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ABSTRACT

Coronaviruses are enveloped single-stranded RNA genome viruses causing respiratory distress syndromes. The aim of this study was to
compare codon usage, rare codon clusters, and phylogenetic relations in the orfla polyprotein of COVID-19, SARS, and MERS
coronaviruses. The frequency, number, and fraction of 61 codons for each amino acid were evaluated in the structure of viral protein and the
preferred codons were assessed using the Gene Infinity website. The variations in codon usage bias were quantified by ENC and CBI in the
ACUA software. Finally, the evolutionary relationship and phylogenetic analysis of Coronaviridae were studied using the MEGA 7 software.
The GC3% of the cds was in the range of 15.668 to 16.534 and GC3 Skewness was from 0.299 to 0.34. The analysis of codon usage for all
amino acids in SARS, MERS, and COVID-19 showed considerable differences between the three viruses. The close proximity of COVID-
19 and SARS in the tree diagram represented a similarity in their gene sequence of orfla polyprotein (ppla). This phylogenetic analysis also
indicated that COVID-19 and SARS had a near phylogenetic relation based on the nucleotide sequences of orfla polyprotein in comparison
to MERS. The findings of the present study revealed that the patterns of base compositions in COVID-19 are most likely the result of mutation
pressure rather than that of natural selection since at all codon positions its effects are present. In addition, through the analysis of the base

composition, it was found that the cds of COVID-19 are rich in AT, which should be considered in designing new drugs.

INTRODUCTION

Coronaviruses are pleomorphic RNA viruses that
encompass crown-shaped peplomers belonging to the genus
[1,2].
Coronaviruses with single-stranded positive-sense RNA

Coronavirus in the Coronaviridae family
genomes (32 kbp in length) are enveloped viral agents with
the largest viral genomes [3-5]. Most Coronaviruses are not

pathogenic for humans except for the causes of the severe
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acute respiratory syndrome (SARS) [6,7] and Middle East
Respiratory Syndrome Coronavirus (MERS) [8-10]. Other
most common types of coronaviruses, such as CoV OC43 and
CoV 229E cause mild [11,12].
Coronaviruses as zoonotic viruses infect different animals

infections In fact,
and humans and cause numerous respiratory, gastrointestinal,
hepatic, and neurologic clinical manifestations [4,13]. In
December 2019, 27 viral pneumonia cases of pneumonia
were found in Wuhan city originating from Huanan Seafood
Market, and so, the first epidemic outbreak of COVID-19
was explored [14,15]. After a while, it was stated that
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COVID-19 has been originated from wild bats and epigenetic
assessments confirmed that such as SARS-CoV, the virus
belongs to Group 2 of beta-coronavirus [16,17]. However,
COVID-19 was found to have major differences in the
outbreaks and clinical manifestations compared with SARS-
CoV and MERS-CoV [18-20]. Whole genome analyses of
the COVID-19 strain have provided major epigenetic
findings and potential ways for discovering hidden
information in the viral genome [21]. Computational study of
COVID-19 may discover novel opportunities for developing
novel effective drugs and vaccines. In addition, in-silico
analysis of the genomes of COVID-19 and comparison with
other major coronaviruses such as SARS-CoV and MERS-
CoV will explore the secrets of similarities and differences in
the pattern of the outbreak, morbidity, and mortality of
mentioned Coronaviruses [15,17,22,23].

Today, an abundance of genomic data was provided from
different organisms and recent studies have shown that
synonymous codons are not used with the same frequency in
organisms [24]. Characterization of the gene Coronaviridae
family and possible their differences are likely to facilitate
and contribute to the development of effective prevention and
treatment protocols against coronavirus infection. The
purpose of this bioinformatics study was to study the gene
features of orfla polyprotein (ppla) in the Coronaviridae
family (COVID-19, SARS, and MERS). In the present study,
the CUB in the nucleotide sequence of orfla polyproteins
was analyzed by studying the codon bias index (CBI), codon
adaptation index (CAI), and an effective number of codons
(ENC). For further analysis, the three-dimensional structure
of the nsp2 protein was modeled in the Robetta Server [25]
and these structures were visualized and studied using Swiss

PDB Viewer software [26] and PyMOL Molecular Graphics
System [27]. More precise approaches can be chosen for
treatment regimens using the findings of this study.

MATERIALS AND METHODS

Coronaviridae Genome Sequences

For bioinformatics’ analysis, the nucleotide sequences
and their features of the Coronaviridae family were obtained
from NCBI (http://www.ncbi.nlm.nih.gov/) (Table 1).

Analysis of Codon Usage

Next, the frequency, number, and fraction of 61 codons
for each amino acid were evaluated in the structure of
Coronaviridae protein and the preferred codons were
extracted using the Gene Infinity website
(https://www.bioinformatics.org/sms2/codon_usage.html)

[28] (Table 2).

Sequence Information and Annotation

The variation in codon usage bias was quantified by the
ENC and CBI in the ACUA software [29]. To evaluate the
codon usage bias, the ENC (value ranges from 20-61) is
generally used [30]. Thus, the CBI (normalized between -1
and 1) also calculated the number of preferred codons that are
used [31]. Thus, CBI value of zero means random choice is
used, 1 means only preferred codons, and less than zero
implies greater use of non-preferred codons [31].

In highly expressed genes, the CAI (ranges from 0 to 1)
evaluates the degree of bias towards the codons [32]. On the
gene in which uniformly all synonymous codons were used,
the CAI would be 0 indicating no bias. In the other hand, in

Table 1. Genetic Properties of Coronaviridae (COVID-19, MERS, and SARS)

COVID-19 MERS SARS

Locus 29903 bp ss-RNA linear VRL 30119 bp RNA linear VRL 29751 bp ss-RNA linear VRL
13-MAR-2020 13-AUG-2018 13-AUG-2018

Accession NC 045512 NC 019843 NC 004718

Version NC 045512.2 NC 019843.3 NC 004718.3

Db Xref 2697049 1335626 1489680

Protein ID: YP _009725295.1 YP 009047203.1 NP_828850.1

Gene ID: 43740578 14254602 1489680
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the genes where optimal codons were used, the CAI would
be 1 for the strongest codon bias [33]. AT and GC content at
three codon positions i.e., AT1, AT2, AT3, GCI1, GC2, and
GC3 were calculated. GC3 content is assumed to be an
excellent index of base composition bias [34].

Evolutionary Relationship and Protein Folding Rate

In the following, the evolutionary relationship and
phylogenetic analysis of Coronaviridae were studied using
the MEGA 7 software [29]. This analysis was performed by
the construction of a phylogenetic tree with the maximum
parsimony tree in MEGA 7. Frequencies of used codons were
reported as descriptive statistics. For the protein folding rate
study, the relative rareness of codons was studied in the
%Min-Max algorithm [35].

Molecular Modeling of nsp2 Protein

To investigate the structural relationships, the 3D

structure of nsp2 protein from COVID-19, SARS, and MERS
was modeled by submission of nsp2 sequences in the Robetta
Server [25]. The model which showed the best confidence
and Z-score was selected and visualized using a Swiss PDB
Viewer [36] and PyMOL molecular graphics system [27].
Hydrogen bonds were also calculated by PIC [37] and
WHAT IF [38].

Compositional Analysis of Coronaviridae

The coding sequence of these viruses was retrieved and
their codon usage bias and nucleotide composition bias were
analyzed. The codon bias and nucleotide composition
relationship were evaluated by comparing the values of A, T,
G, C, and GC with the A3, T3, G3, C3, and GC3 values,
respectively. The ATI1, AT2, At3, GC1, GC2, and GC3
values were calculated for each gene to investigate the
between codon variation and

relationship usage

compositional constraints. The GC3% of the cds was in the

Table 2. Compositional Analysis of Coronaviridae (MERS, COVID-19, and SARS) Genome Sequences. The Number of A, T, G,
and C Nucleotides, Total bp, Percent of AT and GC, Codon Adaptation Index CAI, AT and GC Skewness, and Effective Number
of Codons Enc

AT GC

Gene A T G C Total bp AT% GC% CAI ENc
Skewness Skewness

MERS 3419 4263 2882 2612 13176 58.303  41.697 -0.11 0.049 0.664  50.155

COVID-19 3950 4281 2656 2331 13218 62.271  37.729 -0.04 0.065 0.647 44.513

SARS 3648 4061 2847 2593 13149 58.628  41.372 -0.054 0.047 0.674  48.236

Gene Al Tl Gl Cl AT1% GC1% AT1 Skewness GC1 Skewness

MERS 1289 1367 685 1051 20.158 13.175 -0.029 -0.211

COVID-19 1381 1334 667 1024 20.54 12.793 0.017 -0.211

SARS 1351 1319 691 1022 20.306 13.028 0.012 -0.193

Gene A2 T2 G2 C2 AT2% GC2% AT?2 Skewness GC2 Skewness

MERS 922 1867 753 850 21.167 12.166 -0.339 -0.061

COVID-19 1232 1949 595 630 24.066 9.268 -0.225 -0.029

SARS 1026 1804 744 809 21.523 11.811 -0.275 -0.042

Gene A3 T3 G3 C3 AT3% GC3% AT3 Skewness GC3 Skewness

MERS 1207 1029 1444 711 16.97 16.355 0.08 0.34

COVID-19 1336 998 1394 677 17.658 15.668 0.145 0.346

SARS 1270 938 1412 762 16.792 16.534 0.15 0.299
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range of 15.668 to 16.534 and GC3 Skewness was from 0.299
to 0.34 (Table 2). The GC content at the first codon position
(GC1) and second codon position (GC2) was compared with
that of the third codon position (GC3) (Fig. 1). The results
show that the patterns of base compositions are most likely
the result of mutation pressure rather than that of natural

selection since at all codon positions its effects are present
[39].

Prevalence of Preferred (Used) Codons

Figure 1 shows the prevalence of preferred (used) codons
in the Coronaviridae family. Here, it can be found which
codon is preferred and used more than other codons. The
results showed that some codon usage of amino acids was
preferred in three different coronaviruses as the CCC for Pro.
Also, some codon usage has the lowest preferred codon for
these viruses as the GCG for Ala. However, some codons
have different uses in these viruses as shown in these results.

The close proximity of COVID-19 and SARS in the tree
diagram represented a similarity in their gene sequence of
orfla polyprotein (ppla). This phylogenetic analysis also
indicated that COVID-19 and SARS had a near phylogenetic
distance based on the nucleotide sequences of the orfla
polyprotein (Fig. 1D).

To investigate the importance of the protein folding rate
in the sequence of orfla polyprotein, the relative rareness of
codons was studied in the %Min-Max algorithm (Fig. 2) [35].

A sliding window of %Min-Max output along an mRNA
sequence produces a plot in which clusters of predominantly
common codons appear as positive (%Max) peaks, and
clusters of predominantly rare codons appear as negative
(%Min). The previous studies show that the synonymous rare
codons can enhance co-translational protein folding,
increasing the likelihood of forming the native protein
structure and suppressing alternative folded structures [40,
41]. As these results show, COVID-19 has used a greater
extent of the synonymous rare codons that can enhance
folding yield (the fraction of proteins that fold and assemble
to the native, active structure) (Fig. 2).

Molecular Modeling of nsp2 Protein

For the detailed study of structure, a 3D model of nsp2
protein was modeled in Robetta that created five models and
the best model was selected, as shown in Fig. 3. Robetta is a
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protein structure prediction service that is continually
evaluated through CAMEO [25]. The physicochemical
properties of nsp2 were studied by the ProtParam tool
(Table 3).

DISCUSSION

The genome of Coronaviruses’ contains about ten open
reading frames (ORFs) [42]. One of the essential ORFs is
ORF1a/b which encodes two large polyproteins [43,44]. The
ppla and pplab polyproteins translated from ORFla
comprise the enzymes of the RNA-synthesizing complex
involved in the viral genome replication and synthesis of
subgenomic mRNA [45,46]. Thus, Orfla plays a role in viral
replication and transcription [47]. The present study was
taken up to evaluate the bioinformatics parameters of codon
usage bias along with the base composition of the coding
sequences of Orfla genes in the COVID-19, SARS, and
MERS from the coronaviridae family.

Recently, computational biology approaches have been
considered for the evaluation of different viral features and
[48-50].
bioinformatics studies explore hidden information and new
the
opportunity of finding potential effective treatment methods.

for discovering effective drugs In fact,

insights about wviral pathogenicity and provide
In this study, this hidden information was evaluated and after
a preliminary analysis of the base composition, it was found
that the amount of AT is equal in the SARS and MERS but
the percentage of AT is 4% more in COVID-19 in relation to
the SARS and MERS. However, a complex correlation was
observed while investigating the relationship between
different nucleotides of the orfla gene in the Coronaviridae
family. The AT1 in the SARS, COVID-19, and MERS has an
almost identical frequency. On the other hand, AT2 has a
much higher frequency in COVID-19 in relation to SARS
and MERS. AT3 has a slightly higher frequency in COVID-
19. Moreover, the indices GC1, GC2, and GC3 were
computed for each gene to establish the relationship among
the three codon positions. GC1 has an almost identical
frequency. On the other hand, the GC2 has a much lower
frequency in COVID-19 and the AT3 has a slightly lower
frequency in COVID-19. Our results showed that the coding
sequences of the Coronaviridae family have a near range of
GC3. Previous studies have shown that mutation pressure and
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Fig. 1. The prevalence of preferred (used) codons in SARS (A), MERS (B), and COVID-19 viruses (C), D: Molecular

Evolution and Phylogenetic Diagram Coronaviridae.
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Fig. 2. The frequency and distribution of rare and common codons in the nucleotide sequence from 1 to 6000 in the SARS
(A, B), COVID-19 (C, D), MERS (E, F).
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SARS MERS

COVID-19

Table 3. In-silico Physicochemical Properties of the Nsp2 in the SARS, COVID-19, and MERS Obtained from ProtParam
Tool. *First Value is Based on the Assumption that Both Cysteine Residues are Oxides and form Cystine and the Second
Assumes that Both Cysteine Residues are Reduced

Parameters SARS MERS COVID-19
Theoretical pl 6.08 5.7 6.25
Molecular weight 70622.10 72167.58 70511.38
Sequence length 638 660 638
Extinction coefficients (M- cm™! at 260 nm)* 63830-65455 73690-74815 66810-68435
Asp + Glu 76 63 74

Arg + Lys 69 55 70
Instability index 35.96 31.24 36.06
Grand average of hydropathicity 89.51 0.114 -0.062
Aliphatic index -0.109 91.21 88.93
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natural selection are reasons for codon usage variation among
different genes. If mutational pressure was the only effective
reason for the codon usage bias, then the frequency of
nucleotides C and G should be equal to A and T at the
synonymous third codon position [51].

The orfla gene located at the 5-terminus of the genome
encodes the ppla proteins. The ppla protein encoded by the
orfla gene contains 10 nsps (nspl-nsp10). Non-structural
protein 2 (nsp2), is an RNA-binding protein that accumulates
in cytoplasmic inclusions and is involved in coronavirus
(CoVs) genome replication and suppressing gene expression.
Compared to other nsp proteins, nsp2 varies among different
CoVs strains. Different amino acid sequence identity has
been observed in three groups (1, 2, and 3) of COVs. It is
believed that nsp2 may mediate host-specific functions
depending on the CoVs group. Because of its features, nsp2
protein is an attractive target for further genetic studies. On
the other hand, to comprehend the structure of COVID-19,
we modeled the structure of non-structural protein 2 from the
COVID-19, SARS, and MERS using the I- the Robetta
Server [25]. The results of modeling show that the structure
of an nsp-2 protein is different in these COVID-19, SARS,
and MERS. However, a slight similarity is observed between
the nsp-2 protein from COVID-19 and MERS.

In our analysis, we have found that despite the high
similarity of the nucleotide sequences of the orfla
polyprotein gene in the MERS, COVID-19, and SARS, the
nucleotide sequences of the orfla polyprotein gene in
COVID-19 have some fundamental differences with the
MERS and SARS. This analysis shows some variations in the
nucleotide C and G with the A and T base compositions of
COVID-19 in comparison to the MRES and SARS. This
study reveals that other factors, such as natural selection or
mysterious factors might also be the determining factor in
shaping the synonymous codon usage pattern in COVID-19.

On the other hand, there is a reverse relationship between
gene expression and ENC. The lower ENC value indicates a
higher codon usage preference and higher gene expression
[30]. Our results show that the ENC value in COVID-19 has
lower that the MERS and SARS. This may indicate that
COVID-19 has a higher gene expression in comparison with
MRES and SARS. Similar to the ENC analysis, the low CAI
value indicates a relatively high gene expression level. More
interestingly, a correlation was observed between ENC and
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CAI (low for COVID-19) which shows that COVID-19 has a
strong preference for a subset of codons (optimal codons and
tRNA abundance) [52].
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