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Introduction
Carnobacterium gilichinskyi strain WN1359 was isolated from 

Siberian permafrost and was barophilic, psychrophilic and anoxic in 
nature.1 So far a total of thirteen validly published members belong 
to the Carnobacterium genus. They are found in polar region, 
temperate environment due to their tolerance to freezing temperature 
and also can adapted in harsh environment (UV radiation, and cold 
temperatures).2 Leonard et al.3 first reported the whole genome 
sequence of Carnobacterium gilichinskyi isolated from Siberian 
permafrost.3 Present study have analyzed the different influencing 
factor shaping the codon usage of the whole genome sequence of 
Carnobacterium gilichinskyi strain WN1359 that can grow in a 
simulated Mars atmosphere.1

Codon usage bias refers to a specific codon of a subset of codon 
used more frequently than other synonymous codons throughout 
the translation of gene.4 Studies of codon usage in bacterial genome 
elucidate the lateral gene transfer (LGT) and horizontal gene transfer 
(HGT), is important in the movement of genetic material between 
unicellular and multicellular organism by the transmission of DNA 
from parent to offspring.5–8 HGT used as a major evolutionary factor 
in many organisms. Codon usage gives the insight about the evolution 
of genome by determining the particular evolutionary forces 
operating the synonymous codon usage pattern within that genom.9 
Previous studies have demonstrated that codon usage pattern varies 
between organisms.9–12 In addition, it has also been found that lateral 
gene transfer event influence the codon usage pattern of bacterial 
genomes, suggesting the horizontal gene transfer event could be a 
major evolutionary force for codon bias.13 Codon optimization is a 
phenomenon where codons are replaced with an optimal synonymous 
codon in order to increase protein expression. This codon optimization 
relies on the accuracy of codon usage frequencies. Codon usage bias 
is altered by various factors such as gene expressivity,14,15 high gene 
expression level shows greater codon bias than low expressed genes,16 
gene length;17 tRNA abundanc18,19 and amino acid composition.20 
This phenomena of codon usage bias can be utilized to characterize 
the evolutionary pattern of species and to determine the molecular 

marker. DNA probes and primers can be designed based on codon 
usage bias.21 Mutational bias is the major factor responsible for 
shaping codon usage preference among bacteria. Codon bias is mainly 
governed by the balance between mutation selection and genetic drift 
among the organisms,22 where translational selection pressure appears 
as a major responsible factor as certain codons used more preferably 
and are translated more accurately and efficiently.23 

Methodology
Retrieval of whole genome sequence (WGS):

Whole genome and coding sequences of Carnobacterium 
gilichinskyi strain WN1359 was retrieved from NCBI (www.ncbi.
nlm.nih.gov/genbank/genomes). Complete genome contains 2,275 
coding sequence (CDS), to avoid sampling error, only those coding 
sequences (CDS) were selected which have correct start and stop 
codons with at least 100 codons in a sequence. Coding sequences 
having uncertain annotation were excluded.

Codon usage indices

Use of 59 codons to encode 18 amino acids (Met,Trp and stop 
codons are excluded) was determined by using a codon indices known 
as relative synonymous codon usage (RSCU),24 codon adaptation 
index (CAI),25 Effective Number of Codon (ENC)26 frequency of G+C 
in CDS (GC content); G+C content at third codon position (GC3s) 
and occurrence of A, T, G, C at synonymous third codon position 
(A3,T3,G3,C3). RSCU can be defined as the ratio of the observed 
frequency of codons to the expected frequency. When RSCU value of 
a codon is greater than one it denotes that corresponding codon is used 
more often than the expected frequency. Synonymous codon usage 
bias refers the differences in the frequency of synonymous codons 
for individual amino acids in protein coding sequences. Mutation, 
selection and random genetic drift are the major factors that shape 
codon usage bias in different organisms. Whereas if the RSCU value 
is less than one than, reverse is true.24 ENC analysis is used to quantify 
the extent of the codon usage bias of the coding sequences. ENC is 
the measures of synonymous codon bias and ENC values ranges from 
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Abstract

Earlier studies have shown that genomic features and genomic organization of microbial 
genome can be illustrated precisely by the study of codon usage bias. The availability of 
complete genome of Carnobacterium gilichinskyi strain WN1359, facilitates to get an 
insight about the genetic information of this microorganism. Carnobacterium gilichinskyi is 
a gram positive bacteria belongs to the carnobacteriaceae family. Present study aims to 
investigate the influence of mutational pressure and natural selection on the codon usage 
of this bacterial genome. It has been observed that choice of third synonymous codon 
position was mainly influenced by mutational bias suggesting that compositional constraint 
governing the codon usage bias in this bacterial genome. Moreover gene expression and 
translational efficiency have also been involved shaping the codon usage of this bacterial 
genome.
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20 (when an amino acid uses only one codon) to 61 (when a amino 
acid is encoded by all the synonymous codon with equal frequency).26 
Codon adaptation index (CAI) is mainly used to measure the extent of 
bias toward codons and is used as a quantitative method of predicting 
the level of highly expression of a gene, based on its codon sequence. 
The CAI value ranges from 0 to 1 where higher CAI indicates stronger 
codon bias and high gene expression level. CAI is the widely accepted 
method to measure the gene expression level.25 These indices of codon 
usage bias were calculated by using a software Codon W version 
1.4.2.27

Result and discussion  
This study of codon usage on the genome of Carnobacterium 

gilichinskyi strain WN1359 isolated from harsh environment gives the 
insights about the genetic features of this bacteria. Our study on codon 
usage pattern provides information about the determining factors 
playing important role in shaping the codon usage pattern of this 
bacterial genome. Low genomic GC content (35.26%) predetermined 
there should be preferred number of A and T ending codon. We have 
observed seventeen optimal codons in this bacterial genome and 
among these optimal codons 11 are AT ending codon (4 T- ending 
and 7 A-ending), whereas in GC ending codon 6 are C ending and 
no G ending optimal codons were found. The degree of diversity in 

codon usage in C. gilichinskyi strain WN1359 was analyzed using 
ENC (Effective Number of Codon) and AT3s (AT at third position). 
It has been examined that ENC value ranges from 22.38 to 61 with 
an average value of 47.66. This gives an insight about the marked 
variation of codon usage in the genes in this bacterial Genome. 
Investigation of the genomic AT3s value also revealed the multiformity 
of codon usage bias among genes of C. gilichinskyi strain WN1359 
bacteria. Presence of significant negative correlation (r= - 0.559, P 
<0.01) between AT3S and ENC has revealed the profound influence 
of compositional constraint of codon usage bias in this bacterial 
genome. These observations justify our hypothesis that variation of 
codon usage in this bacterial genome is mainly influenced by genomic 
compositional constraint. ENC vs GC3s plot determine the various 
factors accounting the codon usage variation among the genes in 
this bacterial genome. It has been demonstrated by several earlier 
studies that heterogeneity of codon usage are due to the compositional 
constraint or completely dictated by GC3s, the values of ENC should 
fall on the expected curve and the NC plot of the C. gilichinskyi strain 
WN1359 genome shows that maximum number of genes with higher 
GC3s with lower NC value and are lying far below the expected curve 
(Figure 1). This indicates that there must be certain additional factors 
along with compositional constraint influencing the codon usage bias 
of this genome. This result promotes the hypothesis that translational 
selection also contributing the codon usage of this bacterial genome. 

Figure 1 Relationship between ENC and GC3.

Optimal codons

A chi square test was performed between 10% of gene (highly 
expressed) with higher value of major axis and 10 % of genes (lowly 
expressed) with lower value of axis. In highly biased genes 17 
codons are identified with higher usage which could be referred to 
as translational optimal codons (10). Optimal codons help to achieve 
faster translational rate and high accuracy. Among these 17 codons 
identified as optimal codon, 7 are a ending (41.17%) codon and rest of 
the 4 codons are T ending (23.52 %) codon and there is no G ending 
and 6 are C (35.29%) ending codon identified as a optimal codon.

Influence of compositional constraint

We have performed correspondence analysis on the RSCU values 
and the distribution of genes along the first two major axis has been 
investigated. The first major axis accounts for 12.21 % of the total 
variation. The second major axis accounts for 4.15 % of the total 
variation. Hence the first major axis may be regarded as the single 
major explanatory axis to account for codon usage variation in this 
bacterial genome. The changes in third codon position may not be 
associated with the changes of amino acids encoding by that gene 
sequences representing that mutational bias may drive different codon 
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choice without affecting the protein sequence.28 A strong negative 
correlation between ENC and AT3s also suggest that the genes lies 
on the right side of the axis 1, has higher AT content and lower ENC 
values which represent a strong correlation between codon usage 
preference and nucleotide composition of the genes encoded by this 
bacterial genome. The ENC showed a significant positive correlation 
with A3s whereas T3s does not show any correlation but C3s and G3s 
is negatively correlated with ENC (Table 1). 

Distinctive Distribution of Nucleotides at Third codon 
position

The relationship of the frequencies of A, T, G, C at the third codon 
position with the ENC values of all the genes has been estimated (Table 
1). Several earlier studies have been reported that highly expressed 
genes are highly biased with low ENC value and vice versa. In this 
bacterial genome the frequency of A3 increases with decrease ENC 

value, whereas frequency of G and C at third codon position decreased 
with higher ENC. The frequency of A3 also positively correlated with 
decrease ENC but it did not show any strong correlation between T3 
and ENC. This result reflects that the mutational bias determine the 
choice of bases in the third codon position. It assumes that optimal 
codons are selected based on the mutational bias, so this is expected 
that translational selection influences the mutational bias to be more 
prominent in the third codon position in the highly expressed genes 
(Figure 2). 

Table 1 Correlation of ENC with T3s, C3s, G3s, A3s

Correlation T3s C3s G3s A3s

ENC 0.04NS -0.367** -0.276** 0.105**

**significant relationships; NS, Non-significant; P<0.001 for significant values

Figure 2 Position of genes along the first two major axis of variation in the correspondence analysis on RSCU.

Gene length influencing Codon bias

Selection pressure speed up the translational process with 
minimizing proofreading cost and maximizing translation accuracy by 
using those codons having abundant cognate tRNAs. Several studies 
have reported that Codon usage bias regulate protein translation 
efficiency and accuracy and protein folding.29–35 Translational 
processivity has a predominant effect on the relationship of gene 
length and synonymous codon bias.17 Energy cost and resources 
consumed for a protein production is proportional to gene length. 
So that it is expected the selection pressure will be higher in case 
of longer gene to avoid missense error. It is thought to be there is a 
positive correlation between codon bias and gene length due to the 
selection pressure for translational accuracy. A plot has been drawn 
on ENC values against gene length which depicts a wider variation of 
ENC values with shorter gene length than that of longer gene. In this 
bacterial genome the gene lengths are correlated with gene position on 
axis 1, GC3 and ENC values (r= -0.252, 0.268 and -0.157 respectively, 
p <0.01) significantly. ENC (r= - 0.135, p <0.01) shows significant 

negative correlation with gene length. The significant correlations 
represent codon usage of this bacterial genome influenced by gene 
length. So that codon bias is higher in shorter genes than in longer 
ones (Figure 3). 

Role of gene expression level on codon usage

CAI is a widely accepted method to estimate the expression level 
of the genes in organisms (36). C. gilichinskyi strain WN1359 genome 
represent a significant negative correlation of CAI with axis 1 (r = 
-0.476**,P < 0.001) and a positive correlation with AT3 (and r= 0.472**, 
P< 0.001) where as ENC shows a significant negative correlation 
with CAI (r =-0.507**,P<0.01).This observation indicates the effect 
of gene expressivity on the codon usage in this bacterial genome. 
Furthermore, gene expressivity (CAI) showed a positive correlation 
with A3s (r = 0.333**,p<0.01) and T3s ( r = 0.241**,p<0.01), where 
A3s exhibiting stronger relationship with CAI than T3s suggesting 
that mutational bias effecting the choice of bases at the third codon 
position which favors translational selection.
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Figure 3 ENC vs Gene length Plot for C. gilichinskyi strain WN1359 genome.

Conclusion
This study has been performed to deduce the influencing 

factors responsible for variation in codon usage preference in C. 
gilichinskyi strain WN1359 strain. From this study, it is easy to perceive 
that other than the compositional constraint, some other factors also 
involved in shaping the codon usage pattern in this bacterial genome. 
From this study it has been observed that mutational pressure plays 
a significant role in shaping the codon usage pattern in this bacterial 
genome. Among all the third synonymous codon positions A3s is more 
predominant in influencing codon usage variation in this genome. This 
observation suggests that choice of third synonymous codon position 
is mainly influenced by mutational bias which support our hypothesis 
that compositional constraint governing the codon usage bias in this 
genome. In highly expressed genes A ending codons are used most 
preferably which may be associated with translational efficiency of 
the gene. It is worth to note that 41.17 % of the most frequently used 
codon in the highly expressed gene of C. gilichinskyi strain WN1359 
are A (purine) ending codons suggesting along with the mutational 
pressure, translational selection pressure also operate the codon 
usage bias in this bacterial genome. Thus it is important to note that 
mutational pressure is most predominant in shaping codon usage in 
C. gilichinskyi strain WN1359 genome but some other factors such 
as gene expression level, translational accuracy and translational 
efficiency are also involved in codon usage in this bacterial genome.
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