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Abstract
Severe Acute Respiratory Syndrome Coronavirus-2 is a zoonotic virus with a possible origin in bats and potential transmis-
sion to humans through an intermediate host. When zoonotic viruses jump to a new host, they undergo both mutational and 
natural selective pressures that result in non-synonymous and synonymous adaptive changes, necessary for efficient replica-
tion and rapid spread of diseases in new host species. The nucleotide composition and codon usage pattern of SARS-CoV-2 
indicate the presence of a highly conserved, gene-specific codon usage bias. The codon usage pattern of SARS-CoV-2 is 
mostly antagonistic to human and bat codon usage. SARS-CoV-2 codon usage bias is mainly shaped by the natural selection, 
while mutational pressure plays a minor role. The time-series analysis of SARS-CoV-2 genome indicates that the virus is 
slowly evolving. Virus isolates from later stages of the outbreak have more biased codon usage and nucleotide composition 
than virus isolates from early stages of the outbreak.
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Background

Emerging viral diseases are major threat to the public health 
systems across the globe (Berry et al. 2015). Coronavirus 
infectious disease 19(COVID-19) is the latest addition in 
the growing list of emerging and re-merging diseases with 
significant financial and health impacts (Zaki et al. 2012; 
Rota et al. 2003; Zhu et al. 2020; Carroll et al. 2015; Faria 
et al. 2016). COVID-19 is the third coronavirus outbreak in 
two decades. The viruses included in Coronaviridae family 
are found in fish, birds and mammals (Kahn and McIntosh 
2005; Fehr and Perlman 2015). The human coronaviruses 
were first characterized more than fifty years ago and were 
found to be associated with respiratory infections in humans 
(Paules et al. (2020)). The infections were of a lesser con-
cern until turn of the century when Severe Acute Respiratory 

Syndrome Coronavirus (SARS-CoV) emerged in southern 
China and infected more than 8000 people worldwide, kill-
ing 774 of them (Peiris et al. (2003); Guan et al. 2003; Dros-
ten et al. 2003). This was followed by another relatively low-
profile outbreak of the Middle East Respiratory Syndrome 
Coronavirus (MERS-CoV) in Middle East in 2012–2013, 
causing over 2500 laboratory-confirmed MERS-CoV infec-
tions and 866 associated deaths. A third outbreak of highly 
pathogenic Severe Acute Respiratory Syndrome Coronavi-
rus-2 (SARS-CoV-2) was first reported from Hubei province 
of China in late 2019, which is liable for severe human infec-
tion with a facile human to human transmission (Hui et al. 
2019; Tang et al. 2020). The SARS-CoV-2 is a betacorona-
virus, which is genetically different from SARS-CoV and 
MERS-CoV but closely related to bat coronavirus RaTG13 
found in the bats from Yunnan province of China (Zhu et al. 
(2020); Zhou et al. 2020). Bats were also suspected as pri-
mary reservoir of SARS-CoV and MERS-CoV, which trans-
mitted to humans through civet cats and dromedary cam-
els, respectively (Guan et al. 2003; Reusken et al. 2013; Li 
et al. 2005; Memish et al. 2013). Bats serve as reservoirs for 
several zoonotic viruses, including rabies, Marburg, Nipah, 
Hendra and probably Ebola viruses (Smith and Wang 2013; 
Lau et al. 2005; Poon et al. 2005).
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When a zoonotic virus jump from one specie to another, 
it mutates rapidly to cope with host’s cellular environment, 
particularly the translational machinery that will allow a 
virus to complete its replication cycle and host immune 
response that will prevent its replication (Lahouassa et al. 
2012; Stremlau et al. 2004; Campos et al. 2017; Chassey 
et al. 2013). During replication, the coding regions of viral 
genomes undergo both mutational and natural selective 
pressures that result in non-synonymous and synonymous 
changes (Sanjuan and Domingo-Calap 2016; Elena and 
Sanjuan 2005; Peck and Lauring 2018). The viral diversity 
and evolution are shaped by the intrinsic differences in the 
fidelity of polymerase, host-encoded mutation rate modi-
fiers and mutation buffering mechanisms that mitigate the 
deleterious effects of mutations. A time-series analysis of 
simple measures such as nucleotide composition, codon 
usage bias (ENC) and codon adaptation index (CAI) could 
reveal the directional changes in the genome composition 
after invasion from its natural host and allow the analysis of 
convergence or divergence of viral codon adaptation towards 
or away from that of the host over time (Wada et al. 2016).

Several studies have been conducted to understand the 
emergence and evolution of SARS-CoV-2. The nucleo-
tide composition of SARS-CoV-2 genome was found to be 
biased and reflected in its codon and amino acid usage pat-
terns (Tort et al. 2020). Most high-frequency codons are 
A- or T-ending, while the low frequency and rare codons are 
G- or C-ending (Kandeel et al. 2020). The codon usage pat-
tern of SARS-CoV-2 is affected by both mutational bias and 
natural selection (Dilucca et al. 2020). SARS-CoV-2 struc-
tural and non-structural genes are evolving at varying pace. 
The integral membrane proteins M and E tend to evolve 
slowly by accumulating nucleotide mutations on their cor-
responding genes, while replicase (ORF1ab) and structural 
proteins S and N tend to evolve faster in comparison to M 
and E proteins (Dilucca et al. 2020). The codon usage pat-
terns of SARS-CoV-2 orf1ab, spike and nucleocapsid genes 
were found to be more similar to bat RaTG13 virus, while 
the codon usage pattern of membrane protein is more similar 
to Pangolin P1E virus (Gu et al. 2020). In a phylogenetic 
network analysis of 160 complete SARS-CoV-2 genomes, 
Forster et al. found three central variants distinguished by 
amino acid changes, with different geographic distribu-
tions. The B type is the most common type in East Asia, 
while the ancestral A and C types are found in significant 
proportions in Europe and Americas (Forster et al. 2020). 
Van Dorp et al. have identified 198 recurrent mutations in 
7,666 SARS-CoV-2 genome, with nearly 80% of the recur-
rent mutations producing non-synonymous changes at the 
protein level (Dorp et al. 2020). To build upon the founda-
tion laid by the above-mentioned studies, we have analyzed 
10,114 SARS-CoV-2 genomes to gain more insights into 
evolution of this virus. The nucleotide composition and the 

codon usage biases of protein coding genes were analyzed 
to identify the evolutionary forces that contributed the most 
in shaping the codon usage patterns. Time-series analysis 
was performed on different codon usage indices to estimate 
virus adaptation and directional changes in SARS-CoV-2 
genome during the course of the outbreak. Our data suggest 
that SARS-CoV-2 has not achieved a codon usage bias that 
balances the selective and mutational pressures on the syn-
onymous codon usage. The SARS-CoV-2 genome is slowly 
evolving. Virus isolates from later stages of the outbreak 
have more biased codon usage and nucleotide composition 
than virus isolates from early days of the outbreak. Codon 
usage pattern of SARS-CoV-2 is diverging away from the 
constitutively expressed human genes.

Materials and Methods

Sequence Data

10,114 SARS-CoV-2 genomes with > 29,000 base pair 
length, < 1% non-synonymous mutations and < 0.05 
unique amino acid mutations were retrieved from the 
GISAID Initiative EpiCoV platform (https://​www.​epicov.​
org/​epi3/​front​end#​49972e) (Table S1). Sequences were 
aligned with the local version of MAFFT software (https://​
mafft.​cbrc.​jp) using default parameters. For comparative 
genomic analysis, one bat coronavirus (MN996532, Bat-
CoV-RaTG13) sequence, two full-length bat SARS like 
coronavirus sequences (MG772933, Bat SLCoV-ZC45 
and MG772934, Bat SLCoV-ZXC21) and one SARS-CoV 
sequence (NC_004718, SARS-CoV Tor2) were retrieved 
from the Virus Pathogen Resource database (https://​www.​
viprb​rc.​org/​brc). For predicting statistical properties of cod-
ing and non-coding sequences of each genome, conserved 
coding sequences were concatenated into a single open read-
ing frame, whereas untranslated regions (5′ and 3′) were 
merged and analyzed as a single sequence.

Compositional Properties

Base composition, including overall frequency of mononu-
cleotides (G%, C%, A% and U%), frequency of mononu-
cleotides at third wobble position (G3s, C3s, U3s and A3s) 
and frequency of G + C at three codon positions (GC1, GC2 
and GC3) were calculated using the program Codon W 
1.4.4 (http://​sourc​eforge.​net/​proje​cts/​codonw/). The ratio of 
observed and expected frequencies of 16 dinucleotides were 
calculated using default parameter in SSE software package 
(Simmonds 2012) and used for designation of over-represen-
tation (> 1.235) or under-representation (< 0.765) in terms 
of relative abundance compared with a random association 
of mononucleotides.

https://www.epicov.org/epi3/frontend#49972e
https://www.epicov.org/epi3/frontend#49972e
https://mafft.cbrc.jp
https://mafft.cbrc.jp
https://www.viprbrc.org/brc
https://www.viprbrc.org/brc
http://sourceforge.net/projects/codonw/
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Codon Usage Bias in SARS‑CoV‑2 Genome

Relative synonymous codon usage (RSCU) is one of the 
most widely used parameters for examining the overall syn-
onymous codon usage variation among genes (Sharp and Li 
1986). The RSCU values of SARS-CoV-2 and other coro-
naviruses listed in table S2 were calculated using follow-
ing equation: RSCUj(x) = (fj

x /Ej
x), where fjx is the observed 

frequency of codon j in the genome x and Ej
x is the expected 

frequency of the codon j. Expected values are calculated 
by counting the total number of synonymous codons for a 
given amino acid in the sequence divided by the number 
of existing codons that code for it. The codon usage fre-
quencies of Rhinolophus affinis were retrieved from High-
performance Integrated Virtual Environment-Codon Usage 
Tables (HIVE-CUT) database (Athey et al. 2017), while 
codon usage table representing human house-keeping genes 
is described elsewhere (Paola et al. 2018).

Codon Adaptation Index (CAI)

The CAI is a measure of the adaptiveness of synonymous 
codon usage bias of a gene towards the codon usage of 
highly expressed genes. To assess the SARS-CoV-2 adapta-
tion to its hosts, the CAI values for all SARS-CoV genes 
were calculated using Homo sapiens house-keeping genes 
codon usage table and Rhinolophus affinis codon usage 
table.

Effective Number of Codons (ENC)

The ENC is a measure of the total number of different codons 
present in a sequence and shows the bias from equal use of 
all synonymous codons for a given amino acid (Novembre 
2002; Wright 1990). The ENC value range from 20 to 61, 
with low ENC values indicating higher codon usage bias and 
vice versa. The sequences in which ENC values are < 30 are 
highly expressed, while those with > 55 are poorly expressed 
genes (Sau et al. 2005; Sharp and Cowe 1991). The ENC 
values for SARS-CoV-2 genome and individual genes were 
calculated using EMBOSS (Carver and Bleasby 2003).

ENC‑Plot Mapping Analysis

The ENC plot (a plot of ENC vs. GC3s) provides a vis-
ual display of the main features of codon usage patterns 
for several genes. Expected ENC values for all GC3 
compositions (0–1.0) were calculated using the equation 
ENCexp = 2 + S + (29/S2 + (1 − S)2) (Wright 1990), where S 
is the frequency of G + C at third-codon position. When the 
corresponding points fall near the expected neutral curve, 
mutational bias is the main factor affecting the observed 
codon diversity. However, when the corresponding points 

fall considerably below the expected curve, the observed 
codon bias is mainly affected by natural selection.

Neutrality Plot Mapping Analysis

The neutrality plot is an analytical method used to examine 
the relative influence of mutation pressure and natural selec-
tion on the codon usage pattern (Sueoka 1988). Among three 
codon positions, second-codon position is the most function-
ally constrained codon position, while third-codon position 
is the least functionally constrained. A nucleotide substitu-
tion in the second-codon position causes a non-synonymous 
change in the coding sequence. Most nucleotide substitu-
tions in the third-codon position and some nucleotide sub-
stitutions in the first-codon position are synonymous (Bofkin 
and Goldman 2007). Theoretically, mutation should occur 
randomly at any of three codon positions if there is no exter-
nal pressure. A neutrality plot was generated, where GC3 
was compared to the average GC content at the first- and 
second-codon positions (GC1,2) with the Pearson product-
moment correlation coefficient(r). In the plot, the regression 
coefficient against GC3 is regarded as the mutation-selection 
equilibrium coefficient.

Principal Component Analysis

The principal component analysis (PCA) is a type of mul-
tivariate statistical method used to identify major trends 
of variation in synonymous codon usage among genes/
genomes. PCA is an orthogonal linear transformation pro-
cedure that transforms some correlated variable (RSCU) into 
a smaller number of uncorrelated variables called principal 
components. To investigate the major trends of codon usage 
variation, the PCA was performed on the RSCU values of 
10,114 SARS-CoV-2 genomes. Factor retention was deter-
mined using a scree plot and the proportion of variance. First 
three principal components with high eigenvalues values 
(7.71, 5.37 and 4.74, respectively) and 30.22% cumulative 
variation were ranked as major axes. Correlation analysis 
based on Spearman’s rank correlation (with a level of sig-
nificance of p < 0.05 or p < 0.01) was used to reveal correla-
tions between various codon usage indices and major axes 
of PCA.

Results

Composition Analysis of SARS‑CoV‑2 Genome

To study molecular evolution of SARS-CoV-2, we analyzed 
genomic nucleotide sequences of 10,114 isolates for which 
the isolation/reporting dates were given. The genome of 
SARS-CoV-2 was found to be AT(U) rich with ~ 62% mean 
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A + T(U) contents (Fig. 1a). The G + C contents of the cod-
ing and non-coding sequences are 38% and 41.3%, respec-
tively, indicating more biased nucleotide composition in 
the coding regions of the genome. Similar compositional 
bias was observed in bat-CoV-RaTG13, bat SLCoV-ZC45, 
bat SLCoV-ZXC21 and SARS-CoV genomes (Fig. 1b & 
c). Among individual SARS-CoV-2 genes, the nucleocap-
sid (N) and matrix (M) genes have least biased nucleotide 
composition with 52.8% and 57.4% AT(U) contents, respec-
tively. The ORF6 has the most biased nucleotide compo-
sition with ~ 72% AT(U) contents. All other genes have 
AT(U) contents in the range of 60–65% (Fig. 1d). Analysis 

of AT(U)/GC nucleotides distribution at three codon posi-
tions revealed a progressively declining trends in G/C use at 
second- and third-codon positions. The A/T(U) were prefer-
ably used at third synonymous codon position in the SARS-
CoV-2 genome (Fig. S1).

SARS‑CoV‑2 Codon Usage Analysis

To explore the variation of synonymous codon usage in 
the SARS-CoV-2 genome, the RSCU values of 59 synony-
mous codons were calculated (Fig. 2, Table S2). SARS-
CoV-2 strongly preferred A- and U-ending codons with 
25/26 preferred codon (RSCU > 1.0) in the SARS-CoV-2 
genome being A/U-ending. Among preferred codon, twelve 
codons AGA(R), GGU (G), GCU(A), UCU(S), GUU(V), 
CCU(P), ACU(T), CUU (L), UCA (S), ACA(T) and 
UUA(L) have RSCU value > 1.6 and hence were considered 
over-represented. The G/C-ending codons are suppressed 
in SARS-CoV-2 genome with 20/21 under-represented 
codons (RSCU < 0.6) being G/C-ending. The A/U-ending 
codons were used as a preferred codon for all 18 amino 
acids encoded by synonymous codons in the SARS-CoV-2 
genome. Further analysis of amino acids encoded by four or 
more synonymous codons showed that approximately 78% 
of amino acids in SARS-CoV-2 proteins are encoded by 
A/U-ending codons. For example, 67.47% of leucine, 71.39 
of valine, 73.54% of arginine, 79.30% of glycine, 82% of 
alanine, 84.50% of serine, 85.60% of threonine and 88.50% 
of proline are encoded by A/U-ending codons.

Principal Component Analysis of Codon Usage

To identify the major trends of variation in synony-
mous codon usage, PCA was implemented for all 10,114 
sequences. The first three principal components in the 
PCA accounted for 13.02%, 9.11% and 8.0% of the total 
variation, indicating that first three principal axes are the 
major explanatory axes for interpreting codon usage vari-
ation (Fig. 3a). The distribution of SARS-CoV-2 isolates 
based on RSCU values on first and second principal axes 
resulted in segregation of SARS-CoV-2 isolates into five 
overlapping clusters along first and second principal axes 
(Fig. 3b). A vast majority of US isolates clustered in the 
upper-right and lower-left quadrants of the plot. The Euro-
pean isolates segregated into three clusters, two along the 
second principal axis and third in the upper-left quadrant 
of the plot. Furthermore, each cluster contains a significant 
number of isolates from other geographic regions as well, 
suggesting multiple parallel transmission events. A highly 
significant positive correlation of first two principal axes 
(f1 and f2) with U% (f1 = 0.411, f2 = 0.187; p < 0.0001), 

Fig. 1   Whole genome comparative nucleotide composition analy-
sis of SARS-CoV-2, SARS-CoV (SARS-CoV-Tor2), bat coronavirus 
(Bat-CoV-RaTG13) and bat SARS like coronaviruses (Bat SLCoV-
ZXC21 and Bat SLCoV-ZXC21). a Boxplot diagram depicting the 
GC/AT(U) contents in coding and non-coding (NC) regions of 
SARS-CoV-2 genome. b, c Boxplot depicting the A/T(U) and G/C 
contents of Bat-CoV, Bat_SLCoV, SARS-CoV and SARS-CoV-2 
genomes. d GC/AT(U) contents (mean ± SD) of SARS-CoV-2 genes
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and negative correlation with A%(f1 = -0.149, f2 = -0.168; 
p < 0.0001) and C% (f1 = -0.379, f2 = -0.111; p < 0.0001), 
indicates that compositional constraints (especially U and 
C nucleotides) affected the codon usage bias of the SARS-
CoV-2 genome (Table S3).

Codon Adaptation Index

CAI quantifies the similarity between the synonymous 
codon usage of a gene and the synonymous codon fre-
quency of a reference set. As inferred from the RSCU val-
ues, the codon usage pattern of SARS-CoV-2 is very simi-
lar to other coronaviruses but mostly antagonistic to both 
of its hosts, with only one preferred codon for arginine 
(AGA) common between SARS-CoV-2 and Homo sapi-
ens and five preferred codons common with Rhinolophus 
Affinis (Table S2). To gain further insights into the SARS-
CoV-2 adaptation to specific hosts, CAI analysis was 
performed using Homo sapiens and Rhinolophus Affinis 
codon usage tables as references. As shown in Fig. 4a, 
all SARS-CoV-2 genes are predicted to be expressed at 
high levels in Homo sapiens and Rhinolophus Affinis. The 
mean CAI for SARS-CoV-2 genes ranged from 0.652 to 
0.766 against Homo sapiens codon usage reference and 
0.633–0.731 against Rhinolophus Affinis codon usage ref-
erence. With exception of E gene, which has the lowest 
CAI (0.65 and 0.63, respectively) in both hosts, all struc-
tural and non-structural genes have high CAI (> 0.70) in 
both hosts.

The Analysis of Codon Usage Bias in the SARS‑CoV‑2 
Genes

The genomic composition of SARS-CoV-2 was found to 
be relatively stable and conserved among different isolates. 
The mean ENC value of SARS-CoV-2 coding sequence 
is 45.372 ± 0.02, which is similar to bat-CoV-RaTG13 
but slightly lower than other bat-SLCoVs or SARS-CoV 
(Fig.  4b). Analysis of individual SARS-CoV-2 genes 
showed substantial variations in the ENC of different genes 
(Fig. 4b). The ORF10, Matrix, Nucleocapsid and ORF3 of 
the SARS-CoV-2 have low codon usage bias with mean 
ENC values of 57.80 ± 0.00, 54.17 ± 0.14, 53.22 ± 0.13, and 
51.66 ± 0.02, respectively. However, ORF7, ORF1ab, Spike, 
ORF8, ORF6, and Envelope have moderate codon usage 
bias with mean ENC values of 46.28 ± 0.30, 44.16 ± 1.35, 
44.15 ± 0.62, 43.89 ± 0.34, 42.92 ± 0.29, and 42.01 ± 0.49, 
respectively. High ENC values (> 40), little variation in 
ENC among different isolates and substantial variations 
in the ENC of different genes within each genome suggest 
a highly conserved gene-specific codon usage bias in the 
SARS-CoV-2 genome.

The Differential Effect of Mutational Biases 
and Natural Selection on Codon Usage Bias

To determine the factors that influence the SARS-CoV-2 
codon usage bias, the ENC plot was constructed using the 
ENC and GC3 values of 10,114 SARS-CoV-2 isolates. The 
dotted line in Fig. 5a represents the curve if codon usage is 

Fig. 2   Heat map of the relative synonymous codon usage (RSCU). 
Each row represents a specie, and each column represents a codon. 
The higher the RSCU value, the more abundant the codon is in the 

sequence. Colors from yellow (lowest) to red (highest) indicate the 
magnitude of RSCU values



346	 Journal of Molecular Evolution (2021) 89:341–356

1 3

only determined by the GC content at the third-codon posi-
tion. As shown in Fig. 5a, data points representing SARS-
CoV-2 isolates formed a tight cluster below the expected 
curve, indicating composite effect of mutational pressure 
and other factors (such as natural selection) in shaping the 
codon usage pattern of the SARS-CoV-2 genome. Further-
more, analysis of individual SARS-CoV-2 genes revealed 
varying effect of mutational pressure and natural selection 
on the codon usage pattern of different genes. The data 
points representing all SARS-CoV-2 genes except ORF10 
formed distinct clusters below the expected curve with var-
iable proximities (Fig. 5a inset), confirming a differential 
effect of directional mutation pressure and natural selection 
in shaping the codon usage bias in these genes.

Although the ENC–GC3 plot demonstrated the contribu-
tion of directional mutational pressure and natural selection 
on the SARS-CoV-2 codon usage bias, it did not estimate 
the magnitude of each force. Neutrality plot analysis was 
performed to determine the relative contribution of mutation 

pressure or natural selection on the SARS-CoV-2 codon 
usage pattern (Fig. 5b). When GC3 was plotted against 
GC12 for all isolates, a weak correlation was found between 
GC3 and GC12 (r = 0.116, p =  < 0.0001), suggesting a minor 
role of directional mutational pressure in shaping SARS-
CoV-2 codon usage bias. The slope of regression line was 
calculated to be 0.067, indicating a minor effect of direc-
tional mutation pressure (6.70%) and major effect of natu-
ral selection (93.3%) in shaping SARS-CoV-2 codon usage 
bias. Similar trends were observed when GC3 of individual 
genes were plotted against the corresponding GC12 (Fig. 
S2). Directional mutational pressure accounted for ~ 36% 
and 10% of selection pressure in N gene and ORF10, respec-
tively, but less than 7% in all other genes. These data suggest 
that different evolutionary pressures are acting dispropor-
tionally on SARS-CoV-2 genes. Mutational pressure is a 
minor factor, affecting the codon usage preferences of some 
genes, while natural selection played a major role in shaping 
the codon usage pattern of almost all SARS-CoV-2 genes.

Fig. 3   The principal component 
analysis of RSCU of SARS-
CoV-2. a The scree plot of 
the eigenvalues of the first 40 
PCs and cumulative variance 
plot from principal component 
analysis of the SARS-CoV-2 
RSCU values. b A plot of the 
values of the Axis1(13.072%) 
and the Axis2 (9.11%) of all 
SARS-CoV-2 strains in princi-
pal component analysis
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Dinucleotide Frequency

To determine if dinucleotide composition of SARS-CoV-2 
genome is biased, ratio of observed to expected frequen-
cies (O/E ratio) of 16 dinucleotides was computed for all 
SARS-CoV-2 sequences. The mean dinucleotide O/E ratio 
of SARS-CoV-2 genome is 1.0 ± 0.235. Dinucleotides with 
odds ratio > 1.235 or < 0.765 were considered as over- and 
under-represented, respectively. The dotted box in Fig. 6 rep-
resents these conventional thresholds for crude determina-
tion of over- or under-representation. The dinucleotide bias 
in SARS-CoV-2 genome is not acute and only three dinu-
cleotides (CpA, UpG and CpG) were found to have biased 
usage in protein coding genes. The CpA and UpG dinucleo-
tides were over-represented, whereas CpG was markedly 
under-represented in SARS-CoV-2 genome (Fig. 6, sold 
line). In non-coding sequence, two dinucleotides (ApU and 
CpC) were under-represented, and one nucleotide pair (ApC) 

was over-represented (Fig. 6, dotted line). Similar dinucleo-
tide biases were observed in individual SARS-CoV-2 genes 
as well. The CpG dinucleotide was under-represented in all 
SARS-CoV-2 genes except E and ORF10, whereas CpA/
UpG were over-represented in most of the SARS-CoV-2 
genes (Fig. S3). Analysis of the RSCU value of the eight 
CpG containing codons (CGT, CGG, CGC, CGA, TCG, 
GCG, CCG and ACG) indicated a marked suppression of 
CpG containing codons with seven codons having RSCU 
value of < 0.6 and accounting for only 2.5% of total amino 
acids in SARS-CoV-2 proteins. Taken together, these data 
indicate a marked suppression of CpG dinucleotides and 
CpG containing codons in SARS-CoV-2 genome.

Distinct patterns of dinucleotide representation could be 
a consequence of the nucleotide composition of the genome 
(mutational bias) or natural selection of genes/genomes with 
specific dinucleotide biases. To explore the mechanism of 
CpG depletion in the SARS-CoV-2 genome, CpG/GpC odds 

Fig. 4   Codon usage bias (ENC) 
and Codon adaptation index 
(CAI) analyses of SARS-CoV-2. 
a CAI values of SARS-CoV-2 
genes related Homo sapiens 
house-keeping genes and 
Rhinolophus affinis. b The ENC 
and GC3(%) values of SARS-
CoV-2 genes
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ratio was calculated. High odds ratio (closer to 1.0) would 
indicate that depletion was due to pressure specifically act-
ing upon constituent mononucleotides, while low odds ratio 
would suggest implication of evolutionary pressures specifi-
cally acting upon CpG dinucleotide. The mean CpG/GpC 
odds ratio of 0.362 ± 0.001 indicates that CpG depletion 
SARS-CoV-2 genome is not a mere consequence of compo-
sitional constraints. To further understand the mechanism of 
CpG depletion, the loss of CpG dinucleotides (1 − (O/E)CpG) 
and average gain in UpG and CpA dinucleotides (((O/E)TpG 
– 1) + (O/E)CpA – 1))/2) were calculated. The average loss 
of CpG in SARS-CoV-2 coding region was 0.607 ± 0.001, 
and average gain in UpG and CpA dinucleotides was 
0.330 ± 0.002. A significant positive correlation between 
CpG depletion and UpG/CpA gain, (r = 0.31; P =  < 0.0001) 
and a weak but statistically significant positive correlation 
between CpG depletion and CG% (r = 0.07; P =  < 0.0001) 

suggest that observed under-representation of CpG in SARS-
CoV-2 genome genes is mainly due to the evolutionary pres-
sures specifically acting on CpG dinucleotide.

Directional Changes in SARS‑CoV‑2 Genome Over 
the Course of Pandemic

To assess the evolution of SARS-CoV-2, we analyzed time-
series changes in nucleotide composition and codon usage 
indices of 10,114 strains isolated from the start of the out-
break till May 4, 2020. To compensate for the compositional 
diversity resulting from random mutations and sequencing 
errors, averaged values for strains in each week were plotted 
against the elapsed week and linear regression lines were 
used to show the changes in nucleotide composition and 
codon usage indices over time. The time-series analysis of 
ENC in Fig. 7a indicates a steady decline in the ENC value 

Fig. 5   The effect of mutational 
bias and natural selection on 
SARS-CoV-2 synonymous 
codon usage. a Relationship 
between GC3 and the effective 
number of codons (ENC). The 
ENC values of SARS-CoV-2 
Strains (concatenated coding 
sequence) and mean ENC val-
ues of individual SARS-CoV-2 
genes (upper-right inset) were 
plotted against the correspond-
ing GC3s. The standard curve 
(dotted line) indicates the 
expected codon usage if GC 
compositional constraints alone 
account for codon usage bias. 
b The neutrality plot (GC12 vs. 
GC3). Neutrality plot analysis 
of the average GC content in 
the first- and second-codon 
positions (GC12) and the GC 
content at third position (GC3)
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of SARS-CoV-2 strains isolated during the course of the 
pandemic. To assess the degree of ENC variation, virus 
strains were stratified according to the month of isolation. As 
shown in Fig. 7b, the ENC value of earlier isolates was sig-
nificantly higher than the strains isolated at the later stages 
of the epidemic. This suggests that ENC of SARS-CoV-2 
strains progressively declined over the course of the pan-
demic and SARS-CoV-2 strains tended to use more biased 
codons as the pandemic progressed.

To further gain insights into the molecular mechanism 
of SARS-CoV-2 genome evolution, time-series change in 
mononucleotides was analyzed. Figure 8(a–d) plots averaged 
mono-nucleotide compositions (%) for strains in each week 
according to the date of isolation. The linear regression lines 
and month-wise boxplot showed a time-dependent increase 
in U% and a corresponding decrease in C% indicating C-to-
U mutations over time in SARS-CoV-2 genome (Fig. 8e, f). 
The C-to-U mutations accounted for ~ 47% of all the muta-
tions in the SARS-CoV-2 genome during the course of the 
pandemic (Fig. 8g). Further analyses of C% and U% nucleo-
tides at first-, second- and third-codon positions revealed 
that most C-to-U mutations occurred at 2nd and 3rd codon 
positions (Fig. S4).

To further assess the impact of C-to-U mutation on 
codon usage, time-series analysis was performed on the 
RSCU value of six amino acids that only use U/C-end-
ing codons (asparagine, histidine, aspartic acid, tyrosine, 
cysteine and phenylalanine) and ten amino acids that use 

U/C-ending codons as well as other codons (threonine, 
isoleucine, proline, leucine, alanine, glycine, valine and 
serine). Four out six amino acids encoded by U/C-ending 
codons (phenylalanine, asparagine, histidine and tyrosine) 
and six out of ten amino acids encoded by U/C-ending 
codons as well as other codons (threonine, arginine, gly-
cine, valine, leucine and serine) showed time-dependent 
decline in the usage of C-ending codon and an increase in 
the usage of U-ending codon (Fig. S5). These data clearly 
suggest that progressive C-to-U mutations resulted in a 
more biased codon usage in later strains. To further assess 
the impact of C-to-U mutation on virus adaptation to its 
new host, we performed a time-series codon adaptation 
index analysis. Contrary to nucleotide composition and 
ENC, the CAI values over time failed to reveal a clear 
trend. The slope of regression line in Fig. 9a registered 
a small decrease in the CAI over time relative to human 
house-keeping genes but the observed difference is so 
small that few outlying CAI value could effectively change 
the direction of the trend line. On the other hand, the rela-
tive codon deoptimization index, which is also a measure 
of codon adaptation to the host, showed a steady increase 
indicating a decreasing adaptability relative to human 
house-keeping genes over time (Fig. 9b). Furthermore, 
time course analysis of CpG and UpA dinucleotides also 
registered a steady increase over time (Fig. 9c–d). Taken 
together, these data clearly suggest that novel coronavirus 
is mutating at low levels and the codon usage pattern of 

Fig. 6   Relative dinucleotide abundance in SARS-CoV-2 genome. 
Line graph represents the mean observed/expected (O/E) frequency 
ratio of 16 dinucleotides. The mean ± standard deviation of dinucleo-
tide O/E ratios for SARS-CoV-2 coding sequence is 1.0 ± 0.235. Dot-

ted box represents the confidence interval of mean ± 1SD (i.e., O/E 
ratio 0.765–1.235). Dinucleotide outside dotted box was classified as 
under- or over-represented in SARS-CoV-2 genome
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the SARS-CoV-2 is moving away from the presumed opti-
mal codon usage in human house-keeping genes over time.

Discussion

The ENC value of different SARS-CoV-2 genes ranged 
from 42.01 to 57.80, with mean ENC value of 45.37, indi-
cating weak codon usage bias in the SARS-CoV-2 genome. 
This result is consistent with previously reported data on 
other coronaviruses (Chen et al. 2017; Castells et al. 2017; 
Gu et al. 2004). Weak codon bias seems to be an adaptive 
strategy used by many RNA and DNA viruses, which may 
enable these viruses to maintain efficient replication without 
competing for limited tRNA resources (Jenkins and Holmes 
2003). The nucleotide composition of SARS-CoV-2 is more 
biased than SARS-CoV or closely related bat coronaviruses 
with higher proportion of A/U nucleotides. Coronaviruses 
have an atypical codon usage bias characterized by low lev-
els of C and high levels of U nucleotides (Woo et al. 2007; 

Berkhout and Hemert 2015). Due to higher percentage of 
A/U nucleotides in the genome, the codon usage pattern 
tended towards more frequent use of A/U-ending codons 
with approximately 70% of all amino acids in SARS-CoV-2 
proteins being encoded by A/U-ending codon. The intra-
cellular availability of nucleotides (A + T versus G + C) 
depends on the genomic nucleotide composition of the host. 
The human genome is AT rich; therefore, the cellular milieu 
is appropriately enriched for the efficient replication of an 
AT-rich extra chromosomal genetic elements (Dietel et al. 
2019).

Codon usage pattern of SARS-CoV-2 is mostly antagonis-
tic to human codon usage with only one common preferred 
codon for arginine. Coincidence between viral and host 
codon usage may lead to improved translation efficiency, 
whereas antagonism may result in slow viral mRNA trans-
lation and viral replication. Some viruses may avoid host 
immune detection by maintaining low level of replications, 
while others may prefer stability and folding accuracy over 
speed by maintaining low prevalence codons in the genome. 

Fig. 7   Time-series change is 
SARS-CoV-2 ENC. a Averaged 
ENC value for the strains iso-
lated in each week was plotted 
according to elapsed week from 
December 21, 2019. Trend lines 
were generated using linear 
regression analysis to facilitate 
visualization of correlations. b 
Boxplots of the effective num-
ber of codons (ENC) vs month 
of isolation. Asterisk (***) indi-
cates that there was a significant 
difference (P < 0.001) between 
the two groups
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The presence of low prevalence codons in hepatitis A virus 
genome has been linked to slow protein translation and cor-
rect protein folding (Costafreda et al. 2014). The human 
immunodeficiency virus and herpesviruses maintain codons 
in their genes, which show a low prevalence in their host 
cells (Bradel-Tretheway et al. 2003; Ngumbela et al. 2008). 
The avian influenza virus (H3N2) overcomes the antiviral 
action of interferon by skewing its codon usage towards the 
tRNA pools of interferon-altered cells (Smith et al. 2018). 
The expression of papillomaviruses capsid proteins L1 and 
L2 is linked to the specific cell differentiation states in which 
particular aminoacyl-tRNAs are expressed (Zhou et al. 1999; 

Zhao et al. 2005). Furthermore, viruses that infect one or few 
related hosts evolve a more consistent codon usage pattern 
with their host. When such viruses jump species and infect 
an unrelated host, they may exhibit a relatively lower codon 
matching with their new host. Low codon adaption of SARS-
CoV-2 to human codon usage may reflect a snapshot of the 
virus transiting from a well-adapted host to a novel host 
or an evolutionary strategy adapted by the SARS-CoV-2 to 
avoid host defense.

The pattern of codon usage is governed by genetic 
drift and mutational pressure in some organisms, while in 
others, it is governed by the balance between mutational 

Fig. 8   Time-series change in 
mono-nucleotide compositions 
(%) for SARS-CoV-2. a–d 
Averaged mono-nucleotide 
compositions (%) for the strains 
isolated in each week were 
plotted according to elapsed 
week from December 21, 2019. 
The trend lines were generated 
using linear regression analysis 
to facilitate visualization of 
correlations. e, f Boxplot of %U 
and %C vs month of isolation. g 
Frequency of mono-nucleotide 
substitutions in SARS-CoV-2 
genome
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pressure and natural selection (Bulmer 1991). Both selec-
tion and random genetic drift are directly affected by the 
effective population size. When the effective population 
size is large, natural selection predominates and random 
drift is less common (Rouzine et al. 2001). Due to high 
mutation rates and large populations sizes, mutation pres-
sure and natural selection are generally considered as main 
forces shaping the RNA virus evolution. Significant differ-
ences in ENC and GC3s of different SARS-CoV-2 genes 
and distinct distribution of genes on ENC-GC3s plot indi-
cate that different SARS-CoV-2 genes have taken different 
codon evolutionary pathways depending on the function of 
these genes. A weak correlation between GC3 and GC12 
(r = 0.11, p < 0.001) and near-zero regression coefficient 
(0.067) suggest a strong influence of selective pressure 
on first- and second-codon positions (GC12) with respect 
to that on the third-codon position (GC3) in the SARS-
CoV-2 genome. The nucleocapsid gene with regression 
coefficient of 0.373 was found to be the only gene that can 
accept both synonymous and non-synonymous mutations 
without compromising its functionality. The near-zero or 
negative regression lines for all other genes (Fig. S2) sug-
gest that first- and second-codon positions in these genes 
are constrained to preserve the amino acid sequence.

Time-series analysis revealed that SARS-CoV-2 has not 
achieved a codon usage bias that balances the selective and 
mutational pressures on the synonymous codon usage. The 
SARS-CoV-2 is continuously evolving at low levels. The 
codon usage pattern of the SARS-CoV-2 is moving away 
from the presumed optimal codon usage in human house-
keeping genes over time. Virus isolates from the later stages 
of the outbreak showed a relatively more biased nucleotide 
composition. The C-to-U transitions were by far the most fre-
quent nucleotide substitutions in the SARS-CoV-2 genome 
over time, accounting for almost one-half of all sequence 
changes. Further analyses of C% and U% nucleotides at 
first-, second- and third-codon positions revealed that most 
C-to-U mutations occurred at 2nd and 3rd codon positions 
(Fig. S5). Among three codon positions, second-codon posi-
tion is the most functionally constrained codon position. A 
nucleotide substitution in the second-codon position causes 
a non-synonymous change in the coding sequence leading 
to change in amino acid sequence with potential biologi-
cal effects. Several amino acid changes in the SARS-CoV-2 
spike protein with potential impact on virus transmission 
and diminished sensitivity to vaccine-elicited antibodies 
have been reported. A SARS-CoV-2 variant B.1.1.7 with 
multiple mutations in the spike protein (ΔH69/ΔV70, Δ144, 

Fig. 9   Time-series changes in the codon adaptation indices and dinu-
cleotides compositions (O/E ratio) for SARS-CoV-2. a Averaged CAI 
and b averaged RCDI values for the strains isolated in each week. c, 
d Averaged O/E ratios of CpG and UpA dinucleotide for the strains 

isolated in each week were plotted according to elapsed week from 
December 21, 2019. The trend lines were generated using linear 
regression analysis to facilitate visualization of correlations
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N501Y, A570D, D614G, P681H, T716I, S982A, D1118H) 
has gained higher transmissibility and was found to be less 
sensitive to vaccine-elicited neutralizing antibodies (Collier 
et al. 2020). Another variant B.1.351 with slightly differ-
ent set of mutations in the spike protein (K417N, E484K, 
N501Y) also seems refractory to some polyclonal and mono-
clonal antibodies (Weisblum et al. 2020). A third variant 
with three mutations in the receptor binding domain of the 
spike protein (K417T, E484K and N501Y) with potential 
effects on transmissibility and antigenic profile has been 
reported from Brazil (Sabino et al. 2021). An emerging 
lineage (B.1.526) of viral isolates, which accounted for as 
many as ~ 25% of coronavirus genomes sequenced from New 
York during February 2021, features mutations on the spike 
protein (L5F, T95I, D253G, E484K or S477N, D614G and 
A701V) that allow it to penetrate into host cells and cause 
infections more effectively (West et al. 2021).

From evolutionary perspective, asymmetric increase in 
C-to-U mutations cannot have arisen through a mutational 
effect of the coronavirus RNA-dependent RNA polymerase 
during virus replication or misincorporation errors in the 
next-generation sequence methods used to produce the data 
set (Simmonds 2012). A more plausible explanation of the 
skewed mutation patterns (towards C-to-U) is spontaneous 
or enzymatic cytidine deamination processes converting Cs 
into Us within infected cells (Matyasek and Kovarik 2020). 
Several interferon-inducible RNA-editing enzymes such as 
ADAR1 and APOBEC 3 family of RNA-editing enzymes 
have been implicated in base substitutions in RNA virus 
genomes with varying outcomes on infection (Gelinas 
et al. 2011). The ADARs (adenosine deaminases that act 
on RNA) target double-stranded RNA (dsRNA) for deami-
nation of adenines into inosines and have been implicated 
in the sequence changes (A-to-G and U-to-C transitions) 
seen in many double-stranded RNA viruses that replicate 
in the cytoplasm of infected cells (Samuel 2012). The 
APOBEC family of cytidine deaminases modulate immune 
responses by mutating specific nucleic acid sequences of 
hosts and pathogens. The human genome codes at least 
seven APOBEC3 proteins (namely A3A, A3B, A3C, A3DE, 
A3F, A3G and A3H) that exert an antiviral effect against a 
wide variety of viruses including retrovirus and other DNA 
viruses, such as herpesviruses, parvoviruses and hepatitis 
B virus (Chiu and Greene 2009). The role of APOBEC3 
in coronavirus restriction and genome editing is anecdotal. 
Three APOBEC3 proteins (A3C, A3F and A3H) have been 
shown to restrict coronavirus infection without causing a 
characteristic C-to-U hypermutation in viral genome sug-
gesting a deaminase-independent mechanism of coronavirus 
replication inhibition (Milewska et al. 2018). A metagen-
omic sequencing analysis of SARS-CoV-2 transcriptomic 
and genomic data revealed over-representation of ADAR-
mediated A-to-I mutations as well as APOBEC-mediated 

C-to-U mutations in the transcriptome data but less in the 
genomic data suggesting a potential role of ADAR and 
APOBEC in SARS-CoV-2 RNA editing. The presence of 
fewer A-to-I and C-to-U mutations in the genomic data 
indicates the selection against deleterious mutation caused 
by RNA-editing enzymes (Di Giorgio et al. 2020). In line 
with these findings, analysis of mononucleotides at fourfold 
degenerate sites in SARS-CoV-2 coding sequence revealed a 
near equilibrium usage of C and G mononucleotides, higher 
than predicted usage of A nucleotide and far below the equi-
librium usage of U nucleotide (Rice et al. 2020).

The CpG and UpA dinucleotides, which are markedly 
suppressed in many RNA and small DNA viruses, have 
appeared to be increasing in the SARS-CoV-2 genome over 
time. This observation is particularly intriguing because 
experimental increase in CpG and UpA dinucleotide resulted 
in virus attenuation and decreased pathogenicity (Gaunt 
et al. 2016; Fros et al. 2017; Burns et al. 2009). Studies of 
influenza and picornaviruses indicate that the innate immune 
response might recognize RNA-specific CpG motifs, such 
that the suppression of CpG in viruses could assist immune 
evasion (Atkinson et al. 2014; Greenbaum et al. 2009). The 
observed increase in CpG in SARS-CoV-2 genome over time 
may not necessarily reflect a selection towards high CpG, 
rather a selection against UU to limit the deleterious effects 
of high U contents on mRNA stability and gene expression 
(Rice et al. 2020).

Conclusion

Data presented here alone may not be sufficient to draw 
any conclusions regarding the viral fitness or its patho-
genesis and further in vitro and in vivo studies are needed 
to establish a direct correlation between the observed 
changes in the viral genome and its effect on viral fit-
ness or pathogenesis. Nevertheless, this study provided 
considerable insights into the composition and evolution 
of SARS-CoV-2 genome. Time-series analysis of large 
data set can be informative in identifying the directional 
changes in the genome composition, which is important 
for the development of the effective diagnostic tools and 
vaccines. Several candidate vaccines have been granted 
emergency use authorization, but duration of protective 
acquired immunity is still an open debate. The duration 
of protection depends on the genetic stability of the virus 
as well as magnitude and quality of immune response 
induced by primary infection or vaccine. All leading 
SARS-CoV-2 vaccines are recombinant viral-vectored vac-
cines or nucleic acid-based vaccines engineered to express 
SARS-CoV-2 spike protein. Such vaccines are generally 
safe but lack the full antigenic complexity of the virus and 
may become less effective over time with accumulation 



354	 Journal of Molecular Evolution (2021) 89:341–356

1 3

of mutations in antigenic epitope. The live attenuated 
vaccine elicits a strong and lasting immune response, but 
they raise potential side effects and biosafety concerns. 
A rational design of subunit vaccine harboring antigenic 
elements from multiple SARS-CoV-2 proteins may aug-
ment the antigenic effects of the vaccine and prevent the 
viral escape or resistance to vaccine-elicited neutralizing 
antibodies.
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