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A B S T R A C T   

Coronavirus disease 2019 (COVID-19), caused by SARS-CoV-2 pathogen, has led to waves of global pandemic 
claiming lives and posing a serious threat to public health and social cum physical interactions. To evaluate the 
mutational landscape and conserved regions in the genome of the causative pathogen, we analysed 7213 com
plete SARS-CoV-2 protein sequences mined from the Global Initiative on Sharing All Influenza Data (GISAID) 
repository from infected patients across all regions on the EpiCov web interface. Regions of origin and the 
corresponding number of sequences mined are as follows: Asia – 2487; Oceania – 2027; Europe – 1240; Africa – 
717; South America – 391; and North America – 351. High recurrent mutations, namely: T265I in non-structural 
protein 2 (nsp2), L3606F in nsp6, P4715L in RNA-dependent RNA polymerase (RdRp), D614G in spike glyco
protein, R203K and G204R in nucleocapsid phosphoprotein and Q57H in ORF3a with well-conserved envelope 
and membrane proteins, 3CLpro and spike S2 domains across regions were observed. Comparative analyses of 
the viral sequences reveal the prevalence P4715L and D614G mutations as the most recurrent and concurrent in 
Africa (97.20%), Europe (89.83%) and moderately in Asia (61.60%). Mutation rates are central to viral trans
missibility, evolution and virulence, which help them to invade host immunity and develop drug resistance. 
Based on the foregoing, it is important to understand the mutational spectra of SARS-CoV-2 genome across re
gions. This will help in identifying specific genomic sites as potential targets for drug design and vaccine 
development, monitoring the spread of the virus and unraveling its evolution, virulence and transmissibility.   

1. Introduction 

The novel coronavirus was first reported on December 30, 2019 in 
Wuhan of Hubei Province, China (Wang et al., 2020). With the use of 
reverse-transcription polymerase chain reaction (RT-PCR) technique, 
the first whole-genome sequence of the virus was determined and 
published; this information subsequently helped in identifying the virus 
in patients (Wang et al., 2020). The virus was initially named 2019 novel 
coronavirus (2019-nCoV), or “Wuhan seafood market pneumonia virus” 
(GenBank, 2020) before the disease was officially named coronavirus 
disease 2019 (COVID-19) by the World Health Organisation (WHO) on 
February 12, 2020. Its causative agent is severe acute respiratory syn
drome coronavirus 2 (SARS-CoV-2) (Wang et al., 2020). As of 5:36 p.m. 
CEST, September 13, 2021, global fatality due to COVID-19 infections 
had risen to 4,627,540 with 224,511,226 confirmed cases (WHO Coro
navirus (COVID-19) Dashboard | WHO Coronavirus (COVID-19) Dash
board With Vaccination Data [WWW Document], 2021). 

The SARS-CoV-2 is classified thus: Viruses; Riboviria; Orthornavirae; 

Pisuviricota; Pisoniviricetes; Nidovirales; Cornidovirinae; Coronavir
idae; Orthocoronavirinae; Betacoronavirus; Sarbecovirus (GenBank, 
2020; Malta et al., 2020). In general, coronaviruses are large, enveloped, 
single-stranded RNA viruses with the largest genome (ranging from 26 
to 32 kb) among all RNA viruses (Wang et al., 2020; Woo et al., 2010). 
The genomic RNA consists of: 3′-, 5′-untranslated regions (UTRs), 
ORF1ab, ORF3a, ORF6, ORF7a/b, ORF8, ORF10 and regions for four 
structural proteins, namely: nucleocapsid phosphoprotein (N), mem
brane protein (M), envelope protein (E), and the spike protein (S). The 
spike proteins facilitate viral entry and membrane fusion, and they form 
large protrusions in the form of crowns (Latin, corona) (Banerjee et al., 
2020; Li, 2017; Shi et al., 2003). The ORF1ab region coding sequence 
encodes very important non-structural proteins (nsp), among which the 
following have essential functions: nsp2, which interacts with host 
protein (prohibitin 1 and 2) post-infection; nsp3 (papain-like protein
ase), which promotes cytokine expression by blocking host’s innate 
immune response; 3-chymothrypsin-like proteinase (3CLpro), which is 
crucial for RNA replication and mediates cleavages downstream of nsp4 

* Corresponding author. 
E-mail address: magbadegesin@yahoo.com (M.A. Gbadegesin).  

Contents lists available at ScienceDirect 

Infection, Genetics and Evolution 

journal homepage: www.elsevier.com/locate/meegid 

https://doi.org/10.1016/j.meegid.2021.105097 
Received 7 November 2020; Received in revised form 24 September 2021; Accepted 27 September 2021   

mailto:magbadegesin@yahoo.com
www.sciencedirect.com/science/journal/15671348
https://www.elsevier.com/locate/meegid
https://doi.org/10.1016/j.meegid.2021.105097
https://doi.org/10.1016/j.meegid.2021.105097
https://doi.org/10.1016/j.meegid.2021.105097
http://crossmark.crossref.org/dialog/?doi=10.1016/j.meegid.2021.105097&domain=pdf


Infection, Genetics and Evolution 96 (2021) 105097

2

that are important for viral replication; nsp12, the RNA-dependent RNA 
polymerase (RdRp); and nsp13, the NTPase/helicase or zinc-binding 
domain. The ORF1ab polyprotein (7096 amino acids) plays a crucial 
role in altering host cell environment and viral replication (GenBank, 
2020; Woo et al., 2010; Yin, 2020). 

Viral genome variability and evolution is centered on mutation rates, 
which help the virus to invade the host, evade host’s immunity, develop 
drug resistance (Pachetti et al., 2020) and the possible emergence of 
more virulent strains with a high mortality rate (Koyama et al., 2020). 
Alterations of host range and tissue tropism through mutations and ge
netic recombination aid the adaptability of coronaviruses to new envi
ronments, which results in constant and long-term health threats (Li, 
2017). Understanding the mutational pattern of coronaviruses and 
monitoring their spread can be crucial for drug/vaccine development, 
economic stability, survival and global health (Li, 2017). More so, 
genomic sequence comparisons using single nucleotide polymorphisms 
(SNPs) and mutational studies have often been used for evolutionary 
research in recognising mutations in the genomes (Yin, 2020). There
fore, the present study was carried out to gain insight into the genomic 
variabilities and conserved domains in the SARS-CoV-2 genome across 
different continents. 

2. Material and methods 

2.1. Data acquisition 

SARS-CoV-2 genomic sequences (7213, Asia – 2487, Oceania – 2027, 
Europe – 1240, Africa – 717, South America – 391, and North America – 
351) submitted between December 2019 and September 2020, filtered 
as complete (>29,000 bp), human samples, low coverage excluded, high 
coverage only, all clades, all geographic regions and with patient status 
were obtained from the GISAID database (epicov.org/epi3/frontend). 
Detailed information on the regions infected by SARS-CoV-2 and from 
which complete genome sequences, used in this study, have been shared 
on the GISAID database is available as Supplementary File S1. 

2.2. Sequence and mutational analysis 

The mined 7213 SARS-CoV-2 genomic sequences were analysed with 

respect to the reference strain (accession number: hCoV-19/Wuhan/ 
WIV04/2019) on the EpiCov web interface (epicov.org/epi3/frontend) 
to evaluate the global population variability in the SARS-CoV-2 genome 
since the onset of COVID-19 pandemic in order to identify conserved 
domains and mutational patterns. Mutations that occurred multiple 
times (≥1%) independently were focused on as they are likely candi
dates for the ongoing adaptive strategies of SARS-CoV-2 to human host. 
However, sites with few (<1%) sequences and undetermined residues 
(labelled as X), which might have resulted due to putative artefactual 
single nucleotide polymorphism, were excluded from the study. 

3. Results 

Mutational analysis of the 7213 SARS-CoV-2 genome sequences 
revealed the following high rate recurrent mutations in the ORF1ab 
polyprotein sequence: T265I and D448del (nsp2 coding region), T2016K 
(nsp3), G3278S (nsp5), L3606F (nsp6), A4489V and P4715L (RNA 
dependent RNA polymerase), and P5828L, Y5865C (RNA helicase re
gion). In addition, very high rate recurrent mutations exist at the 
following locations: spike protein; D614G, nucleocapsid phosphopro
tein; S194L, R203K and G204R, ORF3a; Q57H and G251V, and ORF8; 
L84S. The recurrent mutations observed from this study flags these three 
(3) regions (S, N and RdRp regions) as SARS-CoV-2 genome hotspots. All 
observed high-frequency mutations are shown in Table 1. 

It is worth noting that the D614G mutation in the S protein coincides 
with P4715L variants in the ORF1ab RdRp region. The R203K and 
G204R variants ran concurrently almost in same viral sequences. The 
78% viral samples bearing the D614G and P4715L mutations also bears 
either the concurrent N protein R203K and G204R or the ORF3a Q57H 
mutations (Table 2). The following mutations: N protein (P13L and 
S194L), ORF8 (L84S), nsp3 (T2016K), and nsp6 (L3606F) are prevalent 
in Asian population. Mutations P5828L and Y5865C in nsp13 are 
prevalent in Oceania samples and they are concurrent in same viral 
sequences. ORF8 variants having S24L mutations are only observed in 
viral samples from the USA. More so, the N protein variants having 
I292T mutation are prevalent in viral samples from South America. The 
SARS-CoV-2 viral sequences were classified into clades and the corre
sponding pangolin lineage (Table 3); clade GR (40.22%), GH (20.37%), 
G (16.87%), O (10.69%), S (6.49%), L (3.88%) and V (1.48%). 

Table 1 
High frequency mutations in the 7213 SARS-CoV-2 genome.a  

SARS-CoV-2 region Mutation Africa Asia Europe Oceania North America South America Total % incidence 

S protein D614G 696 (97.1%) 1452 (58.4%) 1113 (89.8%) 1689 (83.3%) 321 (91.5%) 361 (92.3%) 5632 78% 
N protein P13L 2 (0.3%) 248 (10%)  116 (5.7%)   366 5% 

S194L 2 (0.3%) 314 (12.6%) 11 (0.9%) 14 (0.7%) 10 (2.8%) 1 (0.3%) 352 5% 
R203K 489 (68.2%) 502 (20.2%) 435 (35.1%) 1348 (66.5%) 47 (13.4%) 252 (64.5%) 3073 43% 
G204R 489 (68.2%) 495 (19.9%) 432 (34.8%) 1348 (66.5%) 45 (12.8%) 252 (64.5%) 3061 42% 
I292T   2 (0.2%) 4 (0.2%)  113 (28.9%) 119 2% 

ORF3a Q57H 49 (6.8%) 774 (31.1%) 295 (23.8%) 192 (9.5%) 238 (67.8%) 63 (16.1%) 1611 22% 
G251V 3 (0.4%) 61 (2.5%) 29 (2.3%) 67 (3.3%) 3 (0.9%) 4 (1%) 167 2% 

ORF8 S24L     64 (18.2%)  64 1% 
L84S 12 (1.7%) 259 (10.4%) 60 (4.8%) 171 (8.4%) 24 (6.8%) 12 (3.1%) 538 7% 

ORF1ab; nsp2 T265I 20 (2.8%) 79 (3.2%) 188 (15.2%) 148 (7.3%) 207 (59%) 28 (7.2%) 670 9% 
D448del 5 (0.7%) 4 (0.2%) 4 (0.3%)    13 0% 

ORF1ab; nsp3 T2016K 2 (0.3%) 254 (10.2%)  24 (1.2%)   280 4% 
ORF1ab; nsp5 G3278S 67 (9.3%) 1 (0.04%) 13 (1%)  2 (0.6%) 1 (0.3%) 84 1% 
ORF1ab; nsp6 L3606F 35 (4.9%) 425 (17.1%) 56 (4.5%) 152 (7.5%) 11 (3.1%) 6 (1.5%) 685 9% 
ORF1ab; nsp12 A4489V 2 (0.3%) 256 (10.3%)  25 (1.2%) 1 (0.3%) 1 (0.3%) 285 4% 

P4715L 697 (28%) 1532 (61.6%) 1088 (87.7%) 1689 (83.3%) 316 (90%) 357 (91.3%) 5679 79% 
ORF1ab; nsp13 P5828L  7 (0.3%)  50 (2.5%) 14 (4%) 2 (0.5%) 73 1% 

Y5865C  7 (0.3%)  51 (2.5%) 14 (4%) 2 (0.5%) 74 1% 

Key: One letter code for corresponding amino acid: A – Alanine, R – Arginine, N – Asparagine, D – Aspartic acid, C – Cysteine, E – Glutamate, Q – Glutamine, G – 
Glycine, H – Histidine, I – Isoleucine, L – Leucine, K – Lysine, M – Methionine, F – Phenylalanine, P – Proline, S – Serine, T – Threonine, W – Tryptophan, Y – Tyrosine, V 
– Valine. 

a The mutation positions are with respect to the reference (hCoV-19/Wuhan/WIV04/2019). The percentage (%) incidence is calculated as number of observed 
mutations across regions from the total 7213 viral samples. Highly recurrent mutations were observed in nsp12; P4715L, ORF3a; Q57H, N protein; R203K and G204R, 
and S protein; D614G. 

O.E. Omotoso et al.                                                                                                                                                                                                                             

http://epicov.org/epi3/frontend
http://epicov.org/epi3/frontend


Infection, Genetics and Evolution 96 (2021) 105097

3

4. Discussion 

Since its emergence and identification in December 2019 at Wuhan, 
China, the globally infectious coronavirus disease, caused by novel 
SARS-CoV-2, has presented untold hardship and critical challenge to 
global economies, social integration and public health (Omotoso, 2020; 
Wang et al., 2020). An earlier report (Dorp et al., 2020) suggested an 
accumulation of moderate mutations in the SARS-CoV-2 global popu
lation with an average pairwise variance of 9.6 SNPs at th phase of the 
pandemic and an estimated mutation rate of ~6 × 10− 4 nucleotides/ 
genome/year (CI: 4 × 10− 4 - 7 × 10− 4). Since the first human trans
mission in December 2019 (Wang et al., 2020), SARS-CoV-2 trans
mission is estimated to have reached 14 generations (Yin, 2020). 

The ORF1ab nsp2 maintains the mitochondria functional integrity 
(Shuvam et al., 2020); in relation to nsp4, nsp2 is involved in viral 
replication. It modulates signalling in host cell environment by inter
acting with two host proteins, prohibitin 1 and prohibitin 2, which have 
been implicated in cell cycle progression, cell migration, mitochondrial 
biogenesis, and apoptosis (Lu, 2020; Shuvam et al., 2020). Mutations at 
position 265 in nsp2 induce structural alteration (Shuvam et al., 2020) 
and could serve as one of the mechanisms through which SARS-CoV-2 
aid survival in the host cell environment. We observed this mutation 
to be predominant in viral sequences from Europe, Oceania and the USA, 
which is corroborated by an earlier report (Shuvam et al., 2020) and 
with very few occurrence in regions with low fatality due to COVID-19. 

The mutation, L3606F, in ORF1ab nsp6 is prevalent in Asia. The 
protein, nsp6, intersects a presumed immunogenic peptide that could 
result in CD4+ and CD8+ T-cell reactivities. This missense mutation 
(position 3606 aa; 11083G > T or L3606F) in this report is consistent 
with other findings (Dorp et al., 2020; Khailany et al., 2020; Yin, 2020) 
as one of the strongest observed homoplasies in their studies. A leucine 
residue is present in wild-type position 3606 of the ORF1ab-encoded 
polyprotein in SARS-CoV-2 and MERS-CoV, while a valine residue in 
SARS-CoV. At present, there is little or no literature to substantiate the 
mechanism of immune response of humans to SARS-CoV-2 infection. 
However, CD4+ T cells induce B cells to produce antibodies, and CD8+

T-cells eliminate viral-infected cells. These cells play key roles in 

clearing respiratory viral infections (Dorp et al., 2020). 
Furthermore, the most observed mutations: P4715L in RdRp and 

D614G in S protein are observed in same viral sequences across all re
gions. The polymerase is one of the primary targets for antiviral drug 
development (Pachetti et al., 2020; Shuvam et al., 2020) and genomic 
sequencing (Paul, 2020) while the S protein facilitates receptor binding 
and membrane fusion (Korber et al., 2020; Li et al., 2020). Recurrent 
mutations at these important sites can possibly be a mechanism through 
which SARS-CoV-2 promotes evolution, viral transmissibility and 
establish successful host-entry, as earlier reported (Pachetti et al., 2020). 
The P4715L mutation was first observed in Italy during the sporadic 
increase in incidence and fatality of COVID-19 in Europe (Pachetti et al., 
2020). This finding is consistent with an earlier study (Yin, 2020) in a 
genotyping analysis of 588 SARS-CoV-2 strains where P4715L mutation 
(14408C > T) was reported to be located in a critical protein necessary 
for RNA replication. Our study discovered the mutation (P4715L) as 
being prevalent in Africa (97.20%), South America (91.30%), North 
America (90.03%), and Europe (89.83%); this was corroborated by 
other studies (Pachetti et al., 2020; Shuvam et al., 2020; Yin, 2020) 
which observed the prevalence of the mutation in viral isolates from 
Europe (especially France, Spain and Greece) and the USA where 
COVID-19 pandemic transmission is very severe. Mutations observed in 
this study in the nsp13 (P5828L and Y5865C) of ORF1ab polyprotein of 
SARS-CoV-2 which functions as a replicase or helicase corroborate other 
findings (Shuvam et al., 2020; Yin, 2020). These mutations were only 
observed simultaneously in the same viral sequence strains from 
Australia, South America and North America. This further buttresses 
previous studies (Pachetti et al., 2020; Shuvam et al., 2020) where the 
mutation was observed to be predominant in the USA and with very few 
or no occurrence in African, European or Asian population. In line with 
an earlier finding (Pachetti et al., 2020), we observed that most of the 
recurrent mutations in the viral genomes have little prevalence in the 
Asian population where the first case was reported (Wang et al., 2020). 
The intercontinent distribution showed the high prevalence of the clades 
G and GR in Africa, Asia, Australia and South America. While, clade GH 
were also prevalent in Europe and North America (Fig. 1). This cor
roborates a recent report (Hamed et al., 2021) which also reports same 
trend of clade predominace across the continents. Furthermore, a recent 
report (Omotoso, 2020) on the SARS-CoV-2 mutational landscape in 
Africa likewise showed the prevalence of clades G and GR in Africa. 

The diagnostic test for COVID-19, Reverse Transcriptase – Poly
merase Chain Reaction (RT-PCR) assays, targets the RdRp region of 
ORF1ab sequence as being the region with the highest analytical 
sensitivity for screening via next-generation sequencing or RT-PCR 
(Wang et al., 2020). An earlier report (Yin, 2020) has attributed the 
basis of mutations (which might impact pathogenicity, survival or 
transmissibility) to lack of proof-reading activity by RdRp encoded in 
RNA viruses. The 3CLpro proteinase (which processes nsp4 – nsp16 in all 
coronaviruses), encoded in the ORF1ab sequence, plays a crucial role in 
RNA replication. Supported by other findings (Muhammad et al., 2020; 
Yin, 2020), our study observed sequence conservation in the 3CLpro 
region which serves an important role in viral replication and has been 
targeted in SARS-CoV and MERS-CoV for drug design and development. 
Based on the importance of this region and the observed genomic con
servation, 3CLpro catalytic sites and conserved assembly may serve as 
attractive targets for the design of vaccine and antiviral drugs 
(Muhammad et al., 2020). 

The avalanche of data on SARS-CoV-2 genome deposited in public 
repositories gives an advantage of abundant viral sequences for re
searchers to work with. One major limitation we observed, which might 
also limit future studies is the availability of patients’ ages and disease 
status for most of the viral sequences. Therefore, we encourage the 
continual release of comprehensive data from every region which 
include sociobiological informations, most especially the disease 
outcome of the infected patients. This can help future studies to correlate 
the observed mutations to disease severity and chances of survival. 

Table 2 
Most prevalent combination of mutations.a  

Region (s) Mutations Frequency of 
occurrence 

S protein and ORF1ab D614G and P4715L 78% 
N protein R203K and G204R 42% 
S protein, ORF1ab and N 

protein 
D614G, P4715L, R203K and 
G204R 

40% 

S protein, ORF1ab and 
ORF3a 

D614G, P4715L and Q57H 22%  

a The D614G coincides with the leader protein P4715L variant alongside 
either of the Q57H in ORF3a or the concurrent R203K and G204R in the N 
protein. 

Table 3 
SARS-CoV-2 clustering into clades and corresponding mutations.a,b  

Pangolin lineage Clades Mutation(s) 

B.1.1 GR D614G and G204R 
B.1. GH D614G and Q57H 
B.1. G D614G 
B.2 V L3606F and G251V 
A S L84S 

L SARS-CoV-2 genomes with reference alleles 
O   

a The Clade O (depicted as “others”), a general group that do not belong to any 
of the SARS-CoV-2 major clades, while the SARS-CoV-2 reference strain belongs 
to the Clade L. 

b Both clade GR and GH are the offshoot of the clade G. 
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Likewise, further studies, such as molecular docking studies, are 
required to determine the impact of the aforementioned mutations on 
protein structures, functions and viral interactions with the host in order 
to facilitate drug design and vaccine development. 

5. Conclusion 

Our study revealed the mutational spectra present in the SARS-CoV-2 
genome and the possible implications on viral structure-function, evo
lution, transmissibility and virulence. Our result showed the important 
conserved domains as important regions for new antiviral vaccines or 
therapeutics in targeting the SARS-CoV-2. Certain recurrent signature 
mutations observed to be linked to specific regions could be used to 
monitor the spread, evolution and transmissibility of the virus in 
humans. This could play an important role in understanding SARS-CoV- 
2 genetic epidemiology. The mutational analysis revealed high recurrent 
mutations that aid viral replication and survival in the host. Considering 
the current trend of COVID-19 incidence and fatality across the globe 
(covid19.who.int), we can deduce that these mutations confer a selec
tive advantage of higher virulence and transmissibility of the virus, but 
might not really be the major player in fatality and higher severity of the 
disease considering the low fatality due to COVID-19 in Africa despite 
having the highest prevalence of the most recurrent mutations (P4715L 
and D614G) observed. 
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