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Abstract: 

Background: Oncogenes are the genes that have the potential to induce cancer. The extent and origin of codon usage bias is an 
important indicator of the forces shaping genome evolution in living organisms. Results: We observed moderate correlations 
between gene expression as measured by CAI and GC content at any codon site. The findings of our results showed that there is a 
significant positive correlation (Spearman’s r= 0.45, P<0.01) between GC content at first and second codon position with that of 
third codon position. Further, striking negative correlation (r = -0.771, P < 0.01) between ENC with the GC3s values of each gene 
and positive correlation (r=0.644, P<0.01) in between CAI and ENC was also observed. Conclusions: The mutation pressure is the 
major determining factor in shaping the codon usage pattern of oncogenes rather than natural selection since its effects are present 
at all codon positions. The results revealed that codon usage bias determines the level of oncogene expression in human. Highly 
expressed oncogenes had rich GC contents with high degree of codon usage bias. 
 
 
Keywords:  Synonymous codon, Oncogene, Codon usage pattern.  
 
 

 
Background: 

Nature has gifted the genetic code that provides the basic 
instructions and information to direct efficient protein synthesis 
and folding. There are sixty-one codons that specify for only 
twenty amino acids found commonly in protein sequences; 
most of these amino acids (building blocks of protein) can be 
encoded by more than one codon (i.e., a triplet of nucleotides); 
such codons are described as being synonymous, and mostly 
differ by one nucleotide in the third position [1]. The term 
codon bias or more preferably codon usage bias represents the 
unequal usage of synonymous codons for encoding amino acids 
which may vary significantly between genomes, between genes 
in the same genome, and within a single gene [2-3]. Since the 
1970s, the unequal use of synonymous codons has been 
confirmed in many organisms. To date, the codon usage 
patterns in many organisms have been interpreted for diverse 
reasons. Recently, it has been reported that two major factors 
are involved in the continuation of codon usage bias: weak 
natural selection and mutational pressure [4]. The selection 

associated with translational efficiency/accuracy is often 
termed as ‘translation selection’. Moreover, scientific 
investigation also reported that synonymous codon usage 
pattern varied at distinct sites along a coding sequence, balances 
of strong versus weak base pair bonding, maintenance of DNA 
and RNA secondary structure, and translational efficiency and 
fidelity [5]. That is why codon usage bias among different 
organisms or within the genes of the same organism has invited 
much attention and various works on the subject have been 
published in recent years.  
 
Lavner and Kotlar (2005) suggested that there are three possible 
ways in which selection may act on codon bias in the human 
genome: (1) Increasing translation efficiency in highly expressed 
genes; (2) Regulating translation efficiency of some proteins that 
can be a disadvantage at high levels; and (3) Improving 
translation efficiency and reducing the rate of amino acid 
misincorporation in the production of biosynthetically 
expensive proteins [3]. Many genomic analyses have been done 
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on oncogenes but till date very little is known about the codon 
usage patterns and the factors that influence them. Codon usage 
patterns are important for bringing out molecular mechanism 
and evolutions of oncogenes. In this paper we have analyzed 
the key genetic factors playing crucial role in determining the 
codon usage pattern in fifty (50) oncogenes. To the best of our 
knowledge, it is the first systematic study to verify and insist 
that the synonymous codon usage pattern is one of the factors 
affecting the codon usage in oncogenes.. 
 
Methodology: 
Retrieval of Sequence data 
A list of human oncogenes was compiled from the web site 
(http://cbio.mskcc.org/CancerGenes/Select.action). Complete 
nucleotide coding sequence of each of the concerned gene, was 
obtained from NCBI nucleotide database website (http:/ 
/www.ncbi.nlm.nih.gov). Codon usage bias was measured in 
the 50 oncogenes listed in Table 1 (see supplementary 

material). The complete coding sequence (cds) of each oncogene 
was analyzed using PERL program developed by us.  
 
Analysis of synonymous codon usage bias 

We measured the non-uniform usage of synonymous codons for 
the oncogenes by analyzing several genetic indices given below- 
 
Nucleotide composition 
The frequency of the nucleotide G+C at the synonymous third 
codon position (GC3s) is a good indicator of the extent of base 
composition bias [6]. The frequencies of the nucleotides A, C, U 
(T), G in the complete coding sequences of each oncogene and 
the occurrence of overall (G+C)% content at the different codon 
positions GC1%, GC2%, GC3% was calculated to study the 
relationship between codon usage variation and compositional 
constraints.  
 

Effective number of codons 
The effective number of codons (ENC) is generally used to 
measure the codon usage bias of a gene that is independent of 
the gene length and number of amino acids [7]. The ENC value 
ranges from 20-61. For a gene in which only one codon is used 
for each amino acid, this value would be 20 while all codons are 
used equally the value would be 61 [7].  The ENC value closer 
to 20 indicates, strong codon usage bias in the gene and these 
biased genes are expressed highly [8]. The ENC values for all 
cds sequence were computed as per Wright (1990) [7]. In 
addition, to examine the influence of GC content on codon 
usage, the relationship of ENC and GC3s content of each gene 
was plotted according to the equation described by Wright 
(1990) [7]. 
 
Codon adaptation index 
Codon adaptation index (CAI) is used to estimate the degree of 
bias toward codons in highly expressed genes and thus assesses 
the effective selection which helps in shaping the codon usage 
pattern [9-10]. The CAI ranges from 0 to 1, for a gene in which 
all synonymous codons are used equally, the value would be 0 
for no bias while only optimal codons are used, value will be 1 
for strongest bias [11]. The CAI value was measured as per 
Sharp PM et al. [12]. 
 
Frequency of optimal codons 
Frequency of optimal codons (Fop) is used to measure codon 
usage bias in a gene [11]. Fop is calculated as the ratio of the 
number of optimal codons used to the total number of 
synonymous codons [13]. The Fop value ranges from 0.36, for a 
gene in which codon usage pattern is uniform, to 1 for a gene in 
which codon usage is highly biased [11]. We used the formula 
given by Lanver & Kotlar to calculate the Fop values for each of 
the cds selected for the present study [3]. 

Figure 1: Percentage of GC content at three codon positions.  
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Relative synonymous codon usage 
Relative synonymous codon usage (RSCU) is calculated by 
dividing the observed frequency of a codon by the expected if 
all synonymous codons for that amino acid were used equally 
[14]. Thus, an RSCU value close to 1 indicates a lack of bias, 
RSCU ˃1 indicates a codon used more frequently than expected 
randomly, and RSCU ˂1 indicates a codon used less frequently 
than expected randomly [14]. 
 

 
Figure 2: Correlation between GC content at first and second 
codon positions (GC1 & GC2) with that at synonymous third 
codon positions (GC3s). GC12: average GC content at first and 
second codon positions. 
 

 
Figure 3: ENC distribution of 50 selected oncogenes. 
 
Correlation analysis 
Correlation analysis was used to identify the relationship 
between the pattern of synonymous codon usage and the 
genetic indices used for the present study. This analysis was 
implemented based on the Spearman’s rank correlation 
analysis. All statistical analyses were carried out by using 
software SPSS. 
 
Results: 

In this present study, the selected oncogenic cds sequences were 
downloaded from NCBI nucleotide database using a perl 
program. The program was written in such a way that it selects 
only those cds sequences which have perfect start and stop 

signal and devoid of any unknown bases (N). We found fifty 
cds sequences in correct format for codon bias study. The extent 
of codon usage bias was determined in these fifty oncogenes 
Table 1. Two amino acids methionine and tryptophan coded by 
single codon ATG and TGG, respectively and three stop codons 
(TAA, TAG, and TGA) would not reveal any usage bias and 
therefore discarded from the calculation. 
 

 
Figure 4: Distribution of ENC and GC content of the third 
codon position of 50 different oncogenes. The continuous curve 
represents the expected curve between ENC and GC contents 
under random codon usage. 
 

 
Figure 5: Correlation between Effective number of codons 
(ENC) and Codon adaptation index (CAI). 
 
Codon usage bias and correlation with GC3s 
The overall percentage of guanine and cytosine contents GC% 
and adenine and thymine contents AT% on the first, second, 
and third codon positions of the 50 target oncogenes of human 
were investigated Table 2 (see supplementary material). It can 
be assumed that the evolution of codon usage might be either 
controlled by natural selection or by mutation pressure. To 
determine the extent of the role of these two evolutionary forces 
on the codon usage pattern of human oncogene, we performed 
correlation analysis between different nucleotide constraints. 
First we calculated the GC content at different codon positions 
(Figure 1) and it was found that the GC content at each codon 
position varies among the genes. Finally, compared GC content 
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at first codon position (GC1) and second codon positions (GC2) 
with that of third codon positions (GC3s) and observed a 
significant positive correlation (r=0.45, P<0.01) (Figure 2),  that 

reveals base compositions are prone to the result of mutation 
pressure rather than natural selection, since at all codon 
positions its effects are present. 

 

 
Figure 6: Frequency of highest and least used codons among the 50 cds selected for the present study. 
 
Effective number of codons and its relationship with GC3s 
values 
The average ENC value used by the oncogenes was found to be 
53.74 with a range of 38 to 60. Thirty eight oncogenes had ENC 
values in the range 50-60, 11 in the range 40-50 and 1 between 38 
and 40 (Figure 3). Therefore, codon usage bias is in most cases 
little, although some variation is evident. Moreover the GC3 
values were found to range from 0.3 to 0.1. We calculated the 
correlation coefficient between ENC and GC3s values. The 
results showed that the ENC value was strongly negatively 
correlated with the GC3s values of each gene (r = -0.771, P < 
0.01). These calculations suggested that genes with higher GC3s 
values and lower ENC values had strong bias.  Finally, we 
plotted the ENC against the GC3% values to investigate the 
general codon usage variation with different GC content of each 
gene (Figure 4) [7]. The continuous curve represents the 
expected positions of genes where GC3 values are the only 
determinant factor shaping the codon usage pattern. Most genes 
were found to be located on or above the reference line, 
representing that the codon usage pattern was only determined 
by GC3 values. Moreover, some genes located above the 
reference line, indicates that GC3 is not the only factor for 
shaping the codon usage pattern other factors like nucleotide 
composition, may be involved for these genes. 
 

Level of oncogene expression and codon bias 
The level of expression of oncogene was measured through 
codon adaptation index (CAI) values [10, 15], which varied from 
0.124 to 0.735 with the mean of 0.395 and standard deviation of 
0.159. The CAI value indicates that most of the genes selected 
for the present study are highly expressive in nature. Moreover, 
a significant negative correlation was observed between CAI & 
GC3s (r=-0.489, P<0.01) and CAI & GC content (r=-0.463, 
P<0.01). Furthermore, significant positive correlation was also 
observed in between ENC and CAI (r= 0.644, P<0.01) (Figure 5). 
The results revealed that codon usage pattern determines the 
level of all expression in human and highly expressed genes 
have high GC contents and a greater extent of codon usage bias. 
We also calculated the frequency of the occurrence of 
synonymous codons for the amino acids. The frequency was 
allied with statistical analysis to find out the highest and lowest 
frequently used codon (Figure 6). Relative synonymous codon 
usage (RSCU) values for each synonymous codon were 
calculated to find out the highest and least abundant codons. 
The results of our analysis indicate that the highest abundant 
codon is CTG for Leucine and GTT for Valine. Least abundant 
codons are GTC, ACT, TCG, CTA, and ATA for amino acid 
valine, threonine, serine, leucine and isoleucine, respectively 
(Figure 7).  

 
Figure 7: Relative synonymous codon usage and codon usage bias among the selected 50 cds. (A): Most abundant codons, RSCU > 
1. (B): Least abundant codons, RSCU < 1. 
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Discussion: 
In brief, we analyzed the codon usage pattern and the key 
genetic factors playing decisive role in determining the pattern 
of codon usage for the fifty oncogenes. Based on the hypothesis 
that gene expressivity and codon composition are strongly 
correlated, the codon adaptation index has been defined to 
provide an intuitively meaningful measure of the extent of the 
codon preference in a gene. The present study was carried out 
to analyze the CAI, Fop, ENC, RSCU, base composition for the 
oncogenes, and also to find out the level at which the above 
mentioned genetic factors are involved in the formation of 
codon usage pattern. As per our mentioned objectives in this 
present study, we selected fifty oncogenes from Homo sapiens for 
CUB analysis. The accurate coding sequences having correct 
initial and termination codons were retrieved using a program 
in perl, developed by us. After analyzing the cds sequences it 
was found that 70% of the cds selected for the study are rich in 
GC. We also predicted the heterogeneity of codon usage by 
analyzing the effective number of codons (ENC). We also 
measured the variation of codon usage bias among the 
oncogenes, further confirmed by the distributions of GC content 
at the third synonymous codon positions. These results indicate 
that apart from compositional constraints, other trends might 
influence the overall codon usage variation among the 
oncogenes. We calculated the CAI values for the oncogenes and 
it was found that seventy five percent of the cds selected from 
Homo sapiens qualify as highly expressed genes. We analyzed 
normalized AT and GC frequency at each codon site. Significant 
correlation was observed between gene expression as measured 
by CAI and GC content at any codon site. Among all GC3s 
showed highest correlation (-0.489) with gene expression. The 
frequency of the occurrence of each synonymous codon for the 
amino acids was calculated. The frequency was allied with 
statistical analysis to find out the highest and lowest frequently 
used codon. At the end of our frequency analysis we found that 
AAC, GAC, TGC, CAG, GAG, CAC, AAG and TAC are the 
codons used most frequently among cds sequence of oncogenes.  

Conclusion:  

The mutation pressure is the major determining factor in 
shaping the codon usage pattern of oncogenes rather than 
natural selection since its effects are present at all codon 
positions. The results revealed that codon usage bias determines 
the level of oncogene expression in human. Highly expressed 
oncogenes had rich GC contents with high degree of codon 
usage bias. 
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Supplementary material: 
 
Table 1: The information of 50 Oncogenes used in this study with accession number and gene length 

SL.NO. GENES ACCESSION NO. GENE LENGTH Input CDS bp) 

1 ABL2 DQ009672.1 3549 
2 AKT2 BC063421.1 444 
3 ATF1 BC029619.1 816 
4 BCL11A GU324937.1 2508 
5 BCL2 AY220759.1 720 
6 BCL3 M31732.1 1341 
7 BCL6 EU883531.1 1953 
8 BCR U07000.1 3816 
9 BRAF EU600171.1 2301 
10 CARD11 BC111719.1 3444 
11 CBLC BC006122.1 678 
12 CCND1 (Cyclin D1) M64349.1 888 
13 CCND2(Cyclin D2) M90813.1 870 
14 CCND3(Cyclin D3) M90814.1 879 
15 CTNNB1 AB451264.1 2350 
16 DDB2 AY220533.1 1284 
17 DDIT3 AY880949.1 510 
18 DDX6 BC039826.1 564 
19 DEK BC035259.1 1128 
20 EGFR U48722.1 1218 
21 ELK4 BC063676.1 1218 
22 ERBB2 AY208911.1 3768 
23 ETV4 BC016623.1 1455 
24 ETV6 BC043399.1 1359 
25 EVI1 GQ352634.1 3156 
26 EWSR1 BC011048.1 1968 
27 FEV BC023511.2 717 
28 FGFR1 AY585209.1 2469 
29 FGFR1OP BC037785.1 450 
30 FGFR2 M97193.1 2469 
31 FUS CR456747.1 1581 
32 GOLGA5 BC023021.1 2196 
33 GOPC KF420123.1 1224 
34 HMGA1 BC067083.1 324 
35 HRAS EF015887.1 513 
36 IRF4 BC015752.1 1356 
37 JUN J04111.1 997 
38 KIT U63834.1 2931 
39 KRAS JX512447.1 570 
40 LCK M36881.1 1530 
41 LMO2 BC034041.1 477 
42 MAFB BC036689.1 972 
43 MAML2 AY040322.1 3462 
44 MDM2 GQ848196.1 1401 
45 MET J02958.1 4227 
46 MITF BC065243.1 1260 
47 MLL AY373585.1 11910 
48 MPL M90103.1 1740 
49 MYB AF104863.1 1923 
50 MYC AY214166.1 1320 

 
Table 2: GC content and the AT contents at different codon positions in the complete coding regions of 50 oncogenes 

SL.NO. GENES GC % GC1 % GC2 % GC3 % AT1 % AT2  AT3 % 

1 ABL2 52.1 56.8 47.8 51.6 43.2 52.2 48.4 
2 AKT2 57.4 50.7 48 73.6 49.3 52 26.4 
3 ATF1 44.1 50.4 47.1 34.9 49.6 52.9 65.1 
4 BCL11A 58.6 57.9 48.3 69.6 42.1 51.7 30.4 
5 BCL2 65.8 64.2 50.4 82.9 35.8 49.6 17.1 
6 BCL3 68.6 70.7 55 80.1 29.3 45 19.9 
7 BCL6 56.8 56.1 47.3 67.1 43.9 52.7 32.9 
8 BCR 61.4 58.8 42.4 83.1 41.2 57.6 16.9 
9 BRAF 46.2 53.1 44.1 41.3 46.9 55.9 58.7 
10 CARD11 58.7 58.5 36.1 81.4 41.5 63.9 18.6 
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11 CBLC 59 65 50.9 61.1 35 49.1 38.9 
12 CCND1 (Cyclin D1) 61.1 60.5 36.1 86.8 39.5 63.9 13.2 
13 CCND2(Cyclin D2) 57.8 61.7 35.5 76.2 38.3 64.5 23.8 
14 CCND3(Cyclin D3) 63.1 64.8 46.4 78.2 35.2 53.6 21.8 
15 CTNNB1 48 62.3 40.5 41 37.7 59.5 59 
16 DDB2 54.4 51.9 46.3 65.2 48.1 53.7 34.8 
17 DDIT3 53.7 63.5 44.1 53.5 36.5 55.9 46.5 
18 DDX6 45.6 48.9 43.1 44.7 51.1 56.9 55.3 
19 DEK 39.9 44.4 35.1 40.2 55.6 64.9 59.8 
20 EGFR 53 50.7 43.1 65.3 49.3 56.9 34.7 
21 ELK4 44.7 46.6 41.6 46.1 53.4 58.4 53.9 
22 ERBB2 60.8 63 46.1 73.2 37 53.9 26.8 
23 ETV4 59.8 64.7 44.7 69.9 35.3 55.3 30.1 
24 ETV6 53.2 56.5 40.6 62.5 43.5 59.4 37.5 
25 EVI1 45.5 50.1 41.6 44.8 49.9 58.4 55.2 
26 EWSR1 56.9 62.5 61 47.3 37.5 39 52.7 
27 FEV 71 68.6 53.6 90.8 31.4 46.4 9.2 
28 FGFR1 57.1 56.4 41.8 73.3 43.6 58.2 26.7 
29 FGFR1OP 41.3 49.3 39.3 35.3 50.7 60.7 64.7 
30 FGFR2 51.2 53.2 40.6 59.9 46.8 59.4 40.1 
31 FUS 57.4 60.2 61.3 50.9 39.8 38.7 49.1 
32 GOLGA5 43.3 54.2 35.9 39.8 45.8 64.1 60.2 
33 GOPC 46.8 63.5 36.5 40.4 36.5 63.5 59.6 
34 HMGA1 61.1 55.6 57.4 70.4 44.4 42.6 29.6 
35 HRAS 60.4 57.9 41.5 81.9 42.1 58.5 18.1 
36 IRF4 57.7 58.2 42.7 72.1 41.8 57.3 27.9 
37 JUN 64.5 85.8 61.7 45.8 14.2 38.3 54.2 
38 KIT 44.9 48.4 38.6 47.8 51.6 61.4 52.2 
39 KRAS 38.1 47.4 33.7 33.2 52.6 66.3 66.8 
40 LCK 58.1 58.8 40.2 75.3 41.2 59.8 24.7 
41 LMO2 55.8 54.7 38.4 74.2 45.3 61.6 25.8 
42 MAFB 67 66.7 46.6 87.7 33.3 53.4 12.3 
43 MAML2 51.9 58.1 45.4 52.3 41.9 54.6 47.7 
44 MDM2 40.3 50.7 39.6 30.4 49.3 60.4 69.6 
45 MET 43.5 48.1 38.3 44.2 51.9 61.7 55.8 
46 MITF 48.5 52.6 39 53.8 47.4 61 46.2 
47 MLL 48.1 51.3 49.1 43.9 48.7 50.9 56.1 
48 MPL 59.7 60.3 51.4 67.4 39.7 48.6 32.6 
49 MYB 48.6 53.5 41.3 45.6 46.5 58.7 54.4 
50 MYC 58.8 55.5 44.5 76.4 44.5 55.5 23.6 

 

Supplementary material contains two tables (Table 3 and Table 4). Table 3 contains the frequency of optimal codons (Fop) in the 
complete coding region of 50 oncogenes.  Table 4 contains relative synonymous codon usage values (RSCU) of 50 cds selected in 

this study. 
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Abstract
TP53 gene is known as the “guardian of the genome” as it plays a vital role in regulating cell

cycle, cell proliferation, DNA damage repair, initiation of programmed cell death and sup-

pressing tumor growth. Non uniform usage of synonymous codons for a specific amino acid

during translation of protein known as codon usage bias (CUB) is a unique property of the

genome and shows species specific deviation. Analysis of codon usage bias with composi-

tional dynamics of coding sequences has contributed to the better understanding of the mo-

lecular mechanism and the evolution of a particular gene. In this study, the complete

nucleotide coding sequences of TP53 gene from eight different mammalian species were

used for CUB analysis. Our results showed that the codon usage patterns in TP53 gene

across different mammalian species has been influenced by GC bias particularly GC3 and a

moderate bias exists in the codon usage of TP53 gene. Moreover, we observed that nature

has highly favored the most over represented codon CTG for leucine amino acid but select-

ed against the ATA codon for isoleucine in TP53 gene across all mammalian species during

the course of evolution.

Introduction
TP53 gene encodes tumor protein p53 which is known as the “guardian of the genome” as it
plays a vital role in maintaining genomic stability by preventing mutation in the genome [1].
The p53 primarily acts as transcription factor and stands out as a key player in restricting
tumor cell invasion that includes the ability to induce cell cycle arrest, DNA repair, senescence
and apoptosis [2]. Mutation in p53 results in abnormal proliferation of cells that leads to the
formation of tumor development and so TP53 gene is cataloged as tumor suppressor gene [3].

The nucleus of a cell is the main store house of tumor protein p53 where it binds to DNA.
When any damage occurs in the DNA of a cell by some external agents like toxic chemicals, ra-
diation, exposure to sun light or ultra violet rays, p53 plays the crucial role in activating other
genes and inhibits cell cycle to repair the damage [4]. In case of failure of DNA repair, the
tumor protein p53 prevents the cell from dividing and provokes signals to a wide variety of
genes that contribute to TP53 mediated cell death i.e., apoptosis [5].
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Unequal usage of synonymous codons that encode the same amino acid during translation
of a gene into protein is known as codon usage bias (CUB). Some codons in a synonymous
group are used more frequently whereas others less frequently in the genome of an organism
[6,7]. CUB is a unique property of the genome and it may vary between genes from the same
genome or within a single gene [8,9].

The advent of whole genome sequencing in different organisms and the easily accessible nu-
cleotide database from NCBI (GenBank) have attracted much attention of the scientific com-
munity to study CUB in gaining clues for understanding the molecular evolution of genes and
genome characterization.

Previously, several studies were conducted on synonymous codon usage bias in a wide va-
riety of organisms including prokaryotes and eukaryotes [10–16], and till date in many organ-
isms the codon usage patterns have been interpreted for diverse reasons. Many genomic
factors such as gene length, GC-content, recombination rate, gene expression level, or modu-
lation in the genetic code are associated with CUB in different organisms [17–21]. In general,
compositional constraints under natural selection or mutation pressure are considered as
major factors in the codon usage variation among different organisms [8,22–25]. Moreover,
studies revealed that mutation pressure, natural or translational selection, secondary protein
structure, replication and selective transcription, hydrophobicity and hydrophilicity of the
protein and the external environment play a major role in the codon usage pattern of organ-
isms [26]. In unicellular and multicellular organisms it was observed that, preferred synony-
mous codons/optimal codons with abundant tRNA gene copy number rise with gene
expression level within the genome that supports selection on high codon bias confirmed by
positive correlation between optimal codons and tRNA abundance [18,22,27]. Urrutia and
Hurst (2003) reported weak correlation between gene expression level and codon usage bias
within human genome though not related with tRNA abundance [19]. However, Comeron
(2004) observed that in human genome, highly expressed genes have preference towards
codon bias favoring codons with most abundant tRNA gene copy number compared to less
highly expressed genes [28].

The study of codon usage bias acquires significance in biology not only in the context of un-
derstanding the process of evolution at molecular level but also in designing transgenes for in-
creased expression, discovering new genes [29] based on nucleotide compositional dynamics,
detecting lateral gene transfer and for analyzing the functional conservation of gene expression
[30]. Codon usage bias may be superimposed on the effect of natural selection. The amount of
protein produced from the mRNA transcript may vary significantly since the translational
properties of alternate synonymous codons are not equivalent [31]. Several studies have further
shown that codon usage bias is associated with highly expressed genes as some codons are used
more often than others in the coding sequences [32]. Moreover, literature suggested that a gene
can be epitomized not only by the sequence of its amino acid but also by its codon usage pat-
terns shaped by the balance between mutational bias and natural selection [33]. As a conse-
quence of selection pressure within a gene, differentiation in codon bias may arise between
species of the same genus.

The present study was undertaken in order to perform a comparative analysis of codon bias
and compositional dynamics of codon usage patterns in TP53 gene across eight different mam-
malian species using nucleotide chemistry (GC contents) and several genetic indices namely ef-
fective number of codons (ENC), relative synonymous codon usage (RSCU), and relative
codon usage bias (RCBS) etc. Our analysis has given a novel insight into the codon usage pat-
terns of TP53 gene that would facilitate better understanding of the structural, functional as
well as evolutionary significance of the gene among the mammalian species.

Codon Usage Bias in TP53Gene across Eight Mammalian Species
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Results and Discussion

Codon usage patterns in TP53 genes across mammalian species
Correlation coefficient between codon usage and GC bias was analyzed using heat map (Fig. 1)
in order to find out the relationship between the codon usage variation and the GC constraints
among the selected coding sequences of TP53 genes. In our analysis, nearly all codons ending
with G/C base showed positive correlation with GC bias and nearly all A/T—ending codons
showed negative correlation with GC bias. But, 8 G/C—ending codons (ATC, ACG, TAC, TTG,
TCC, CAC, GTG, GGG) showed negative correlation with GC bias whereas 6 A/T-ending co-
dons (AAT, ATT, TGT, CGA, GTA, GGA) showed positive correlation with AT bias although
statistically not significant (p>0.05). Two G-ending codons i.e. TCG for serine and CTG for leu-
cine amino acid showed strong positive correlation (p<0.01) with GC3s, indicating that codon
usage has been influenced by GC bias due to GC3s. Interestingly, we observed that the codon

Fig 1. Heat maps of correlation coefficient of codons with GC3. The color coding red represents the
positive correlation, green as negative correlation. The black fields are stop codons (TAA, TAG, TGA) and
non-degenerate codons (ATG, TGG) together with ATA codons for isoleucine which was altogether absent in
TP53 gene across mammalian species. White marked rectangular boxes are the codons that showed strong
positive correlation with GC3s.

doi:10.1371/journal.pone.0121709.g001
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ATA encoding isoleucine amino acid was not favored by natural selection in TP53 genes across
mammalian species during the course of evolution. Thus, scanning the codon usage pattern pro-
vides the basis of the mechanism for synonymous codon usage bias and has both practical as
well as theoretical significance in gaining clues of understanding molecular biology [34].

G/C-ending codons are favored by TP53 gene across mammalian
species
We analyzed the nucleotide composition of coding sequences from TP53 genes (Table 1)
which revealed that mean value of C (361.50) was the highest followed by G (306.75), A
(270.88) and T (227.50) among all the selected mammals. The mean percentage of GC and AT
compositions was 57.3% and 42.7% respectively. Thus, the overall nucleotide composition sug-
gested that the nucleotide C and G occurred more frequently compared to A and T in the cod-
ing sequences of TP53 gene across the mammalian species. The nucleotide composition at the
third position of codon (A3,T3,G3,C3) showed that the mean values of C3 and G3 were the high-
est followed by T3 and A3. The GC3 values (ranged from 58.7%-70.6%, mean = 65.1%,
SD = 0.040) was compared with that of AT3 values (ranged from 29.4%-41.3%, mean = 34.9%,
SD = 0.040) in the coding sequences of TP53 genes. The average percentage of GC contents at
the first and second codon positions (GC12) was found in the range of 52.6% to 54.9% with a
mean value of 53.4% and a standard deviation (SD) of 0.008. Therefore, nucleotide composi-
tion analysis suggested that GC—ending codons might be preferred over AT—ending codons
in the coding sequences of TP53 genes across the selected mammalian species. Further, we cal-
culated the occurrence of frequently used optimal codons (Fop) for each amino acid as sug-
gested by Lavner and Kotler (2005) [14]. The frequency was allied with statistical analysis to
find out the highest and lowest frequently used codon. Our results showed that the most fre-
quently used codons were G/C—ending for the corresponding amino acid (Fig. 2) in TP53
genes across mammalian species.

Relative synonymous codon usage in TP53 gene across mammals
The relative synonymous codon usage values of 59 codons for TP53 gene across eight mamma-
lian species were analyzed excluding the codons ATG (methionine) and TGG (tryptophan). In
our calculation RSCU value greater than 1.0 represents that the particular codon is used more

Table 1. Nucleotide composition analysis in the coding sequences of TP53 gene.

Sl. A T G C A3 T3 G3 C3 AT GC GC1 GC2 GC3 AT3 GC12

No. % % % % % % %

1 262 224 308 358 55 69 122 138 42.2 57.8 56.8 49.0 67.7 32.3 52.9

2 267 234 294 366 56 79 117 135 43.2 56.8 56.8 48.6 65.1 34.9 52.7

3 261 219 321 360 53 66 134 134 41.3 58.7 57.4 49.4 69.3 30.7 53.4

4 266 229 300 351 55 78 115 134 43.2 56.8 56.5 48.7 65.2 34.8 52.6

5 264 204 321 384 57 58 125 151 39.9 60.1 59.8 49.9 70.6 29.4 54.9

6 289 244 302 341 73 89 112 118 45.3 54.7 57.4 48.0 58.7 41.3 52.7

7 282 232 301 367 68 82 112 132 43.5 56.5 58.1 49.5 61.9 38.1 53.8

8 276 234 307 365 62 86 115 131 43.1 56.9 59.1 49.0 62.4 37.6 54.1

Mean 270.9 227.5 307 361.5 59.9 75.9 119 134.1 42.7 57.3 57.7 49.0 65.1 34.9 53.4

SD 10.30 12.05 9.79 12.6 7.18 10.6 7.60 9.06 0.016 0.016 0.011 0.005 0.040 0.040 0.008

SD: standard deviation, GC12: average of GC contents at first and second codon positions.

doi:10.1371/journal.pone.0121709.t001
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frequently and less than 1.0 represents the less frequently used codon for the corresponding
amino acid. The RSCU value greater than 1.6 indicates over represented codon for the corre-
sponding amino acid. The overall RSCU values in the selected coding sequences of TP53 gene
revealed that 25 codons were most frequently used among the 59 codons and the most pre-
dominantly used codons were G/C—ending compared to A/T—ending (Table 2). Besides, it
was observed that C—ending codon was mostly favored compared to G—ending codon in the
coding sequence of TP53 gene among the selected mammalian species. Our results showed
marked similarities as reported by Dass et al., (2012) in serotonin receptor gene family from
different mammalian species [35]. Further, clustering analysis of RSCU values (Fig. 3) depicted
that the codon GCC, CGC (except Rattus norvegicus), ATC (except Tupaia chinensis), CTG,
ACC (except Rattus norvegicus,Macaca mulatta), GTG (except Felis catus) were displayed as
the over represented codons (RSCU>1.6). The highest RSCU value was found for the codon
CTG for leucine amino acid in all TP53 genes across mammalian species. The codon ATA
showed the RSCU value zero because natural selection has not favored this codon in TP53 gene
across mammalian species.

Codon usage patterns of TP53 gene correspond to phylogeny of
mammalian species
We have performed a neighbor joining tree analysis based on Kimura 2-parameter (K2P) dis-
tances of the coding sequences in TP53 gene across mammalian species (Fig. 4). We observed
that codon usage patterns in TP53 genes have significant similarities among the closely related
mammalian species. The gene TP53 inH. sapiens showed resemblance to the TP53 gene in
M.mulatta, Similarly, TP53 of F. catus resembled to that of C. lupus andM.unguiculatus with
R. norvigicus. Generally, genes with similar functions exhibit similar patterns of codon usage
frequency [36]. Our analysis further suggested that the coding sequence of TP53 gene share
similar patterns of codon usage bias across eight mammalian species.

Selection pressure over TP53 gene across mammalian species
The ENC values of the coding sequences ranged from 52 to 59 with a mean of 55.5±2.33 indi-
cating relatively smaller variation in the codon usage of TP53 gene across eight mammalian
species. However, the GC3s values ranged from 0.59 to 0.71 with a mean value of 0.65±0.040.
Significant negative correlation (Pearson r = -0.979, p<0.01) was observed between ENC and
GC3s. Moreover, a plot of ENC vs GC3s revealed that the ENC values had negative correlation
with the GC3 content (Fig. 5) and comparatively lower ENC was linked to higher GC3s values.
All the selected coding sequences of TP53 gene across the selected mammalian species had

Fig 2. Overall frequency of optimal and non optimal codon used in TP53 genes amongmammals.Red color coding represents optimal used codons
with corresponding amino acid.

doi:10.1371/journal.pone.0121709.g002
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a higher predominance of G/C—ending codons. It suggested that GC3s values determined the
codon usage pattern in the coding sequences of TP53 gene [33]. Nabiyouni et al., (2013) re-
ported that eukaryotic organisms with very high GC-contents have high GC3-composition
while organisms with low GC-content have low GC3-composition in the genome [37]. We also
calculated GC3 skew values which ranged from 0.000 to -0.094, indicating that GC3 composi-
tion at the third position of codon might have played an important role in the codon usage bias
[38]. Negative GC skew was observed in all the coding sequences of TP53 gene which revealed
that the abundance of C over G [39]. In addition, lower values of the frequency of optimal co-
dons (FOP) and the effective number of codons (ENC) along with higher GC contents sug-
gested that a moderate bias exists in the usage of synonymous codons [33] for TP53 gene in
different mammalian species. Predominant codon usage bias was observed in TP53 gene of
M.unguiculatus compared to other mammalian species (Table 3).

Table 2. Overall relative synonymous codon usage patterns (RSCU) for TP53 gene among eight mammalian species.

Amino Acid Codon N RSCUa Amino Acid Codon N RSCUa

Ala GCA 37 0.78 Leu TTA 9 0.2

GCC* 91 1.95 TTG 31 0.71

GCG 26 0.53 CTA 17 0.38

GCT 36 0.76 CTC 39 0.88

Arg CGT 34 0.98 CTG* 143 3.18

CGC* 65 1.86 CTT 30 0.68

CGA 27 0.78 Lys AAA 42 0.51

CGG 33 0.96 AAG* 125 1.5

AGA 24 0.71 Phe TTT 29 0.63

AGG 25 0.73 TTC* 61 1.37

Asn AAC* 68 1.2 Pro CCA 70 0.84

AAT 44 0.81 CCC* 115 1.4

Asp GAT 67 0.86 CCG 44 0.55

GAC* 82 1.15 CCT* 100 1.22

Cys TGC* 60 1.31 Ser TCA 45 0.86

TGT 32 0.69 TCC* 94 1.81

Gln CAA 23 0.43 TCG 21 0.4

CAG* 82 1.57 TCT* 58 1.09

Glu GAA 84 0.7 AGC* 66 1.26

GAG* 157 1.31 AGT* 30 0.57

Gly GGA 41 0.95 Thr ACA* 47 1.05

GGC* 49 1.13 ACC* 84 1.91

GGG* 65 1.5 ACG 18 0.4

GGT 18 0.43 ACT 29 0.65

His CAT 32 0.78 Tyr TAC* 45 1.19

CAC* 50 1.23 TAT 32 0.81

Ile ATA 0 0 Val GTA 5 0.15

ATC* 61 2.58 GTC* 38 1.1

ATT 11 0.43 GTG* 69 1.98

GTT 28 0.8

a mean values of RSCU based on the synonymous codon usage frequencies of TP53 gene, N: Total number of preferred codons,

*RSCU>1.

doi:10.1371/journal.pone.0121709.t002
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Fig 3. Clustering of RSCU values of each codon among TP53 gene acrossmammals. Each rectangular
box on the map represents the RSCU value of a codon (shown in rows) corresponding to the TP53 gene
across mammalian species (shown in columns). The intensity of color coding indicates different RSCU
values: intensity towards blue RSCU<1, white RSCU>1 and red RSCU>1.6.

doi:10.1371/journal.pone.0121709.g003
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RCBS value of a gene can be used as an effective measure of predicting gene expression and
its value depends on the patterns of codon usage along with nucleotide compositional bias of a
gene [20]. The distribution of RCBS values for TP53 gene across eight mammalian species is
shown in figure below (Fig. 6). The RCBS values ranged from 0.006 to 0.065 with a mean value
of 0.039 and a standard deviation (SD) of 0.021. In our analysis, low mean RCBS value suggested
that there exists a low codon bias for TP53 gene associated with low expression level [20].

Conclusions
In brief, our results showed that codon usage in TP53 gene in mammals has been influenced by
GC bias, mainly due to GC3s. The majority of frequently used codons were G/C ending in
which C—ending codons were mostly favored compared to G—ending codons for the corre-
sponding amino acid. The most over-represented codon was CTG encoding the amino acid
leucine in the TP53 gene of all the selected mammalian species. We further observed that the
codon ATA encoding isoleucine was selected against by nature in TP53 genes across the mam-
malian species under study during the course of evolution. The codon usage pattern for TP53
inH. sapiens showed resemblance to that ofM.mulatta; similarly, F. catus to C. lupus and
M. unguiculatus to R. norvigicus. Moderate codon bias was observed for the TP53 gene in dif-
ferent mammalian species.

Fig 4. Phylogenetic analysis of the Kimura 2- parameter (K2P) distances of the selected coding
sequences among TP53 genes of different mammalian species. The percentage of replicate trees in
which the associated taxa clustered together in the bootstrap test (1000 replicates) is shown next to 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 Kimura
2-parameter method and are in the units of the number of base substitutions per site. The analysis involved 8
cds sequences. All positions containing gaps and missing data were eliminated. There were a total of 1200
positions in the final dataset. Evolutionary analyses were performed in MEGA6.

doi:10.1371/journal.pone.0121709.g004
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The codon usage patterns in the coding sequence of TP53 gene across different mammalian
species showed significant similarities, suggesting that the evolutionary pattern might be simi-
lar. According to Yang and Nielsen (2008), codon bias in mammals is mainly influenced by
mutation bias and the selection on codon bias is weak for nearly neutral synonymous muta-
tions [40]. From the outstanding work of Grantham et al., (1980–1981) on “genome hypothe-
sis” it was evident that species specific genes share similar spectrum of codon usage frequency
[41,42]. The present study revealed that specific gene of closely related species with similar
functions exhibit similar patterns of codon bias across different mammals as evident from the
previous work of Dass et al., (2012) [35]. To the best of our knowledge, this is the first report
on the codon usage pattern in TP53 gene across the mammalian species. Since our analysis has

Fig 5. ENC vs GC3s values for TP53 gene. Red dots represent the ENC and GC3s values of the coding
sequences for TP53 gene across mammalian species.

doi:10.1371/journal.pone.0121709.g005

Table 3. Codon usage bias indices for TP53 gene acrossmammalian species.

MAMMALS RCBS ENC GC3s FOP Highest RSCU GC Skew GC3 Skew

Tupaia chinensis 0.006 54 0.68 0.305 CTG (Leu) -0.08 0.061

Bos taurus 0.015 56 0.65 0.305 CTG (Leu) -0.11 0.071

Felis catus 0.03 53 0.69 0.305 CTG (Leu) -0.06 0

Canis lupus 0.042 56 0.65 0.305 CTG (Leu) -0.08 0.076

Meriones unguiculatus 0.043 52 0.71 0.306 CTG (Leu) -0.09 0.094

Rattus norvegicus 0.054 59 0.59 0.306 CTG (Leu) -0.06 0.026

Macaca mulatta 0.063 57 0.62 0.305 CTG (Leu) -0.10 0.081

Homo sapiens 0.065 57 0.62 0.305 CTG (Leu) -0.09 0.065

RCBS-Relative codon usage bias, ENC-Effective number of codons, GC3s-GC contents at third positions of codon, FOP-Frequency of optimal codons,

RSCU-Relative synonymous codon usage.

doi:10.1371/journal.pone.0121709.t003
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given better insights into the codon usage, it may have theoretical value in further understand-
ing the molecular evolution of TP53gene.

Materials and Methods

Sequence Data
The complete nucleotide coding sequences (cds) for TP53 gene having perfect start and stop
codon, devoid of any unknown bases (N) and perfect multiple of three bases, were retrieved
from National Center for Biotechnology Information (NCBI) GenBank database (http://www.
ncbi.nlm.nih.gov). Finally, we selected eight coding sequences for TP53 gene that fulfill the above
mentioned criteria in different mammalian species and used in our CUB analysis (Table 4).

Fig 6. Distribution of RCBS for TP53 gene across eight mammalian species.

doi:10.1371/journal.pone.0121709.g006

Table 4. Eight mammalian species with accession number and length (bp) of coding sequences for TP53 gene.

CDS NO. MAMMALS ACCESSION NO. Length (bp)

1 Tupaia chinensis KF921494.1 1152

2 Bos taurus AB571118.1 1161

3 Felis catus KJ511263.1 1161

4 Canis lupus KJ511265.1 1146

5 Meriones unguiculatus AB033632.1 1173

6 Rattus norvegicus BC098663.1 1176

7 Macaca mulatta HM104191.1 1182

8 Homo sapiens U94788.1 1182

CDS NO: Coding sequence number.

doi:10.1371/journal.pone.0121709.t004
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Prediction of Base Composition Bias
The occurrence of overall frequency of the nucleotide (G+C) at first (GC1), second (GC2) and
third (GC3) position of synonymous codons were calculated to quantify the extent of base com-
position bias. Moreover, we analyzed the skewness for AT, GC and GC3s of each coding se-
quence to estimate the base composition bias particularly in relation to transcription processes.

Effective Number of Codons (ENC) Analysis
ENC is generally used to quantify the codon usage bias of a gene that is independent of the
gene length and number of amino acids [43]. This measure was computed as per Wright
(1990) to estimate the extent of CUB exhibited by the coding sequences of TP53 gene across
the selected mammalian species:

ENC ¼ 2þ 9

F2

þ 1

F3

þ 5

F4

þ 3

F6

Where, Fk (k = 2, 3, 4 or 6) is the average of the Fk values for k-fold degenerate amino acids.
The F value denotes the probability that two randomly chosen codons for an amino acid with
two codons are identical.

The values of ENC ranged from 20 indicating strong codon bias in the gene using only one
synonymous codon for the corresponding amino acid, to 61indicating no bias in the gene
using all synonymous codons equally for the corresponding amino acid [43].

Frequency of Optimal Codon (Fop) Analysis
Fop is a measure of codon usage bias in a gene [44]. Fop values represent the ratio of the num-
ber of optimal codons used to the total number of synonymous codons [22]. The Fop value
ranges from 0.36 for a gene showing uniform codon usage bias to 1 for a gene showing strong
codon usage bias [45]. Fop value for each selected coding sequence was calculated using the
formula given by Lavner and Kotler (2005) [14].

Relative Synonymous Codon Usage (RSCU) Analysis
RSCU is defined as the observed frequency of a codon divided by the expected frequency if all
codons are used equally for any particular amino acid [46]. RSCU values of codons for each of
the selected coding sequence of TP53 gene was calculated as follows:

RSCU ¼ gijXni

j
gij
ni

Where, gij is the observed number of the ith codon for the jth amino acid which has ni kinds of
synonymous codons [26].

Computation of Gene Expression
Gene expression was estimated through RCBS which can be defined as the overall score of a
gene indicating the influence of relative codon bias (RCB) of each codon in a gene [20]. The
RCBS value of each coding sequence of TP53 gene was calculated as follows:

wRCB
c ¼ OC � E½OC�

E½OC�
where, Oc is the observed number of counts of codon c of the query sequence and E[Oc] is the

Codon Usage Bias in TP53Gene across Eight Mammalian Species

PLOS ONE | DOI:10.1371/journal.pone.0121709 March 25, 2015 11 / 14



expected number of codon occurrences given the nucleotide distribution at three codon posi-
tions (b1b2b3) [20].

RCB ¼ expð 1

Otot

X

c2C
logwRCB

c Þ � 1

[47]
Where, Otot is the total number of codons

Software Used
The above mentioned genetic indices were estimated in a PERL program developed by SC (cor-
responding author) to measure the CUB on the selected coding sequences of TP53 genes in dif-
ferent mammalian species. All statistical analyses were carried out using the SPSS software.
Cluster analysis (Heat map) of correlation coefficient of codons with GC3 and the RSCU values
of codons among the eight mammalian species were clustered using a hierarchical clustering
method implemented in NetWalker software [48].
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GATA2 gene encodes amember of theGATA 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 GCmutation
bias where nature has highly favored fourteen most over represented codons but disfavored the ATA codon
across fivemammals. Purifying natural selection has affectedGATA2 gene in human and othermammals tomain-
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.
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1. Introduction

GATA2 is a DNA binding transcription factorwhich localizes predom-
inantly in the nucleus of a cell and mainly expressed in hematopoietic
progenitors aswell as nonhematopoietic embryonic stem cells [1]. Liter-
ature suggests thatmutations in the coding region ofGATA2 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

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 betweenmutational 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 themolecular
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 othermammals 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
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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
norvegicuswas 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 differentmammals. 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 ofGATA2 genewas calculated using the formula given byWright
(1990) as follows:

ENC ¼ 2þ Sþ 29

S2 þ 1−S2
� �

where, S corresponds to the given GC3 values. ENC value generally
ranges from 20 to 61. The lower ENC value (b35) 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 ¼ gijXni

j
gij

ni

where, gij is the relative codon usage frequency of the ith codon for
the jth amino acid which is encoded by ni 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

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 CAI valuewasmea-
sured as per Sharp and Li (1987) using the following formula:

CAI ¼ exp
1
L

XL

K¼1

1n wc kð Þ

where, wc(k) is the relative adaptiveness (ω) 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 (dN), synonymous sub-
stitution (dS) and the ratio between them (dN/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 GC12 against GC3, depicts the roles of directionalmu-
tational pressure against natural selection. In this plot, regression coeffi-
cient of GC12 on against GC3 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 (A3, T3, 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 GC3 (77.2 ± 9.55) and AT3 (22.8.0 ± 9.55) for
GATA2 revealed that GC3 was higher than AT3 across the selected mam-
mals. Similarly, the overall mean percentage of GC contents at the first
and second positions (GC1 + GC2) of codon for the coding sequences
of GATA2 (59.1 ± 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.

Table 1
Five mammalian species with accession number and codon bias indices.

Mammals Accession
numbers

Length
(bp)

ENC CAI GC
skew

AT
skew

Homo sapiens gb|M68891 1443 41 0.827 −0.14 0.13
Mus musculus gb|BC107009 1443 48 0.799 −0.13 0.08
Sus scrofa gi|47,523,099 1443 39 0.836 −0.15 0.14
Bos taurus gi|300,797,895 1443 31 0.841 −0.14 0.18
Rattus norvegicus gb|BC061745 1443 49 0.806 −0.13 0.10
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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 A3, T3, G3, C3 and
GC3 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 fivemammals.
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 GC3s using heat map (Fig. 1). We
observed that nearly all codonswithG/C— endingbase in the coding se-
quences of GATA2 were positively correlated with GC3 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 GC3s

(r = 0.896, p b 0.05) as well as between CAI and GC (r = 0.873,
p b 0.05) contents. But significant negative correlation (r = −0.934,
p b 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.

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 fivemammals were
analyzed excluding the codonATG and TGG that encode amino acidme-
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 N 1) were
C-ending [14] compared to G-ending [7] for the GATA2 gene. Our results
further suggested that C ending codonwasmostly favored as compared
to G-ending codon in the coding sequences of theGATA2 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 N 1.6) across the selectedmammals. 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

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 GC3s. 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 GC3s. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Table 2
Nucleotide composition analysis in the coding sequences of GATA2 gene.

GATA2 gene

Sl. A T G C A3 T3 G3 C3 AT GC GC1 GC2 GC3 AT3 GC12

No. % % % % % % %

1 288 220 400 535 54 58 142 227 35.2 64.8 60.1 57.6 76.7 23.3 58.9
2 291 249 391 512 61 85 134 201 37.4 62.6 60.3 57.8 69.6 30.4 59.0
3 281 212 403 547 48 50 146 237 34.2 65.8 60.7 57.2 79.6 20.4 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 34.8 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 27.43 3.35 3.35 0.62 0.30 9.55 9.55 0.374

SD: standard deviation, GC12: average of GC contents at first and second codon positions.
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alignment of 480 amino acid residues in theGATA2 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
themembers, 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

Themean 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 (dN) 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 b 0.001). The dN/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
(dN) 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 (dN)
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 GC12 and GC3

and the slope of the regression line is close to 1, indicating that muta-
tion bias supposed to be themain force in shaping the codonusage. Con-
versely, a lack of correlation between GC12 and GC3 indicates selection
against mutation bias which results a narrow distribution of GC content
[20]. In our analysis we compared the values of GC12 and GC3, 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 GC12 to GC3 of GATA2 is 0.029, indicating the relative neu-
trality is 2.9% while the relative constraint is 0.971 for GC3 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

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 b 1, dark red RSCU N 1 and distinct red RSCU N 1.6. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 3. Frequency of amino acid usage in GATA2 gene across mammals; Five adjacent color-bars in a group representing fivemammals 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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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 endingwith G/C basewasmost-
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 GC3s 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 usingCAI. A significant positive correlationwas observed between
CAI and GC as well as between CAI and GC3, but a significant negative

Fig. 4.Multiple sequence alignment of GATA2protein for residues 0–480; Unique residues are highlighted at different positions of the complete amino acid sequence of the GATA2protein
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 betweendifferentmammals for thenumber of substitutionsper site
summarized for GATA gene, with synonymous substitutions (dS) below the diagonal and
and nonsynonymous substitutions (dN) above the diagonal in bold.

Homo
sapiens

Mus
musculus

Sus
scrofa

Bos
taurus

Rattus
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 b 0.001, bold: nonsynonymous substitution (dN)
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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 N 1.6) in the coding sequence of GATA2 gene
across mammals.

It was reported earlier that nucleotide biasmay 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

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 (dN) and synonymous substitution (dS) per site as per
Nielsen andYang (2003). The ratio of nonsynonymous and synonymous
substitutions (dN/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 dN/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 themean ratio of nonsynonymous substitution to synon-
ymous substitution (dN/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 (dN) distance based on codon alignment
for GATA2 gene revealed that there was a close relationship between

Fig. 5. Genetic variability of nonsynonymous mutation and phylogenetic tree; [A] Distribution of nonsynonymous mutation per site (dN) and mean genetic p-distance in the coding
sequence of GATA2 gene across mammals. [B] Neighbor-Joining tree using dN 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 MEGA6 [22].

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 (GC3).
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nonsynonymous substitution rate in M. musculus and R. norvegicus but
distinctly different from H. sapiens.

5. Conclusions

Amajority of the frequently used codonswas C-ending in the coding
sequence ofGATA2 gene acrossmammals. Fourteen codonsweremostly
overrepresented and the codonATT encoding isoleucine amino acidwas
selected against by nature in GATA2 gene of all themammals. The codon
usage ofGATA2 genewas primarily affected byGCmutation bias and the
gene expression level might play a pivotal role in shaping its codon
usage patterns. The magnitude of dN/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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