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Synonymous codon usage pattern in mitochondrial CYB gene in pisces, aves, and

mammals

Arif Uddin and Supriyo Chakraborty

Department of Biotechnology, Assam University, Silchar, Assam, India

ABSTRACT

Cytochrome b (CYB) protein plays an important role in complex Il of the mitochondrial oxidative
phosphorylation. Codon usage is the phenomenon of non-uniform usage of synonymous codons.
In the present study, we report the pattern of codon usage in MT-CYB gene using various codon
usage parameters. Nucleotide composition such as % of C and T was higher than A and G in pisces.
In aves, % of A and C was higher than T and G but in mammals, A and T was higher than C and G.
Heat map shows that AT-ending codons were mostly negative and GC-ending codons were mostly
positive. From the heat map based on RSCU values, it is evident that codon usage prefers A/C at
the third codon position and it was less towards T/G in its third codon position. The codons absent
in pisces were AGT (except Toxotes chatareus), TGT, and CAG (except Elasma zonatum). The codons
such as AGT (except Falco peregrinus), CGT (except Vidua chalybeata), and ACG (except Aythya
americana) were absent in aves whereas, in mammals, the absent codons were namely CAG (except
Canis familiaris) and ACG (except Rattus norvegicus). Codon usage bias was low in pisces, aves, and
mammals. The frequency of leucine was the highest in the amino acid and cysteine was the lowest.
Correlation analysis further suggests that mutation pressure is mainly responsible for codon usage
pattern. Natural selection might also play a vital role in codon usage pattern but it was weaker than
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mutation pressure.

Introduction

Cytochrome b is one of the proteins involved in mitochondrial
oxidative phosphorylation that makes up complex lIl. It is
encoded by CYB gene of mitochondrial genome (Anderson
et al,, 1981) while others are encoded by nuclear genome and
they together form a functional complex. The transfer of
electrons from ubiquinol to cytochrome ¢ along with trans-
location of protons across inner mitochondrial membrane is
catalyzed by mitochondrial bc1 complex (higher eukaryotes) or
complex lll. It is a membrane-bound enzyme. The catalytic core
of the enzyme is formed by CYB protein along with cytochrome
c1 and it helps in assembly and function of complex Ill. In
recent years, it has been found that mitochondrial respiratory
chain disorders due to mitochondrial DNA mutation are the
most common human metabolic diseases (Chinnery et al.,
2000). The non-sense, missense, or frame shift mutation in CYB
gene which causes the respiratory complex Il deficiency has
been observed in a number of patients (MITOMAP, 2000). The
mitochondrial CYB gene mutations are linked with mitochon-
drial encephalopathy (De Coo et al., 1999; Keightley et al.,
2000), myoglobinuria (Andreu et al., 1998; Andreu et al., 1999a;
Andreu et al., 1999b; Bruno et al., 2003; Dumoulin et al., 1996;
Lamantea et al., 2002; Mancuso et al., 2003), and cardiomyop-
athy (Andreu et al., 2000; Valnot et al. 1999). CYB gene is
considered a useful gene for phylogenetic work. Based on the

structure and the function of protein product, probably it is the
best known mitochondrial gene (Esposti et al.,, 1993). Several
workers have shown phylogenetic usefulness of CYB gene in
different vertebrates (Irwin et al., 1991; Moritz et al., 1992). CYB
gene contains more conservative as well as rapidly evolving
codon position and variable region and so this gene is widely
used in systematics (Izeni et al., 2001; Meyer & Wilson, 1990).
The genetic code comprises 64 codons which encode 20
standard amino acids including three non-sense or termination
codons such as TAA, TAG, and TGA in standard genetic code
but there are four termination codons such as TAA, TAG, AGA,
and AGG in vertebrate mitochondrial genetic code (NCBI). The
amino acids such as met and trp are encoded by single codon
in standard genetic code but in mitochondrial genetic code,
met is encoded by two codons namely ATG and ATA and trp is
also encoded by two codons such as TGG and TGA. The genetic
code is degenerate, i.e.,, some codons encode the same amino
acid and are referred to as synonymous codons. The relative
abundance of tRNAs and the speed of the synonymous codons
in translation process might differ which are recognized by the
ribosome (Butt et al.,, 2014). The efficiency and the accuracy of
protein production depend on synonymous codons. The
phenomenon of non-uniform usage of synonymous codons,
i.e., some codons encoding the same amino acid are used more
frequently than others, is the codon usage bias and it is species
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specific (Gupta et al., 2004). The codon usage phenomenon has
been studied in prokaryotes, eukaryotes, and viruses (Gu et al.,
2004; Liu et al, 2011; Ma et al,, 2013; Moratorio et al., 2013;
Sharp et al., 1988; Tao et al., 2009). Various factors such as
mutation pressure, natural selection, expression level, gene
length, compositional bias (GC% and GC skew), replication, RNA
stability, hydrophobicity, and hydrophilicity of the protein
(Akashi, 1997; Moriyama & Powell, 1998; Powell & Moriyama,
1997; Powell et al., 2003) affect codon usage pattern. Among
these, the compositional constraint in the presence of mutation
pressure and natural selection are the major factors (Sharp & Li,
1986; Sharp & Matassi, 1986). Codon usage bias study is gaining
increased attention of researchers since the advent of whole
genome sequencing of many organisms. Codon usage bias
varies within the same genome and also across genomes and is
important to understand the evolution of genome (Jenkins &
Holmes, 2003). The study of the pattern of codon usage reveals
the forces that influence the evolution, so the investigation on
codon usage bias and evolutionary forces might provide
further clues in understanding the process of evolution at
molecular level.

In the present study, we have attempted to analyze the
pattern of codon usage bias of CYB gene across a diverse group
of vertebrates, i.e., pisces, aves, and mammals to identify the
commonality and the difference, if any, in base composition
and other related parameters of codon usage pattern in
mitochondria.

Mutations occur frequently in mtDNA and these mutations
accumulate in vicious cycle with an increase in the age of an
organism. Both replication errors and free radical damage
were identified as the major factors involved in mtDNA
mutations. It was suggested that massive mtDNA replication
occurring during embryogenesis results in replication errors
due to the inherent error rate of mtDNA polymerase enzyme
(Larsson, 2010). These mutations are subjected to segregation
and clonal expansion in postnatal life. Alternatively, it was also
proposed that accumulated mtDNA damage caused by free
radical (reactive oxygen species) overwhelms the mitochon-
drial repair machinery and results in mtDNA mutation
accumulation.

Analysis of pattern of codon usage in MT-CYB gene is of
special interest to know how the energy consumption of pisces,
aves, and mammals influences the codon usage against quick
environmental alterations during the course of evolution. The
pisces, aves, and mammals survive in three different habitats
and so their means of respiration and energy demand are also
unusual. Therefore, this study helps in understanding the
factors influencing gene evolution. The present investigation
was undertaken with the following hypothesis.

Analysis of codon usage is a useful technique to understand
the genetic and the evolutionary relationship of different
species belonging to diverse habitats. Moreover, mitochondrial
genes are very significant and suitable tools for these kinds of
studies. In the current study, we investigated the codon usage
pattern in MT-CYB gene among pisces, aves, and mammals
thriving in different habitats to understand the pattern of
codon usage. Moreover, this study would give insight into the
factors influencing the codon usage pattern among the species
under study.

Table 1. Family and accession number of species analyzed in the present study.

Species Family Accession no
Toxotes chatareus Toxotidae AP006806
Elasma zonatum Elassomatidae AP006813
Jordanella floridae Cyprinodontidae AP006778
Platax orbicularis Ephippidae AP006825
Latimeria menadoensis Latimeriidae AP006858
Gallus gallus Phasianidae X52392
Aythya americana Anatidae AF090337
Vidua chalybeata Viduidae AF090341
Falco peregrinus Falconidae AF090338
Smithornis sharpei Calyptomenidae AF090340
Canis familiaris Canidae U96639
Myoxus glis Myoxidae AJ001562
Rattus norvegicus Muridae X148148
Dasypus novemcinctus Dasypodidae Y11832
Oryctolagus cuniculus Leporidae AJ001588

Materials and methods

Sequence data

The coding sequences of MT-CYB gene for different species of
pisces, aves, and mammals were retrieved from the National
Center for Biotechnology Information (http://www.ncbi.nlm.nih.-
gov/Genbank/). We analyzed only those cds sequences that are
exact multiple of three bases. The different species along with
accession number, family, and gene length are shown in Table 1.

Compositional properties

The compositional properties of CYB gene were calculated for
the different species of pisces, aves, and mammals namely (i)
overall nucleotide composition (A, C, T, and G %) and
nucleotide composition in its third codon position. (ii) The
frequency of occurrence of overall GC % and GC contents at the
first, second, and third position. (iii) The AT, GC, purine,
pyrimidine, amino, and keto skew. All calculations were done
using a perl script developed by S. C. (corresponding author).

Measures of synonymous codon usage bias

Some of the most relevant and widely used measures of codon
usage bias analyzed in this study are discussed below.

Relative synonymous codon usage (RSCU)

Relative synonymous codon usage (RSCU) was calculated as the
ratio of the observed frequency of a codon to the expected
frequency if all synonymous codons of a particular amino acid
are used equally. RSCU value greater than 1.0 indicates that the
corresponding codons are used more frequently than the
expected frequency whereas the reverse is true for RSCU values
less than 1.0 indicating that the particular codons were used
less frequently (Jenkins & Holme, 2003). Moreover, the RSCU
value>1.6 was treated as over represented and RSCU value
<0.6 was considered as under-represented (Ma et al., 2013)
RSCUij = i
i 2 Xij
j=1

where Xj; is the frequency of occurrence of the jth codon for ith
amino acid (any X;; with a value of zero is arbitrarily assigned a
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value of 0.5) and n; is the number of codons for the ith amino
acid (ith codon family).

Effective number of codons (ENC)

The effective number of codons used by a gene (ENC) is the
most widely used parameter to measure the usage bias of
synonymous codons (Sharma et al., 2014). ENC value of a gene
is used to quantify the codon usage bias irrespective of
composition of amino acid and gene length. The ENC value
ranges from 20 (when only one codon is used for each amino
acid) to 61 (when all codons are used randomly). If the
calculated ENC is greater than 61 (because codon usage is more
evenly distributed than expected), it is adjusted to 61. Higher
ENC value means low codon usage bias. ENC value <35 is
generally considered as the significant codon usage bias

9 1 5 3

ENC=2+—+—+—+—

F» F3 Fis Fe
where Fk (k=2, 3, 4, 6) is the mean of Fk values for the k-fold
degenerate amino acids, 2 stands for two amino acids, i.e.,, met
and trp; 9, 1, 5, and 3 stand for the total number of amino acids

with degeneracy class of 2, 3, 4, and 6 codons, respectively.

Codon adaptation index (CAl)

The codon adaptation index (CAIl) (Wright, 1990) is a very
extensively used parameter to measure the codon bias in
prokaryotes (Eyre-Walker & Bulmer, 1993; Gutierrez et al., 1994;
Perriere et al.,, 1994) as well as eukaryotes (Akashi, 1994; Jun,
2013; Touchon & Rocha, 2008). CAl is also a quantitative
predictor of gene expression. CAl values range from 0 to 1; with
higher values indicating a higher proportion of the most
abundant codons (Xing et al., 2014). CAl is a measure of the
relative adaptiveness of the codon usage of a gene towards the
codon usage of highly expressed genes. The relative adaptive-
ness (w) of each codon is the ratio of the usage of each codon,
to that of the most abundant codon within the same
synonymous family. Non-synonymous codons and termination
codons (dependent on genetic code) are excluded from this
analysis. The CAl is calculated as

1L
CAI = exp (Z Z In wk)
k=1

where wk is the relative adaptiveness of the kth codon and L is
the number of synonymous codons in the gene.

Hierarchal clustering: The RSCU values of codons from
different species of pisces, aves, and mammals were clustered
by the hierarchal clustering method using Netwalker 1.0
software (Qiagen, Valencia, CA).

Phylogenetic tree: The Phylogenetic tree was constructed
by the maximum-likelihood approach based on clustal
W2 alignment using MEGA 6.0 software (MEGA Inc,
Englewood, NJ).

Statistical analysis

Correlation analysis was used to identify the relationship
between overall nucleotide composition and each base at the
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third codon position. All the statistical analyses were done
using the SPSS software (SPSS Inc., Chicago, IL).

Result and discussion

Nucleotide composition of different species of pisces,
aves, and mammals

Overall nucleotide composition may influence the codon usage
bias of a genome (Jenkins & Holmes, 2003). We, therefore,
analyzed nucleotide composition of coding sequences of CYB
gene in different species of pisces, aves, and mammals. In
pisces, mean = SD of C % was the highest, followed by T % and
A %, with the G % being the lowest as shown in Table 1. The
mean + SD of overall GC % was 45.34+ 1.88 in pisces. In aves,
mean + SD of C % was the highest, followed by A % and T %,
with the G % being the lowest. The mean + SD of overall GC %
was 47.12 + 1.86 in aves. The mean £ SD of A % was the highest,
followed by T % and C %, with the G % being the lowest in
mammals. The mean+SD of overall GC % in mammals was
41.66 + 1.45. This suggests unequal distribution of A, T, G, and C
% among the codons in different species of pisces, aves, and
mammals with more preference for C ending codons in pisces
and aves followed by T/A ending codons in pisces, but
A/T-ending codons in aves. In mammals, increase preference
of A-ending codons was observed which was followed by T/C-
ending codons. The preference of G ending codons was less in
aves followed by mammals and then pisces. The overall GC %
was the lowest in mammals followed by pisces and aves.
However, analysis of nucleotide composition at the third
position of codons (A3%, T3%, G3%, and C3%) and GC1%,
GC2%, and GC 3% provides a clear picture about the preference
of codon usage in different species of pisces, aves, and
mammals. The mean+SD % of C3 in pisces and in aves was
the highest, followed by A3% and T3%. The mean = SD of % of
A3 was the highest followed by C3 and T3 in mammals. The
G3% was the lowest in mammals followed by aves and pisces.
The mean +£SD of GC3% in aves was the highest followed by
pisces and then mammals, as shown in Table 2. Therefore, from
the initial nucleotide composition analysis, it was expected that
nucleobase C/A might be more preferred. From the GC3
content analysis, it was evident that in pisces and mammals,
AT-ending codons might be more preferred to GC-ending
codons, whereas in aves, both AT- and GC-ending codons
might be equally preferred at the third codon position. From
the overall GC content analysis, it was found that AT-ending
codons were more preferred to GC-ending codons. Nucleotide
composition influenced the codon usage (Jenkins & Holmes,
2003). These results suggest that there might be compositional
constraint in the presence of mutation pressure which affects
the mitochondrial CYB gene.

We performed regression analysis between the nucleobase
at the third position of codon (Wobble position) and the
effective number of codons. The linear model of ENC versus
A3+ T3+ G3 + C3 was fixed with the observed value of ENC. The
coefficient of regression is shown in Table 3. It corresponds to
difference in ENC value with a change in nucleotide compos-
ition at the third position of codons. These results show that
the effective number of codon was negatively affected by T3
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Table 2. Nucleotide composition among pisces, aves, and mammals.

Species A % T% G % C% A3% T3% G3% 3%

T. chatareus 25.63 26.94 14.34 33.07 32.8 17.32 3.93 45.93

E. zonatum 26.4 30.35 15.39 27.73 3333 2335 8.92 34.38

J. floridae 24.47 30 15.43 30.08 30.78 23.94 5.78 39.47
P.orbicularis 25.45 27.2 14.26 33.07 32.28 17.58 419 45.93

L. menadoensis 31.32 24.84 14.26 29.57 4278 13.12 6.29 37.79
Mean + SD 26.65 +2.69 27.86 +2.30 14.73+£0.61 30.70+2.33 3439+4.74 19.06 £4.54 5.82+2.00 40.70 £5.11
G. gallus 27.47 2414 12.07 36.3 349 10.49 3.14 51.44

A. americana 26.85 23.44 1417 35.52 34.64 7.87 7.34 50.13

V. chalybeate 30.18 23.44 13.38 32.98 44.88 8.92 3.14 43.04

F. peregrinus 29.74 24.2 12.42 33.42 40.41 1233 4.19 43.04

S. sharpei 27.99 26.68 11.63 33.68 35.17 17.58 2.88 4435
Mean + SD 28.44+1.44 2438+1.33 12.73+£1.02 3438+ 144 38.00 +4.52 11.43+£3.82 413+1.85 46.40 +4.06
C. familiaris 29.03 29.12 13.94 27.89 39.21 20.78 5 35

M. glis 29.94 31.84 12.36 26.84 38.68 26.31 2.36 32.63

R. norvegicus 30.35 27.2 12.59 29.83 42.25 14.96 2.62 40.15

D. novemcinctus 31.49 26.57 13.15 28.77 43.94 14.73 3.38 37.63

O. cuniculus 28.07 28.94 12.63 30.35 35 22.89 2.36 39.73
Mean + SD 29.77 +1.30 28.73+2.05 12.93+£0.63 28.73+1.42 39.81+3.45 19.93+£5.04 3.14+1.11 37.02+3.19

Table 3. ENC, GC contents, and CAl values of MT-CYB gene in pisces, aves, and mammals.

Species ENC Overall GC % GC1% GC2% GC3% CAI

T. chatareus 60 47.04 53.8 38.6 499 0.7814
E. zonatum 59 43.1 47 499 433 0.8761

J. floridae 60 455 529 384 453 0.8267
P. orbicularis 60 473 525 39.4 50.1 0.8842
L. menadoensis 60 438 483 39.1 441 0.7621
Mean + SD 59.80+0.44 4534+1.88 50.90 +3.03 41.08 +4.94 46.54+3.23 0.82+0.05
G. gallus 60 484 50.4 40.2 54.6 0.7391
A. americana 59 49.7 51.7 39.9 57.5 0.7685
V. chalybeata 60 46.4 53.8 39.1 46.2 0.6923
F. peregrinus 60 45.8 50.4 39.9 47.2 0.8251

S. sharpei 60 453 49.6 39.1 47.2 0.8109
Mean + SD 59.80+0.44 47.12+1.86 51.18 +1.64 39.64 £0.50 50.54+5.14 0.76 £0.05
C. familiaris 58 41.8 46.8 38.7 40 0.8059
M. glis 56 39.2 44.2 384 35 0.7977
R. norvegicus 59 424 47.2 373 428 0.7984
D. novemcinctus 59 419 46.3 38.2 413 0.7618
O. cuniculus 59 43 484 384 42.1 0.7824
Mean +SD 58.20+1.30 41.66 +1.45 46.58 +1.54 38.20+0.53 40.24+3.10 0.78£0.01

and G3 in pisces, G3 and C3 in aves, and T3 in mammals
whereas positively affected by A3 and C3 in pisces, A3 and T3 in
aves, and A3, G3, and C3 in mammals. ENC is a non-directional
measure of codon usage bias and it means that the extent of
codon usage bias decreases with an increase in ENC. The
negative value of T3 and G3 in pisces, G3 and C3 in aves, and T3
in mammals on ENC indicates that T3 and G3 in pisces, G3 and
C3 in aves, and only T3 in mammals positively influenced the
codon usage.

Codon usage bias among MT-CYB gene in pisces, aves,
and mammals

The effective number of codon (ENC) was calculated to quantify
the degree of codon usage bias among different species of
pisces, aves, and mammals. The ENC values of different species
are shown in Figure 1. The high ENC value indicates conserved
genomic composition among pisces, aves, and mammals. The
ENC of MT-CYB gene was quite higher than that of ATP 6 and
ATP 8 in mammals. The ENC values of mitochondrial ATP 6 and
ATP 8 in mammals range from 57 to 60 (Uddin & Chakraborty,
2014a) and 42 to 60 (Uddin & Chakraborty, 2014b), respectively,
but in MT-CYB gene, the ENC value ranges from 59 to 60 in

pisces and aves and 56 to 59 in mammals in the present study
indicating low codon usage bias. The ENC values ranged from
51 to 60 in B. mandarina and from 52 to 60 in O. furnacalis’s
nuclear genes (Uddin & Chakraborty, 2014a). The reason for low
bias might be advantageous to efficient replication in verte-
brates with different cell types having different codon choices
(Jenkins & Holmes, 2003).

The CAl is a directional measure of codon usage bias and its
higher value indicates higher gene expression so that there is
higher codon usage bias. There is an opposite relation between
ENC and CAl, it means higher ENC value indicates lower bias
and higher value of CAIl indicates higher gene expression
(Uddin & Chakraborty, 2014a). In many bacteria and small
eukaryotes, highly expressed gene revealed stronger bias. CAl
measures the gene expression level with respect to a reference
set of genes (Sharma et al., 2014). Comparison of ENC and CAl is
used to judge the nucleotide composition and codon selection
(Wright, 1990, Sharp & Li, 1987). We correlated ENC and CAl to
know the nucleotide composition variation and codon selec-
tion among different species of pisces, aves, and mammals for
MT-CYB gene. We found negative correlation between ENC and
CAl in pisces, aves, and in mammals. Pearson correlation
coefficient was —0.511 (p>0.05) in pisces, -0.014 (p>0.05) in
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Figure 1. Distribution of ENC in different species of pisces, aves, and mammals. This figure clearly shows that M. glis has the lowest ENC among pisces, aves, and

mammals.

aves, and —0.459 (p>0.05) in mammals and these suggest
codon usage bias has a very weak relationship with nucleotide
composition. Dipteran and Hymenopteran species had shown
negative correlation between ENC and CAl (Behura & Severson,
2012).

We performed correlation analysis between codon usage
and GC3 to know the general trend in codon usage variation
and GC bias. From Figure 2(a)-(c), it was found that, in pisces,
aves, and mammals, most of the AT-ending codons were
negative and most of the GC-ending codons were positive. In
pisces, except codons like ATA, TGA, CAA, CTA, CGA, ACT, AGT,
TTT, CTT, CCT, GTT, GCT, and GGT, all other AT-ending codons
were negative and except ATG, TTG, TCG, TGG, CAG, CTT, CCG,
CGG, GAG, GTG, GGG, ACC, and AGC, all other GC-ending
codons were positive. In aves, other than codons namely TTA,
CAA, CGA, GTA, GCA, ACT, TAT, CTT, and GTT, all other AT-
ending codons were negative and except ATG, CCG, GCG, TAC,
CGC, and GTC, all other GC ending codons were positive. In
mammals, except the codons namely AAA, ACA, TCA, TGA,CTA,
CCA, GTA, GCA, TCT, CTT, CGT, and GTT, all other AT-ending
codons were negative and except AAG, TTG, TCG, TGG, CAG,
CGG, GCG, AGC, TCC, CTC, CCC, GCC, and GGC, all other GC-
ending codon were positive. From the heat map study, we
found GC-ending codons were mostly positive and AT-ending
codons were mostly negative. It reveals that GC-ending codons
would show increasing usage with increasing GC3 and similarly
AT-ending codons show decreasing usage with increasing
GC3 bias.

Relative synonymous codon usage (RSCU) analysis of
MT-CYB gene in pisces, aves, and mammals

We performed RSCU analysis to determine the pattern of
synonymous codon usage and the extent of G/C-ending
codons. Furthermore, we divided the RSCU data into two
groups: (a) RSCU value >1.6: overrepresented and (b) RSCU
value <0.6: underrepresented. From the heat map, the over
represented and the underrepresented codons are clearly
evident as shown in Figure 3. In pisces, codons namely TCA,

TCC, CTA, CCA, CAA, CGA, ACA, ACC, GCA, AAA, GGA, and TGA
were overrepresented. But the underrepresented codons were
TCG, AGC, AGT, TTT, TTG, CTG, CCG, CAT, CAG, CGG, CGT, ACG,
ACT, AAT, GAT, GTG, GCG, AAG, GAG, GGG, and GGT. The
codons TCA, TCC, TTC, CTA, TAC, CCA, CAC, CAA, CGA, ATA,
ACC, AAC, GAC, GTA, GTC, GCC, AAA, GAA, GGA, and TGA were
overrepresented in aves. However, the underrepresented
codons were TCG, AGC, AGT, TTT, TTA, TTG, CTG, CTT, TAT,
TGT, CCG, CCT, CAT, CAG, CGG, CGT, ATG, ATT, ACG, ACT, AAT,
GAT, GTG, GTT, GCG, GCT, AAG, GAG, GGG, GGT, and TGG. In
mammals, the overrepresented codons included TCA, CTA,
TGC, CCA, CAA, CGA, ACA, GTA, GCA, AAA, GAA, GGA, and TGA,
but the codons TCG, AGT, TTG, CTG, TGT, CCG, CAT, CAG, CGG,
CGT, ATG, ACG, AAT, GAT, GTG, GCG, AAG, GAG, GGG, GGT, and
TGG were underrepresented. Based on RSCU analysis and
nucleotide composition, we deduced that the existence of
preferred codons in coding sequences has been mostly
influenced by compositional constraints, which account for
the presence of mutation pressure.

Effect of evolutionary forces in shaping the codon
usage pattern in MT-CYB gene in pisces, aves, and
mammals

Effect of mutation pressure in shaping the codon usage
pattern

Two major evolutionary forces namely mutation pressure and
natural selection are considered to shape the codon usage
pattern in a species. Mutation pressure affects the whole
genome, which accounts for the majority of codon usage
among different RNA viruses (Vicario et al., 2007). We performed
correlation analysis between general nucleotide composition
and nucleotide composition at the third codon position to
determine whether evolutionary process is driven by mutation
pressure alone or by both mutation pressure and natural
selection. In pisces, aves, and mammals, highly significant
positive correlation was found among A and A3%, C and C3%,
and GC and GC3%, respectively, and negative correlation was
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Negative correlation

Figure 2. (a) Heat maps of correlation coefficient between codon usage and GC3 in different species in pisces. (b) Heat maps of correlation coefficient between codon
usage and GC3 in different species in aves. (c) Heat maps of correlation coefficient between codon usage and GC3 in different species in mammals.

observed for most of the various nucleotide comparisons as
shown in Table 4. These results suggest that the compositional
constraint arising from mutation pressure determines the
pattern of codon usage in MT-CYB gene. Furthermore, positive
correlation was observed in pisces among ENC and GC %, ENC
and GC3%, GC and GC3%, and GC1 and GC3%. In aves, positive
correlation was observed between GC and GC3% and in
mammals, positive correlation was observed among ENC and
GC %, ENC and GC3%, GC and GC3%, and GC1 and GC3% as

shown in Tables S1-S3. This finding suggests that the nucleo-
tide composition resulting from mutation pressure was one of
the main factors for synonymous codon usage in MT-CYB gene.
Earlier study also found negative correlation between GC12 and
GC3 in mitochondrial genome of ribbon worms (Behura &
Severson, 2012). Zhicheng et al. (Zhang et al., 2013) also found
similar results in TTSuV1 virus.

The neutrality plot (GC12 and GC3) as shown in Figure
5(a)-(c) reveals that pisces, aves, and mammals had a wide
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Figure 3. Heat map of RSCU value of each codon among different species of
pisces, aves, and mammals. The color and the degree of intensity represent the
RSCU value. The color varies from green to red with low value of RSCU to high
value, respectively. Light green indicates RSCU value zero, green indicates <0.06,
dark black RSCU value >1, and red indicates >1.6. (In black and white figure, grey
indicates RSCU value zero, dark grey indicates RSCU < 0.06, dark black indicates
RSCU>1, and light black indicates RSCU>1.6.)

range of GC3 distributions. Except pisces, aves and mammals
had a positive correlation with GC3 although not statistically
significant (p>0.05) suggesting that mutation pressure might
play a role in codon usage pattern.

Effect of natural selection in shaping the codon usage
pattern

If the pattern of synonymous codon usage is solely governed
by mutation pressure, then the frequency of nucleotide Aand T
should be equal to that of G and C at synonymous the third
codon position (Xing et al., 2014). In case of pisces, aves, and
mammals, the frequencies of those nucleotides were not the
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Table 4. Linear regression between (ENC) effective numbers of codon of genes as
function of base composition at the third codon position.

ENC A3 T3 G3 3
Pisces 0.124 —0.527 —0.864 0.691
Aves 0.415 0.522 —0.963 —0.513
Mammals 0.223 —0.759 0.085 0913

Table 5. Correlation between overall nucleotide composition and its third codon
position in pisces, aves, and mammals.

Nucleotide A3% T3% G3% (3% GC3%
Pisces A% 0.997**  —0.732 0249 —0379 0446
T% —0.746 0.995**  —0.379 0.489 —0.295
G % —0.471 0.929* 0.668 —0.647  —0.607
C% —0.289  —0394  —0.967**  0.999**  0.979**
GC % —0499  —0.162 —0.934* 0.977**  0.965**
Aves A % 0.942* 0.027 —0.485 —0.854  —0.851
T% —0.393 0.974** —0476  —0.261 —0.382
G % 0217  —0.837 0.782 0.189 0.435
C% —0.754 034 0.369 0.991**  0.919*
GC % —0.463 —0.736 0.717 0.881* 0.959*
Mammals A % 0.943*  —0.625 —0.012 —0.06 —0.035
T% —0.613 0.956* —0.173 —0.761 —0.869
G % 0.178  —0.244 0.985**  —0.158 0.197
C% —-0.117 0475 -0.3 0.980**  0.902*
GC % —0.047  —-0.563 0.124 0.893* 0.967**

** *significant at p=0.01 and 0.05 respectively.

same indicating that other factor such as natural selection
might have played a role in codon usage pattern. However,
positive correlation among T and T3%, G and G3% in pisces,
aves, and mammals but except between G and C3 in aves,
negative correlation between G and C3%, GC and T3 in pisces,
aves, and mammals suggest that natural selection in addition
to mutation pressure might have played a role in codon usage
in MT-CYB gene.

Effect of the hydrophobicity and aromaticity of protein
in shaping codon usage pattern

A few studies have shown that hydrophobicity and aromaticity
of encoded protein play a role in shaping codon usage pattern
(Tillier & Collins, 2000). Only in mammalian species, GRAVY
score was significantly correlated with ENC which suggests that
variation in codon usage was associated with degree of
hydrophobicity of encoded protein as shown in Table S4.
GRAVY score was found positively correlated with ENC, GC, and
GC3 in chikungunya virus (Butt et al., 2014).

Relation between skewness and codon usage bias

The GC skews in different species of pisces, aves, and mammals
were all negative, AT skews for most of the species were positive
as shown in Table 6. These suggest that asymmetrical nucleotide
composition between the two strands of DNA, one with
abundance of C over G and the other with abundance of A
over T (Beletskii & Bhagwat, 2001). This is similar in all
mitochondrial genomes and suggests the asymmetrical com-
positional pattern between the two strands of DNA. As a result
of mutational deamination, the nucleobases T and G give rise to
C and A, respectively. The amino skew (T-G/T + G) for CYB gene
in different species was positive indicating that T outnumbered
G as a compositional constraint towards deamination. Excess T in
comparison with G in this gene might have resulted from the
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need of maintaining optimum GC content in the coding
sequence during evolutionary process. Deamination gradients
exist along mitochondrial genomes during replication and
transcription (Seligmann, 2011). In some taxonomic groups, the
inversion of the mitochondrial control region inverts the
direction of these gradients (Hassanin et al., 2005). Base
composition is connected to transcription process which is
exposed from skewness (Fujimori et al., 2005; Jun, 2013; Touchon
& Rocha, 2008). We performed correlation analysis between ENC
and each of skewness and, likewise between CAIl and each
skewness. Only in aves highly significant correlation between
ENC and purine skew was observed and in mammals, between
ENC and pyrimidine skew. Although positive correlation was
found between the parameters, the estimates were not statis-
tically significant as shown in Table S5. These results suggest that
in aves, purine skew, and in mammals, pyrimidine skew might
affect the codons usage (Table 6).

Amino acid usage

The amino acid frequency of the encoded proteins in different
species of pisces, aves, and mammals was estimated.

Table 6. GC, AT, purine, pyrimidine, keto, and amino skew values.

Amino
Species GC skew AT skew Purine Pyrimidine  Keto skew
T. chatareus —0.39 —0.02 0.28 —0.1 —0.13 031
E. zonatum -0.29 —0.07 0.27 0.05 —0.02 033
J. floridae —0.32 —0.1 0.23 0 -0.1 0.32
P. orbicularis —04 —0.03 0.28 —0.1 —-0.13  0.31
L. menadoensis —0.35 0.12 0.37 —0.09 0.03 0.27
G. gallus —-0.5 0.06 0.39 —-0.2 —0.14 033
A. americana —0.43 0.07 0.31 -0.2 —-0.14 0.25
V. chalybeata —0.42 0.13 0.39 —-0.17 —0.04 027
F. peregrinus —0.46 0.1 0.41 —0.16 —0.06 0.33
S. sharpei —0.49 0.02 0.41 —0.12 —0.09 0.39
C. familiaris —0.33 0 0.35 0.02 0.02 035
M. glis —-0.37 —0.05 04 0.09 0.04 044
R. norvegicus —0.41 0.05 0.41 —0.05 0.01 037
D. novemcinctus  —0.37 0.08 0.41 —0.04 005 034
0. cuniculus —0.41 —0.02 0.38 —0.02 —0.04 039
@ = . v
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Comparison of amino acid frequencies among pisces, aves,
and mammals shows highly significant correlation between
fishes and aves (r=0.981, p<0.001) than between pisces and
mammals (r=0.964, p <0.01). The frequency of leucine was the
highest in the amino acid composition of pisces, aves, and
mammals, while cysteine residue was the least in the proteins
as shown in Figure 4.

Phylogenetic and cluster tree

To elucidate the variation and conservation of codon usage
among different species, we performed phylogenetic analysis
among 15 species belonging to pisces, aves, and mammals for
maximum likelihood. The phylogenetic analysis revealed that
maximum likelihood was 0.05 and three major branches
corresponded to pisces, aves, and mammals. Each branch had
several smaller branches as shown in Figure 5, which again
supported the correlation between different classes. The cluster
tree was generated with RSCU value in different species of
pisces, aves, and mammals using cluster methods as shown in
Figure 6. The different species of pisces, aves, and mammals
were divided into three main clusters. Some species of different
classes for MT-CYB gene were clustered in the same lineage
while other species were clustered in different lineages.

Conclusion

In our study on analysis of synonymous codon usage among
pisces, aves, and mammals, the codon usage bias in CYB gene
was low, which might be due to the interaction of mutation
pressure and natural selection. The most frequent codons in
CYB gene of pisces, aves, and mammals favoring A or C at the
third codon position firmly decide the compositional constraint
in the presence of mutation pressure. The present analysis of
codon usage provides an insight into the codon usage variation
at molecular level among pisces, aves, and mammals.
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Figure 4. (a) Neutrality plot (between GC12 against GC3%) in pisces, regression line y = 2.943X—84.54; R*=0.532. (b) Neutrality plot (between GC12 against GC3%) in
aves, regression line y =0.887X+10.23; R*=0.0018. (c) Neutrality plot (between GC12 against GC3%) in mammals, regression line y = —0.122X—52.15; R?=0.0004.
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Figure 5. Comparison of amino acids in different species of pisces, aves, and mammals. This figure clearly shows leu frequency was the highest and cys frequency was

the lowest.
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Figure 6. Phylogenetic tree of different species pisces, aves, and mammals.
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Abstract:

Background: Mitochondrial ND gene, which encodes NADH dehydrogenase, is the first enzyme of the mitochondrial electron
transport chain. Leigh syndrome, a neurodegenerative disease caused by mutation in the ND2 gene (T4681C), is associated with
bilateral symmetric lesions in basal ganglia and subcortical brain regions. Therefore, it is of interest to analyze mitochondrial DNA
to glean information for evolutionary relationship. This study highlights on the analysis of compositional dynamics and selection
pressure in shaping the codon usage patterns in the coding sequence of MT-ND2 gene across pisces, aves and mammals by using
bioinformatics tools like effective number of codons (ENC), codon adaptation index (CAI), relative synonymous codon usage
(RSCU) etc. Results: We observed a low codon usage bias as reflected by high ENC values in MT-ND2 gene among pisces, aves
and mammals. The most frequently used codons were ending with A/C at the 3rd position of codon and the gene was AT rich in
all the three classes. The codons TCA, CTA, CGA and TGA were over represented in all three classes. The F1 correspondence
showed significant positive correlation with G, T3 and CAI while the F2 axis showed significant negative correlation with A and T
but significant positive correlation with G, C, G3, C3, ENC, GC, GC1, GC2 and GC3. Conclusions: The codon usage bias in MT-
ND?2 gene is not associated with expression level. Mutation pressure and natural selection affect the codon usage pattern in MT-ND
2 gene.

Key words: Codon usage, MT-ND2 gene, natural selection, mutation pressure

Background

The mitochondrial genome is ideal as the molecular marker for
species identification as well as systematic phylogenetic studies
due to its small size. It is easily amplified and mostly conserved
in gene content and characterized by lack of recombination,
maternal inheritance and high evolutionary rate [1]. The
respiratory chains of mitochondrial genome comprise of four
complexes (complex, I-IV) and are encoded by 37 genes
consisting of two ribosomal RNA (rRNA), twenty-two transfer
RNA (tRNA) and thirteen protein coding genes. The complex-I
of mitochondrial respiratory chain includes the first enzyme
NADH dehydrogenase and its seven subunits (ND1-6 & ND4L)
play a pivotal role in diverse pathological processes [2]. The
subunit 2 of NADH dehydrogenase is encoded by ND2 gene
and its function is not yet fully understood. However, literature
suggests that a mutation in the ND2 (T4681C) gene was found
in patients with Leigh syndrome, a neurodegenerative disease
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characterized by bilateral symmetric lesions in basal ganglia
and subcortical brain regions [3].

Urrutia and Hurst (2003) reported that the codon usage in
human is positively related to gene expression but is inversely
related to the rate of synonymous substitution [4]. Several
genomic factors such as gene expression level, protein
secondary structure, and translational preferences balancing
between the mutational pressure and natural selection
contribute to the synonymous codon usage variation in
different organisms [5,6]. Therefore, gaining the information on
the synonymous codon usage pattern provides significant
insights pertaining to the prediction, classification, and
evolution of a gene at molecular level and also helps in
designing highly expressed genes. In the present study we have
carried out a comparative analysis of the ND2 gene codon
usage and codon context patterns among the mitochondrial

© 2015 Biomedical Informatics
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genomes of three chordate classes (pisces, aves and mammals)
in order to understand the molecular mechanism along with
functional conservation of gene expression during the period of
evolution using several bioinformatics tools.

CAl

~
#

F)
§
&
o
A\

g
W

(‘L

el

&
At\“'\
o

v

5
L o“’@

o ¢
g

) &
¥
L
o
e

" o B ol ] & g
‘)\\‘\ ,@“} o o‘,p 00* \-\0‘\ & R
& 6\‘(\ o\\‘ “‘ :(\ \0\ & ‘\‘é-
§ \.;“ o ¢ y

N

)
N ¢

Figure 1: Distribution of CAI in MT-ND2 gene among different
species

Methodology:

Retrieval of Sequence data

The coding sequences (cds) of MT-ND2 gene from five species
of pisces, aves and mammals each were retrieved from
National Center for Biotechnology Information, USA (http://
www.ncbinlm.nih.gov/) wusing the following accession
numbers. The accession numbers of different species are
AP006806, AP006813, AP006778, AP006825, AP006858, X52392,
AF090337, AF090341, AF090338, AF090340, U96639, AJ001562,
X14848, Y11832 and AJ001588. A perl programme was used to
analyze the compositional features and codon usage bias
parameters.

Compositional properties

The overall composition of A, T, G, C bases and its composition
at 31 position along with GC, GC1, GC2 and GC3 contents
were calculated using the perl script.

Codon adaptation Index (CAI)
Codon adaptation index (CAI) is used to estimate gene
expression level. The CAl is calculated as

L
CAI = exp(izm a)kj
L=

Where, wk is the relative adaptiveness of the ki codon and L is
the number of synonymous codons in the gene [7].

Effective Number of Codons (ENC)
The effective number of codons (ENC) is the most extensively
used parameter to measure the usage bias of the synonymous
codons [8]. The ENC value ranges from 20 (when only one
codon is used for each amino acid) to 61 (when all codons are
used randomly). It is calculated as:

9 1 5 3

et
F, F, F. F,

ENC =2+
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Where Fi(k= 2,3,4,6) is the mean of Fk values for the k-fold
degenerate amino acids.
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Figure 2: Hierarchal clustering of RSCU value in different

species of MT-ND2 gene

Relative Synonymous Codon Usage (RSCU)

Relative synonymous codon usage was calculated as the ratio
of the observed frequency of a codon to its expected frequency
if all the synonymous codons of a particular amino acid are
used equally [9]. The RSCU value is calculated using the
formula

where, X jjis the frequency of occurrence of the jth codon for ith
amino acid (any X jwith a value of zero is arbitrarily assigned a
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value of 0.5) and n; is the number of codons for the ith amino
acid (ith codon family).
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Figure 3: Neutrality plot of GC12 versus GC3 in (a) Pisces (b)
Aves (c) mammals. GC12: average of GC1 and GC2.

GRAVY

GRAVY (Grand Average of Hydropathicity) values are the sum
of the hydropathy values of all the amino acids in the encoded
protein of the gene divided by the number of residues in the
sequence [10].

Aromaticity (Aromo)
Aromo refers to the frequency of aromatic amino acids (Phe,
Tyr, Trp) in the translated gene product [11].

Correspondence analysis (COA)

Correspondence analysis is a multivariate statistical method
used to study the major trends in synonymous codon usage
variation in coding sequences and distributes the codons in
axis] and axis2 with these trends [12].

Software used

Novel software developed by SC (corresponding author) using
Perl script was used to calculate all the codon usage bias
parameters and nucleotide composition. The genetic code of
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vertebrate mitochondria having 60 sense codons available in
NCBI database was used for the present analysis. The RSCU
values of each codon from different species were clustered by
hierarchal clustering method using XLSTAT.
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Figure 4: Correspondence analysis of the synonymous codon
usage in MT-ND2 gene. The analysis was based on the RSCU
value of the 60 synonymous codons.

Statistical analysis

Correlation analysis was used to identify the relationship
between overall nucleotide composition and each base at 3rd
codon position. All the statistical analyses were done using the
SPSS software.

Results & Discussion:

The overall nucleotide compositions in the coding sequence of
MT-ND2 gene among pisces, aves and mammals were analyzed
Table 1 (see supplementary material). Our results showed that
the nucleobase C was the highest (%) in pisces and aves but the
nucleobase A was the highest in mammals whereas G was the
lowest in pisces, aves and mammals. For the 3rd position of
codon, A3 was the highest in pisces, aves and mammals but G3
the lowest. This clearly indicates that compositional constraint
might influence the codon usage pattern of MT-ND?2 gene [13].

The effective number of codon (ENC) values for MT-ND2 gene
among pisces, aves and mammals were estimated Table 2 (see
supplementary material). The effective number of codon
(ENC) is a non directional measure of codon usage bias. Its
value ranges from 20-61. ENC value 20 indicates that for each
amino acid only one codon is used (extreme bias) and 61 means
all codons equally encode the same amino acids (no bias) [8].
We observed that the ENC value in MT-ND2 gene was
(MeantSD) 57+2.91, 59+0.44 and 55+1.58 among pisces, aves
and mammals, reflecting a weak codon bias which was similar
to the findings of Jia X et al, 2015 in B.mori [14] . It was also
found that the overall GC % was less than 50% and the gene
was AT rich. This phenomenon was also reported in AT rich
species such as Plasmodium falciparum [15].
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We calculated the codon adaptation index (CAI) values for MT-
ND2 gene in order to find out the expression level among
pisces, aves and mammals (Figure 1). In our analysis, the CAI
values were (MeantSD) 0.7851+0.05, 0.7667+0.05, 0.7635+0.02
in pisces, aves and mammals, respectively. We used unpaired t
test between pisces and aves as well as between pisces and
mammals but the difference was not statistically significant.
Wei etal 2014, also reported the average value of CAI in
mitochondrial protein coding genes ranged from 0.5-0.7 in
B.mori [16]. In addition, we performed a correlation analysis
between ENC and gene expression level as measured by CAI
and found no significant relationship suggesting that the codon
usage bias in MT-ND2 gene is not associated with expression
level among the three classes.

Moreover, we calculated the relative synonymous codon usage
(RSCU) values in the coding sequences of MT-ND2 gene among
pisces, aves and mammals Table 3 (see supplementary
material). In our analysis, the RSCU value > 1 means the codon
is more frequently used, RSCU value <1 as less frequently used
codon. But RSCU value >1.6 means over represented codon
whereas the RSCU value <0.06 as under represented codon.
The RSCU values of 60 codons also indicated that the codon
usage bias of MT-ND2 gene is low. Approximately half of the
codons were frequently used i.e. 30 codons in pisces, 28 in aves
and 21 in mammals. In all three classes the most frequent
codons ended with A or C at the 3 codon position (A/T
ended: G/C ended = 16:14 in pisces, 13: 15 in aves and 14: 7 in
mammals). The RSCU values were analyzed using heat map
(Figure 2) which represented the more frequently, less
frequently, over-represented and under-represented codons.
The results showed that the most preferred codons were TTC,
CTA and TAC in all the three classes. In addition, the four
codons namely TCA, CTA, CGA and TGA encoding the amino
acid serine, leucine, arginine and tryptophan respectively were
over represented in MI-ND2 gene among pisces, aves and
mammals. This result suggests that compositional features
played an important role in codon usage in MT-ND2 gene [13].

The overall percentage of GC contents at different codon
positions were calculated (see supplementary material Table
S2). In order to find out the role of mutation pressure and
natural selection, we constructed a neutrality plot of GC12
against GC3 (Figure 3, a-c) [17]. The linear regression
coefficient of GC12 on GC3 indicated that natural selection
plays a major role while mutation pressure plays a minor role
in shaping the codon usage patterns in MT-ND2 gene. Our
result was similar to the findings of Wei et.al (2014) in the
mitochondrial DNA codon usage analysis of B.mori [16].

We performed correspondence analysis (CoA) based on RSCU
values to analyze the codon usage variation in MT-ND2 gene
among pisces, aves and mammals. In our analysis, the 1st axis
(F1) accounted for 34.50% of the total variation and the 2nd axis

open access

accounted for 12.51% of the total variation (Figure 4). Further,
correlation analysis was done to determine the
interrelationships between the first two principle axes (F1 and
F2), nucleotide constraints and indices of natural selection
(CAI, Gravy, Aromo) on MT-ND2 gene. The F1 axis showed
significant positive correlation with G, T3 and CAI whereas the
F2 showed significant positive correlation with G, C, G3, C3,
ENC, GC and GC1-3 but significant negative correlation with A
and T Table 4 (see supplementary material). These results
suggest both compositional constraint under mutation pressure
and natural selection affect the codon usage pattern in MT-
ND?2. The results were similar to the findings of Butt ef.al. [18].

Conclusion:

The codon usage bias in MT-ND2 gene is weak with high
expression level. It is found that natural selection and mutation
pressure affect the codon usage pattern in MT-ND 2 gene.
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Supplementary material:

Table 1: Nucleotide composition in MT-ND2 gene
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Species A% T % G % C % A3 % T3 % G3 % C3 %
T. chatareus 29.2 249 114 345 41 19.2 3.7 36.1
E. zonatum 28.7 28.7 13.8 28.8 37.8 27.8 8.9 25.5
J. floridae 25.2 28.9 11.6 343 29.8 28.1 49 37.2
P. orbicularis 26.3 229 115 39.3 33.8 15.2 43 46.7
L. menadoensis 38.2 22.6 10.8 28.4 55.9 135 5.4 25.2
Mean+SD 29.52+512 25.60++3.05 11.82+1.14 33.06+4.53 39.66*+10 20.76+6.88 5.44%2.03 34.14+9.02
G.gallus 32.6 23 8.6 35.8 424 8.9 43 444
A.americana 29.1 21.8 13.1 36 38 9.2 10.7 421
V.chalybeata 31 23 119 341 455 11 6.1 374
F.peregrinus 32.2 25.1 94 33.3 43.5 14.1 4.6 37.8
S.sharpei 29.7 24.5 8.7 37.1 37.8 15.6 3.2 43.4
Mean+SD 30.92+1.52 23.48+1.31 10.34+2.04 35.26%1.53 41.44+341 11.76+2.98 5.78+2.93 41.02%3.22
C.familiaris 35.4 28 9.2 274 46 18.1 5.2 30.7
M.glis 33.2 30.1 9.3 27.4 42.7 23.1 35 30.7
R..norvegicus 36 25 7.9 31.1 471 15.9 2 35
D.novemcinctus  39.1 26.1 8.3 26.5 457 227 4 27.6
O.cuniculus 35 28.3 9.1 27.6 54.6 144 4.6 26.4
Mean+SD 35.74+214 27.50++1.99 8.76+0.62 28+1.78 47.22+443 18.84+3.93 3.86+1.21 30.08+3.34
Table 2: GC contents, ENC and CAI values

Species ENC GC % GC1 % GC2 % GC3 % CAI

T. chatareus 58 45.8 52.1 45.6 39.8 0.7587

E. zonatum 55 427 48.1 45.6 34.4 0.8768

J. floridae 59 45.8 50.1 453 421 0.8011

P. orbicularis 60 50.8 55.9 45.6 51 0.7493

L. menadoensis 53 39.2 43.6 433 30.7 0.7396

Mean+SD 57+2.91 44.86+4.29 49.86+4.57 45.08+1.00 39.6017.78 0.7851+0.05

G.gallus 60 445 41.8 429 48.7 0.8546

A.americana 60 49.1 51.9 427 52.7 0.7433

V.chalybeata 60 46 51.9 42.7 43.5 0.7251

F.peregrinus 59 42.7 41.5 444 424 0.7733

S.sharpei 60 45.8 46.7 441 46.7 0.7372

MeantSD 59.80+0.44 45.621+2.34 46.76+5.12 43.3610.82 46.80+4.14 0.7667%0.05

C.familiaris 56 36.6 36.2 37.6 35.9 0.7544

M.glis 55 36.7 36.3 39.5 34.3 0.7799

R..norvegicus 57 39 40.8 39.3 37 0.7247

D.novemcinctus 54 36.8 40.8 37.9 31.6 0.7988

O.cuniculus 53 34.8 35.6 37.6 31 0.7597

Mean+SD 55+1.58 36.78+1.49 37.94+2.62 38.38+0.94 33.96+2.61 0.7635+0.02

Table 3: Preferred codons of each amino acid in pisces, aves and mammals in MT-ND2

Pisces

Aves

Mammals

Amino acid
Ser

Phe

Leu

Tyr
Cys

Pro

Codon
TCA
TCT
TCC
TCG
AGC
AGT
TTC
TTT
TTA
TTG
CTA
CTC
CTG
CIT
TAC
TAT
TGT
TGC
CCA
CcCC

Mean Preferred codons
228 TCA
1.032
1.476

0.68

0.888
0.168
1.648 TTC
0.912
0868 CTA
1.1

2.028

1.44

0.36

1152
1272 TAC
0.732
0012 TGC
12

1272 CCC
1.8
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Mean Preferred codons

1956 TCC
0.456

2.52

0.144

0.888

0.036

1.668 TTC
0.332

0576 CTA
0.012

2.784

1.608

0.468

0.54

1.508 TAC
0.496

0.016 TGC
2

1.88 CCA
1.56

411

Mean Preferred codons

2832 TCA
0.924

1.536

0.048

0.456

0.204

1.032 TTC
0.968

1104 CTA
0.048

2.88

0.972

0.168

0.864

1172 TAC
0.828

0.004 TGC
0.4

212 CCA
1.288
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CCG 0 0.08 0.04
CCT 0.92 0.472 0.568

His CAT 0376 CAC 0596 CAC 0248 CAC
CAC 1.624 1.404 1.752

Gln CAA 1876 CAA 1.588 CAA 1756  CAA
CAG 0.124 0.412 0.244

Arg CGA 2.88 CGA 2264 CGA 2626 CGA
CGC 0.56 1.064 0.612
CGG 0.16 0.2 0
CGT 0.4 0.464 0.012

Met ATG 0452 ATA 049  ATA 0156 ATA
ATA 1.548 1.504 1.844

Ile ATC 0916  ATT 1.388 ATC 0986 ATC
ATT 1.084 0.612 0.714

Thr ACA 1312 ACC 1.528 ACC 1506 ACA
ACC 1.68 1.648 0.984
ACG 0.08 0.104 0.188
ACT 0.92 0.72 0.58

Asn AAC 1432  AAC 1872 AAC 1.16 AAC
AAT 0.568 0.128 0.54

Asp GAC 1204 GAC 2 GAC 0.8 GAC
GAT 0.804 0.02 0.008

Val GTA 1408 GTC 1912 GTA 1314 GTA
GTC 1.576 1.664 0.848
GTG 0.456 0.288 0.27
GTT 0.552 0.136 0.818

Ala GCA 1232 GCC 1312 GCC 1288 GCC
GCC 1.856 1.912 1.332
GCG 0.096 0.16 0.048
GCT 0.808 0.608 0.574

Lys AAA 1592 AAA 1936 AAA 1.58 AAA
AAG 0.408 0.064 0.12

Glu GAA 1764 GAA 1.58 GAA 1224 GAA
GAG 0.236 0.42 0.476

Gly GGA 1.48 GGA 1712  GGC 2088 GGA
GGC 1.336 1.952 0.882
GGG 0.552 0.272 0.056
GGT 0.64 0.064 0.232

Trp TGG 0.14 TGA 0288 TGA 0.09 TGA
TGA 1.86 1.712 1.61

Table 4: Correlation among the first two principle axes, nucleotide constraints and indices of natural selection in MT-ND2 gene

A T G C A3 T3 G3 C3 ENC GC GC1 GC2 GC3 CAI AR GR

F1 -0.253 0407 0544 -0249  -0.227 0.587 0454 -0414 -0271  -0.005 0.135 0.327 -0268  0.663"  0.175 0.035

F2  -0559° -.620" 522" 0.724~  -0.507 -0.346  0.550" 0.618" 0.751"  0.820"  0.720™  0.625" 0.765"  -0.026  -0.182  -0.066

AR: aromaticity, GR: gravy score
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GATA2 gene encodes a member of the GATA family of zinc-finger transcription factors that play a pivotal role dur-
ing the transition of primitive blood forming cells into white blood cells. Mutation in GATA2 results in the loss of
function or even gain of function, including abnormal proliferation of white blood cells that may predispose to
acute myeloid leukemia. Our results showed that the codon usage in GATA2 has been influenced by GC mutation

bias where nature has highly favored fourteen most over represented codons but disfavored the ATA codon

Keywords:

GATA2

Transcription factor
Amino acid substitution
Mutation rate

across five mammals. Purifying natural selection has affected GATA2 gene in human and other mammals to main-
tain its protein function during the period of evolution. Our findings report an insight into the codon usage pat-
terns in gaining the clues for codon optimization to alter the translational efficiency as well as for the functional
conservation of gene expression and the significance of nucleotide composition in GATA2 gene within mammals.

© 2016 Published by Elsevier Inc.

1. Introduction

GATA2 is a DNA binding transcription factor which localizes predom-
inantly in the nucleus of a cell and mainly expressed in hematopoietic
progenitors as well as nonhematopoietic embryonic stem cells [1]. Liter-
ature suggests that mutations in the coding region of GATA2 lead to neg-
ative regulation of hematopoietic stem/progenitor cell differentiation
and causes several genetic disorders, including predisposition to acute
myeloid leukemia [1-3]. Based on the homology model, it has been
established that amino acids asparagine317, alanine318, lysine321,
and arginine330 are directly implicated in the DNA binding side of
GATA2 zinc finger1 and mutations in these residues likely alter DNA af-
finity [4].

The degeneracy of codon usage in nature and unequal usage of
synonymous codons for encoding the same amino acid during the trans-
lation of a gene into a protein are a well established phenomenon com-
monly known as codon usage bias. It is species specific and significantly
differs among the genes of the same taxa [5-8].The codon usage pat-
terns have been analyzed since the inception of the first molecular
sequence databases [5]. The result of Grantham and his co-workers
demonstrated that species specific genes share similar patterns of syn-
onymous codon usage frequency as stated by the “genome hypothesis”
[5-6]. Therefore, scanning the codon usage patterns of all the genes in

* Corresponding author.
E-mail address: supriyoch_2008@rediffmail.com (S. Chakraborty).

http://dx.doi.org/10.1016/j.ygeno.2016.02.001
0888-7543/© 2016 Published by Elsevier Inc.

an organism may obscure the underlying heterogeneity [7] and hence
it is better to identify the trends of codon usage patterns within the
genes of a species or between closely related species. Various factors
that are responsible for codon usage bias in different organisms from
lower prokaryotes to higher eukaryotes have been discussed earlier by
several researchers, but till date the codon usage patterns within
the genes of an organism during the course of evolution have been
interpreted for varied explanations. In general, researchers reported
that the compositional constraints under mutation pressure or natural
selection have been considered as the major factors involved in the
codon usage variation among different organisms [8-11]. Further, liter-
ature suggests that a gene can be characterized both in the presence of
its amino acid sequence and the codon usage patterns shaped by the
balance between mutational pressure and natural selection. Such selec-
tion pressure might have influenced the differentiation of codon bias
between species and resulted in the non-uniform usage of synonymous
codons within a gene [12]. Thus, the significance underlying codon bias
study is not only to understand the evolution of a gene at the molecular
level, but also to analyze the functional conservation of gene expression
as well as genome characterization.

Several studies were carried out in GATA2 gene mutation linked to
leukemia in human [1,4,13-14], but the studies related to the factors
influencing the extent of synonymous codon usage bias in this gene se-
quence in comparison to other mammals have not been done so far. The
present study was based on bioinformatic approaches to elucidate the
synonymous codon usage patterns in GATA2 gene and the ratio of

Please cite this article as: T.H. Mazumder, et al., Transcription factor gene GATA2: Association of leukemia and nonsynonymous to the synonymous
substitution rate across five mammals, Genomics (2016), http://dx.doi.org/10.1016/j.ygeno.2016.02.001
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nonsynonymous and synonymous substitution per site across five dif-
ferent mammals during the process of evolution.

2. Materials and methods
2.1. Sequences

The complete nucleotide coding sequence (cds) for GATA2 gene in
FASTA format from five randomly chosen mammalian species (n = 5)
namely Homo sapiens, Mus musculus, Sus scrofa, Bos taurus and Rattus
norvegicus was retrieved from GenBank database of the National Center
for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov).
In our analysis of codon usage bias, we selected only those nucleotide
coding sequences of equal length, which have a perfect start and stop
codons, devoid of any unknown bases (N) and exact multiple of three

bases from five different mammals available in the databases (Table 1).

2.2. Codon usage analysis

The nucleotide distribution of AT and GC contents (Mean + SD) at
different synonymous positions of codon for GATA2 gene in each coding
sequence was analyzed in order to find out the extent of base composi-
tion bias across different mammals. In addition, the skewness for AT and
GC contents was analyzed.

2.3. Effective number of codons

The expected effective number of codons (ENC) for each coding se-
quence of GATA2 gene was calculated using the formula given by Wright
(1990) as follows:

ENC=2+S+ _
S+ (1 —sz)

where, S corresponds to the given GCs values. ENC value generally
ranges from 20 to 61. The lower ENC value (<35) indicates high codon
usage bias in the gene and vice versa [15].

2.4. Relative synonymous codon usage

The relative synonymous codon usage (RSCU) values of different
codons in the coding sequences of GATA2 gene were calculated as per
Comeron and Aguade (1998) using the following formula:

RscU = 50,

Z?igif

where, gj; is the relative codon usage frequency of the ith codon for
the jth amino acid which is encoded by n; synonymous codons [16]. In
our analysis, RSCU value greater than 1.0 represents positive codon
usage bias indicating the usage of most abundant codons for the corre-
sponding amino acid. RSCU value less than 1.0 represents a negative
codon usage bias suggesting the usage of less-abundant codons for the
corresponding amino acid. Moreover, synonymous codons with RSCU

Table 1
Five mammalian species with accession number and codon bias indices.
Mammals Accession Length ENC CAI GC AT
numbers (bp) skew skew
Homo sapiens gb|M68891 1443 41 0827 —0.14 0.13

Mus musculus gb|BC107009 1443 48 0.799 —0.13 0.08
Sus scrofa gi|47,523,099 1443 39 0836 —0.15 0.14
Bos taurus gi|300,797,895 1443 31 0841 —0.14 0.18
Rattus norvegicus  gb|BC061745 1443 49 0806 —0.13 0.10

values greater than 1.6 are considered as over-represented codons and
less than 0.6 as under-represented codons [17], respectively.

2.5. Codon adaptation index

Codon adaptation index (CAI) is used to the level of gene expression
on the basis of extent of bias in coding sequence. The CAl value was mea-
sured as per Sharp and Li (1987) using the following formula:

L
CAl = exp% > Inweg,
k=

where, W, is the relative adaptiveness () value for the k-th codon
and L is the number of codons in the gene [18].

2.6. Analysis of selective pressures

The degree of nonsynonymous substitution (dy), synonymous sub-
stitution (ds) and the ratio between them (dy/ds) were estimated as
per Nielsen and Yang [19] for the protein coding DNA sequence of
GATA2 gene to investigate the effects of natural selection during the pro-
cess of evolution.

2.7. Neutrality plot

A scatter plot of GCy;, against GCs, depicts the roles of directional mu-
tational pressure against natural selection. In this plot, regression coeffi-
cient of GC;, on against GCjz is the equilibrium condition mutation-
selection pressure [20].

2.8. Software used for statistical analysis

All the above mentioned genetic parameters were estimated in a
PERL program developed by SC (corresponding author) to measure
the CUB and selection pressure on the selected coding sequences of
GATA2 gene across different mammals. Statistical analyses were carried
out using the IBM SPSS version 21.0. Cluster analysis (Heat map) was
performed using NetWalker software version 1.0 [21]. The genetic dis-
tance and phylogenetic analysis were performed using Mega 6.0 soft-
ware [22]. No adjustment was done in the coding sequences of gene
for comparisons.

3. Results
3.1. Nucleotide composition in GATA2

The overall nucleotide compositions in the complete coding se-
quences of GATA2 gene across five mammalian species were analyzed
(Table 2). The highest mean value of base C was observed among all
the coding sequences of GATA2 gene followed by G, A and T across the
selected mammals. The percentage of overall GC (Mean + SD)
(65.2 + 3.35) and AT (34.8 + 3.35) content values for the coding se-
quences of GATA2 showed a wide distribution of GC contents among
the five mammals. In addition, we compared the values of nucleotide
composition at the third codon position (As, T, G3, C3) of codon and ob-
served that mean value of C3 was the highest among the coding se-
quences of GATA2 gene. The average percentages of GC contents at the
third codon position GCs (77.2 4+ 9.55) and ATs (22.8.0 + 9.55) for
GATAZ revealed that GC; was higher than ATs across the selected mam-
mals. Similarly, the overall mean percentage of GC contents at the first
and second positions (GC; + GC;) of codon for the coding sequences
of GATA2 (59.1 4 0.37) varies significantly. Moreover, negative GC
skew was observed in all the coding sequences (Table 1), suggesting
the abundance of C over G [23]. Our analysis suggested that the codons
ending with G/C base were mostly favored over A/T base in the coding
sequences of GATA2 gene across the five mammalian species.
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Table 2

Nucleotide composition analysis in the coding sequences of GATA2 gene.
GATA2 gene
SL A T G C A; Ts Gs Cs AT GC GGy GG, GC3 ATs GCi2
No. % % % % % % %
1 288 220 400 535 54 58 142 227 35.2 64.8 60.1 57.6 76.7 233 58.9
2 291 249 391 512 61 85 134 201 374 62.6 60.3 57.8 69.6 30.4 59.0
3 281 212 403 547 48 50 146 237 342 65.8 60.7 57.2 79.6 204 59.0
4 250 175 437 581 20 19 179 263 29.5 70.5 61.7 58 91.9 8.1 59.9
5 300 247 388 508 72 82 131 196 37.9 62.1 60.5 57.8 68 32 59.2
Mean 282 221 404 537 51 59 146 225 348 65.2 60.7 57.7 77.2 22.8 59.1
SD 19.14 30.24 19.56 29.60 19.49 26.86 19.19 2743 335 335 0.62 0.30 9.55 9.55 0.374

SD: standard deviation, GCy5: average of GC contents at first and second codon positions.

In order to investigate the relationship between the codon usage
variation and the compositional constraints, we performed correlation
analysis between the values of A, T, G, C and GC with As, T3, G3, C3 and
GGC; values, respectively. Significant positive correlation as well as neg-
ative correlation was observed in different nucleotide compositions
over all the coding sequences of the selected gene across five mammals.
We preliminary inferred that nucleotide constraint under mutation
pressure may influence the codon usage pattern in GATA2 gene.

3.2. Codon usage patterns and GATA2 gene expression

In order to find out the relationship of the codon usage variation
with GC constraints among the selected coding sequences of GATA2
gene across five different mammalian species, we analyzed the correla-
tion coefficients of codon usage with GCss using heat map (Fig. 1). We
observed that nearly all codons with G/C — ending base in the coding se-
quences of GATA2 were positively correlated with GCs indicating that
codon usage had been influenced by the GC bias and vice versa for the
A/T — ending base. In addition our analysis revealed that the codon
ATT (encoding isoleucine amino acid) was not favored by natural selec-
tion in the coding sequence of GATA2 gene.

Gene expression level was predicted using the codon adapta-
tion index (CAI) values [24-25], which ranged from 0.799 to 0.841
with a mean value of 0.822 and a standard deviation of 0.018. A highly
significant positive correlation was observed between CAI and GCs;
(r = 0.896, p < 0.05) as well as between CAI and GC (r = 0.873,
p < 0.05) contents. But significant negative correlation (r = —0.934,
p < 0.05) was observed between CAI and ENC. These results indicated
that the gene expression level might play a role in shaping the codon
usage pattern of GATA2 gene and that the extent of codon usage bias
raises with the level of gene expression.

-A

-T -C -G

Besides this, the correlation coefficient between codon usage and CAI
showed that almost all G/C-ending codons are positively correlated
with CAI suggesting that gene expression increases with the increase
in usage of these G/C-ending codons.

3.3. Relative synonymous codon usage in GATA2

The relative synonymous codon usage values of 59 codons in the se-
lected coding sequences of each GATA2 gene across five mammals were
analyzed excluding the codon ATG and TGG that encode amino acid me-
thionine and tryptophan respectively. In our analysis, the overall RSCU
values showed that 21 codons were most predominantly used among
the 59 codons and the most recurrently used codons (RSCU > 1) were
C-ending [14] compared to G-ending [ 7] for the GATA2 gene. Our results
further suggested that C ending codon was mostly favored as compared
to G-ending codon in the coding sequences of the GATA2 gene across the
selected mammals.

Moreover, clustering analysis using heat map of RSCU values (Fig. 2)
depicted that the codons GTG, ATC, CTG, TTC, AAG, CAG, GCC, TAC, CCC,
GAC, GGC, TCC, CGG, and ACC were the over represented codons
(RSCU>1.6) across the selected mammals. The codon ATT encoding iso-
leucine amino acid showed the RSCU value zero because nature might
have disfavored this codon in GATA2 gene across the mammals.

3.4. Amino acid usage influencing codon bias

The frequency of amino acid usage in GATA2 protein across
mammals (Fig. 3) was analyzed. Our results showed that, four amino
acids, namely alanine (A), glycine (G), proline (P) and serine (S) were
more widely used and two amino acids isoleucine (I) and tryptophan
(W) were least used. We performed the multiple amino acid sequence

GATA2

y= 462 66x - 303.05 °
*= 08027

/

0.790 0800 0810 0820 0830 0840 0850
CAI
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Fig. 1. Correlation coefficient between codon usage, GC3 and CAI for GATA2 gene across mammals; [A] Heat maps of the correlation coefficients between codon usage and GCss. Red color
coding represents the positive correlation, green as negative correlation, black fields are non-degenerate codons (ATG, TGG) and three termination codons (TAA, TAG, TGA), white color
field is the codon (ATT) selected against by nature; [B] Correlation coefficient between CAI (a measure of gene expression) and GCs,. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Cluster analysis of RSCU values of GATA2 gene across mammals. The heat map represents the RSCU value of a codon (shown in columns) corresponding to the GATA2 gene across
mammals (shown in rows). Green color indicates RSCU < 1, dark red RSCU > 1 and distinct red RSCU > 1.6. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

alignment of 480 amino acid residues in the GATA2 protein (Fig. 4) in all
the selected mammals. The results of our analysis showed that the
amino acids at position 9, 21, 38, 39, 219, 226, 236 and 403 of protein
i.e. G (glycine), D (aspartic acid), H (histidine), V (valine), T (threonine),
S (serine), T (threonine) and N (asparagine) respectively in GATA2 pro-
tein in human radically changed in comparison to other selected mam-
mals during the process of evolution.

The solubility of GATA2 protein across mammals was assessed
through Gravy score [26]. The negative Gravy score was found in all
the members, indicating that the protein is water soluble, which reflects
its biological function as substrate transporter.

3.5. Selection pressure on the protein-coding DNA sequence of GATA2

The mean rate of synonymous substitution per synonymous site (ds)
for GATA2 was higher in H. sapiens, M. musculus, S. scrofa and B. taurus
(Table 3) but these data showed no statistically significant difference
between the groups. But the rate of nonsynonymous substitution per
site (dy) for GATA2 was also higher in H. sapiens, M. musculus and
B. taurus, but relatively low in S. scrofa and R. norvegicus. However, all
the nonsynonymous substitutions between the groups showed strong,
statistically significant differences (p < 0.001). The dyn/ds ratio in the
coding sequences of GATA2 gene varied across mammals with a mean
value of 0.106 and was lower than 0.5. Significant difference in
nonsynonymous substitution rate indicates a divergent evolution in
the mammals for GATA2 gene.

3.6. Nucleotide distance on nonsynonymous substitution and phylogenetic
analysis

We compared the values of non synonymous substitution per site
(dy) with the mean genetic p-distance in the coding sequence of
GATA2 gene across mammals (Fig. 5A). Our results showed that, the
rate of deleterious nonsynonymous substitution rises remarkably
with p-distance in M. musculus, B. taurus, S. scrofa and R. norvegicus

when compared with Homo sapiens. It is evident from the figure
(Fig. 5A) that the p-distance between any two mammals increases
with the increase in nonsynonymous substitution.

A neighbor-joining tree based on nonsynonymous substitution (dy)
in the coding sequences of GATA2 gene across mammals was construct-
ed (Fig. 5B). There was a close relationship between the rate of nonsyn-
onymous substitution of GATA2 gene in M. musculus and R. norvegicus
but distinctly different from H. sapiens.

3.7. Natural selection influences the codon bias of GATA2

A neutrality plot was constructed to quantify the extent of direction-
al mutational pressure against selection in the codon usage bias in
GATA2 gene across the selected species (Fig. 6). In neutrality plots,
when there exists a significant correlation between GC;, and GCs
and the slope of the regression line is close to 1, indicating that muta-
tion bias supposed to be the main force in shaping the codon usage. Con-
versely, a lack of correlation between GC;, and GCs indicates selection
against mutation bias which results a narrow distribution of GC content
[20]. In our analysis we compared the values of GC;, and GCs, and ob-
served a positive correlation but not significant in the coding sequences
of GATA2 gene across the selected mammals. Moreover, the regression
coefficient of GCy; to GC3 of GATAZ2 is 0.029, indicating the relative neu-
trality is 2.9% while the relative constraint is 0.971 for GCz which sug-
gest mutation pressure played a minor role while natural selection
played a major role in codon usage pattern in GATA2 genes.

4. Discussion

Several studies earlier reported that codon usage in mammals
including human has been influenced by the variation of GC contents
under mutation pressure. Moreover, the selection on codon bias is
weak for nearly neutral synonymous mutations [27]. The mean ENC
value in the coding sequences of GATA2 gene was 41.60 & 7.33,
representing existence of relatively weak codon bias. The overall
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Fig. 3. Frequency of amino acid usage in GATA2 gene across mammals; Five adjacent color-bars in a group representing five mammals indicate the usage of a particular amino acid with a
small vertical line at the top of each bar as standard error. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Multiple sequence alignment of GATA2 protein for residues 0-480; Unique residues are highlighted at different positions of the complete amino acid sequence of the GATA2 protein
across selected mammals where [A] represents Homo sapiens, [B] Mus musculus, [C] Sus scrofa, [D] Bos taurus and [E] Rattus norvegicus.

Table 3

Pairwise comparisons between different mammals for the number of substitutions per site
summarized for GATA gene, with synonymous substitutions (dS) below the diagonal and
and nonsynonymous substitutions (dN) above the diagonal in bold.

Homo Mus Sus Bos Rattus
sapiens musculus scrofa taurus norvegicus
Homo sapiens - 0.022* 0.008 0.035* 0.006
Mus musculus 0.358" - 0.004 0.018 0.001
Sus scrofa 0.136" 0.077 - 0.012 0.002
Bos taurus 0.109" 0.067 0.035 - 0.011
Rattus norvegicus 0.085 0.020 0.041 0.040 -

* p<0.001, bold: nonsynonymous substitution (dN)

nucleotide composition analysis in the complete coding sequences of
GATA2 gene across five mammals revealed that the GC content was
higher than AT content and the codons ending with G/C base was most-
ly favored over A/T-ending base. In addition, significant correlation was
observed between different nucleotide compositions, suggesting that
nucleotide bias particularly GC constraint under mutation pressure
might affect the codon usage patterns of GATA2 gene.

We performed a heat map analysis of the correlation coefficients of
codon usage with GCss and our results revealed that codon usage pat-
terns of GATA2 gene have been influenced by GC bias. The cordon ATT
(encoding Isoleucine amino acid) was not favored by natural selection
in the coding sequence of GATA2 gene. Gene expression level was mea-
sured using CAI A significant positive correlation was observed between
CAI and GC as well as between CAI and GG, but a significant negative
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Fig. 5. Genetic variability of nonsynonymous mutation and phylogenetic tree; [A] Distribution of nonsynonymous mutation per site (dy) and mean genetic p-distance in the coding
sequence of GATA2 gene across mammals. [B] Neighbor-Joining tree using dy distance based on codon alignment. The percentage of replicate trees in which the associated taxa
clustered together in the bootstrap test (1000 replicates) is shown above the branches. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary
distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Nei-Gojobori method and are in the units of the number of nonsynonymous
substitutions per nonsynonymous site. The analysis involved 5 coding sequences. All the positions containing gaps and missing data were eliminated. A total of 480 positions were

present in the final dataset. Evolutionary analyses were conducted in MEGAG [22].

correlation was found between CAI and ENC. Our results indicated that
the gene expression level might play a role in codon usage patterns of
GATA2 gene.

The overall relative codon usage frequency of GATA2 gene across
mammals revealed that the C-ending codons were mostly favored in
comparison to G-ending codons. Similar findings were reported earlier
for different genes in mammalian species [28-29]. Moreover, cluster
analysis of RSCU values (Fig. 2) indicated that fourteen codons were
over represented (RSCU > 1.6) in the coding sequence of GATA2 gene
across mammals.

It was reported earlier that nucleotide bias may affect the amino acid
composition of proteins [30-31] and that convergent amino acid com-
position may influence the protein sequences in the construction of
phylogenetic trees [32]. The biasness in the nucleotide or amino acid
composition may affect the evolution of protein structure because of
the relationship between primary and secondary protein structure
[33]. The change in charge distribution within a protein might be the
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Fig. 6. Neutrality plots of GATA-2 gene across mammalian species. Individual genes of
different species are plotted based on the average GC content in the first and second
codon position versus the GC content of the third codon position (GCs).

outcome of amino acid bias. Such bias can alter the protein's secondary
and tertiary structures. Moreover, these proteins may undergo positive
selection at other positions in a protein to balance the nucleotide
induced bias in the coding sequence of the gene encoding the protein.
In general, amino acid substitutions in a protein are most commonly
deleterious to the organism. But a few of these amino acid substitutions
are neutral and hence do not affect the protein function much. These
neutral amino acid substitutions become gradually adapted in the or-
ganism over time.

The usage of amino acid frequency for GATA2 across mammals
(Fig. 3) revealed that four amino acids namely alanine (A), glycine
(G), proline (P) and serine (S) were mostly used. Conversely least
usage of two amino acids isoleucine (I) and tryptophan (W) was
noted. In addition, the multiple sequence alignment of the amino acid
residues showed that the amino acids namely glycine (G), aspartic
acid (D), histidine (H), valine (V), threonine (T), serine (S), and aspara-
gine (N) changed at different positions of human GATA2 protein during
the period of evolution when compared with other mammals. There-
fore, in order to find out the selection pressure in the protein coding
DNA sequence of GATA2, we estimated the values of nonsynonymous
substitution (dy) and synonymous substitution (ds) per site as per
Nielsen and Yang (2003). The ratio of nonsynonymous and synonymous
substitutions (dy/ds) on gene sequence is a widely used measure for
investigating the extent to which the natural selection has affected the
gene during the process of evolution [34]. When the ratio of dy/ds is
greater than unity, it suggests that natural selection endorses alteration
in protein sequences and the ratio less than unity is expected when
natural selection suppresses protein changes [35]. In our analysis, we
observed that the mean ratio of nonsynonymous substitution to synon-
ymous substitution (dy/ds) was lower than 0.5, suggesting that the
coding sequence of GATA2 has undergone purifying selection to main-
tain its protein function. Besides this, a neighbor-joining tree using
nonsynonymous substitution (dy) distance based on codon alignment
for GATA2 gene revealed that there was a close relationship between
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nonsynonymous substitution rate in M. musculus and R. norvegicus but
distinctly different from H. sapiens.

5. Conclusions

A majority of the frequently used codons was C-ending in the coding
sequence of GATA2 gene across mammals. Fourteen codons were mostly
overrepresented and the codon ATT encoding isoleucine amino acid was
selected against by nature in GATA2 gene of all the mammals. The codon
usage of GATA2 gene was primarily affected by GC mutation bias and the
gene expression level might play a pivotal role in shaping its codon
usage patterns. The magnitude of dy/ds ratio suggested that GATA2
gene in different mammals was influenced by purifying natural selec-
tion in order to maintain its functionality. Different rates of amino acid
changing mutations might be conservative mutations for maintaining
the protein function and these differ in the level of selective constraint.
Such mutations ultimately affect the rate of evolution across distant
species. Our present findings certainly report a novel insight into the
codon usage patterns in gaining the clues for codon optimization to
alter the translational efficiency as well as for the functional conserva-
tion of gene expression and the significance of nucleotide composition
in the evolution of GATA2 gene within mammals.
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Abstract Codon usage bias refers to the differences in
the occurrence frequency of synonymous codons. To
understand the patterns of codon usage in mitochondrial
genes we used bioinformatic approaches to analyze the
protein coding sequences of W. bancrofti and S. haema-
tobium as no work was reported earlier. It was found that
the ENC value ranged from 43 to 60 with a mean of 46.91
in W. bancrofti but varied from 49 to 60 with a mean of
45.17 in S. haematobium, respectively. In W. bancrofti a
significant positive correlation was found between ENC
and GC3% (r = 0.826%*, p < 0.01), but in S. haematobium
significant correlation was found between ENC and GC3%
(r = 0.983** p < 0.01). Principal component analysis
suggests that the pattern of codon usage significantly dif-
fered between W. bancrofti and S. haematobium. Neutrality
plot reveals that natural selection played a major role while
mutation pressure played a minor role in codon usage
pattern in the mitochondrial protein coding genes of W.
bancrofti and S. haematobium. Various factors namely
nucleotide composition, natural selection and mutation
pressure affected the codon usage pattern.

Keywords Codon bias - Natural selection - Mutation
pressure - Mitochondrial DNA
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Introduction

Synonymous codon usage bias (SCUB) is the different
frequency of synonymous codons encoding an amino acid
in the coding DNA. In different organisms for protein
expression the triplets coding for the same amino acid are
not equally used. The bias ensures that the codons which
are used more frequently, the optimal codons, can pair with
the anticodons of the most abundant tRNA genes (Sun et al.
2009). It reveals a balance between natural selection (e.g.
translational selection, gene length, and gene function) and
mutation bias (such as GC content and mutation position of
base) (Bulmer 1991; Sharp and Li 1986a). There are var-
ious factors related to SCUB, determined alone by muta-
tional bias or by both mutation bias and natural selection as
suggested by various other studies (Behura and Severson
2013). But in many mammals the bias has been proved to
be mutational bias (Francino and Ochman 1999), some
others suggested that natural selection may also determine
the bias in eukaryotic organisms (Ingvarsson 2007; Powell
and Moriyama 1997; Wang and Hickey 2007). Thus by
understanding the codon usage bias we can show the pat-
tern of codon usage in species, and it also further provides
evidence about the evolution of organisms.

Mitochondrial DNA (mtDNA) is used as a marker in
studying the molecular diversity in animals. It is found that
amplification of the mtDNA occurs more easily because in
the cell it occurs in a huge number of copies (Gissi et al.
2008). The mtDNA is used as a tool for tracing the ancestry
of species because of its high mutational rate. Biologists
compare the mtDNA sequences from different species and
a relationship is developed from the data collected, which
further provides the relationships among the species from
which the mtDNAs were taken. If the species are related
distantly, then the number of differences in sequence

@ Springer
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becomes very large (Taylor and Turnbull 2005). MT-
COX1 (mitochondrial fragment) was selected as a molec-
ular tool in the molecular taxonomy and identification
(Stock 2009). Moreover, mtDNA molecules are known to
be located very close to the electron transport chain (ETC),
where reactive oxygen species (ROS) is continuously
generated (Richter et al. 1988).

The species analyzed in this study assume importance
because they are relevant as vectors in the transmission of
various animal diseases. Both species studied here are
medically very important. About 90 % of lymphatic filar-
iasis is caused by Wuchereria bancrofti (Melrose 2002),
whereas a chronic disease known as schistosomiasis (also
known as bilharziasis) is caused by Schistosoma haema-
tobium. W. bancrofti affects over 120 million people
worldwide (Melrose 2002). Infection caused by W. ban-
crofti is usually asymptomatic, this can be developed in the
legs, arms, breasts and genitalia. As the time passes,
thickening as well as hardening of the skin occurs which is
referred to as elephantiasis, also there might be high levels
of IgE (Immunoglobulin E) and antifilarial antibodies.
Individuals of all ages are susceptible to this infection,
whereas the humans are known to be the only host (Man-
guin et al. 2010; Bockarie et al. 2009). Treatment with 1 %
sodium hypochlorite and 2 % glutaraldehyde mostly seem
to be susceptible to W. bancrofti. For diagnosis, blood
should be collected at night and a thick smear is stained
with Giemsa or hematoxylin and eosin. By the use of
therapeutic drugs, such as ivermectin, diethylcarbamazine
(DECQ), or albendazole the severe symptoms caused by this
parasite can be avoided. On the other hand, many million
people worldwide are affected by the parasitic disease,
schistosomiasis. It is found to be endemic in some coun-
tries. Several surveys state that in Africa, urogenital
schistosomiasis is due to the infection with S. haematobium
(Chen et al. 2014). In human it is caused by the penetration
of infectious larvae (cercariae) through the skin of people.
Then in the body, adult schistosomes are developed from
the larvae. For acute schistosomiasis (Katayama syn-
drome), the incubation period is found to be 14-84 days
and characterized by headache, myalgia, diarrhea, fever
and respiratory symptoms, but the chronic infection is
thought to remain asymptomatic for many years (Chen
et al. 2014). For the standard diagnostics of urogenital
schistosomiasis, a filtration technique is typically used.
Praziquantel is considered to be the most commonly used
drug for the treatment of schistosomiasis and is typically
effective against adult forms of the parasite (Chen et al.
2014).

Analysis of codon usage bias is a well-established
technique for understanding the protein coding sequences
of genomes. The study of codon bias is gaining renewed
attention of scientists across the globe with the advent of

@ Springer

whole genome sequencing of numerous organisms (Sharp
and Li 1986b). In this study, one of the major objectives is
to understand the patterns of codon usage bias among the
protein coding genes of mitochondria in two parasitic
species: W. bancrofti and S. haematobium. The goal of this
study is to perform a comparative analysis of codon usage
bias pattern among the sequenced genes of these two par-
asitic species belonging to two different phyla. Our results
provide useful insights on the patterns of codon usage bias
that facilitate better understanding of the structure and
evolution of gene coding sequences of these species. On
nuclear genomes various reports on synonymous codon
usage bias have been focused, but only a few mitochondrial
genes have been analyzed for codon usage bias. Mainly in
vertebrates mitochondrial codon usage has been studied,
while among invertebrates so far only some parasitic
platyhelminthes had been surveyed for mitochondrial
codon usage and bias (Sharp and Matassi 1994). Molecular
evolutionary investigations suggest that codon usage bias
varies both within and between genomes and may have a
major significance in understanding genome evolution
among related species at molecular level (Plotkin and
Kudla 2011).

Materials and methodology
Sequences data

The coding sequences of mitochondrial genes from two
species namely W. bancrofti and S. haematobium were
retrieved from the Nucleotide Database of NCBI (http://
wwwncbi.nlm.nih.gov/GeneBank). The species with their
accession numbers are W. bancrofti- JQ316200.1 and S.
haematobium- NC_008074.1.

Estimation of DNA compositional properties

Using a in-house Perl programme developed by SC (cor-
responding author) the nucleotide compositions (A%, T%,
G% and C%), nucleotide composition at the 3rd position,
and the overall GC contents, GC1, GC2, GC3, AT1, AT2
and AT3 were estimated.

Relative synonymous codon usage (RSCU)

The RSCU values of codons were estimated as

X

i 2j=1 Xij
where Xj; is the frequency of occurrence of the jth codon
for ith amino acid (any Xj; with a value of zero is arbitrarily
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assigned a value of 0.5) and n; is the number of codons for
the ith amino acid (ith codon family).

If RSCU value of a codon >1, then the codon is used
more frequently than expected. If RSCU value <1, it means
that the codon is used less frequently. If RSCU = 1, it
means that the codon is used randomly and equally with
other synonymous codons for the same amino acid (Sharp
and Li 1986b). If the RSCU value is <0.6, the codon is said
to be under-represented and if the RSCU value of a codon is
>1.6, the codon is said to be over-represented in the coding
sequence (Gupta and Ghosh 2001).

Effective number of codons (ENC)

ENC provides the range of codon preferences in a gene. Its
value ranges from 20 to 61. Equal synonymous codon
usage for amino acids is indicated when ENC equals to 61.
When only a single codon is used, then ENC value is 20.
High ENC value indicates low codon usage bias whereas
low ENC indicates high codon usage bias (Wright 1990). It
is calculated as:

9 1 5 3
ENC=24+—4+—+—+—
NC +F2+F3+F4+F6’
where Fk (k = 2, 3, 4, 6) is the mean of Fk values for the
k-fold degenerate amino acids.

Codon adaptation index (CAI)

CAI is the most widely used measure for codon usage bias
and for gene expression (Sharp and Li 1987). CAI values
range from O to 1, with higher values indicating a higher
percentage of the most abundant codons. The CAI of a
coding sequence is calculated as

1 L
CAI = exp (Z > n wk) ,
k=1

where ok is the relative adaptiveness of the kth codon and
L is the number of synonymous codons in the gene.

Heat map

The RSCU values of codons from different mitochondrial
genes were used to generate heat map using Netwalker 1.0
software.

Principal component analysis (PCA) and clustering

Principal component analysis was used to investigate the
major trend in codon usage among different mitochondrial
genes using RSCU value. The analysis was done by SPSS
software (Jenkins and Holmes 2003).

Statistical analysis

Correlation and regression analysis were performed to
identify the relationship between the overall nucleotide
compositions with the nucleotide compositions at 3rd
codon position. In addition to this, correlation analysis of
ENC with GC, GC3 and CAI was carried out as well as
between GC12 and GC3. All the statistical analyses were
done using the SPSS software.

Results
Compositional properties

The mitochondrial genes of Wuchereria bancrofti and
Schistosoma haematobium with their gene length, CAI and
overall GC (%), GCI1 (%), GC2 (%) and GC3 (%) are
shown in Tables 1 and 2 respectively. From the table it is
seen that the average GC% and GC3 % in W. bancrofti
were 25.29 + 3.58 and 23.20 + 4.36, respectively and in
S. haematobium, the average overall GC% and GC3% are
26.35 and 20.48, respectively. The overall nucleotide
composition and nucleotide composition at the third codon
position and ENC values of W. bancrofti and S. haemato-
bium coding sequences are provided in S1 and 2 (supple-
mentary file). The ENC values ranged from 43 to 60 with a
mean of 46.91 in W. bancrofti but in S. haematobium it
ranged from 49 to 60 with a mean of 45.17. Higher ENC
value means low codon usage bias. High ENC indicated
that the codon usage bias is not very remarkable in these
species. In W. bancrofti, the nucleobase T at the 3rd
position of codons occurred more frequently while in the
species S. haematobium, the base A or T at the 3rd position

Table 1 Overall GC (%), GC1 (%), GC2 (%), GC3 (%), CAI, and
gene length in W. bancrofti

GC (%) GCI (%) GC2 (%) GC3 (%) CAI Gene length (nt)

24.1 25.8 253 21.1 044 582
31.9 353 30.6 29.7 0.83 1638
29.6 36.3 31.6 20.9 051 702
25.7 28.3 24.8 24 0.6 774
272 30.3 30.6 20.7 0.64 1089
27.1 30.7 30.7 19.8 056 879
24.1 252 227 24.5 0.52 846
23.1 252 243 19.8 031 333
259 28.4 25.7 23.7 0.66 1227
19.2 17.5 10 30 0.51 240
25.5 26.8 21.5 28.3 0.81 1590
20.1 17.9 26.5 15.9 0.38 453
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Table 2 Overall GC (%), GC1 (%), GC2 (%),GC3 (%), CAI, and
gene length in S. haematobium

GC (%) GCl (%) GC2 (%) GC3 (%) CAI Gene length (nt)

24 27.4 28 16.6 046 525
29.6 35.4 36.8 16.7 0.79 1542
29.5 36.7 31.2 20.6 056 597
26.4 30.6 27.5 21.2 0.58 666
27.9 23.6 32.6 274 0.76 1104
28.6 28.9 323 24.5 0.7 882
26.4 23.6 30.4 254 0.62 840
22.5 26 252 16.3 0.34 369
26.9 29.4 334 18 0.77 1266
24.5 26.4 28.7 18.4 0.16 261
28.3 31.4 31.3 22.3 0.79 1584
21.7 20.3 26.6 18.4 037 474

was mostly favored as shown in Fig. 1. The level of gene
expression was measured by CAI In Fig. 2, it is evident
that the gene expression level is more in S. haematobium
than W. bancrofti.

Codon usage in W. bancrofti and S. haematobium

We performed correlation analysis between codon usage
and GC3 to understand the general codon usage variation

Fig. 1 Nucleotide composition 70 7
(overall and at 3rd codon

position) in W. bancrofti and S.
haematobium 50 1

60 -

40 -

30 -+

20 -
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Fig. 2 Comparison of CAI Q.576 -

value for both W. bancrofti and
S. haematobium
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and GC bias. From Fig. 3a, b it was found that in S.
haematobium, most of the AT ending codons were negative
and most of the GC ending codons were positive which
suggest GC ending codons increased with the increase in
GC3 bias. But in W. bancrofti, most of the AT and GC
ending codons were positive which suggest that both AT
and GC contents increased with the increase in GC3 bias.

Based on RSCU value, in W. bancrofti, 20 codons which
were used most frequently were TCT, AGT, TTT, TTA,
TTG, TAT, TGT, CCT, CAT, CGT, ATG, ATT, ACT,
AAT, GAT, GTT, GCT, AAG, GGT and TGG (Fig. 5).
The nucleobase T at the 3rd position occurred more fre-
quently. Total 16 overrepresented codons were identified
and these were TCT, AGT, TTT, TTA, TTG, TAT, TGT,
CCT, CGT, ATT, ACT, AAT, GAT, GTT, GCT and GGT
as shown in Fig. 4a. But in S. haematobium 25 codons
were used most frequently and these were TCA, TCT,
AGT,TTT, TTA, TTG, TAT, TGT, CCA, CCT, CAT,
CGT, ATA, ATT, ACT, AAT, GAT, GTA, GTT, GCT,
AAA, GAA, GGA, GGT, and TGA. The nucleobase A/T at
the 3rd position occurred more frequently. Total 13 over-
represented codons were detected and these were TTT,
TTA, TAT, TGT, CCT, CGT, ATT, ACT, AAT, GAT,
GTT, GCT, and GGT as shown in Fig. 4b. The composi-
tion of overall nucleotide confirms that compositional
constraint influenced the codon usage pattern of these
species.

= W._bancrofti

M S. haematobium

G3 %

M W. bancrofti

M S. haematobium

S. haematobium
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Fig. 3 a Codon usage and GC3 relationship. Heat maps of correla-
tion coefficient between codon usage and GC3. The type and degree
of correlation indicated by color and intensity: Red indicates positive,
green indicates negative correlation coefficient value. Black fields are
stop and non degenerate codons. In S. haematobium, most of the AT

Trends of codon usage variation in mitochondrial
protein coding genes between W. bancrofti and S.
haematobium

PCA for W. bancrofti and S. haematobium are carried out
in this study (Jenkins and Holmes 2003). PCA detected one
major trend in axis 1 and the other major trend in axis 2
accounting for the total variation. The plots of axis 1 and
axis 2 of the W. bancrofti and S. haematobium are shown in
Fig. 5. From the figures it is evident, that in these species,
the pattern of codon usage was distinct further suggesting
that the codon usage was genetically quite different
between W. bancrofti and S. haematobium.

Effect of mutational bias on codon usage variation

To identify whether the evolution of codon usage bias in
W. bancrofti and S. haematobium had been driven by
mutation pressure alone or whether the translational
selection had also played a major role, 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%) of
W. bancrofti and S. haematobium using the Pearson’s
correlation as shown in Tables 3 and 4 respectively. In W.
bancrofti, a significant positive correlation was observed
between ENC% and GC3 % (r = 0.826%*, p < 0.01), GC1
and GC3 (r = 0.754%*, p < 0.01), which suggests that
mutational pressure had some contribution in codon usage
bias in this species. Significant negative correlation was
observed between ENC% and GC2% (r = —0.716%%,
p <0.01). In S. haematobium, a significant positive

ending codons were negative and most of the GC ending codons were
positive. b. Heat map of correlation between codon usage and GC3 in
W. bancrofti mitochondria. In W. bancrofti, most of the AT and GC
ending codons were positive

correlation was observed between A% and A3%
(r = 0.907**, p < 0.01) and T% and T3 % (r = 0.603%,
p <0.05) and significant negative correlation was
observed between A% and T3% (r = —0.787**, p < 0.01).
Significant positive correlation was also observed between
ENC% and GC3% (r = 0.983**, p < 0.01), which sug-
gests that the mutational pressure played a key role in
codon usage of mitochondrial genes in S. haematobium.
However, no significant correlation between GC1 and
GC3, GC2 and GC3 in W. bancrofti was found whereas
significant positive correlation was observed between G%
and G3% (r = 0.726%*, p <0.01) in S. haematobium.
Furthermore, no significant correlation was observed
between GCland GC3, GC2 and GC3 and this suggests
that natural selection contributed to codon usage bias.

Role of natural selection versus mutation pressure
on mitochondrial protein coding genes

The neutrality plot was drawn to determine the degree of
natural selection against mutation pressure in the codon
usage pattern of mitochondrial DNA in W. bancrofti and S.
haematobium. Neutrality plot is the regression of GC12
(average of GC content at the 1st and 2nd codon position)
on GC3. The regression coefficient of mitochondrial DNA
in W. bancrofti is 0.352 which reveals that relative neu-
trality is 35.2 % while relative constraint is 64.8 % for
GC3 in W. bancrofti. The GC12 was affected by mutation
pressure and natural selection with a ratio of 0.352/
0.648 = 0.543. In S. haematobium, the regression coeffi-
cient of GC12 on GC3 is 0.487 which indicates the relative
neutrality of 48.7 % and the relative constraint of 51.3 %
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Fig. 4 a Heat map of RSCU in mitochondrial protein coding genes of
W. bancrofti. The color and the degree of color intensity represent the
RSCU value. The color varies from green to red with low value of
RSCU to high value respectively. Light green indicates RSCU value
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for GC3. The GC12 was influenced by mutation pressure
and natural selection with a ratio of 0.487/0.513 = 0.949.
These results suggest that natural selection plays a major
role in codon usage pattern while mutation pressure plays a
minor role. In Fig. 6a, b, the points are in narrow range of
distribution indicating that GC12 and GC3 were not solely

Table 3 Correlation coefficients between overall nucleotide com-
position (A, T, G, C, and GC %) and nucleotide composition at 3rd
position (A3, T3, G3, C3, and GC3 %) in Wuchereria bancrofti

governed by the mutational bias, rather natural selection
operated upon the mitochondrial genes.

Effect of hydrophobicity and aromaticity of encoded
protein on synonymous codon usage bias

We performed a correlation analysis to investigate whether
other factors could explain the codon usage. The correla-
tion analysis between the hydrophobicity (GRAVY Score)
of protein and ENC value in W. bancrofti showed that the
correlation coefficient was positive and significant
(r = 0.671%, p < 0.05). But in S. haematobium correlation

Nucleotide (%) A3 (%) T3 (%) G3 (%) C3(%) GC3(%)  analysis between the hydrophobicity of each protein and
A 0445 —0.144 —0479 0176 —0224 I;IC vah;e dlq n(.)ft‘1 shotw anylsifgnlﬁcantfrela:;(:)nsthlp. In W.
T _0350 0210 0208 —0246 —0.004 an.cr.ofz a significant correlation was found between aro-
maticity and GC (r = —0.885%), although no correlation
G 0.072  —0.116 0.124 0.082 0.129 . . . .
with ENC, whereas in S. haematobium no significant cor-
C 0.247 —0.245 —0.008 0.318 0.170 . .1
relation was found. These results indicated that the degree
GC 0.190 —0.208 0.051 0.240 0.167 .. . . .
of hydrophobicity and the aromaticity of proteins were
*, ** Significant at p < 0.05, and p < 0.01 respectively associated with codon usage variation only in W. bancrofti.
Table 4 Correlation efficient -
between overall nucleotide Nucleotide (%) A3 (%) T3 (%) G3 (%) C3 (%) GC3 (%)
composition (A, T, G, C, and 0.907%* —0.787%* —0.443 ~0.094 ~0.370
GC %) and nucleotide N
composition at 3rd position (A3, T —0.516 0.603 0.035 —0.097 —0.028
T3, G3, C3, and GC %) in G —0.244 —0.075 0.726%* 0.046 0.544
Schistosoma haematobium C —0.406 0.481 —0.248 0.247 —0.038
GC —0.486 0.258 0.463 0.213 0.450
*, ** Significant at p < 0.05, and p < 0.01 respectively
i 1 35
gléjglg a Neut(r}zglsty plot of (@ y=0.352x+ 16.58
versus in W. 30 RZ = 0.252
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Fig. 7 Distribution of amino acids in mitochondrial proteins of W. bancrofti and S. haematobium

Contribution of amino acids to gene’s codon usage
bias

The usage of amino acids is different in the mitochondrial
proteins. From the Fig. 7, it is observed that amino acid
phenylalanine accounts for the greatest usage whereas
glutamine and arginine account for the least usage in the
gene products of W. bancrofti. In S. haematobium, leucine
accounts for the greatest usage and glutamine accounts for
the least. Thus it is evident that in both the species glu-
tamine accounts for the least usage in mitochondrial
proteins.

Discussion

The present investigation highlights the codon usage pat-
terns in a comparative study between two medically
important parasitic species of humans, W. bancrofti and S.
haematobium. As synonymous codon usage is not uniform
during translation process, the identification of the codon
usage pattern is important to understand the translational
selection of codons in protein coding genes in these two
species. Here we analyzed the synonymous codon usage
bias in two parasitic species. In this study, we found that
the most frequent codons end with T in both species. This
finding may be the result of compositional constraint that
occurred in codon usage pattern in these species. In S.
haematobium, a significant positive correlation was
observed between A% and A3% (r = 0.907**, p < 0.01)
and T% and T3% (r = 0.603*, p < 0.05), and between G%
and G3% (r = 0.726**, p < 0.01). Moreover, significant
negative correlation was observed between the heteroge-
neous nucleotide  comparison; A% and T3%
(r=—-0.787**, p <0.01). This suggests that the
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mutational pressure played a key role in determining codon
usage in S. haematobium. But in W. bancrofti only sig-
nificant positive correlation was found between ENC% and
GC3 % (r = 0.826%*, p < 0.01). Uddin and Chakraborty
(2014) analysed codon usage pattern in MT-ATP6 in some
mammals and observed significant correlation between A%
and A3%, C% and C3%, GC% and GC3% and significant
negative correlation was observed between A% and
GC3%, T% and G3%, T% and C3%. Their results further
suggested that the mutational pressure was the prime factor
for the pattern codon usage bias in these mammalian spe-
cies (Uddin and Chakraborty 2014).

The ENC values ranged from 43 to 60 with a mean of
46.91 in W. bancrofti but from 49 to 60 with a mean of
45.17 in S. haematobium, respectively. This indicates that
codon usage bias is not very remarkable in these two
species. Yadav and Swati (2012), in their comparative
genome analysis of six malarial parasites using codon
usage bias based tools, calculated the ENC values in the
coding sequences of Plasmodium species (P. falciparum,
P. vivax, P. knowlesi, P. berghei, P. chabaudii and P.
yoelli). The degree of codon usage bias in two species
namely P. vivax (ENC = 55.54) and P. knowlesi
(ENC = 55.28) was low as evident from high ENC value as
compared to high codon usage bias in other four species
such as P. falciparum (ENC =37.89), P. berghei
(ENC = 38.61), P. chabaudii (ENC = 39.71) and P. yoelli
(ENC = 38.16)) indicated by low ENC (Yadav and Swati
2012). Thus it was evident that the ENC values of both W.
bancrofti and S. haematobium were in the present study
lower than P. vivax and P. knowlesi, but higher than that of
other four parasitic species.

In both the species, W. bancrofti and S. haematobium, a
highly significant positive correlation was observed
between ENC% and GC3%. It suggested that mutation
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pressure had been a major factor in the codon usage bias in
these species. This was also supported by Yadav and Swati
(2012). They suggested that ENC of coding sequences and
their corresponding GC3 values are used to demonstrate
the role of dominant factors in shaping codon usage bias in
Plasmodium species (Yadav and Swati 2012). ENC-GC3
plot clearly showed that the variation of GC3 was greater in
P. vivax and its correlation with ENC was less compared
with that of P. falciparum; resulting in variation of codon
usage among them. The average ENC value for all the
genes was less in P. falciparum suggesting that overall
codon usage bias was more in P. falciparum compared to
P. vivax. Correlation analysis between ENC and GC3
showed higher correlation coefficient for P. falciparum
(0.63) compared with that of P. vivax (0.21). These
observations clearly showed that the expression of genes in
P. falciparum was more dependent on the composition
biased mutational pressure than P. vivax (Yadav and Swati
2012). But from the neutrality plot it is seen that natural
selection played major role while mutation pressure played
minor role in codon usage pattern in mitochondrial protein
coding genes in both W. bancrofti and S. haematobium
supporting the result of Wei et al. on mitochondrial DNA
in B. mori (Wei et al. 2014).

Conclusion

This is the first work on the comparative analysis of the
pattern of codon usage in two human parasitic species W.
bancrofti and S. haematobium that are medically important.
This work is useful for understanding the pattern of codon
usage of mitochondrial genes in these species. Codon usage
bias was not very remarkable in both the parasites. Natural
selection and mutation pressure played important role in
codon usage pattern while natural selection played a major
role and mutation pressure a minor role in codon usage
pattern. Other factors such as nucleotide composition,
GRAVY (hydropathicity) of protein affected the codon
usage pattern. However, further analysis would elucidate the
role of any other factor that might be significant in deter-
mining the pattern of codon usage bias in these species.
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Abstract

Synonymous codons are used with different frequencies, a phenomenon
known as codon bias, which exists in many genomes and is mainly resolute by
mutation and selection. To elucidate the genetic characteristics and evolutionary
relationship of Wucheraria bancrofti and Schistosoma haematobium we examined
the pattern of synonymous codon usage in nuclear genes of both the species. The
mean overall GC contents of W. bancrofti and S. haematobium were 43.41 and
36.37%, respectively, which suggests that genes in both the species were AT rich.
The value of the High Effective Number of Codons in both species suggests that
codon usage bias was weak. Both species had a wide range of P3 distribution in
the neutrality plot, with a significant correlation between P12 and P3. The codons
were closer to the axes in correspondence analysis, suggesting that mutation
pressure influenced the codon usage pattern in these species. We have identified
the more frequently used codons in these species, most codons ending with an
A or T. The nucleotides A/T and C/G were not proportionally used at the third
position of codons, which reveals that natural selection might influence the
codon usage patterns. The regression equation of P12 on P3 suggests that natural
selection might have played a major role, while mutational pressure played a
minor role in codon usage pattern in both species. These results form the basis of
exploring the evolutionary mechanisms and the heterologous expression of
medically important proteins of W. bancrofti and S. haematobium.

doi:10.1017/50022149X16000092

Introduction

The genetic code is conserved among organisms, but
the direction of the codon bias arising from unequal usage
of codons always shifts between different organisms
(Hershberg & Petrov, 2008). The combination of any three
of the four bases (A, G, C and T) encodes each of the 20
amino acids. It is known that the 20 standard amino acids
are encoded by 61 codons of the genetic code. Each amino
acid can be encoded by at least one codon (e.g. Met and
Trp); but some amino acids are encoded by up to six

*E-mail: supriyoch_2008@rediffmail.com

codons (e.g. Leu, Ser and Arg), which is due to the
degeneracy of the genetic code. The codons that encode
the same amino acid are referred to as synonymous
codons. Codon usage bias (CUB) refers to the phenom-
enon whereby synonymous codons are used with
unequal frequencies during translation of genes. CUB is
a common phenomenon in a variety of organisms, from
prokaryotes to eukaryotes (Bulmer, 1988). Codons that are
used more repeatedly are often termed optimal or major
codons, and those that are used less frequently are termed
non-optimal or minor codons. Usually, these Iless
repeatedly used codons correspond to less abundant
tRNAs in the cell than those of optimal codons (Ikemura,
1981, 1985; Bulmer, 1987; Akashi, 2001), and the

40
41
42
43
44
45
46
47
48
49
50
51
52
53



JHL H3586—23/2/2016—HARIPRASAD—552971

54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116

2 G.A. Mazumder et al.

translational machinery mostly pauses there (Kurland,
1992). Various studies have suggested that synonymous
codon usage pattern is species-specific and non-random.
CUB varies both within and between genomes, and may
play a significant role in our understanding of genome
evolution among related species at the molecular level
(Sharp and Matassi 1994).

Various factors that may influence codon bias include
gene expression, gene length (Gupta & Ghosh, 2001; Hou
& Yang, 2001; Jenkins & Holmes, 2003; Gustafsson et al.,
2004), base compositional mutational bias (Jia & Higgs,
2008) and natural selection (Kaufmann & Paules, 1996;
Knight et al., 2001; Lithwick & Margalit, 2005; Linacre &

@2 ToBe, 2009; Chen et al., 2013). Kurland (1992) proposed

that not only is the expression of individual genes
increased by the codon usage bias, but also that the cell
growth rate is changed under optimal conditions (Fennoy
& Bailey-Serres 1993). Shackelton et al. (2006) found that
codon usage bias was correlated with the overall genomic
GC content, which indicates that the compositional
constraint under mutation pressure, rather than natural
selection, was the main factor for specific codons. Naya

Q3 et al. (2001) studied the Chlamydomonas reinhardtii genome,

which has a high GC content, and found no evidence that
mutation pressure was responsible for determining the
codon usage pattern (Shackelton et al., 2006). It was also
suggested by some researchers that codon usage variation
is related to other factors, such as gene function and DNA
replication, and selective transcription, protein secondary
structure and environmental factors (Akashi, 1997;
Powell & Moriyama, 1997, Moriyama & Powell, 1998).
Analysis of codon usage bias is a well-established
technique for understanding the protein-coding sequences
of genomes (Kurland, 1992). It also helps in understanding
the dynamics of mRNA translation, design of transgenes,
new gene discovery, and studies of molecular biology and
evolution, etc. While numerous reports on synonymous
codon usage bias have focused on nuclear genomes of other
worms, no work has been reported on the nuclear genes of
two medically important species: Wuchereria bancrofti and
Schistosoma haematobium. In this context, one of the major
objectives of this work was to understand the patterns of
codon usage among the sequenced genes of W. bancrofti and
S. haematobium. Wuchereria bancrofti is a parasitic round-
worm in humans and the major cause of lymphatic
filariasis, which affects 128 million people worldwide
(Melrose, 2002). If it is left untreated, then the swelling and
decreased flow of the lymph fluid will lead to lymphatic
system infections and, over time, a condition called
elephantiasis (permanent swelling of a limb) is reached.
Humans are the host for W. bancrofti and they act as vectors
(Bockarie et al., 2009; Manguin et al., 2010). The drug
diethylcarbamazine (DEC) is used to kill the microfilaria
and some of the adult worms, but it is no longer approved
by the USFood and Drug Administration (FDA), because of
its side-effects, such as dizziness, nausea, fever, headache,
or pain in muscles or joints. A combination of both
albendazole and ivermectin, or albendazole and diethyl-
carbamazine, is considered to be effective in eliminating
microfilaria (Eberhard et al., 1997). On the other hand, S.
haematobium, which is found in some areas of the Middle
East, is one of the main causes of urogenital schistosomiasis
(Kumar ef al., 2010), which is caused by blood flukes

(trematode worms) of the genus Schistosoma (Kumar et al.,
2010). It is endemic in around 78 countries. The common
sign of urogenital schistosomiasis is haematuria (blood in
the urine), in children it can cause anaemia. For the control
of this disease, treatment with praziquantel is suggested by

a4 the World Health Organization (WHO, xxxx).

These two medically important worm species pose a
serious threat to humans. The information on the
synonymous codon usage patterns of W. bancrofti and S.
haematobium is either scanty or unavailable. In this study,
we investigated the codon usage profile of W. bancrofti
and S. haematobium using a multivariate statistical
analysis. Our results provide useful insights into the
patterns of codon usage bias that facilitate better
understanding of the structure and evolution of gene
coding sequences of these species.

Materials and methods
Sequence collection

Coding DNA sequences (CDS) of W. bancrofti and S.
haematobium were retrieved from GenBank (http:/ /www.
ncbi.nlm.nih.gov) using accession numbers. In these
sequences, we only chose the CDS without anonymous
bases. To minimize sampling errors, genes with incorrect
initiation and termination codons or with internal
termination codons were avoided. Finally, 121 CDS of
W. bancrofti and 24 CDS of S. haematobium were left for
analysis, and each corresponded to a unique gene in
W. bancrofti and S. haematobium, respectively. The genes of
W. bancrofti and S. haematobium are shown in supplemen-
tary tables S1 and S2, repectively.

Estimation of DNA compositional properties

Using an in-house Perl program, nucleotide compo-
sitions (A%, T%, G% and C%), nucleotide composition at
the third position (A3%, T3%, G3% and C3%), and overall
GC contents, GC1 (P1), GC2 (P2), GC3 (P3), AT1, AT2 and

a5 AT3 were estimated.

The mutations that usually take place in the third position
are mostly synonymous, whereas the mutations occurring
in the first or the second positions are relatively small and
known as non-synonymous mutations. This indicates that
when there is no external pressure, mutations should occur
in a random rather than in a specific direction. This will
result in uniform base composition at three positions of
codons. However, in the presence of selective pressure,
preference for a particular base would occur in three
different positions (Sueoka, 1988). In the neutrality plot, P12
has been used as the ordinate and P3 as abscissa. Each dot
represents an independent gene. If all the points of the
neutrality plot show narrow GC3 distribution, it indicates
low mutation bias or high conservation of GC content
throughout the whole genome. On the other hand, if the
curve of the neutrality plot tends to be sloped or parallel to
the horizontal axis, it indicates that the difference between
P12 and P3 is very low. When selection pressure plays a
major role in evolution, the neutrality plot is used to
measure the degree of neutrality (Sueoka, 1988, 1999).
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Nuclear genes of W. bancrofti and S. haematobium 3

Relative synonymous codon usage (RSCU)

The relative synonymous codon usage (RSCU) is the
number of times a codon appears in a gene divided by
the number of expected occurrences under equal codon
usage. If the synonymous codons of an amino acid are
used with equal frequencies, their RSCU values will
equal 1 (Sharp et al., 1986). It is calculated as:

.. Xij
RSCUij = ——
DX

=

where Xij is the observed number of the ‘ith” codon for the
‘jth” amino acid, ‘ni" is the total number of synonymous
codons that encode the ‘jth” amino acid.

Correspondence analysis (CA) has been widely used to
investigate the variation of codon usage among genes. CA
is a multivariate statistical method in which the codon
usage of 59 codons is plotted in a multidimensional space
of 59 axes, and then the CA recognizes the axes that
represent the most important factors contributing to
codon usage variation among genes (Liu ef al., 2004; Wang
& Hickey, 2007).

Effective number of codons (ENC)

The effective number of codons (ENC) quantifies how
far the codon usage of a gene departs from equal usage
of synonymous codons. ENC values range from 20 (the
number of amino acids), which means that the bias is at a
maximum, and only one codon is used from each
synonymous-codon group, to 61 (the number of sense
codons), which indicates no codon-usage bias. A low
ENC value means high codon usage bias, and a high ENC
value means low codon bias. ENC is measured as:

ENC=2+S+29/S2+(1 - 5%

where S represents the given (G + C)3% value

(Wright, 1990).

Codon adaptation index (CAI)

In recognition of the role of selection in producing high
codon bias, a parameter called the codon adaptation
index (CAI) is calculated. The CAI measures the degree
with which genes use the preferred codons. CAI values
range from 0 to 1. A high CAI value indicates a higher
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CGC

percentage of the most abundant codons (Sharp et al.,
1988). It is calculated as:

L
CAI = exp (i Z In wk)
k=1

where wk is the relative adaptiveness of the kth codon,
and L is the number of synonymous codons in the gene.
CAl s also a widely accepted measure of gene expression.

Data analysis

Correlation and regression analyses were performed to
identify the relationship between the overall nucleotide
compositions with the nucleotide compositions at third
codon position. All the statistical analyses were done
using the SPSS software (SPSS Inc., Chicago, Illinois, USA).

Results
Compositional properties

Codon bias, or choice for one type of codon over
another, can be influenced by the overall nucleotide
composition of genomes (Jenkins & Holmes, 2003).
Therefore, we first analysed the nucleotide composition
of coding sequences from different nuclear genes of
W. bancrofti and S. haematobium. The overall nucleotide
composition and nucleotide composition at the third
codon position of W. bancrofti and S. haematobium coding
sequences are shown in supplementary tables S3 and
S4, respectively. In both the species W. bancrofti and
S. haematobium, unequal distribution of overall A, T, G, C
and their composition at the third codon position,
confirmed that the compositional constraint influences

a7 the codon usage pattern.

Linear regression analysis was performed between an
observed value of ENC and base composition of third
codon position (Wobble codon position). In W. bancrofti,
the observed coefficients of regression analysis between
ENC and A3 was 0.469; ENC and T3, 0.356; ENC and G3,
0.357; and ENC and C3, 0.479; while in S. haematobium,
between ENC and A3 it was 0.704; ENC and T3, 0.558;
ENC and G3, 0.795; and ENC and C3, 0.838. These results
showed that the effective number of codons (ENC) was
negatively affected by A3, T3, G3 and C3, since all the
observed values are positive in both species.

W S.haematobium

B W.bancrofti
CELOIOFEL00E0ELI0I00ELQ0EOELIOL0O0R
CEGEEECQQOIIIIEEFRFECOQOIIIICEHO
80(2<<<<<<<<<<<0000600000000086
Codons

Fig. 1. Comparison of relative synonymous codon usage values in Wuchereria bancrofti and Schistosoma haematobium.
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Fig. 2. Construction analysis of nuclear genes for Wuchereria
bancrofti.

Codon usage in W. bancrofti and S. haematobium

In W. bancrofti, the overall GC content had a mean value
of 43.41%, and in S. haematobium it was 36.37%, which
suggest that genes in both the species were AT rich. The
GC content in the first and third codon position in
W. bancrofti was 51.06 and 39.08%, respectively, while

253 Q08 in S. haematobium, it was 46.57 and 26.50%, respectively.

0.8

Q9

Q10

Qi1

The overall GC(%), GC1(%), GC2(%), GC3(%) and ENC
values of genes of W. bancrofti and S. haematobium are
shown in supplementary tables S5 and S6, respectively.
The mean ENC value was 56.24 in W. bancrofti but 49.29 in
S. haematobium. Thus it can be stated that W. bancrofti had
a weak codon bias, but S. haematobium had a moderate
codon bias; this was also supported by the RSCU values
in both the species, in which almost half of the codons
were frequently used. In S. haematobium, 29 codons were
used more frequently, but in W. bancrofti 23 codons were
used more frequently (fig. 1). Among these, the codons
which end with T at the third position in both the species
were CAT, CGT, ATT, AAT, ACT, GTT and GAT. The
codons ending with A were CAA, CGA, AGA, ACA,
AAA, GCA, GAA and GGA. In W. bancrofti, other
frequently used codons were TCA, TCT, TTT, TTG, CTT,
TAT, CCA, AAT and GCT and in S. haematobium, these
codons were CCT, GTA. The comparisons of RSCU values
in both the species are shown in fig. 1. This indicates that
the codon usage pattern in these two species is mostly
contributed by compositional constraints, and the pattern
of codon usage is different in the two species.

Effects of nucleotide composition in shaping codon bias

Correspondence analysis was carried out for the nuclear
genes in two species, W. bancrofti and S. haematobium. The
first axis was found to account for 13.36% of the total
observed variance while axis 2 contributed to 11.16% of the
variance in W. bancrofti; these values were 27.18% and
11.83%, respectively, in S. haematobium (figs 2 and 3).
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Fig. 3. Construction analysis of nuclear genes for Schistosoma haematobium.
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Nuclear genes of W. bancrofti and S. haematobium 5

Table 1. Correlation between axes of correspondence analysis and compositional constraints in W. bancrofti.

A T G C A3 G3 C3 GC GC1 GC2 GC3
F1 ~ —-0.511** —0.337* 0.127  0.683**  —0.612** —0.644** 0.393**  0.838** 0.776** 0.188*  0.072 0.829**
F2 0.139 0.040 —0.585* 0.278** 0.206* 0.355**  —0.689** 0.053 —0.165 0.024  0.219* -—0.370**

*P < 0.05, **P < 0.01.

The patterns of the scattering observed in the two
species were distinctly non-identical, indicating a
variation in the overall codon usage pattern in these
two species. In both the species, it was found that
AT-ending codons were more frequent near the origin,
while GC-ending codons lie further away, suggesting that
compositional constraints under mutational pressure
might have played a part in shaping the codon usage
pattern in these species. Furthermore, some of the genes
were in a discrete distribution, indicating that other
factors exist in shaping the codon usage bias, for example,
natural selection (Wei et al., 2014).

Effects of gene expression level

To detect the effects of gene expression level on codon
bias, correlation coefficients were estimated among the
CAI (codon adaptation index), ENC (effective number of
codons) and nucleotide composition. In W. bancrofti, the
CAI showed a negative correlation with G3 (r = —0.188%),
C3 (r=—0.101), GC (r= —0.247*), GC1 (r = —0.097),
GC2 (r=-0.111), GC3 (r=-0.184%), Aromo
(r = —0.058) and Gravy (r = —0.164), whereas it showed
a positive correlation with gene length (r = 0.644**), A3
(r=10.075), T3 (r=0.203*) and ENC (r = 0.010) (sup-
plementary table S7).

In S. haematobium, the CAI showed a negative
correlation with A3 (r= —0.119), G3 (r = —0.208), C3
(r=—0.185), GC3 (r = —0.216) and ENC (r = —0.226),
but a positive correlation with gene length (r = 0.700**),
T3 (r=0.523**), GC (r=0.091), GC1 (r =0.211), GC2
(r=0.416%), Gravy (r=0.217) and Aromo (r = 0.104)
(supplementary table S8). These results suggest that, in
these species, the nucleotide composition and the gene
expression levels contribute to the codon usage bias (Jia
et al., 2015). In W. bancrofti, a positive correlation was
found between CAI and ENC, which indicates that the
gene expression level increases with decrease in codon
usage bias, while in S. haematobium, the negative
correlation between CAI and ENC suggests the gene
expression level increases with increase in the codon
usage bias.

Mutational pressure influences the codon bias

Here, a set of indices including overall A, T, G, C and
G + C content and the contents of bases in the third

Q14 position (A3, T3, G, C3 and GC3) were considered as the

indices of mutational pressure (Chen, 2013). The axis 1
and axis 2 values were correlated with nucleotide count at
first and third positions. In W. bancrofti, significant
correlation had been found among the axis 1 values and
A, T, C,A3,T3,G3, GC, GC1 and GC3, while axis 2 values
had shown significant correlation with G, C, A3, T3,
G3, GC2 and GC3 (table 1). Also, in S. haematobium, a
significant correlation was found among the axis 1 values
and A, T, G, C, A3, T3, G3, C3, GC and GC3 (table 2). Thus
the nucleotides A, T, C, GC, T3, C3 and GC3 were found
to play a major role in determining the pattern of
synonymous codon usage bias. These results suggest that
compositional constraints under mutation pressure might
play an important role in synonymous codon usage
pattern in both the species, which strongly supports the
findings of Butt ef al. (2014).

Furthermore, in W. bancrofti, the neutrality plot showed
that the genes had a wide range of GC3 value
distributions, ranging from 15.5 to 65.1% (fig. 4). There
was a negative correlation between GC12 and GC3
(—=0.063, P < 0.01), suggesting that the effect of
mutational pressure was present at all codon positions.
But the effect of mutational pressure could be small,
as revealed by the low magnitude of the correlation
coefficient (—0.063). The linear regression model of GC12
on GC3 is GC12 = 0.029GC3 + 46.75, with R?*= 0.004.
This suggests that only 0.4% of the GC12 variance comes
from GC3, and hence GC3 content is not likely to be the
major determinant of GC12 variance in W. bancrofti
coding sequences.

In S. haematobium, the neutrality plot analysis showed
that the genes had a wide range of GC3 value
distributions, ranging from 10.1 to 41.4% (fig. 5).
A positive correlation between GC12 and GC3
(r=0.373, P < 0.01) was observed and this indicates
that the effect of mutational pressure was present at all
codon positions. The linear regression model of
GC12 = 0.173GC3 + 36.68 with R* = 0.139 suggests that

Table 2. Correlation between axes of correspondence analysis and compositional constraints in S. haematobium.

A T G C A3 G3 C3 GC GC1 GC2 GC3
F1  —0.645** —0.451* 0.607** 0.730* —0.856"*  —0.657** 0.813* 0918  0.819** 0.327 0.248 0.957**
F2  -0.19 0.08 0.137 0.011 —0.016 -0.177 0.156 0.099 0.143  0.132  —0.006

*P < 0.05, **P < 0.01.
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70 1 was implemented here. In W. bancrofti, the slope of the
* regression line of the entire coding sequence was 0.029
60 1 . (fig. 4). The results revealed that the effect of mutation
. . tee pressure was only 2.9% (absolute value), while the
50 1 o8 ¢ o X  DEY magnitude of natural selection was 97.1% (Sueoka, 1988).
* In S. haematobium, the slope of the regression line of the
o 40 + . R entire coding sequence was 0.173 (fig. 5). The results
2 revealed that the effect of mutational pressure was only
30 A 17.3%, while the natural selection was 82.7%. Hence, it is
evident that natural selection played a major role in
20 1 shaping the codon bias, whereas mutational pressure
probably had a minor role.
10 4
0 g : : g : : . Correlation between codon usage and skewness
0 10 20 SOGCS 40 50 60 70 The GC skews, AT skews, purine skews, pyrimidine

Fig. 4. Neutrality analysis of GC12 and GC3 for the coding

sequence of Wichereria bancrofti. GC12 is the average value of GC

content in the first and second positions of the codons (GC1 and

GC2) while GC3 refers to the GC content in the third position
(Y = —0.029x + 46.75, R? = 0.004).

only 13.9% of the GC12 variance could be explained by
GC3 in this organism. It reveals that other factors, apart
from GC3, could play a role in determining the GC12
variance in S. haematobium coding sequences.

Natural selection affects the codon usage pattern

It has been suggested that if synonymous codon usage
pattern is influenced by mutational pressure only, then
the frequency of nucleotides, A and T should be equal to
that of C and G at the third position of codons (Zhang
et al., 2013). However, in the case of W. bancrofti and
S. haematobium genes, AT and GC were not equal in the
third position of codons (supplementary tables S3 and
S4), indicating that natural selection could also influence
overall synonymous codon usage bias.

It is not enough to distinguish the main determinant
factor between natural selection and mutational pressure
within a species using the ENC plot, so a neutrality plot

60 -
50 ’0
. ‘ * e
40 4 /“/_’_.—"‘—“’_a-”
o K 3 5
5 304
S
20 |
10 4
0 . y : . . ; . ’ .
0 5 10 15 20 25 30 35 40 45
GC3

Fig. 5. Neutrality analysis of GC12 and GC3 for the coding
sequences of Schistosoma haematobium (Y = 0.173x + 36.68,
R?=10.139).

Skewness (r)
Q30

skews, amino skews and keto skews in both the species
W. bancrofti and S. haematobium were all negative, except
that of pyrimidine skew in S. haematobium, as shown in
Table 3. Base composition is connected to the transcrip-

8}; tion process, which is exposed from skewness. In

W. bancrofti, significant correlation of ENC had been
found with GC skew (—0.189%), purine skew (—0.346*%),

a19 pyrimidine skew (—0.372**), amino skew (0.220%) and

keto skew (—0.440*), respectively. Therefore in W.
bancrofti GC skew, purine skew, pyrimidine skew, amino
skew and keto skew significantly affected the codon
usage. In S. haematobium, ENC showed significant
correlation with purine skew (—0.730*), pyrimidine
skew (0.777%%), amino skew (—0.647**) and keto skew
(—0.698**). This suggests that in S. haematobium, the
purine skew, pyrimidine skew, amino skew and keto
skew played a significant role in codon usage bias.

Discussion

In living organisms, synonymous codons are used with
different frequencies and this phenomenon is known as
codon bias. CUB is an important evolutionary relic that
exists in an extensive variety of organisms, from
prokaryotes to eukaryotes (Yang et al., 2014). Various
hypotheses are proposed to explain the origin of codon
usage bias, out of which neutral theory and the selection—
mutation—drift balance model are the most accepted ones
(Yang et al., 2014). The study of the pattern of codon usage
has gained the attention of researchers since the
beginning of whole-genome sequencing of many organ-
isms (Plotkin & Kudla, 2011). Our investigation high-
lighted the comparative analysis of codon usage of

Table 3. Correlation between effective number of codons (ENC)
and types of skewness.

W. bancrofti (P) S. haematobium (P)

GC —0.189* (0.038) —0.002 (0.991)
AT —0.081 (0.376) —0.056 (0.794)
Purine —0.346** (0.000) —0.730** (0.000)

Pyrimidine —0.372** (0.000) 0.777** (0.000)
Amino —0.220* (0.015) —0.647** (0.001)
Keto —0.440* (0.000) —0.698** (0.000)

*P < 0.05, **P < 0.01.
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nuclear genes in two parasitic species, W. bancrofti and
S. haematobium, which are considered to be medically
important.

Compositional constraint could be one of the most
essential factors in shaping the pattern of codon usage
among genes and genomes. Here we analysed the
synonymous codon usage bias in these two species, and
found that the most frequent codons end with A and T in
both the species. This finding might be the result of
compositional constraint that occurred in codon usage
pattern in these species. A previous study on five
nematode species also revealed the preponderance of
AT base pairs over GC base pairs, as well as the
predominance of A/T-ending codons over G/C-ending
codons in coding sequences (Fadiel et al., 2001). Also the
more frequently used codons end with A/T; this is
supported by the AT-rich genome of the parasite
Plasmodium falciparum (Peixoto et al., 2004).

Correspondence analysis of the nuclear genes of both
the species W. bancrofti and S. haematobium found that AT-
ending codons lie near the axes whereas the GC-ending
codons lie further away from the origin, which suggests
that compositional constraints along with mutational
pressure might be playing a significant role in shaping the
codon usage pattern. This was also suggested by Wei ef al.

452020 (2014), who found that, in the mitochondrial genome of
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Bombyx mori, the AT-ending codons were lying closer to
Axis 1, which indicates that the mutational pressure
might be correlated with the codon usage bias, and that
lower GC-content genes were located closer to Axis 1,
which again implies that GC content in mutational
pressure probably influenced the bias (Wei et al., 2014).

The mean ENC value was 56.24 in W. bancrofti, and
49.29 in S. haematobium, which indicates that codon usage
bias was low in W. bancrofti and S. haematobium. Jia et al.
(2015) also reported weak codon usage bias in the genes of
B. mori. Low codon usage bias might be advantageous for
efficient replication in different cell types having different
preferences of codons (Jenkins & Holmes, 2003).

The regression equations from the neutrality plots in
the cases of W. bancrofti and S. haematobium suggest that
mutational pressure played a minor role while natural
selection played the major role in shaping the codon
usage pattern. The neutrality plot for S. haematobium
revealed that the effect of mutational pressure was only
17.3%, while that of natural selection was 82.7%, thus,
indicating a minor role of mutational bias but major role
of natural selection in shaping the codon usage bias. Jia
et al. (2015) implemented a neutrality plot in B. mori and
found a significant positive correlation between GC12
and GC3, which suggested that the effect of mutation
pressure was present. They also found that the mutation
bias only played a minor role in shaping the codon bias,
whereas natural selection probably dominated the codon
bias (Jia et al., 2015).

The frequencies of A and T are not equal to that of G
and C at the third position of codons, which suggests that
both mutational pressure and the natural selection affect
the codon usage pattern, thus supporting the results of

486322 Butt et al. (2014) (Zhang et al., 2013).

Q23

487
488
489

This is the first work on the comparative analysis of
the pattern of codon usage in two medically important
parasitic species. The codon usage bias was weak and the

genes in both species were AT rich. The most frequent
codons end with T at the third position, most probably
suggesting the role of the compositional constraint under
mutation pressure. Both mutation pressure and natural
selection are two significant evolutionary factors that
affect the codon usage pattern in these species. Apart
from this, gene expression level and various compo-
sitional skewnesses influence the pattern of codon usage.
Natural selection played the major role while mutational
pressure played the minor role in shaping the pattern of
codon usage. However, further analysis would elucidate
the role of any other factor that might be responsible for
codon usage bias in these species.
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To view supplementary material for this article, please
visit http://dx.doi.org/10.1017 /50022149X16000092
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