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Abstract: 
Codon usage bias (CUB) is an omnipresent phenomenon, which occurs in nearly all organisms. Previous studies of codon bias in 
Plasmodium species were based on a limited dataset. This study uses whole genome datasets for comparative genome analysis of six 
Plasmodium species using CUB and other related methods for the first time. Codon usage bias, compositional variation in translated 
amino acid frequency, effective number of codons and optimal codons are analyzed for P.falciparum, P.vivax, P.knowlesi, P.berghei, 
P.chabaudii and P.yoelli. A plot of effective number of codons versus GC3 shows their differential codon usage pattern arises due to 
a combination of mutational and translational selection pressure. The increased relative usage of adenine and thymine ending 
optimal codons in highly expressed genes of P.falciparum is the result of higher composition biased pressure, and usage of guanine 
and cytosine bases at third codon position can be explained by translational selection pressure acting on them. While higher usage 
of adenine and thymine bases at third codon position in optimal codons of P.vivax highlights the role of translational selection 
pressure apart from composition biased mutation pressure in shaping their codon usage pattern. The frequency of those amino 
acids that are encoded by AT ending codons are significantly high in P.falciparum due to action of high composition biased 
mutational pressure compared with other Plasmodium species. The CUB variation in the three rodent parasites, P.berghei, P.chabaudii 
and P.yoelli is strikingly similar to that of P.falciparum. The simian and human malarial parasite, P.knowlesi shows a variation in 
codon usage bias similar to P.vivax but on closer study there are differences confirmed by the method of Principal Component 
Analysis (PCA). 
 
 
Keywords: Codon usage bias (CUB), RSCU, tRNA, Optimal codon, Principal Component Analysis (PCA), Effective number of 
codon (ENC). 
 
 
Abbreviations: CDS: Coding sequences, GC1: GC composition at first site of codon, GC2: GC composition at second site of codon, 
GC3: GC composition at third site of codon, Ala: Alanine, Arg: Arginine, Asn: Asparagine, Asp: Aspartic acid,  Cys: Cysteine, Gln: 
Glutamine, Glu: Glutamic acid, Gly: Glycine, His: Histidine, Ile: Isoleucine, Leu: Leucine, Lys: Lysine, Met: Methionine, Phe: 
Phenylalanine, Pro: Proline, Ser: Serine, Thr: Threonine, Trp: Tryptophan, Tyr: Tyrosine, Val: Valine. 
 
 

 
Background: 
The advent of next generation sequencing techniques has made 
a large amount of nucleotide sequence data available for 
analysis. Whole genome sequences of six malarial parasites: 
Plasmodium falciparum, Plasmodium chabaudii, Plasmodium yoelii, 
Plasmodium berghei, Plasmodium knowlesi and Plasmodium vivax 
are now available [1-5], and are extensively used in studying 

application of codon usage bias phenomenon for comparative 
genome analysis. 
 
Apart from human host, Plasmodium species infect a wide range 
of vertebrate hosts including birds, rodents and primates. 
According to specific ecological and physiological 
requirements, Plasmodium species are non-randomly distributed 
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across different ecological habitats. Codon usage analysis 
provides insight into the environmental adaptation and 
evolution of organisms [6]. It is well-known that sixty four 
codons coding for twenty-odd amino acids results in 
synonymous codons (different codons coding for the same 
amino acid). Eighteen out of twenty amino acids are encoded 
by multiple synonymous codons (exceptions being methionine 
and tryptophan) and their probability of occurrence is not 
equally distributed. This phenomenon was first explained by 
the “genome hypothesis” which suggested that this observed 
bias is species specific [7]. In most genomes, it is observed that 
synonymous codons are not used with equal frequency. 
Various genes show differential patterns of codon usage and 
these results in enhancing their efficiency and accuracy of 
translation into proteins [8-10]. The gene length, compositional 
constraints, expression level and RNA stability are the main 
factors responsible for influencing codon usage. In general, 
pattern of codon usage is determined by mutational pressure 
acting specifically over entire genome and selective forces 
acting on coding regions [11]. In some prokaryotes like E. coli 
and single cell eukaryotes like C.elegans, codon usage is 
determined by both mutational and translational selection 
pressure [12-14]. The intra-genomic and inter-genomic codon 
usage variability is mainly governed by various biological 
factors simultaneously but directional mutational pressure on 
DNA sequences and translational selection forces are the key 
role players [15].  
 
Previous investigations on these parasites and their vectors [16] 
showed differences in their genomic architecture as well as 
ecological habitat. Codon distribution and factors shaping 
codon usage bias can be explained by understanding their 
usage patterns in Plasmodium species. The aim of this study is to 
understand a few questions.  First - whether the codon usage 
pattern in Plasmodium genus is conserved or not; second - is the 
comparative analysis of six different Plasmodium species to 
understand their phylogenetic relationships possible on the 
basis of codon usage bias and third-to identify the role of 
mutational and translational selection forces using their genome 
sequence data for shaping codon usage pattern.  
 
Codon usage pattern of Plasmodium species appears to be 
conserved at the genus level but on further analysis, this 
conservation level is less and changes gradually from species to 
species. The atypical A+T richness of the genome in P.falciparum 
leads to codon bias of these bases at the wobble position in all 
the coding sequences [17]. The genome of P.vivax has GC 
content close to fifty percent, hence the variation in codon usage 
bias is expected to be different and it is found to be so. The 
other four malarial parasite genomes were analyzed for the first 
time, and the codon usage bias of these rodent parasites, 
P.berghei, P.chabaudi and P.yoelii are very similar to that of 
P.falciparum. The simian and human parasite, P.knowlesi, 
however, shows behavior similar to P.vivax. This grouping of 
Plasmodium species were also confirmed by principal 
component analysis (PCA) using sequence data.  PCA 
categorizes the studied species into different clusters, which are 
similar to their phylogenetic status [18]. Equilibrium among 
various forces like mutation pressure, translational selection 
and genetic drift are some of the factors responsible for 
explaining complex codon usage patterns in any species [19]. 
The highly expressed and less expressed genes of studied 

malarial species show significant differences in their codon 
usage bias. Our analysis based on CDS (complete coding 
sequences) and highly expressed genes of Plasmodium species 
find a more pronounced role of compositional mutational 
pressure instead of selection at translational level for shaping 
different codon usage pattern. 
 
Methodology: 
Plasmodium Genome Sequences 
Complete coding sequences (CDSs) of six Plasmodium species 
(P.falciparum, P.vivax, P.knowlesi, P.yoelii, P.chabaudi and 
P.berghei) were taken from PlasmoDB database [20] and their 
redundancies were removed. Total number of CDSs analyzed: 
5523 (P.falciparum), 5435 (P.vivax), 5197 (P.knowelsi), 7724 
(P.yoelii), 251 (P.chabaudi) and 4904 CDSs (P.berghei). The whole 
genome sequence of P.falciparum and P.vivax were obtained 
from NCBI site [www.ncbi.nlm.nih.gov]. 
 
Codon usage analysis 
The frequency of codons (excluding stop codons) 
corresponding to each amino acid in the CDSs is used for codon 
usage analysis. Codon frequency, codon bias, amino acid 
frequency per thousand, GC, GC1, GC2 and GC3 percentage 
were calculated by using in-house code using Matlab 7.12.0 
[www.mathworks.com]. 
 
Relative synonymous codon usage (RSCU) 
RSCU value of each codon is the observed frequency of that 
codon divided by the expected frequency for synonymous 
codons of an amino acid using equal usage as a conjecture (see 
supplementary material). 
 
Effective Number of Codons (ENC) 
ENC is the most widely used estimator of codon usage bias [21] 
and provides the range of codon preferences in a gene. Its value 
lies among 20 to 61. ENC value of 61indicates equal codon 
usage for coding an amino acid and, its value is 20 when only 
single codon codes it (see supplementary material). 
 
Detection of tRNA 
The tRNA genes of all Plasmodium species except P.vivax were 
taken from GeneDB database [http://www.genedb.org]. The 
tRNA genes of P.vivax were searched using tRNAscanSE [22] 
using default parameters. Their respective anti-codons were 
predicted using WebMGA server [http://www.weizhong-
lab.ucsd.edu]. The correlation between amino acid frequency of 
highly expressed genes and their respective tRNA copy number 
in Plasmodium species were analyzed using linear regression 
analysis model with significance level of P<0.05.  
 
Highly and lowly expressed genes, and frequency of optimal 
codons were identified in six Plasmodium species using CodonW 
1.3 (written by John Peden and taken from 
fttp://molbiol.ox.ac.uk/cu/codonW. tar.Z/). 
 
Principal Component Analysis (PCA) 
PCA is one of the most commonly used multivariate statistical 
techniques. Here PCA is used to analyze major trends in codon 
usage pattern of different Plasmodium species. It involves a 
mathematical procedure that reduces the original variables to a 
lower number of orthogonal transformed variables (principal 
components), without losing much of its information. Each 
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species was represented as a 59 dimensional vector (the number 
of possible codons minus the two unique ones for methionine 
and tryptophan and the three stop codons) where each vector 
contains RSCU value of codons. Finally top 2 uncorrelated PCs 
having greatest variance, was taken in to consideration for 
analyzing the variation of codon usage bias within each species. 
Here statistical analysis was carried out using Microsoft® Excel 
2007/ XLSTAT©-Pro (Version 2012, Addinsoft, Inc., Brooklyn, 
NY, USA).  
 
Result and Discussion: 
Codon usage blueprint in Plasmodium species 
Codon usage summary of six Plasmodium species is given in 
Table 1 (see supplementary material). Though all the species 
have the same number of chromosomes, they differ in their 
genome size. GC percent of coding sequences (CDSs) is greater 
than their genomic GC percent in all six species, which is a 
usual trend. GC percent of coding sequences is one of the 
important factor affecting the codon usage in Plasmodium 
species and it varies from 23.73 to 46.21 percent. The GC1 and 
GC2 content of Plasmodium species coding sequences are 
generally higher than their GC3 content except for P.vivax and 
P. knowlesi.  Genomic GC and GC at third synonymous position 
(GC3) are closely associated. Usage of G/C ending codons will 
increase the overall GC bias and decreases with increase in 
usage of A/T ending codons. This variation is observed because 
GC content is an important factor explaining the variation of 
genome wide pattern of codon usage in different species. 
 
Among six Plasmodium species analyzed, P.falciparum and 
P.vivax are the most studied malaria causing species as they are 
the main pathogens affecting humans. A separate study is done 
here in context of GC3. GC3 content in P.falciprum is lowest and 
it is highest in P.vivax CDSs. Nonetheless apparently there is 
some heterogeneity in the dataset, given that the GC3 value 
ranges from 10 % to 32.5 % (Figure 1A) in case of P.falciparum 
and 10 % to 82.5 % in P.vivax (Figure 1B). This indicates that 
high variation in codon usage occurs between genes present in 
both species. This large range of variation in codon usage is 
probably due to differential mutational pressure acting on 
different coding regions of a genome during the course of 
evolution.  
 
Codon usage data shown in Table 2 (see supplementary 
material) provides ample evidence of codon usage bias in six 
Plasmodium species. Here the codon count, RSCU values and 
tRNA copy numbers are calculated. It is expected that G/C 
ending codon usage should increase with increasing genomic 
GC bias. This trend is followed in CDSs of P.vivax, where most 
of the codons are G/C ending and other five Plasmodium species 
show preference towards A/T ending codons at the wobble 
position.  
 
Transfer RNA is an adaptor molecule that decodes protein 
information residing in mRNA codons. Anti-codon of tRNA is 
responsible for encoding multiple codons differing only at 
wobble position. The total copy number of tRNA in Plasmodium 
species shows greater variation and its copy number is higher 
in case of P.falciparum (tRNA copy number: 72) and P.vivax 
(tRNA copy number: 72) when compared with the other species 
like P.knowlesi (tRNA copy number: 41), P.yoelii (tRNA copy 
number: 50), P.chabaudi (tRNA copy number: 53).  

Arginine, an amino acid having six fold degenerate codons, 
uses more copy number of tRNA for preferred codons(AGA, 
AGG, CGT) and tRNA for less preferred codons (CGC, CGG) is 
absent in all chosen Plasmodium species. C and G ending codons 
are encoded by wobbling with T ending codons. Equal copy 
number of tRNA genes are available for all codons in leucine 
except CTT in P.vivax, CTA in P.knowlesi and CTC in rest of the 
species and  wobbling takes place between A-T or T-A, and 
between C and G-ending codons. In serine, tRNA genes for 
AGC (less preferred) are more expressed rather than AGT 
(preferred codon). The tRNA for TCC and AGT codons are 
absent in all Plasmodium species and here wobbling takes place 
between T and C, and between C and G-ending codons. 
Wobbling phenomenon seems very common in all six fold 
degenerate codons of studied Plasmodium species. The four-fold 
degenerate codons encoding amino acid uses high copy number 
of tRNA genes in highly preferred codons among all 
Plasmodium species except P.vivax. Wobbling is observed 
between G/C and between T and A-ending codons in all 
Plasmodium species. Isoleucine has three fold degenerated 
codons where tRNA genes are expressed for highly preferred 
codons and C ending codons wobble with A or T bases. The 
amino acids: asparagine, aspartate, cysteine, histidine, 
phenylalanine and tyrosine, are coded by pyrimidine ending 
two fold codons. The tRNA copy number is higher in less 
preferred codons (exception is P.vivax) of Plasmodium species. 
Here wobbling plays a prominent role for coding XYT codons. 
The purine ending codons of amino acids: glutamine, lysine 
and glutamate show high copy number of tRNA for their highly 
preferred codons except glutamate in case of P.yoelii and 
wobbling does not occur for these amino acids. 
 
Strength of codon bias 
Codon usage bias is the parameter that delineates the 
differences in the occurrence of synonymous codons in genomic 
coding sequences [23]. This codon bias is calculated for all 
coding sequences of six Plasmodium species. On analyzing 
codon usage bias of six different Plasmodium species, we see two 
distinct groups (Figure 2), four (P.falciparum, P.yoelii, P.chabaudi 
and P.berghei) following similar pattern in codon usage bias and 
the other two, P.vivax and P.knowlesi, varying together in a 
noticeably different manner. The pattern of codon usage bias 
within each group is remarkably similar. Although the species 
of the second group show a similarity in the overall codon bias 
pattern, but some prominent differences are also seen when 
detailed analysis is done. These differences in the codon bias 
pattern of all the six Plasmodium species are due to mutation 
and genetic drift as well as translation selection acting on 
coding sequences [17, 24]. Selection favors the preferred codons 
over the non-preferred ones. Nevertheless the existences of non-
preferred or non-optimal codons are due to the action of 
mutational and genetic drift forces [15]. 
 
Variation in translated amino acid frequency in Plasmodium 
species 
Proteins comprise of amino acid residues encoded by 
degenerate codons. Amino acid usage is calculated here for 
understanding the codon bias pattern in all six Plasmodium 
species. Amino acid frequency variations are clearly visible 
(Figure 3). Amino acid usage varies among different 
Plasmodium species but the overall picture represents higher 
usage of Asn, Asp, Glu, Ile, Leu, Lys and Ser residues 
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considering whole proteome. This represents high adaptivity of 
these amino acid residues over evolutionary time. P.vivax and 
P.knowlesi genomes are found to be closely related [4], having 
nearly similar amino acid frequencies. These species shows 
higher usage of Ala, Val, Arg, Gly and Pro amino acids when. 
Compared to other Plasmodia species  
 
The occurrence of low-complexity regions in variable surface 
proteins of P.falciparum is well known [25]. Amino acid repeats 
require one particular preferred codon being chosen repeatedly 
to code for that particular amino acid. Therefore frequency of 
that particular codon becomes high. Amino acid content of 
proteome depends upon the symmetric GC pressure and AT 
pressure [26-28]. The P.falciparum proteome have high Asn- and 
Lys- rich low-complexity repeats and this is basically due to 
high AT bias compositional pressure which leads in increase of 
their frequencies. The higher usage of Asn and Lys amino acids 
in P.falciparum is clearly visible (Figure 4). While in case of 
P.vivax, amino acid residues (Ala, Arg, Gly and Pro) encoded by 
GC rich codons are higher in number and can be explained by 
GC pressure. A wide range of variation occurs in amino acid 
composition of only two species namely P.falciparum and 
P.vivax, compared with the others due to disparity in their 
genome composition.  
 
Determination of preferred codons for each amino acid in 
Plasmodium species 
Preferred codons are used at higher frequencies for encoding a 
particular amino acid. Generally, preferred codons encoding the 
same amino acid are similar in five Plasmodium species with 
the exception of P.vivax (Figure 5). Glu, Lys, and Phe shows 
identical preferred codons throughout the species and 
represented by A/T at the third codon position. For Ala and 
Val, P.falciparum has two alternative codons as optimal, but they 
differ by having A/T at the third place, providing a very good 
example of A/T wobble. Although P.vivax and P.knowlesi have 
high GC content, but preferred codon encoding Ile is ATT, not 
ATC and this might be due to C -> T mutations resulting from 
deamination of cytosine. 
 
Identification of codon usage preferences by PCA 
PCA was carried out to look at the similarities and differences 
of codon usage patterns in different Plasmodium species.  Here 
Dictyostelium discoideum, having similar GC content to 
P.falciparum is also taken in this statistical analysis to 
understand the role of factors influencing codon usage bias. The 
7 x 59 RSCU matrixes was created and used as initial data for 
PCA. The PC1 has the Eigen value of 48.27, so it shows higher 
variability of 81.81 % in codon usage. The first two PC vectors 
accounted for 94.56 % of cumulative variance in codon usage 
pattern. PC1 value was much bigger than the other component 
values, so it has a higher interpretation degree for explaining 
the total variability in codon usage.  
 
The principal component analysis grouped the given species 
into three clusters according to their positions along first two 
principal components (Figure 5). Here PCA is done using RSCU 
values and variations in these values depend on their codon 
usage. These species occupy different ecological niche 
according to their ecological and physiological needs, resulting 
in wide separation of these species. Although P.falciparum and 
D.discoideum, are similar in their GC composition but they lie in 

different clusters when PC2 is taken in to consideration. This 
shows that apart from compositional constraint, few other 
factors like translational selection and tRNA availability are also 
responsible for shaping codon usage bias. 
 
Relationship between ENC and GC3  
Based on the codon homozygosity, ENC is the most useful 
concept reflecting codon usage bias pattern in different 
organisms [29]. ENC values are calculated for coding sequences 
of six Plasmodium species (Table 1). Here the degree of codon 
usage bias in two species namely P.vivax and P.knowlesi is 
lowest altogether as measured by ENC. This implies almost 
random usage of synonymous codons, while the other four 
species have lower values of ENC; this implies almost random 
usage of synonymous codons, while the other four species have 
lower values of ENC, showing more biased usage of 
synonymous codons (Figure 6). 
 
ENC and their corresponding GC3 values are used to 
demonstrate the role of dominant factors in shaping codon 
usage bias in Plasmodium species. The normal curve represents 
the relationship between ENC and GC3, in absence of selection 
pressure (Figure 6). In other words when GC-composition bias 
is not responsible for any codon usage bias, all genes must be lie 
on normal curve. Here P. falciparum shows extreme GC3 content 
from 3.02 % to 39 % with a mean of 17.4 % and a wide range of 
ENC variation from 26.62 to 59.15 with a mean value 38.22 
among different coding genes (Figure 6A). Most of the genes of 
P.falciparum plotted on ENC-GC3 plot, lie near the extreme end 
of normal curve and group of genes with low ENC values 
comprises of putatively highly expressed genes and as a 
consequence, selection for codon usage can be easily seen. 
While in P.vivax, GC3 values vary from 7 % to 87 % with a mean 
value 54 % and their corresponding ENC values varies from 28 
to 61, having 52.75 mean values (Figure 6B). ENC-GC3 plot 
clearly shows that variation of GC3 is greater in P.vivax and its 
correlation with ENC is less compared with that of P.falciparum; 
resulting in variation of codon usage among them. The average 
ENC value for all genes is less in P.falciparum and this shows 
overall codon usage bias is more in P.falciparum compared to 
P.vivax.  Correlation analysis between ENC and GC3 shows 
higher correlation coefficient for P.falciparum (0.63) compared 
with that of P.vivax (0.21). This shows expression of genes in 
P.falciparum is more dependent on composition biased 
mutational pressure than P.vivax. 
 
To highlight the role of various factors in shaping codon usage 
bias, we diversified our codon data between highly expressed 
and lowly expressed genes using their respective ENC values. 
Here 5 % of genes are taken from extreme ends. Significance of 
chi- square test is performed to visualize the variation of codon 
usage between two groups of gene. Optimal codons occur more 
frequently in highly expressed genes and their frequency is low 
in less expressed genes [13]. In case of P.falciparum, putative 
highly expressed genes show higher usage of 25 optimal 
codons. Adenine (36 %) and Thymine (36 %) are the dominant 
bases at third position in optimal codons of highly expressed 
genes and their occurrence is due to compositional-biased 
mutational pressure acting on P.falciparum genome. While 
presence of G3 (20 %) and C3 (12 %) in optimal codons of highly 
expressed genes predicts that G3 base is under higher 
translational selection pressure than C3.  
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P.vivax chromosomes have scattered regions of constant AT and 
GC-content, also called ‘isochore’ regions. Genes lying near the 
centromere are more GC rich and their richness subsequently 
decreases with increase in distance from centromere [4]. Genes 
residing near telomeric and sub-telomeric (high AT rich) shows 
codon usage equivalent to P.falciparum. Highly expressed genes 
of P.vivax contain 30 optimal codons, and are mostly A3 and T3 
rich. Higher usage of A/T at the third position of optimal 
codons in highly expressed genes of relatively GC-rich P.vivax 

genome shows higher translational selection pressure acting at 
AT3 codons. The correlation between amino acid frequency of 
highly expressed genes and their respective tRNA copy number 
is weak, and this hints at limitation of the role of translational 
selection in shaping codon usage bias in Plasmodium species. 
The correlation coefficient between amino acid frequency of 
highly expressed genes and their respective tRNA is slightly 
higher in case of P.vivax than P.falciparum. This represents the 
role of translational selection in shaping codon usage bias is 
also weak but more in P.vivax compared with P.falciparum. 

 
Figure 1: GC3 distribution in P.falciparum (A) and P.vivax (B), coding sequences 
 

 
Figure 2: Comparative codon bias analysis in Plasmodium species. 
 

 
Figure 3: Amino acid frequency in different Plasmodium species 
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Figure 4: Graph showing preferred codons for each amino acid in six Plasmodium species. Numerical values inside blocks show 
RSCU values of preferred codons. 
 

 
Figure 5: Principal component analyses of relative synonymous codon usage (RSCU) indices of seven species 
 

 
Figure 6: Graph showing the relationship between the effective number of codons (ENC) and the GC content of the third codon 
position (GC3) in P.falciparum (A) and P.vivax (B) 
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Conclusion: 
Various factors affecting codon usage bias in Plasmodium 
species is studied here considering larger data-sets. A strong 
correlation is found among exonic GC content and their codon 
usage bias in six Plasmodium species. The GC content of a 
genome also explains much of the observed variation in amino 
acid frequencies, effective number of codons and other factors 
related to codon usage. The separation of each aspect of codon 
usage behavior of studied species classifies them into two 
separate lineages. This diversification is clearly seen via PCA. 
Our PCA result shows a large evolutionary distance between 
P.falciparum and P. vivax and these results are also confirmed by 
previous phylogenetic studies [30]. The three rodent parasites, 
P.berghei, P.chabaudi  and  P.yoelii cluster together as expected 
and are close to P.falciparum; the genome-scale synteny among 
them, confirmed that these species evolved from a common 
ancestor [31]. Higher average ENC values, lower dependence 
on GC3 content and location of all genes on ENC-GC3 plot in 
P.vivax, shows more random usage of synonymous codons 
compared with that of P.falciparum.  
 
Correlation study of ENC-GC3 graph among these species 
explains that P.falciparum gene expression level is highly 
dependent on its biased genome composition.  The optimal 
codons of highly expressed genes in both, P.falciparum and 
P.vivax, show higher usage of A/T ending codons. This stresses 
higher role of compositional biased mutational pressure rather 
than translational selection in shaping codon usage bias of 
these species. Amino acid usage of highly expressed genes and 
their tRNA copy numbers in studied Plasmodium species 
displays a weak correlation, hence shows a limiting role of 
selection at translational level for shaping codon usage. Our 
findings confirm that codon usage bias phenomenon differs for 
genes having differential expression level and factors 
responsible for it are also different in studied Plasmodium 
species. This study involves comparison of six Plasmodium 
species using codon usage bias and our main focus is on 
P.falciparum and P.vivax, as they are human malarial parasites. 
Although both of these species use composition biased 
mutational and translational selection pressure for shaping 
their codon usage, but their relative strength is different. The 
expression of genes in P.falciparum shows higher role of 
compositional mutation pressure than P.vivax, and though the 
role of translational selection for shaping codon usage bias is 
weak in both species, but its effect is higher in P.vivax as 
compared to P.falciparum. The CUB variation in the three rodent 
parasites, P.berghei, P.chabaudii and P.yoelli is strikingly similar 
to P.falciparum. The simian and human malarial parasite, 
P.knowlesi shows a variation in codon usage bias similar to 
P.vivax but on closer study there are differences confirmed by 
the PCA analysis. 
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Supplementary material: 
 
Methodology: 
Relative synonymous codon usage (RSCU) 
RSCU value of each codon is the observed frequency of that codon divided by the expected frequency for synonymous codons of 
an amino acid using equal usage as a conjecture.  
Thus, 

) 
 
Where Xi is the occurrence of ith synonymous codon of an n-fold degenerate amino acid and n may take any one of the values, 1, 2, 
3, 4 and 6. RSCU value of 1 indicates even usage of codon and its value lesser than, or greater than one, indicates their uneven use. 
 
Effective Number of Codons (ENC) 
ENC is the most widely used estimator of codon usage bias [21] and provides the range of codon preferences in a gene. Its value 
lies among 20 to 61. ENC value of 61indicates equal codon usage for coding an amino acid and, its value is 20 when only single 
codon codes it. It is estimated as  

 
Amino acid having multiple synonymous codons is equivalent to a locus, having that number of alleles. If synonymous codons 
encoding an amino acid are present in equal frequencies then it represents minimum homozygosity. Here is the average 
homozygosity of all k-fold degenerate amino acids. 
 
Table 1: Comparison of genome and CDSs characteristics in six different Plasmodium species 
Species Chromosomes Genome 

size(Mb) 
CDSa 
Count 

Genomic 
GC% 

CDSb  
GC% 

CDSc 
GC1% 

CDSd 
GC2% 

eCDS 
GC3% 

ENCf 

P.falciparum 14 23.3 5523 19.41 23.78 31.75 22.19 17.4 37.89 
P.vivax 14 27.01 5435 42.3 46.21 46.96 35.18 56.49 55.54 
P.knowlesi 14 23.46 5197 37.5 40.19 42.98 32.18 45.39 55.28 
P.yoelii 14 23.12 7724 24.69 24.22 31.9 24.12 16.56 38.16 
P.chabaudi 14 18.83 251 24.33 26.42 34.01 26.34 18.91 39.71 
P.berghei 14 18.52 4904 23.71 23.73 30.86 23.35 16.97 38.61 
a Coding sequence; b Percentage of GC in CDS; c Percentage of GC at first site of codon in CDS;  d Percentage of GC at second site of 
codon in CDS; e Percentage of GC at third site of codon in CDS; ENCf is effective number of codons 
 
Table 2: Characterization of synonymous codon usage in the coding sequences of six Plasmodium species 
 P.falciparum P. vivax P.knowlesi 
Amino Acids Codons Codon count RSCU tRNA Codon count RSCU tRNA Codon count RSCU tRNA 
Ala GCA 34793 1.7 1 50681 1.03 1 48553 1.39 1 

GCC 8765 0.43 0 60369 1.22 0 33951 0.97 0 
GCG 4490 0.22 1 54869 1.11 1 26736 0.77 1 
GCT 33929 1.66 1 31847 0.64 1 30398 0.87 1 

Arg AGA 66359 3.62 1 46194 1.5 1 55508 2.05 1 
AGG 18131 0.99 1 65474 2.12 1 51534 1.9 1 
CGA 10074 0.55 1 17759 0.58 1 17631 0.65 1 
CGC 1786 0.1 0 23601 0.77 0 13147 0.49 0 
CGG 1184 0.06 0 21295 0.69 0 11553 0.43 0 
CGT 12491 0.68 1 10612 0.34 1 13282 0.49 1 

Asn AAC 83114 0.28 1 144197 1.06 1 129407 0.87 1 
AAT 512727 1.72 0 128740 0.94 0 169295 1.13 0 

Asp GAC 36349 0.27 1 109940 1.07 0 84445 0.81 1 
GAT 231759 1.73 0 96160 0.93 0 123089 1.19 0 

Cys TGC 9692 0.26 1 45211 1.3 1 33619 0.96 1 
TGT 63879 1.74 1 24272 0.7 0 36445 1.04 0 

Gln CAA 99479 1.73 1 55907 0.91 0 63750 1.1 1 
CAG 15366 0.27 1 67594 1.09 1 52433 0.9 1 

Glu GAA 253145 1.71 11 152141 1.05 1 175380 1.26 1 
GAG 42934 0.29 1 137884 0.95 1 102750 0.74 1 

Gly GGA 51636 1.76 1 63440 1.02 1 75242 1.49 1 
GGC 5576 0.19 1 62213 1 1 31260 0.62 1 
GGG 11543 0.39 0 83649 1.35 0 49851 0.98 0 
GGT 48919 1.66 0 38612 0.62 0 46208 0.91 0 

His CAC 14471 0.29 1 63638 1.24 1 44525 0.95 1 
CAT 85842 1.71 0 38668 0.76 0 49048 1.05 0 
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Ile ATA 209126 1.63 1 65047 0.92 1 83324 1.07 1 
ATC 26171 0.2 0 66006 0.93 0 55344 0.71 0 
ATT 150010 1.17 2 80780 1.14 1 93999 1.21 1 

Leu CTA 25204 0.48 1 36455 0.71 1 38515 1 0 
CTC 7516 0.14 0 57220 1.11 0 39138 1.02 0 
CTG 6245 0.12 1 76151 1.48 1 46647 1.21 1 
CTT 36391 0.69 1 29225 0.57 0 37960 0.99 1 
TTA 196854 3.74 1 47446 0.92 1 1592 0.04 1 
TTG 44005 0.84 1 63264 1.23 1 66832 1.74 1 

Lys AAA 397696 1.63 6 177216 1.04 1 197893 1.14 1 
AAG 89601 0.37 1 163068 0.96 1 149760 0.86 1 

Phe TTC 29733 0.33 2 74227 0.92 1 65341 0.84 1 
TTT 151980 1.67 0 86793 1.08 0 91095 1.16 0 

Pro CCA 37574 1.82 1 34012 1 1 36283 1.32 1 
CCC 8603 0.42 1 56071 1.65 0 32679 1.19 0 
CCG 3955 0.19 1 24870 0.73 0 14802 0.54 1 
CCT 32522 1.57 1 20822 0.61 0 25939 0.95 0 

Ser AGC 16272 0.37 1 96379 1.9 0 57647 1.23 1 
AGT 84758 1.92 0 56349 1.11 0 66663 1.42 0 
TCA 68951 1.56 2 27116 0.53 1 35969 0.77 1 
TCC 21347 0.48 0 59906 1.18 0 53484 1.14 0 
TCG 12549 0.28 1 35543 0.7 2 28247 0.6 1 
TCT 61057 1.38 1 28859 0.57 1 38920 0.83 1 

Thr ACA 90367 2.12 3 34672 0.85 0 53934 1.28 1 
ACC 19983 0.47 1 54590 1.35 0 43979 1.04 0 
ACG 15715 0.37 1 48455 1.19 1 38397 0.91 1 
ACT 44087 1.04 1 24603 0.61 1 32898 0.78 1 

Tyr TAC 26009 0.22 1 94635 1.25 1 80054 1.06 0 
TAT 211010 1.78 1 57169 0.75 0 71550 0.94 0 

Val GTA 65044 1.64 2 35989 0.73 0 47021 1.01 1 
GTC 10114 0.26 2 39013 0.79 0 29212 0.63 0 
GTG 19968 0.5 1 81891 1.66 1 61303 1.32 1 
GTT 63088 1.6 1 40584 0.82 0 47923 1.03 1 

Met ATG 91194 1 3 76190 1 1 83822 1 2 
Trp TGG 20693 1 1 23413 1 1 24229 1 1 
 P.yoelii P.chabaudi P.berghei 
Amino Acids Codons Codon count RSCU tRNA Codon count RSCU tRNA Codon count RSCU tRNA 
Ala GCA 38797 1.94 1 2094 1.85 1 36711 1.93 1 

GCC 7520 0.38 0 517 0.46 0 7287 0.38 0 
GCG 3942 0.2 1 266 0.23 1 4124 0.22 1 
GCT 29848 1.49 0 1662 1.46 1 27776 1.46 1 

Arg AGA 50385 3.55 1 2336 3.38 1 50086 3.47 1 
AGG 9787 0.69 1 516 0.75 1 11349 0.79 1 
CGA 13429 0.95 1 722 1.05 1 14219 0.99 1 
CGC 1801 0.13 0 86 0.12 0 1944 0.13 0 
CGG 1956 0.14 0 95 0.14 0 1867 0.13 0 
CGT 7804 0.55 1 389 0.56 1 7043 0.49 1 

Asn AAC 67544 0.31 2 3238 0.35 2 72949 0.33 2 
AAT 366255 1.69 0 15433 1.65 0 375658 1.67 0 

Asp GAC 29987 0.3 1 1738 0.37 2 30829 0.33 2 
GAT 168558 1.7 0 7651 1.63 0 158791 1.67 0 

Cys TGC 12303 0.42 1 676 0.49 1 15102 0.52 1 
TGT 46259 1.58 0 2094 1.51 0 42597 1.48 0 

Gln CAA 82349 1.77 1 4176 1.73 1 81299 1.76 1 
CAG 10489 0.23 1 649 0.27 1 10913 0.24 1 

Glu GAA 209247 1.75 0 9331 1.69 2 209975 1.76 2 
GAG 29302 0.25 1 1696 0.31 1 29097 0.24 1 

Gly GGA 52641 1.92 1 2805 1.9 1 49605 1.95 1 
GGC 8690 0.32 1 571 0.39 1 8422 0.33 1 
GGG 13505 0.49 0 735 0.5 0 14675 0.58 0 
GGT 34755 1.27 0 1789 1.21 0 29052 1.14 0 

His CAC 10914 0.34 1 597 0.38 1 11438 0.35 1 
CAT 52962 1.66 0 2549 1.62 0 54047 1.65 0 

Ile ATA 167453 1.54 1 7381 1.54 1 179731 1.56 1 
ATC 22147 0.2 2 1135 0.24 0 22567 0.2 0 
ATT 135952 1.25 1 5886 1.23 1 142256 1.24 1 

Leu CTA 23276 0.53 1 1212 0.58 1 24206 0.54 1 
CTC 5832 0.13 0 298 0.14 0 5712 0.13 0 
CTG 4518 0.1 1 264 0.13 1 4959 0.11 1 
CTT 30415 0.69 1 1572 0.76 1 30297 0.67 1 
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TTA 162034 3.7 1 7339 3.53 1 164738 3.67 1 
TTG 36870 0.84 2 1780 0.86 1 39492 0.88 1 

Lys AAA 340805 1.75 2 14725 1.67 2 352969 1.75 2 
AAG 48673 0.25 1 2944 0.33 1 49891 0.25 1 

Phe TTC 20237 0.25 1 1003 0.28 2 20669 0.25 2 
TTT 140626 1.75 0 6262 1.72 0 145182 1.75 0 

Pro CCA 38708 2.09 1 2287 2.1 1 36227 2.06 1 
CCC 8342 0.45 0 557 0.51 0 7845 0.45 0 
CCG 3511 0.19 1 217 0.2 1 3543 0.2 1 
CCT 23398 1.27 0 1290 1.19 1 22888 1.3 1 

Ser AGC 21780 0.54 2 1275 0.64 2 22965 0.58 2 
AGT 68288 1.69 0 3458 1.74 0 65868 1.66 0 
TCA 66893 1.66 1 3357 1.69 1 66547 1.68 1 
TCC 13641 0.34 0 798 0.4 0 15010 0.38 0 
TCG 13718 0.34 1 711 0.36 1 13543 0.34 1 
TCT 57621 1.43 0 2340 1.18 1 54037 1.36 1 

Thr ACA 75610 2.1 3 3733 2.09 1 75399 2.12 1 
ACC 14101 0.39 0 757 0.42 0 12922 0.36 0 
ACG 9230 0.26 0 526 0.29 1 9233 0.26 1 
ACT 44993 1.25 1 2137 1.2 1 44464 1.25 1 

Tyr TAC 21541 0.24 0 1166 0.28 2 24271 0.26 2 
TAT 159855 1.76 0 7266 1.72 0 164340 1.74 0 

Val GTA 47397 1.54 2 2278 1.5 1 45801 1.53 1 
GTC 7884 0.26 0 437 0.29 0 7768 0.26 0 
GTG 12946 0.42 1 652 0.43 1 12518 0.42 1 
GTT 54898 1.78 1 2688 1.78 1 53449 1.79 1 

Met ATG 64260 1 3 3152 1 3 63868 1 3 
Trp TGG 17135 1 1 873 1 1 16847 1 1 
 
 
 
 
 
 
 
 
 


