence the codon usage bias of
genes.

Fig. 4 Distribution of overall GC
content and GC content at the
first, second, and third position of
codon

Table 1 Overall nucleotide composition and composition at the third
codon position

A3 T3 G3 C3 GC3

A 0.585** 0.560** − 0.327* − 0.715** − 0.602**

T 0.633** 0.804** − 0.776** − 0.553** − 0.761**

G − 0.778** − 0.748** 0.875** 0.529** 0.802**

C − 0.581** − 0.730** 0.367** 0.833** 0.694**

GC − 0.805** − 0.892** 0.709** 0.849** 0.895**

*p < 0.05, **p < 0.01
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Mutational Responsive Index and Translational
Selection (P2)

The average MRI and P2 values of genes involved in CNS
were 0.45 and 0.06, respectively. The positive value of MRI
indicates directional mutation pressure while negative MRI
value indicates that translational selection acts on the genes
[45]. Our finding suggested that directional mutation might
affect the codon usage bias of the genes while the role of
translational selection was very low [46, 47].

Comparison of Codon Usage Bias with Phylogenetic
Analysis

Multiple sequence alignment analysis was done using Clustal
X2, and then, the phylogenetic tree was constructed using
MEGA 6 (Fig. 7a). The phylogenetic tree was compared with
ENC distribution (Fig. 7b) and GC content at the third codon
position (Fig. 7c). The phylogenetic tree was performed using
a neighbor-joiningmethod based on the coding sequences.We
observed that some of the genes showed close evolutionary

relationship, and the difference in their corresponding ENC
and GC3 values was relatively small. This suggests that the
closer the evolutionary relationship of genes, the more similar
their codon usage bias supporting the result of Zhao et al. [48].

Discussion

Neurodegenerative diseases are now very common in human
beings. These diseases are caused by several factors namely
genetic and environmental factors, food habits etc. Many dis-
eases are due to mutation of genes which are involved in the
development of the central nervous system. Recent research
mostly focuses on generating animal model of neurodegener-
ative diseases and a little work on codon usage bias was done
for genes involved in AD. But nowork was reported regarding
the important genes involved in the normal function of CNS.
Codon usage bias is an important phenomenon, and it exists in
a wide variety of organisms, ranging from prokaryotes to eu-
karyotes. Among all the theories proposed to describe the
origin of CUB, neutral theory and selection-mutation-drift

Fig. 5 Regression analysis between overall nucleotide composition and nucleotide composition at the third codon position

Table 2 Correlation between
codon usage bias and nucleotide
composition

A T G C A3 T3 G3 C3

ENC 0.498** 0.752** − 0.773** − 0.600** 0.771** 0.888** − 0.791** − 0.736**

*p < 0.05, **p < 0.01
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Fig. 6 Regression analysis between ENC and various nucleobases
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balance model are the most important ones. But after the com-
pletion of the whole genome sequencing of many organisms,
these two theories proved insufficient to explain the phenom-
enon of CUB [42]. Various other factors were proposed to
affect CUB which includes GC-content [49], gene length
[50], RNA structure [51], protein structure [52], hydrophobic-
ity and aromaticity of the encoded proteins [53], and environ-
mental stress [54] etc. This study would give insight into the
molecular details of important genes involved in the normal
function of CNS.

In this study, the mean improved ENC was 40.53 (i.e.,
higher than 35) indicating a relatively low codon usage bias.
The ENC value of albumin superfamily varied from 51.65 to
56.62 [55]. The ENC value in B. mori ranged from 30.06 to
61.00, with an average of 53.12 [56]. The ENC values in four
species of Bungarus were 35–60 [47]. The ENC values for
CYB gene in different species of aves and mammals were
59.66 and 58.33, respectively, which indicated low codon us-
age bias [38]. Furthermore, the ENC values of the CHIKV
genomes ranged from 54.55 to 56.41 with an average of
55.56. These results indicate low codon usage bias of these
genes [28]. The presence of low codon usage bias might be
helpful for efficient replication in vertebrates with different
cell types having different codon preferences [25].

The bar diagram using RSCU values of codons displayed a
remarkable difference of codon usage in genes. More frequent
codons (RSCU > 1) ended with G or C. Correspondence anal-
ysis is a multivariate statistical method used to analyze the
pattern of codon usage variation in genes and to distribute
the codons in axis 1 and axis 2 with these trends [34]. The
distribution density of G/C ended codons was closer to axis 1

than AT ended codons, but some genes were in discrete dis-
tribution in our current study. Wei et al. analyzed CUB in
mitochondrial DNA ofB. mori and found that the contribution
of axis 1 was 12.07% and axis 2 8.64% to total variation. In
their work, the positions of the genes were close to axes with a
concentrate distribution, suggesting that the compositional
features for mutation bias might correlate to the CUB.
Further, a few genes were in a discrete distribution, suggesting
that natural selection might also influence the codon usage
bias [40].

The GC content plays an important role in CUB. It may
influence the bendability, thermostability, and convertability
of B form of DNA to Z form of DNA. The GC content is also
involved in the active process of transcription because it has
the capability to keep the coding region of DNA in an open
chromatin state [57]. Previous studies found that highly
expressed genes may have low mutation rates due to DNA
repair mechanisms [58]. The synonymous codons generally
differ at the third codon position and the GC3 (guanine and
cytosine at the third position of codon) is a good indicator of
the extent of synonymous CUB [59]. Previous studies report-
ed that genes with higher GC3 content tend to get more meth-
ylated leading to mutation as compared to the genes with low
GC3 content [60]. It was also reported that GC3 acts as an
isochore marker but the association between GC3 and the GC
content of the flanking regions is still doubtful [61].

The compositional property of nucleobase is an important
feature of genes which affects the codon usage bias. The GC-
rich organisms like some bacteria, fungi, Oryza sativa,
Triticum aestivum, Hordium vulgare tend to use G or C at
the third codon position. But AT-rich organisms such as

Fig. 7 Comparative analysis of phylogenetic tree, distribution of ENC and GC3 content of genes involved in CNS. a Phylogenetic tree. bDistribution of
ENC. c GC3 content in CNS genes
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Plasmodium falciparum and Onchocerca volvulus are more
likely to use A or T ar third codon position. In our current
analysis, the percentage of nucleobase C and G was higher
than A and T and the average GC content of these coding
sequences was 59.93%, i.e., transcripts were GC-rich. In sup-
port of our study on CNS genes, the overall GC content
(53.04%) of CYP genes was higher than the AT content in
human [62]. The overall GC (65.2%) was higher than AT
(34.8%) content in GATA2 gene across mammals [63]. It
was found that the occurrence of the nucleobase C at the third
codon position was the highest but that of T was the lowest,
i.e., GC content was found to be higher than AT content in the
genome analysis of rabbit [64]. Previous studies revealed that
a close relationship exists between nucleotide compositional
properties and gene function [65]. In our current study, most
of the genes showed different nucleotide composition suggest-
ing variation in their biological properties. In support to our
findings, earlier studies also found that ALB and AFP, two
members of albumin superfamily, showed similar pattern of
nucleotide distribution indicating that those genes resemble in
their structures and biological functions. But AFM and VDBP
genes, although grouped in the albumin superfamily, showed
differential compositional properties suggesting difference in
their biological functions in contrast to the other members of
the group [55] .

The protein translation is a biological process which is
prone to errors. The effect of translation error resulting from
CUB is based on its effect on protein function as well as its
frequency [66]. Both missense errors and nonsense errors are
referred to as translation errors. The missense errors incorpo-
rate wrong amino acids in the growing peptide chain while
nonsense errors cause premature termination of a growing
polypeptide chain. Some of the researchers considered that
selection against missense errors may cause codon usage bias,
and as a result, translation accuracy is maintained [24, 67–70].
Previous studies reported that the synonymous codons for an
amino acid vary in translation error proneness. The translation
error rate of a codon also depends on the relative abundance of
its cognate and near cognate tRNAs [71].

Two major evolutionary forces namely mutation pressure
and natural selection are considered to influence the CUB of a
genome. The causes of mutational bias are non-uniform DNA
repair, non-random replication errors, and chemical decay of
nucleotides [72]. The neutral mutation bias typically acts on
DNA sequences at the third position of codon altering their
compositional properties but do not affect the functionality of
proteins since amino acid composition and their sequence in
protein remains unaltered. In our current study, significant
correlation between overall nucleotide composition and its
composition at third codon position suggested that both mu-
tation pressure and natural selectionmight influence the codon
usage bias of these genes [37]. In our earlier study, we found
significant correlation between them for CYB gene [38],

genes of Bungarus species [47], and SPANX gene [73] etc.
Similar result was also found for ND2 gene [74] and for mi-
tochondrial genes of B. mori [40].
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