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Abstract

Since its emergence, COVID-19 has caused severe health problems, and reached more than 220 countries. The viral genome
is prone to mutations leading to the appearance of new variants that might be more infectious. Many new genomic sequences
of SARS-CoV-2 are uploaded to the public database; monitoring these sequences for possible variations can significantly
help in the process of vaccine development and prevention plans. This study aimed to explore whole genome sequences of
SARS-CoV-2 that are recently submitted to global databases from different geographical areas for possible new mutations.
For this purpose, forty complete genomic sequences of SARS-CoV-2 from 20 countries were downloaded from GISAID (12
Dec 2020 -20 Mar 2021) and converted to their corresponding amino acid sequences using Expasy online software. Both the
DNA and amino acid sequences were aligned with the reference genome (Accession number; NC_045512) by the multiple-
sequence alignment tool Clustal Omega. The aligned sequences were then examined for any change compared to the
reference genome.

The results showed a total of 1264 nucleotide variations; 93.43% were SNPs, 6.49% deletions, and 0.08% insertions. About
59% were non-synonymous mutations and 41% were synonymous mutations. Most of the non-synonymous mutations that
lead to amino acid changes were in the Spike (36.63%) and Nucleocapsid (15.60%) genes. Among these changes 24 unique
amino acid variations were repeated more than five times, dispersed among the following proteins NSP3, NSP6, NSP12,
Spike, ORF3a, and Nucleocapsid.

The analysis in this study revealed an increase in the number of variations accumulated throughout the pandemic, and most
of the non-synonymous mutations were in the Spike and Nucleocapsid genes. Sustained molecular surveillance of SARS-
CoV-2 is essential to identify new variants and their impact on control measures of the pandemic and also important in the
process of vaccine production.
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HCoV-OC43 give rise to mild respiratory symptoms

1. Introduction

The recent pandemic, Coronavirus Disease-2019
(COVID-19) caused by Severe Acute Respiratory
Syndrome-Coronavirus2 (SARS-CoV-2) has made a
threatful health problem since its appearance in Wuhan
City, China(Wu et al., 2020, Li et al., 2020). This
pandemic has reached 220 countries, infected at least
206,987,517 individuals, and caused 4,358,629 deaths. In
Iraq, the number of cases has reached 1,761,143 and
19,541 deaths, as of 10th May 2021 (Worldometer, 2021).

Coronaviruses (CoVs) are members of a diverse family
of enveloped, positive-sense, single-stranded RNA-
viruses, called Coronaviridae(Alluwaimi et al., 2020).
The CoVs include four genera, the a- and B-CoV infect
mammals, whereas y- and 06-CoV are related to birds
(Worldometer, 2021, Guo et al., 2020). Seven species of
CoVs are capable of infecting humans. The a-CoVs
HCoV-229E, HCoV-NL63, B-CoVs HCoV-HKUI1, and

similar to the common cold (Guo et al., 2020, Liu et al.,
2021), while the B-CoVs, SARS-CoV, and Middle East
Respiratory Syndrome-Coronavirus (MERS-CoV) lead to
severe and possibly fatal respiratory tract infections (Guo
et al., 2020). The results of whole genome sequencing
analysis have revealed that the SARS-CoV-2 is 96.2%
similar to bat CoV (RaTG13), 79.5% to SARS-CoV, and
50% to MERS (Guo et al., 2020, Hu et al., 2021).

The genome size of SARS-CoV-2 is 29903 nucleotides,
which contains 12 open reading frames (ORFs) encoding
27 proteins (Rahimi et al., 2021, Gordon et al., 2020, Wu
et al., 2020). It starts with 265 nucleotides, 5’ UTR, and
ends with 358 nucleotides, 3' UTR. The first ORF spans
over 67% of the viral genome encoding 16 non-structural
proteins (NSPs); these NSPs are mainly involved in the
transcription and replication processes of the viral genome.
Followed by the structural genes; membrane (M), Spike
glycoprotein (S), Nucleocapsid (N), and Envelope (E)
genes respectively. The other accessory proteins are
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encoded by the remaining ORFs dispersed between the
structural genes (Kumar et al., 2020).

Variations in the nucleotides and amino acid sequences
are necessary for the viruses to adapt and evolve in the
environment or the host. These variations enable viruses to
evade the host immune system (Agudelo-Romero et al.,
2008). Furthermore, some variations might alter the
pathogenicity or the rate of infectivity of the virus
(Abdullahi et al., 2020). For instance, mutations in the
furin cleavage site have made SARS-CoV-2 more
contagious than SARS-CoV (Huang et al., 2020).

Due to the rapid spread of the disease, several studies
have been conducted seeking changes in the viral genome.
Koyama et al. (2020) analyzed 10,022 SARS CoV-2
genomes from 68 countries; most of the genome sequences
were isolated in the United States of America, the United
Kingdom, and Australia. Overall, their analysis showed
5,775 distinct genome variants (Koyama et al., 2020).

Analysis of further genomic sequences in a wider range
of countries (28 countries) has shown variants correlated
with increased transmissibility, infectivity, and fatality rate
(Dumonteil et al., 2021, Toyoshima et al., 2020).

Since its emergence, many genomic sequences of
SARS-CoV2 were uploaded to the global databases from
diverse geographic arecas and at different times (NCBI,
2021, Gisaid.org, 2021). It is crucial to monitor these
genomic sequences for possible variations to understand
and trace the evolution and spread of the virus; in turn, this
will have a significant contribution to versatile planning in
the prevention and development of therapeutic vaccines
for the virus, as well as self and community protective
measures. This study aimed to analyze genomic and
proteomic sequences of SARS-CoV-2, specifically those
newly submitted to global databases from different
geographical areas and explore the mutation rate and the
effect of these mutations on the proteins produced by the
virus.

2. Methodology

2.1. whole genomic sequences

Forty genomic sequences of SARS-CoV-2 were
downloaded from the GISAID (Gisaid.org, 2021) from 20
countries as FASTA format file (Mexico, Bulgaria, France,
Italy, Belgium, Ukraine, Botswana, Brazil, Spain,
Indonesia, Russia, Romania, Ghana, USA, Czech
Republic, Monaco, Austria, Cameroon, England, and
Scotland) (Table 1). The reference sequence of SARS-
CoV2 (Accession number; NC 045512, Dec/2019) was
obtained from NCBI (NCBI, 2021).

Table 1 The continents where the genomic sequences of SARS-
CoV-2 were downloaded from.

Continents No. of countries No. of sequences
Asia 1 2

Europe 13 29

North America 2 5

South America 1 1

Africa 3 3

Sum 20 40

The downloaded sequences in this study were
originally uploaded to GISAID (Gisaid.org, 2021) between
12/Dec/2020 to 20/Mar/2021. For the bioinformatic
analysis only high-quality and full-length sequences with
known collection date were included in this study.
Incomplete and low coverage sequences with more than
5% ambiguous bases (Ns) were excluded.

2.2. Sequence processing and alignment

Before we proceed with the analysis, a single FASTA
format file was created, including all the 40 genomic
sequences along with the reference genome. This file was
then used to convert the genomic sequences to their
relevant amino acid sequences by the online bioinformatic
software Expasy (Duvaud et al., 2021). Then, both the
nucleotide and amino acid reference sequences were
annotated by SnapGene software (V 5.1.5) to determine
and highlight the exact position of the genes and proteins,
based on the information provided by the reference
sequence of SARS-CoV2 on NCBI (NCBI, 2021).

Finally, the FASTA files for both the genomic
sequences and the amino acid sequences were used in the
multiple-sequence alignment tool (Clustal Omega) to align
both nucleotide and amino acid sequences in two separate
runs (Sievers et al., 2011, Gasteiger et al., 2003).

2.3. Result visualization

The results of the alignments were visualized by the
UGENE software (V.37). The nucleotide and amino
acid variations were observed in the aligned
sequences when compared to the reference
sequences. The observed variations in the genomes
and proteins were recorded in Microsoft Excel (V.
Professional plus 2016), which then were analysed
accordingly.

3. Results

Forty genomic and proteomic sequences of SARS-
CoV2 derived from twenty countries downloaded were
compared and analyzed with the reference sequence
(Accession number; NC _045512). The total number of
nucleotide variations was 1264, of which 1181 (93.43%)
variations were SNPs, 82 (6.49%) deletions and 1 (0.08%)
insertion. The average nucleotide variation per sequence
was 31.6, as shown in (Figure 1).
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Figure 1. The types of variations. Of the total 1264 variations
observed, 1181 (93.43%) are SNPs, 82 (6.49%) deletions, and 1
(0.08%) insertion (Blue columns). The average nucleotide
variation per sequence (Redline) is 31.6.
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Of these 1264 nucleotide variations, 745 (59%) had
changed amino acid sequences (non-synonymous
mutations), while the other 519 (41%) were synonymous,
which had not altered the codon sequences in a manner to
change the corresponding amino acid compared to the
reference sequence (Figure 2).
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Figure 2: Synonymous Vs. Non-synonymous mutations. 59% of
the observed variations changed the amino acid sequence (Non-
synonymous mutations shown as red column), while the remained
41% were silent mutations that didn’t alter the amino acid
sequence (Synonymous mutations shown as blue column).

Based on the type of the nucleotide change, the most
frequent nucleotide conversion was Cytosine (C) changed
to Thymine (T) (521 /44.1%) (Figure 3), followed by
Adenine (A) to Guanine (105/ 8.9%), G to T (90/ 7.63%),
T to C (86/ 7.28%), G to A (80/ 6.77%), and A to T (79/
6.7%). C to A and G to C both 74 times (6.265%), T to A
(28/2.38%), T to G (27/ 2.28%), A to C (11/0.93%) and C
to G with the least number (6/ 0.5%). The C substitution to
other nucleotides was about 50.8%. The G substitution to
other nucleotides was 20.6%, T to other nucleotides was
11.9%, and A to other nucleotides was 16.5%.
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Figure 3: Types of nucleotide changes. The C substitution to
other nucleotides is the most frequent nucleotide change with
50.8%. The C — T change shown at the bottom of the graph is the
most prominent nucleotide change (44.1%). Other mutations are
close to each other in distribution ( The C substitutions: 20.6%, T
substitutions: 11.9%, and A substitutions: 16.5%).

On the protein level, the most variations were located
in the spike protein with 273 (36.63%) of the total 745
amino acid variations (Figure 4). Oppositely, the lowest
number of variations was 1(0.12%) in NSP8 and Envelope
protein, and 0 in the NSP1, NSP15, ORF6, and ORF7b.
Other proteins were NSP7 and ORF7a with 2 (0.29%)
variations, NSP16 (3/ 0.40%), NSP14 and ORF10 (4/
0.53%), Membrane protein and NSP5 (5/ 0.67%), NSP9(8/
1.10%), NSP4 (10/ 1.34%), NSP13 (18/ 2.40%), NSP2(20/
2.69%), ORF3a (23/ 3.08%), NSP6 (32/ 4.28%), NSP12
(83/ 7.11%), ORF8 (71/ 9.52%), NSP3 (92/ 12.33%) and
Nucleocapsid protein with 116 variations (15.60%). The
average amino acid variation was 18.625.
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Figure 4: Amino acid variations of proteins for SARS-CoV-2
(Blue columns). The highest number of variations have been
recorded in the spike protein (273), followed by Nucleocapsid
(116) and to a lesser extent in NSP3 (92). Proteins with a low
number of variations (NSP8, Envelope protein, NSP1, NSP15,
ORF6, ORF7b, NSP7, ORF7a, NSPl6, NSP14, ORFI10,
Membrane Protein, NSP5) are not shown here. The average amino
acid variation per sequence is 18.6 (Red line).

Finally, this study showed the presence of significant amino acid
variations revealed by their high frequency. In the analysis,
twenty-four amino acid variations were repeated more than five
times for 7 different proteins (Figure 5). Of these, three variations
were from NSP3, T1831, A890D, and 11412T, all found in 19
different aligned sequences. 106-108 Del from NSP6 has been
repeated 21 times. There were 39 times repetitions of P323L at
NSP12. In the spike protein, there were nine amino acid variations
which are 68-70 Del and A570D with both 20 times, P681H (22
times), D614G (39 times), N501Y (23 times), 144 Del (19 times),
and 19 times repetition for T716 1, S982A and D1118H. ORF3a
contained one such variation, which is Q57H that is repeated
seven times. The Q27, R52 I, and Y73C with the frequency of 19,
and K68 with nine presented in ORFS. Five frequent variations
were found in the N protein; these are R203K, and G204R shared
in 26 sequences, T2051 found in 6 sequences, S235F, and D3L
repeated in 19 sequences. The remaining amino acid variations
with frequencies lower than five were neglected.
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Figure 5: Frequency of highly repeated amino acid variations
(more than five times) within the 40 SARS-Cov-2 genome
sequences. D614G in spike protein and P323L in NSP12 (39
times), with R203S and G204R in Nucleocapsid protein, are the
most repeated changes among the frequent amino acid variation.

4. Discussion

This study analysis showed a high number of
nucleotide variations, with an average of 31.6 from 40
genomic sequences when compared to the reference
sequence (Accession number; NC 045512). The
predominant type of variation was SNPs. This
phenomenon is suggested to be associated with the error-
prone viral RNA-dependent RNA polymerase or by
mechanisms of the host cell RNA editing enzymes as a
defense mechanism (Mercatelli and Giorgi, 2020).

The type of nucleotide change (shown in Figure 3)
showed C—T change to score the highest value. The
average nucleotide variation in this study was higher than
in the study by (Mercatelli and Giorgi, 2020). It might be
caused by the higher number of mutations accumulated
over time, and a lower number of sequences analyzed in
this study. The reason for this mutational bias toward
C—T is not completely understood, but there are two
possible explanations, the codon usage bias, and the RNA
editing host enzyme APOBEC (Pollpeter et al., 2018,
Ghosh and Chakraborty, 2020). However, it has been
observed that the translational preference of a few codons
is strongly correlated with the mutational bias imposed by
genome compositional constraint and influenced by natural
selection, especially in the second and third codon
position, which is more biased towards the AT/U content.
This is determined by the relative synonymous codon
usage (RSCU) value with an average of 64.19% at the
second position and 65.24% at the third position,
respectively (Ghosh and Chakraborty, 2020).

Of the 1264 nucleotide variations, there were more
non-synonymous mutations in comparison to synonymous
mutations (shown in Figure 2). Analysis of 3067 SARS-
CoV-2 whole genome sequences isolated from 55

countries revealed 782 variant sites, 65.98% non-
synonymous, and 28.39% synonymous mutations. The
remaining 5.63% was in the intergenic regions of the
genome (Laamarti et al., 2020). Despite the higher number
of sequences included in the study, the number of
variations is lower compared to the current study. These
differences might be due to different submission dates of
the downloaded sequences. Furthermore, Laamarti et al.
(2020) analyzed sequences from the first three months of
the emergence of the disease, while the sequences
analyzed in this study were after twelve months
(December 2020); for this reason, a higher number of
variations potentially accumulated since the emergence of
the virus in Wuhan, China at December 2019 (Laamarti et
al., 2020).

Non-synonymous mutation distribution (shown in
Figure 4) shows the predominance of variants in S and N
proteins. Other proteins contained a lower number of
variations, and some of them had no variation at all. The
high mutation rate in the spike protein is due to its
receptor-binding properties and immunogenicity, and it is
supposed to be the major target for antibodies (Singh et al.,
2020). The N protein is also one of the critical targets for
B cells to be targeted by antibodies, the most abundant
protein in coronaviruses, and highly immunogenic
(Oliveira et al., 2020). Both proteins are under immune
system pressure (Forni et al., 2020).

We only recorded the most repeated mutations, equal to
or more than five-time frequency. Of these recorded
mutations, the 68-70 Del, A570D, P681H, D614G,
N501Y, 144 Del, T716 I, S982A, and D1118H were in the
S protein (shown in Figure 5). Similar mutations were
found in VOC belonging to B.1.1.7 from the viral
sequences in Czech Republic, France, Ukraine, Ghana,
Italy, England, Bulgaria, Spain, Belgium and Botswana
(Davies et al., 2020, Ramirez et al., 2021, ASSESSMENT,
2020).

Some preliminary data on the effect of 68-70 Del,
N501Y, D614G, and P681H has been discovered. The
G614 variant, which has emerged as a predominant clade
in Europe and is spreading worldwide, predominates over
time in locales where it is found, implying that this change
enhances viral transmission. This mutation increases the
entry to ACE2-expressing cells more efficiently due to the
decreased shedding of the Sl-domain and higher
incorporation of S-protein into the virion (Zhang et al.,
2020, Isabel et al., 2020). The N501Y mutation appears to
increase the affinity of interaction with murine and human
ACE2, as it is one of the key residues in the receptor-
binding domain of Spike protein (Ramirez et al., 2021, Gu
et al., 2020, Starr et al., 2020). The P681H is placed
immediately in the spike furin cleavage site (Peacock et
al., 2021, Kemp et al., 2020). However, the functional
effect of this mutation is not well understood. The 69-70
deletion-mutation has been determined to increase the viral
infectivity in vitro, associated with immune evasion in
immunocompromised patients, and has also been shown to
be related to the problems in the SARS-CoV-2 RT-PCRs
assays targeting the S gene (Ramirez et al., 2021, Kemp et
al., 2020b). However, the exact impacts of these mutations
on transmissibility, infectivity, and clinical severity are not
known up to this time and remain to be fully elucidated.

The N protein contained five frequent variations,
R203K and G204R (Russia, Brazil, Cameroon, Mexico,
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France, Ukraine, Ghana, Italy, England, Bulgaria, Spain,
and Belgium), T205I (USA, Indonesia, Monaco, and
Botswana), S235F and D3L (France, Ukraine, Ghana,
Italy, England, Bulgaria, Spain, and Belgium). It has been
shown that R203K and G204R increase positively charged
site, and might increase local rigidity with the removal of
Gly204. (Garvin et al., 2020). The exact role of mutations
in the N beyond RNA and protein interaction interfaces in
the pathogenesis of the virus requires further investigations
(Singh et al., 2021).

The NSP3 follows the N protein based on the number
of mutations per protein with 92 mutations. Three
variations were frequent in our results in the NSP3, which
are T1831, A890D, and 11412T (Bulgaria, Italy, Belgium,
Ukraine, Spain, France, Ghana, and England). Loconsole
et al. (2021) identified these mutations from a patient
traveling back to the Apulia Region in Italy from London,
UK (Loconsole et al., 2021). The functional effect remains
to be explored.

Four recurrent mutations, Q27*, R52I, Y73C, and
K68*, were identified in ORFS8 (France, Ukraine, Ghana,
Italy, England, Bulgaria, Spain, and Belgium). The
functional effect of Q27* and K68* is the truncation in the
protein structure(Pereira, 2021). These mutations do not
seem to have a harmful effect on the virus, as the
morbidity and mortality rates have not decreased despite
the presence of these mutations in the circulating variants
(Pereira, 2021).

The P323L mutation in NSP12 had a frequency of 39
times (Bulgaria, Italy, Belgium, Ukraine, Italy, Spain,
France, Ghana, Monaco, England). The P323L is unlikely
to influence polymerase enzymatic activity directly as it is
located distal to the NSP12 catalytic core. Instead, this
residue is located at the surface of NSP12, near one of the
binding sites for NSP8. However, this mutation could
modify the NSP8 interaction or interaction with a yet
unknown viral or host factor (Peacock et al., 2021). Also,
P323L is associated with epitope loss, which could
influence the pathogenesis of antibody escape variants
(Hasan et al., 2021). However, Hasan et al. (2020)
describe that this mutation might affect the proofreading
activity of RNA-dependent RNA polymerase (RdRp),
provoking other changes (Pachetti et al., 2020).

The amino acid deletions 106-108 in NSP6 known as
the 'SGF deletion (Bulgaria, Italy, Belgium, Ukraine, Italy,
Spain, France, Ghana, Monaco, England), identically
found in B.1.1.7 lineage, the P.1 lineage, and several
isolates from the B.1.351 lineage. NSP6 is a multi-pass
transmembrane protein that is thought to be involved in
autophagy and antagonism of innate immune responses,
but the influence of this deletion on virus phenotype
remains unclear (Peacock et al., 2021). The three
successive amino acid deletion 106—108 has caused these
variants (P.1, B.1.1.7, and B.1.351) more transmissible
than previous circulating variants with possible increased
risk of hospitalization, severity, and mortality in the
(B.1.1.7). No impact was reported in-hospital mortality
(B.1.351), and the effect on (P.1) is under investigation
(WHO, 2021).

The Q57H is located in ORF3a (US, Indonesia,
Monaco, France, Botswana), which codes for a protein that
regulates inflammation, antiviral responses, and apoptosis
in the infected cells (Joshi et al., 2021). Q57H mutation
might affect inflammasome activation (Hassan et al.,

2020). Other proteins had fewer variations and did not
attract much of the study’s attention, although they did not
contain variations repeated five or more times.

5. Conclusions

The analysis in this study showed an increased number
of mutations accumulated over time, revealed by the
average number of mutations per sequence (31.6) in
comparison to the studies mentioned previously, in the
course of the pandemic, a year after the onset. A higher
number of non-synonymous mutations were recorded
compared to the silent mutations. Most of these mutations
were located in the Spike and Nucleocapsid proteins due to
their immunogenic properties as being major targets of B
cells. Our results also showed some major amino acid
variations that have been shown to increase viral entry to
ACE2 expressing cells.

The amino acid variations have the possibility to either
positively or negatively alter proteins, subsequently
changing the phenotype of the virus such as infectivity,
virulence, and tissue tropism. Moreover, it can also affect
the decision on the process of vaccine development.

Having applied restricted criteria for the collected
sequences, one limitation of our study could be a low
number of whole genome sequences included in the
analysis. Including further genomic sequences and
restricting the analysis on the structural genes is the ideal
starting point for future analysis. Finally, continued
molecular observation of the SARS-CoV-2 genome is
necessary to identify new emerging variants and their
impact on the control measures and prevention plans of the
pandemic.
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