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Abstract 

 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the causative agent of 

Coronavirus disease 2019 (COVID-19) which is an infectious disease that spread throughout 

the world and was declared as a pandemic by the World Health Organization (WHO). In the 

present study, we analyzed genome-wide codon usage patterns in 13 SARS-CoV-2 isolates 

from different geo-locations (countries) by utilizing different CUB measurements. Nucleotide 

and di-nucleotide compositions displayed bias toward A/U content in all codon positions and 

CpU-ended codons preference, respectively. Relative Synonymous Codon Usage (RSCU) 

analysis revealed 8 common putative preferred codons among all the 13 isolates. 

Interestingly, all of the latter codons are A/U-ended (U-ended: 7, A-ended: 1). Cluster 

analysis (based on RSCU values) was performed and showed comparable results to the 

phylogenetic analysis (based on their whole genome sequences) indicating that the CUB 

pattern may reflect the evolutionary relationship between the tested isolates. To investigate 

the force (mutation and/or selection) influencing the pattern of CUB in SARS-CoV-2 coding 

sequences, we employed the following; (i). Effective number of codons (ENc), (ii). ENc-GC3 

plot, (iii). Neutrality plot, and (iv) Codon adaptation index (CAI). According to their results, 

natural selection and/or other factors (not investigated in this study) may be the dominant 

force driving SARS-CoV-2 CUB. It is also worth mentioning that, by using the most 

expressed genes in human lung tissues as a reference set, some viral genes such as 

Nucleocapsid phosphoprotein, ORF7a protein, and surface glycoprotein had high CAI values 

which may indicate for selection force acting on their codon usage, as they play important 

roles in viral assembly and may help viruses avoid the host immune system. The outcome of 

our study may help in understanding the underlying factors involved in the evolution of 

SARS-CoV-2 viruses, and the interactions with their host. Also, it may aid in vaccine design 

strategies. 
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Introduction 

Baltimore classified viruses into 6 classes by the means of their genomes. One class is shared 

between RNA and DNA viruses, while 3 of them are occupied solely by RNA viruses 

reflecting their great diversity and different replicative mechanisms [1]. Over the past few 

decades, many human infectious diseases including, Ebola fever, avian influenza, severe 

acute respiratory syndrome coronavirus (SARS-CoV) resulted from the interspecies 

transmission of zoonotic RNA viruses [2–4]. Most recently, the new pandemic (COVID-19) 

caused by 2019-nCoV (SARS-CoV-2) has emerged in Wuhan, China in December 2019 and 

spread to 199 other countries, areas or territories with 462,684 confirmed cases of infection 

and 20,834 confirmed deaths globally up today 

(https://www.who.int/emergencies/diseases/novel-coronavirus-2019, 26 March 2020, 20:33 

EET). Preliminary phylogenetic analysis showed that SARS-CoV-2 most closely related 

viruses were (bat-SL-CoVZC45) and a SARS-like beta-coronavirus of bat origin (bat-SL-

CoVZXC21). Many encoded proteins revealed a high sequence identity except for the spike 

(S) protein and protein 13 (80% and 73% respectively) between SARS-CoV-2 and other bat-

derived coronaviruses [5]. Two probable scenarios are suggested to explain the origin of 

SARS-CoV-2, natural selection in an animal host either before or following a zoonotic 

transfer [6]. 

Coronaviruses (CoVs) are a family of enveloped, single-stranded RNA viruses with the 

largest genomes (~30 kilobases in length) among other RNA viruses. They are known to 

cause infection in many avian and mammalian hosts, including humans [7]. They contain 

four structural proteins: namely, the spike (S) protein, membrane (M) protein, envelope (E) 

protein and the nucleocapsid (N) protein. The (S) protein has two functions; attachment to the 

receptors of host cells, and activating the fusion of the virion membrane with host cell 

membranes [8]. The (M) protein is the most abundant glycoprotein in the virion, unlike the 

(E) protein which is present in minute amounts yet it is essential for coronavirus 

morphogenesis and envelope formation [9]. Meanwhile, the (N) protein is present inside the 

virion complexed with the viral RNA to form the helical nucleocapsid structure [10]. 

During the translation process from mRNA to protein, information is transmitted in the form 

of nucleotide triplets named codons. Amino acids are degenerate, having more than one 

codon representing each except for Methionine (Met) and Tryptophan (Trp). Thus, codons 

encoding the same amino acid are known as synonymous codons. Many studies on different 
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organisms showed that synonymous codons are not used uniformly within and between genes 

of one genome. This phenomenon called synonymous codon usage bias (SCUB) or codon 

usage bias (CUB) [11–14]. Further, the degree of the unequal use of synonymous codons 

differs between species [15,16]. Hence, each organism has its optimal codons, where an 

optimal codon is defined as a codon which is more frequently used in highly expressed genes 

than in the slightly expressed genes [17]. Two main factors shape the codon usage of an 

organism mutation and selection [18–20]. Other factors also known to influence the CUB of 

an organism are nucleotide composition [21], synonymous substitution rate [22], tRNA 

abundance [23], codon hydropathy and DNA replication initiation sites [24], gene length 

[25], and expression level [26]. Since viruses rely on the tRNA pool of their hosts in the 

translation process, previous studies suggest that translational selection and/or directional 

mutational pressure act on the codon usage of the viral genome to optimize or deoptimize it 

towards the codon usage of their hosts [27,28]. Hence, it is important to examine viral gene 

structures and compositions at the codon or nucleotide level to reveal the mechanisms of 

virus-host relationships and virus evolution [29]. 

Studying the codon usage in RNA viruses in general help in understanding the evolutionary 

history of viruses and the evolutionary forces that shape the viral genome, which might assist 

in understanding the characteristics of newly emerging viruses. Moreover, a study on 

Influenza A virus (IAV) [30] suggested that understanding codon usage and its nucleotide 

content in viruses may help in creating new vaccines using Synthetic Attenuated Virus 

Engineering (SAVE). By deoptimizing viral codons it might be possible to attenuate a virus 

[31]. Another study reported that the replacement of natural codons with synonymous triplets 

with increased frequencies of CpG gives rise to inactivation of Poliovirus infectivity [32], the 

same can be applied to IAV [33]. 

To our knowledge, no attempts have been made to understand the forces (mutation and/or 

selection) influencing the overall CUB in SARS-CoV-2 coding regions. This study aims to 

investigate the codon usage bias and factors affecting them in all coding regions (CDS) of 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) from 13 different countries. 

The latter may help in better understanding the molecular evolution regarding the codon 

usage and nucleotides composition of SARS-CoV-2. Also, the codon usage for SARS-CoV-2 

was compared to the host codon usage, to examine the virus in relation to its host co-

adaptation (Homo sapiens).  
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Materials and Methods 

Sequence data collection 

All the CDS for the complete genomes were obtained from the NCBI virus portal 

(https://www.ncbi.nlm.nih.gov/labs/virus/vssi/#/). In this study, 13 isolates of Severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2) were picked from different countries 

(USA, Pakistan, Spain, Vietnam, Italy, India, Brazil, China, Sweden, Nepal, Taiwan, South 

Korea, and Australia) according to the most recent collection date and complete genome 

length. All information about the used isolates can be found in Supplementary file 1. For this 

study, isolates were named by their geo-location (country). 

 

Codon usage bias measurement: 

 

Nucleotide composition analysis 

GC and AU nucleotide content was estimated for each isolate. As well as, GC and AU 

content in first, second and third codon positions, were used as a parameter for CUB to 

address the nucleotide composition effect. 

 

Synonymous Dinucleotide Usage (SDU) 

A new index named Synonymous Dinucleotide Usage (SDU) has been developed [34] to 

implement a way to estimate the degree to which a host-driven force acting on the 

dinucleotide level of viral genomes has skewed the synonymous codon usage of the protein 

sequence. To examine the occurrences of a given dinucleotide to the null hypothesis that 

there is equal usage of synonymous codons. The SDU defines three positions for dinucleotide 

frames, a frame 1 as the first and second nucleotide codon positions, frame 2 as the second 

and third nucleotide codon positions, and a bridge frame as the third nucleotide codon 

position and the first nucleotide from a downstream codon on the same coding sequence. As 

frame 1 and 2 can change dinucleotides in a way without changing the amino acids of a 

protein sequence (Synonymous dinucleotides). The SDU values for all SARS-CoV-2 CDS 

tested isolates in this study were calculated using this equation:  

𝑆𝐷𝑈𝑗,ℎ =  

∑ 𝑛𝑖

𝑜𝑖,𝑗,ℎ

𝑒𝑖,𝑗,ℎ

𝑘
𝑖=1

𝑁
 

where ni is the number of occurrences of amino acid i in the sequence, oi,j,h is the synonymous 

proportion of dinucleotide j in frame position h for amino acid i observed in the sequence, 

(1) 
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ei,j,h is the synonymous proportion of dinucleotide j in frame position h for amino acid or 

amino acid pair i expected under equal synonymous codon usage, and N it the total number of 

amino acids in the sequence. The result from SDU directly indicates the overall synonymous 

dinucleotide representation in each frame positions for the tested CDS. Where SDU value 1 

means a dinucleotide in a given frame position is equal to the expected under equal 

synonymous codon usage. SDU more than 1 means the dinucleotide is over-represented in a 

given frame position compared to the excepted under the null hypothesis. Lastly, SDU within 

0 and 1 show under-representation in the provided frame position, compared to the 

representation assumed under the null hypothesis. Using this index, the dinucleotide 

frequency in frame 2 (dinucleotide at position 2 and 3 in a codon) were measured for the 13 

tested isolates in this study. 

 

Relative Synonymous Codon Usage (RSCU) 

Using the following equation [35]: 

𝑅𝑆𝐶𝑈 =
𝑂𝑎𝑐

1
𝑘𝑎

∑ 𝑂𝑎𝑐𝑐∈𝐶𝑎

 

 

Where Oac is the count of codon c for the amino acid a, and ka is the number of synonymous 

codons in amino acid a family, RSCU values were calculated. An RSCU value of 1 indicates 

no codon usage bias as the observed frequency is equal to the expected frequency. RSCU 

values less than 1 indicate negative bias, and values of greater than 1 indicates positive bias. 

Accordingly, RSCU values are divided into 3 ranges; values ≤ 0.6 indicates under-

represented codons, values between 0.6 and 1.6 indicates randomly used or biased codons, 

and values ≥ 1.6 indicates over-represented or preferred codons [25,35–37]. 

Effective number of codons (ENc) 

The effective number of codons (ENc) measures the bias of using a smaller subset of codons 

apart from the equal use of synonymous codons. Also, the ENc measures the codon usage 

imbalance among genes, where an amino acid is encoded by one codon in a gene would be 

biased and negatively correlated with the ENc value. The ENc value ranges from 20-61, with 

higher values indicating more codons being used for each amino acid, i.e less bias and vice 

(2) 
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versa. This measures codon bias irrespective of gene length and can be an indicator of codon 

usage regarding mutational bias [38]. ENc was calculated using the following equations [39]:  

𝐹𝐶𝐹 = ∑ (
𝑛𝑖 + 1

𝑛 + 𝑚
)

2𝑚

𝑖=1

 

 Then, the ENc value is obtained by:  

𝑁𝑐.𝐶𝐹 =
1

𝐹𝐶𝐹
 

Where ni is the count of codon i in m amino acid family and m is the number of codons in an 

amino acid family. 

 

Mutational pressure mediated codon usage bias: 

ENc-GC3 plot 

To verify the relationship between ENc and GC3s, ENc-plot was drawn where the expected 

ENc values from GC3s (denoted by `S') were determined according to the following equation 

[38,40]:  

𝐸𝑁𝑐𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 = 2 + 𝑆
29

𝑆2 + (1 − 𝑆)2
 

 

Using the above equation, the expected fitting curve of ENc values was drawn then ENc 

values versus GC3s values for each coding region are plotted. If the distribution of the plotted 

genes is along/near the curve, then the codon usage bias is assumed to be affected only by 

mutation. If the distribution of the plotted genes is below the curve, then the codon usage bias 

is assumed to be affected by selection and other factors [41]. 

Natural selection mediated codon usage bias: 

Neutrality Plot 

Neutrality plot is used to estimate the effect of mutation pressure and natural selection on 

codon usage bias. In this study, the GC contents at the first, second and third codon positions 

(GC1, GC2, GC3, respectively) of the 13 SARS-CoV-2 isolates were analyzed. Then, GC12 

representing the average GC content at the first and second codon positions of each isolate 

was obtained. Both GC12 and GC3 values were used for neutrality plot analysis. If the 

correlation between GC12 and GC3 is statistically significant and the slope of the regression 

(3) 

(4) 

(5) 
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line is close to 1, mutation pressure is assumed to be the main force structuring codon usage 

bias. Conversely, natural selection would have higher odds leading to a narrow distribution of 

GC content and a lack of correlation between GC12 and GC3 [42–44]. 

 

Codon Adaptation Index (CAI) 

Codon adaptation index (CAI) uses a reference set of highly expressed genes (e.g. ribosomal 

genes), this measure is an indicator of gene expression levels and natural selection; it ranges 

from 0 to 1 with higher values indicating stronger bias with respect to the reference set, 

therefore this method is an indicator of selection for a bias toward translational efficiency 

[35,45]. Codon adaptation index (CAI) was calculated by the equation given by [45,46]:  

𝐶𝐴𝐼 = 𝑒𝑥𝑝
1

𝐿
∑ 𝑙𝑛𝑤𝑐(𝑘)

𝐿

𝑘=1

 

Where L is the count of codons in the gene and wc(k) is the relative adaptiveness value for the 

k-th codon in the gene. Twelve genes with the highest level of expression in the lung tissues 

for human were collected from the human protein atlas project database (Supplementary file 

4) (https://www.proteinatlas.org/humanproteome/tissue/lung). Then, CAI values for the 13 

isolates were calculated based on those 12 genes as a reference set. 

 

Phylogenetic Analysis 

 

A dendrogram was constructed using 13 complete genomic sequences of 13 SARS-CoV-2 

isolates obtained from different geo-locations (Countries). Evolutionary relationships were 

inferred by using maximum-likelihood statistical method with general time-reversible (GTR) 

model implemented in MEGA-X software (v10.1) [47]. The bootstrap method with 1000 

replicates was used to test the reliability of the phylogenetic tree. For each isolate, the 

following data are given: Species and country of origin. 

 

Software and Statistical analysis 

Spearman’s rank correlation and linear regression analyses tests were performed using R 

Language [48]. Different R packages as vhcub, SeqinR, ggplot2 and stats [49–52] were used 

to calculate various CUB indices and to draw the graphs in this study. As well as a python 

package named CAI  [46] was used to estimate the CAI for the tested viral isolates. A cluster 

analysis (Heat map) was performed using CIMminer (https://discover.nci.nih.gov/cimminer/) 

(6) 
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based on the RSCU values obtained from the tested isolates. Multiple sequence alignments 

for the whole genome of the 13 SARS-CoV-2 was done with MAFFT software (v7.450) and 

the phylogenetic analysis was performed with MEGA-X software (v10.1). 

Results and Discussion 

Nucleotide and Di-nucleotide Composition Analyses 

The analysis of nucleotide content in the 13 tested SARS-CoV-2 isolates showed AT bias in 

all codon positions. According to Fig. 1: (i) The average GC and AT overall content was 38% 

to 62% respectively, (ii) For GC1, 2, and 3, their average percentages were 45%, 36% and 

32% respectively, (iii) The values of AT1, AT2, and AT3 were 55%, 64%, and 68%, 

respectively. Synonymous Dinucleotide Usage (SDU) was employed to account for the 

dinucleotide usage in positions 2 and 3 in codons to reveal under- and over-represented 

dinucleotides. The average SDU values for each dinucleotide from all the examined isolates 

reported by bar plot (Fig. 2) and the red line signifies the cut off (SDU >1) of a dinucleotide 

to be over-represented. Seven dinucleotides had SDU values more than 1, in descending 

order (CpU, UpU, ApA, CpA, GpU, GpA, and ApU), all of these dinucleotides either contain 

A, U or both, reflecting A/U bias. Interestingly, CpG had an SDU value of less than 1 and 

ranked as the last dinucleotide out of the total 16 (Supplementary file 2). 

A recent study [29] on N genes among 13 different coronaviruses (CoVs) reported that a 

higher AU% over GC% was observed in all the 13 coronaviruses. In this study, the 

nucleotide composition analysis showed the same pattern of AU%, in which it is over-

represented in all codon positions (AU1, AU2, and AU3), as well as the overall AU% (Fig. 

1). To examine the effect of dinucleotides (in second and third codon positions only) bias 

over the CUB of SARS-CoV-2 CDS, a new index named SDU was used to account for 

dinucleotide frequencies. According to SDU results, CpU was the most over-represented 

dinucleotide which may indicate that SARS-CoV-2 prefer A/U-ended codons. The under-

representation of UpA and CpG in SARS-CoV-2 CDS could be due to the effect of these 

dinucleotides on the replication rate, where increasing UpA and CpG levels in RNA viruses 

can lead to a decrease in replication rate and subsequent viral attenuation, also causing a more 

powerful immune response while decreasing their abundance has the reverse effect [29,53–

55]. In HIV-1, the decrease in CpG was explained due to the host-driven force which selects 

against viruses rich in CpG dinucleotides and drives the observed under-representation [56]. 

SARS-CoV-2 exhibited the same pattern of nucleotide and dinucleotide compositions as the 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 4, 2020. ; https://doi.org/10.1101/2020.04.01.019463doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.01.019463
http://creativecommons.org/licenses/by-nc-nd/4.0/


aforementioned RNA viruses, which may be explained by the host-driven force that selects 

against CpG during the immune response against the virus. 

Relative Synonymous Codon Usage (RSCU) analysis 

 

In order to determine to what extent A/U ended codons are preferred, and the patterns of 

synonymous codon usage, RSCU values of each codon was calculated for all 13 SARS-CoV-

2 isolates. Synonymous codons with RSCU values ≥ 1.6 were considered over-represented or 

preferred codons, RSCU values that fell between 1 and 1.6 were considered randomly used or 

unbiased, and RSCU values ≤ 0.6 were considered under-represented. Among the 18 amino 

acids used in the analysis, we found 8 over-represented codons for the following amino acids 

(Arg, Val, Ser, Ala, Thr, Pro, Leu, and Gly) that are common in all 13 isolates with their 

corresponding average RSCU values (2.46, 2.05, 1.995, 1.815, 1.724, 1.713, 1.687, 1.651, 

respectively). The amino acid Arginine (Arg) over biased with AGA codon, Valine (Val) 

over biased with GUU, Serine over biased with UCU, Alanine (Ala) over biased with GCU, 

Threonine (Thr) over biased with ACU, Proline (Pro) over biased with CCU, Leucine (Leu) 

over biased with CUU, Glycine (Gly) over biased with GGU. The cluster (Heat map) analysis 

revealed this pattern as all of the previously mentioned putative preferred codons clustered 

together Fig. 3. It is quite interesting to note that all 8 over-represented codons are A/U-

ended (U-ended: 7, A-ended: 1), and none of them was G/C-ended. Meanwhile, most of the 

under-represented codons are G/C-ended. Furthermore, 4 out of the 8 over-represented 

codons (RSCU > 1.6) ended with CpU dinucleotide, which was mentioned before as the most 

over-representative dinucleotide. Thus, it is evident from nucleotide compositional and 

RSCU analyses that SARS-CoV-2 genomes exhibited higher codon usage bias towards A/U-

ended codons compared to G/C ended ones. 

 

Hierarchical clustering (Heat map) and phylogenetic analyses 

 

To observe similar patterns of codon usage bias among the 13 SARS-CoV-2 isolates we 

performed a hierarchical cluster analysis based on the RSCU values obtained from all coding 

regions in their genomes. Codons with similar RSCU values were clustered together, more 

noticeably the 8 over-represented or preferred codons with RSCU values >1.6 (AGA, GUU, 

UCU, GCU, ACU, CCU, CUU, and GGU) on the right side of Fig. 3. The clustering of the 

13 isolates on the top side of Fig. 3 yielded two major branches (A, and B). The isolate from 

Pakistan separated itself in branch A from the other 12 isolates in branch B indicating its 
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unique codon usage pattern. Branch B can be further divided into 3 sub-branches: two of 

them contained South Korea, and the USA being closer to Pakistan isolate than the remaining 

ones. Meanwhile, the third sub-branch contained two main clusters that are fairly closer to the 

USA than South Korea. Isolates from India and Spain are grouped in one cluster. The other 

cluster contained two sub-clusters in which isolates from Australia, Sweden, Brazil and Italy 

are grouped in one sub-cluster away from China, Nepal, Taiwan and Vietnam isolate in the 

other sub-cluster. To gain more insight into the evolutionary relationships between the 13 

SARS-CoV-2 isolates, phylogenetic analysis was performed based on their whole genome 

sequences (Fig. 4). It yielded two main branches: one contained the outgroup (Human beta-

coronavirus 2c EMC/2012) separated from other SARS-CoV-2 isolates. The branch 

containing SARS-CoV-2 isolates can be divided into 3 sub-branches: two of them contained 

the USA, and Pakistan isolates closer to each other than other SARS-CoV-2 isolates, 

however, the third sub-branch contained two main clusters that are fairly closer to Pakistan 

isolate than the USA. One cluster containing isolates from Nepal, Taiwan, China, Vietnam, 

India, and Spain can be further divided into two sub-clusters, where isolates from India and 

Spain are grouped in one sub-cluster away from others. The other main cluster containing 

isolates from South Korea, Brazil, Italy, Sweden, and Australia can be also further divided 

into two sub-clusters, where isolates from Sweden and Australia are grouped in a sub-cluster 

away from the others. 

Despite the differences between hierarchical clustering and phylogenetic analyses, they 

exhibited similarities that can be summarized in the following 4 points. (i). Both Pakistan and 

the USA isolates showed clear relatedness in both dendrograms that separated them away 

from other SARS-CoV-2 isolates. However, Pakistan isolate is further than the USA from the 

remaining isolates from codon usage bias perspective indicating its unique codon usage bias. 

That wasn’t the case in the phylogenetic tree as Pakistan showed more relatedness to other 

isolates than the USA from an evolutionary perspective based on their whole-genome 

sequence similarities. (ii). Isolates from India and Spain grouped themselves in a sub-cluster 

in the phylogenetic tree and were also present in the same sub-cluster in RSCU clustering 

analysis indicating their highly similar patterns of codon usage bias and evolutionary 

relatedness. (iii). Isolates from Sweden, Australia, Brazil, and Italy fell into the same cluster 

in both analyses where Sweden and Australia being the closest to each other. (iv). Isolates 

from Nepal, Taiwan, China, and Vietnam also fell into the same cluster in both analyses. The 

hierarchical clustering and phylogenetic analyses clearly showed that, despite the 
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evolutionary relatedness of the 13 SARS-CoV-2 isolates based on their whole-genome 

sequence similarities, their pattern of codon usage bias may differ slightly. 

 

Investigating the forces influencing the pattern of CUB in SARS-CoV-2 coding 

sequences 

 

Effective number of codons (ENc) and ENc-GC3 plot 

 

In theory, ENc correlates negatively with CUB. For all isolates, the CDS average ENc value 

was around 48.54 with SD = 0.5 (Supplementary file 3), except for SARS-CoV-2-Pakistan 

the average ENc was equal to 46.63. As well as, within the genes for each isolate, ENc values 

ranged from 39.94 to 55.89 (Supplementary files 3), showing a wide range of ENc (CUB). 

Using equation (5), an expected curve represent CUB dominated by the mutational force was 

drawn and the ENc-GC3 values plotted for all CDS for each isolate (Fig. 5). The CDS of all 

isolates were found under the expected values of the standard curve, also, it is worth to 

mention that as the GC3 increases the CDS gets closer to the curve. Our results suggest that, 

mutational pressure is not the key factor in structuring the codon usage bias in all 13 SARS-

CoV-2 isolates, but other factors are more likely involved, such as natural selection. 

A previous study [57] on 50 different human RNA viruses showed a mean of 50.9 for ENc 

values, ranged from 38.9 to 58.3. Also, many other studies on different RNA viruses for 

different hosts show ENc values in the same range, as in H1N1pdm IAV (ENc = 52.5) [30], 

Equine Infectious Anemia Virus (ENc = 43.61) [58], Bovine Viral Diarrhea Virus (ENc = 

50.91) [59], and Classical Swine Fever Virus (ENc = 51.7) [60]. The 13 SARS-CoV-2 tested 

isolates showed the same pattern of ENc values with mean 48.54 and SD = 0.5, for each 

isolates the average ENc values ranged from 46.64 to 48.56. Together this indicates a 

relatively stable and conserved genomic composition in these 13 isolates, with slightly low 

ENc values (high CUB) compared to RNA viruses reported in other studies [61,62] . 

Neutrality analysis 

 

The neutrality plot (Fig. 6) revealed a narrow range distribution (26.23% to 39.01%) of GC3 

values among the 13 SARS-CoV-2 isolates. 12 isolates showed similar weak positive non-

significant correlation between GC12 and GC3 values (r = 0.15, p = 0.71), meanwhile the 

isolate from Pakistan was slightly different (r = 0.084, p = 0.8). The slope of the regression 

line across all isolates showed values ranging from 0.163 to 0.197 with an average of 0.1835 

except one isolate from Pakistan had a relatively lower slope value of 0.0559. Therefore, our 
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results suggest that, the relative neutrality (mutation pressure) had the minor effect (5.59% 

and 18.35%) on codon usage bias across all 13 isolates, and the main evolutionary force 

driving codon usage bias is the relative constraints on GC3 (natural selection) (94.41% and 

81.65%).  

 

Codon adaptation index (CAI) 

 

In order to determine the degree of adaptation between the human lung tissues (Reservoir of 

viral host cells) and SARS-CoV-2 codon usage, the CAI values for each isolate was 

estimated using the most expressed genes in lung tissues as a reference set. Our results 

showed that, CAI values (Table 1) ranged from 0.53 (Pakistan isolate) to 0.54 (Taiwan 

isolate). As well as, some genes showed a higher CAI with an average of 0.62 (nucleocapsid 

phosphoprotein gene) and ORF7a protein gene displayed a CAI value of 0.58. The CAI 

results for SARS-CoV-2 isolates revealed a moderate host-virus co-adaptation, also the CDS 

for the SARS-CoV-2 can utilize the human cell resources for its translation process 

efficiently. Moreover, the highest CAI value was recorded for nucleocapsid phosphoprotein 

gene (0.62) which plays a fundamental role during viral self-assembly [63]. The second 

highest gene with CAI 0.58 was ORF7a, which may play a role in viral assembly or budding 

events unique to SARS-CoV [64]. The CAI results for both genes reflect their importance 

(viral assembly and budding events) for the SARS-CoV-2 virus to complete its life-cycle 

efficiently in the host cell. Only small amounts of the Envelope (E) protein is sufficient to 

trigger the formation of virus-like particles [63], which may explain its lowest CAI value 

(0.48) among other genes. 

 

Conclusion 

This study conclusively demonstrates that genome-wide codon usage bias in SARS-CoV-2 

coding sequences are similar to what was found in most studied RNA viruses. However, 

mutation pressure is not the main force acting to shape the CUB in SARS-CoV-2, in contrast 

to what was observed in other RNA viruses (e.g. Hepatitis A virus and Influenza A virus). 

Natural selection and/or other factors (not investigated in this study) may be the dominant 

force driving SARS-CoV-2 CUB. The nucleotide compositions showed an AU% bias in all 

codon positions (AU1, AU2, AU3, and overall AU). Additionally, the di-nucleotide 

composition (in frame 2) showed a bias towards CpU-ended codons. Moreover, the 8 

common putative preferred codons (over-representative codons) determined in this study had 
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either A or U end nucleotides with the absence of G and C ones. Furthermore, some genes 

such as Nucleocapsid phosphoprotein, ORF7a protein, and Surface glycoprotein had slightly 

high CAI values which may indicate for selection force acting on their codon usage, as they 

play important roles in viral assembly and may help viruses avoid the host immune system. 

Overall, there was no significant differences in the patterns of codon usage bias between the 

tested 13 SARS-CoV-2 isolates from different geo-locations, except for the isolate from 

Pakistan that might be slightly different, reflecting small evolutionary changes between them. 

The findings of the present study may help in understanding the underlying factors involved 

in the evolution of SARS-CoV-2 viruses and the interactions with their host. Also, it may aid 

in vaccine design strategies. 
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Table 1: The table shows the average ENc and CAI values for the 13 SARS-CoV-2 

isolates. 
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Table2: RSCU values for all the 13 isolates in each country, and the RSCU > 1.6 are 

marked.  

Codon AA SARS-CoV-2-Australia SARS-CoV-2-Brazil SARS-CoV-2-China SARS-CoV-2-India SARS-CoV-2-Italy SARS-CoV-2-Nepal

GCA A 1.401 1.401 1.401 1.402 1.4 1.401

GCC A 0.453 0.453 0.453 0.454 0.453 0.453

GCG A 0.321 0.321 0.321 0.321 0.321 0.321

GCU A 1.825 1.825 1.825 1.822 1.826 1.825

UGC C 0.702 0.702 0.702 0.702 0.702 0.702

UGU C 0.898 0.898 0.898 0.898 0.898 0.898

GAC D 0.71 0.71 0.71 0.71 0.71 0.71

GAU D 1.29 1.29 1.29 1.29 1.29 1.29

GAA E 1.147 1.147 1.147 1.147 1.147 1.147

GAG E 0.653 0.653 0.653 0.653 0.653 0.653

UUC F 0.78 0.78 0.78 0.78 0.78 0.78

UUU F 1.22 1.22 1.22 1.22 1.22 1.22

GGA G 0.832 0.832 0.823 0.823 0.832 0.823

GGC G 1.061 1.061 1.055 1.055 1.061 1.055

GGG G 0.062 0.062 0.062 0.062 0.062 0.062

GGU G 1.645 1.645 1.66 1.66 1.645 1.66

CAC H 0.53 0.53 0.53 0.53 0.53 0.53

CAU H 1.07 1.07 1.07 1.07 1.07 1.07

AUA I 0.972 0.972 0.972 0.973 0.972 0.972

AUU I 1.358 1.358 1.358 1.357 1.358 1.358

AAA K 1.353 1.353 1.353 1.353 1.353 1.353

AAG K 0.447 0.447 0.447 0.447 0.447 0.447

CUA L 0.717 0.717 0.717 0.718 0.717 0.717

CUC L 0.899 0.899 0.899 0.899 0.899 0.899

CUG L 0.423 0.423 0.423 0.423 0.423 0.423

CUU L 1.685 1.685 1.685 1.698 1.685 1.685

UUA L 1.217 1.217 1.217 1.19 1.217 1.217

UUG L 1.06 1.059 1.06 1.073 1.059 1.06

AAC N 0.73 0.73 0.729 0.73 0.73 0.727

AAU N 1.27 1.27 1.271 1.27 1.27 1.273

CCA P 1.422 1.422 1.413 1.421 1.422 1.422

CCC P 0.211 0.21 0.213 0.21 0.21 0.21

CCG P 0.647 0.647 0.648 0.647 0.647 0.647

CCU P 1.72 1.721 1.726 1.722 1.721 1.721

CAA Q 1.244 1.244 1.244 1.244 1.244 1.244

CAG Q 0.556 0.556 0.556 0.556 0.556 0.556

AGA R 2.47 2.477 2.477 2.477 2.477 2.477

AGG R 1.079 1.068 1.068 1.068 1.068 1.068

CGA R 0.371 0.371 0.371 0.371 0.371 0.371

CGC R 0.365 0.367 0.365 0.365 0.365 0.365

CGG R 0.086 0.087 0.087 0.087 0.087 0.087

CGU R 1.629 1.63 1.632 1.632 1.632 1.632

AGC S 0.453 0.453 0.451 0.452 0.453 0.453

AGU S 1.205 1.21 1.206 1.198 1.21 1.21

UCA S 1.494 1.492 1.504 1.532 1.492 1.492

UCC S 0.603 0.603 0.601 0.596 0.603 0.603

UCG S 0.233 0.233 0.232 0.226 0.233 0.233

UCU S 2.011 2.009 2.005 1.996 2.009 2.009

ACA T 1.547 1.547 1.547 1.547 1.547 1.547

ACC T 0.278 0.278 0.278 0.278 0.278 0.278

ACG T 0.467 0.467 0.467 0.467 0.467 0.467

ACU T 1.708 1.708 1.708 1.708 1.708 1.708

GUA V 1.037 1.037 1.041 1.04 1.037 1.041

GUC V 0.418 0.418 0.42 0.419 0.418 0.42

GUG V 0.506 0.506 0.507 0.506 0.506 0.507

GUU V 2.039 2.039 2.033 2.035 2.039 2.033

UAC Y 1.024 1.023 1.024 1.024 1.024 1.024

UAU Y 0.976 0.977 0.976 0.976 0.976 0.976

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 4, 2020. ; https://doi.org/10.1101/2020.04.01.019463doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.01.019463
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

Codon AA SARS-CoV-2-Pakistan SARS-CoV-2-South Korea SARS-CoV-2-Spain SARS-CoV-2-Sweden SARS-CoV-2-Taiwan SARS-CoV-2-USA SARS-CoV-2-VietNam

GCA A 1.257 1.401 1.401 1.401 1.401 1.401 1.401

GCC A 0.762 0.453 0.453 0.453 0.453 0.453 0.453

GCG A 0.282 0.321 0.321 0.321 0.321 0.321 0.321

GCU A 1.7 1.825 1.825 1.825 1.825 1.825 1.825

UGC C 0.698 0.702 0.702 0.7 0.702 0.702 0.702

UGU C 0.969 0.898 0.898 0.9 0.898 0.898 0.898

GAC D 0.737 0.71 0.702 0.71 0.71 0.711 0.71

GAU D 1.263 1.29 1.298 1.29 1.29 1.289 1.29

GAA E 1.246 1.147 1.147 1.147 1.147 1.147 1.147

GAG E 0.588 0.653 0.653 0.653 0.653 0.653 0.653

UUC F 0.775 0.78 0.78 0.781 0.78 0.779 0.78

UUU F 1.225 1.22 1.22 1.219 1.22 1.221 1.22

GGA G 0.742 0.832 0.801 0.832 0.823 0.822 0.823

GGC G 0.932 1.061 1.061 1.061 1.055 1.054 1.055

GGG G 0.059 0.062 0.062 0.062 0.062 0.061 0.062

GGU G 1.601 1.645 1.676 1.645 1.66 1.663 1.66

CAC H 0.574 0.53 0.53 0.53 0.53 0.519 0.53

CAU H 1.093 1.27 1.07 1.07 1.07 1.081 1.07

AUA I 0.891 0.972 0.972 0.972 0.972 0.972 0.972

AUU I 1.457 1.358 1.358 1.358 1.358 1.357 1.358

AAA K 1.232 1.353 1.353 1.353 1.352 1.353 1.353

AAG K 0.434 0.447 0.447 0.447 0.448 0.447 0.447

CUA L 0.695 0.723 0.715 0.717 0.717 0.717 0.717

CUC L 0.794 0.896 0.897 0.899 0.899 0.899 0.899

CUG L 0.464 0.428 0.42 0.423 0.423 0.423 0.423

CUU L 1.736 1.655 1.692 1.685 1.685 1.674 1.685

UUA L 1.285 1.218 1.21 1.217 1.217 1.239 1.217

UUG L 1.027 1.08 1.066 1.059 1.06 1.049 1.06

AAC N 0.659 0.729 0.73 0.73 0.73 0.73 0.73

AAU N 1.341 1.271 1.27 1.27 1.27 1.27 1.27

CCA P 1.314 1.422 1.422 1.422 1.422 1.423 1.422

CCC P 0.194 0.21 0.21 0.21 0.21 0.21 0.21

CCG P 0.547 0.647 0.647 0.647 0.647 0.647 0.647

CCU P 1.611 1.721 1.721 1.721 1.721 1.721 1.721

CAA Q 1.31 1.244 1.244 1.244 1.244 1.257 1.244

CAG Q 0.523 0.556 0.556 0.556 0.556 0.543 0.556

AGA R 2.276 2.477 2.477 2.474 2.477 2.477 2.478

AGG R 0.967 1.068 1.068 1.071 1.068 1.068 1.069

CGA R 0.336 0.371 0.371 0.371 0.371 0.371 0.371

CGC R 0.35 0.365 0.365 0.365 0.365 0.365 0.365

CGG R 0.084 0.087 0.087 0.087 0.087 0.087 0.087

CGU R 1.485 1.632 1.632 1.632 1.632 1.632 1.63

AGC S 0.398 0.453 0.455 0.453 0.453 0.453 0.453

AGU S 1.138 1.211 1.202 1.211 1.21 1.227 1.21

UCA S 1.883 1.494 1.52 1.492 1.492 1.442 1.492

UCC S 0.538 0.602 0.597 0.601 0.603 0.611 0.603

UCG S 0.203 0.227 0.227 0.234 0.233 0.241 0.233

UCU S 1.841 2.013 1.999 2.008 2.009 2.026 2.009

ACA T 1.427 1.548 1.547 1.547 1.547 1.548 1.547

ACC T 0.263 0.278 0.278 0.278 0.278 0.277 0.278

ACG T 0.401 0.466 0.467 0.468 0.467 0.467 0.467

ACU T 1.909 1.708 1.708 1.708 1.708 1.708 1.708

GUA V 0.937 1.037 1.052 1.037 1.041 1.041 1.041

GUC V 0.388 0.418 0.418 0.418 0.42 0.42 0.42

GUG V 0.474 0.506 0.506 0.506 0.507 0.507 0.507

GUU V 2.201 2.039 2.024 2.039 2.033 2.033 2.033

UAC Y 0.924 1.024 1.023 1.024 1.023 1.024 1.024

UAU Y 1.076 0.976 0.977 0.976 0.977 0.976 0.976
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Figure 1. AU% (light blue bars), and GC% (grey bars) nucleotide compositions are plotted 

together to compare their content in different codon positions, as well as, the overall content. 

The first two stacked bars represent AT and GC overall content. The rest of the stacked bars 

represent (AT1 and GC1), (AT2 and GC2) and, (AT3 and GC3) respectively from left to the 

right. 
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Figure 2. The average synonymous di-nucleotide usage (SDU) values for each di-nucleotide 

from all examined isolates are estimated and plotted. The x-axis represents each di-nucleotide 

and the y-axis show the average SDU for each dinucleotide. The red line signifies the cut off 

(SDU >1) of dinucleotide to be over-represented. 
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Figure 3. Cluster analysis (Heat map) of RSCU values in 13 SARS-CoV-2 isolates coding 

regions. The heat map represents the RSCU values divided into 3 ranges; <1 (Green color), 1-

1.6 (Dark red), and >1.6 (Distinct red). Euclidean distance and complete-linkage methods 

were used to produce the clusters. 
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Figure 4. Phylogenetic analysis of 13 SARS-CoV-2 isolates based on their whole genome 

sequence. The rooted phylogenetic tree was constructed by the maximum-likelihood method 

with General time-reversible model (GTR), and bootstrap method with 1000 replicates to test 

the reliability of the phylogenetic tree. The complete genome sequence of (Human beta-

coronavirus 2c EMC/2012) was used as an out group. 
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Figure 5. ENc-GC3 plot showing the values of the ENc (y-axis) versus the GC3 content (x-

axis) for the 13 SARS-CoV-2 isolates named by their geo-location, the solid red line 

represents the expected ENc values if the codon bias is affected by GC3s only. 
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Figure 6. Neutrality plot analysis of 13 SARS-CoV-2 isolates from different countries. GC12 

frequencies were plotted against GC3 frequencies. The y-axis (GC12) refers to the average 

GC frequency at the first and second codon positions. The x-axis (GC3) refers to the GC 

frequency at the third codon position. The slope value indicates the mutational pressure. 
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