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Severe Acute Respiratory Syndrome Coronavirus-2  (SARS-CoV-2) emerged in late December 2019 in Wuhan, China. More than 83 million people 
have been infected, and more than 1.8 million people have died, as reported to the World Health Organization on the 3rd of January, 2021. Analysis 
of genetic variations is critical for understanding the spreading pattern of SARS-CoV-2 across several countries. This review aimed to gather 
information about the prominent mutations of SARS-CoV-2 by analyzing the origin, viral pathogenesis, and mutation rate. Moreover, we concluded 
their potential impacts on SARS-CoV-2 therapeutics. Mutations in the spike protein (D614G, N501Y, E484K, A222V, S477N, and G485R), ORF1ab 
(P323L, N628N, Y455Y, A97V, and F106F), nucleocapsid protein (R203K and G204R), ORF8 (L84S), and ORF3a (Q57H and G251V) were examined 
in this review by analyzing relevant articles from the beginning of the current pandemic to the most recent date. A detailed analysis of articles 
demonstrates that D614G is the major variation distributed globally, and its frequency increased rapidly from early in March, followed by several 
other variations in either spike or different proteins. In addition, it was seen that the currently circulating N501Y and E484K variants revealed a 
public concern regarding vaccines’ efficacy. Investigation of variations of SARS-CoV-2 would lead to understanding their potential mechanism of 
action against SARS-CoV-2, thereby suggesting suitable therapeutics. Several mechanisms were suggested to have a role in SARS-CoV-2 mutation 
rate and evolution. Possible therapeutics and vaccines against SARS-CoV-2 were proposed. 
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Şiddetli akut solunum sendromu Koronavirüs-2 (SARS-CoV-2), 2019 yılının aralık ayının sonunda Çin’in Wuhan kentinde ortaya çıkmıştır. Dünya 
Sağlık Örgütü’nce 3 Ocak 2021’de bildirildiği üzere SARS-CoV-2, 83 milyondan fazla insanı enfekte ederken 1,8 milyondan fazla insanın da hayatını 
kaybetmesine sebep olmuştur. Genetik varyasyonların analizi, SARS-CoV-2 yayılma modelini anlamak için kritik bir öneme sahiptir. Bu derleme, 
bu mutasyonların kökenini, viral patogenezini ve mutasyon oranını analiz ederek SARS-CoV-2’nin yaygın mutasyonları hakkında bilgi toplamayı 
amaçlamıştır. Aynı zamanda, bu mutasyonların SARS-CoV-2 terapötiklerine karşı potansiyel etkilerini de incelemek amaçlanmıştır. Bu derlemede, 
Spike proteini (D614G, N501Y, E484K, A222V, S477N, G485R), ORF1ab (P323L, N628N, Y455Y, A97V, F106F), nükleokapsid protein (R203K, G204R), 
ORF8 (L84S) ve ORF3a (Q57H, G251V) mutasyonları, mevcut pandeminin başlangıcından güncel zamana kadar olan ilgili makaleler analiz edilerek 
incelenmiştir. Makalelerin ayrıntılı analizi, D614G’nin küresel olarak dağılan başlıca varyasyon olduğunu ve sıklığının mart ayının başlarından 
itibaren hızla arttığını ve ardından hem spike hem de farklı proteinlerdeki diğer birkaç varyasyonun geldiğini göstermektedir. Buna ek olarak, yeni 
yayılan N501Y ve E484K varyantlarının aşı etkinliği açısından endişe oluşturduğu görülmüştür. Şiddetli akut solunum sendromu Koronavirüs-2 
varyasyonlarının araştırılması, SARS-CoV-2’ye karşı potansiyel etki mekanizmalarının anlaşılmasına ve böylece ona karşı terapötikler önerilmesine 
öncülük edebilir.
Anahtar Kelimeler: SARS-CoV-2, genomik varyasyonlar, SARS-CoV-2 mutasyonlarının etkileri, coğrafi dağılımı
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Introduction

Two major pathogenic zoonotic outbreaks of beta coronaviruses 
have been seen in the past two decades. The first encounter, 
named Severe acute respiratory syndrome Coronavirus-2 (SARS-
CoV-2), was in November 2002, which was identified for the 
first time in Guandong, China[1]. By July 2003, more than 8,000 
people were infected, and 774 deaths were reported[2]. Ten years 
later, in 2012, a significantly more lethal virus, Middle East 
respiratory syndrome Coronavirus (MERS-CoV), emerged. It was 
identified in the Arabian Peninsula first and then transmitted 
through 27 countries[3]. The transmission rate of MERS-CoV was 
lower than SARS-CoV-2, but its mortality rate was higher. The 
mortality rate of MERS-CoV was 35.5% compared with 9.6% 
for SARS-CoV[4]. In late December 2019, novel severe acute 
respiratory syndrome coronavirus (SARS-CoV-2) was reported in 
Wuhan City, China. World Health Organization (WHO) declared 
a pandemic on March 11, 2020[5]. This new disease is named 
Coronavirus disease-2019 (COVID-19). Globally, it infected more 
than 83 million people and resulted in the death of >1.8 million 
people, as reported by the WHO on the 3th of January, 2021.

The identification of genomic variations for SARS-CoV-2 is a 
global interest due to differences in mortality rate and incidence 
among different countries. Wu and colleagues studied a seafood 
market worker who was hospitalized on 26th of December, 2019. 
This was the first genomic sequence of SARS-CoV-2, which 
provides a significant opportunity to compare genomic studies 
with this reference sequence (GenBank accession number 
NC_045512, Global Initiative for Sharing All Influenza Data 
(GISAID) accession ID: EPI_ISL_402124)[6]. According to the 
GISAID, currently, there are six major clades of SARS-CoV-2 
genomes sequenced. SARS-CoV-2 clades are afterward named 
S, G, V, GR, GH, and L. In addition, clade O represents mutations 
that do not belong to any other clades. Clade L includes the 
reference sequence. Six major clades are diverged from each 
other by small changes according to the reference sequence. 
Clade S contains L84S mutation in nonstructural protein 8 
(NSP8). For clade V, the coexisting mutation of L37F and G251V 
in nonstructural proteins 6 and 3, respectively (NSP6 and NSP3), 
is characterized. Clade G contains the spike protein (S) mutation 
of D614G. For clades GH and GR, in addition to D614G mutation, 
NS3-Q57H and N-G204R are found, respectively[7].

SARS-CoV-2 is a single-stranded RNA virus with a positive 
polarity and a genome of 26–32 kb in size that encodes 27 
proteins from 14 ORFs[8]. The first ORF (ORF1ab) covers two-thirds 
of the viral genome, which includes nonstructural protein NSP1–
NSP16. One-third of the SARS-CoV-2 genome consists of major 
structural proteins, such as spike glycoprotein (S), membrane 
(M), envelope (E), and nucleocapsid (N) protein. In addition to 
these proteins, SARS-CoV-2 has six accessory proteins[9]. Spike 

protein has two subunits, S1 and S2, which are known as crucial 
factors for the entry of coronavirus into the host cells. While 
S1 is responsible for recognizing and binding to the host cells 
through angiotensin-converting enzyme 2 (ACE2) receptor, S2 
has a role in host cell membrane fusion[10]. Therefore, genomic 
variations, especially in spike mutations, are a global interest for 
new vaccines and drug designing. Analyzing genomic variations 
is also crucial for understanding the mechanism of pathogenesis 
and viral drug resistance[11].

The mortality rate of SARS-CoV-2 significantly differs from 
one country to another. For instance, while Turkey’s mortality 
rate is 2.5%, the mortality rate is 0.9% in Singapore. Compared 
with Turkey and Singapore, Belgium has a significantly high 
mortality rate, which is 15.4%[12]. The differences in mortality 
rates are considered an important pattern to better understand 
the virus’s mutation rate and its ability to evolve. Therefore, 
this perspective review is conducted to gather information 
about predominant mutations of SARS-CoV-2 in one place by 
examining the origin of these mutations and their spreading 
pattern. Geographic distributions of predominant SARS-CoV-2 
mutations and population dynamics in a time-specific manner 
can be the keystone to detect the pattern of viral evolution 
because variations may differ markedly across various regions 
over time. Therefore, we finally discussed the implications of 
these mutations in SARS-CoV-2 on the virus’s virulence diversity. 

Predominant Spike Protein Variations

Due to spike protein’s role in mediating viral entry into the host 
cell, most therapeutic agents based on antibodies targeted spike 
protein. Every genome sequenced so far (26th of June, 2020) 
demonstrates that D614G is the most prevalent transversion 
mutation, which changes nucleotide adenosine into guanosine 
at position 23403[13]. 

1. D614G Variant

In the Wuhan reference sequence, a missense mutation at position 
23403 in the spike protein-encoding gene was identified, which 
leads to an amino acid change from aspartate (D) to glycine (G)
[13]. This variant was first reported on the 24th of January, 2020, 
in a sample from China (hCoV-19/Zhejiang/HZ103/2020; 24th of 
January, 2020), and four days later, the earliest D614G variant in 
Europe was reported in Germany (hCoV-19/Germany/BavPat1-
ChVir929/2020; 28th of January, 2020)[14].

To understand the origin of this variant, the first reported spike 
mutations until early March were analyzed. Among 183 samples 
available at that time, seven D614G mutations were found. Five 
of the D614G variants also had two other coexisting mutations: 
in the NSP3 gene, a silent C>T mutation at positions 3037 and 
14409 existed. The earliest variant from Germany had a C>T 
mutation at position 3037 but not at 14409. In a very close time 
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frame, four D614G variants were sampled from China. On 7th 
of February, a Wuhan sequence was sampled, and it was found 
that neither of these two coexisting mutations were present. 
However, the other three sequences were closely related to a 
German sequence. In the sequence from Zhejiang sampled on 
24th of January, all three mutations were identified. The other 
two sequences were sampled on 28th of January, and those 
sampled on 6th of February did not have a mutation at position 
14409 like the German sequence. Therefore, it is not possible to 
conclude the origin of the D614 variant. It may have arisen from 
either China or Germany[14].

G614 genotype was identified at a very low prevalence in early 
March. On 3rd of March, among the sequenced SARS-CoV-2 
genomes, the number of genomes having D614 was found to 
be seven, while the number of genomes having G614 was 166. 
At the end of March (25th), the number of genomes having 
D614 was 1017, and the number of genomes having G614 
rose to 429. By April, it sharply dominated and continued its 
expansion throughout Europe. The G614 variant form was 
introduced in America and Canada early in March and became 
dominant shortly after, as expected[14]. By the 25th of June, 2020, 
approximately 74% of all published sequences had the D614G 
variant[15]. According to the most recent updates on GISAID, 
D614G mutation occurred more than 144409 times, which 
accounts for 87.1% of sequences uploaded in GISAID (Figure 
1). This significant increase in a concise time demonstrates a 
transmission advantage of G614 over D614. It is safe to conclude 
that D614G is globally distributed quickly, as seen in Figure 1. 

From late December 2019 to mid-March 2020, of 1449 European 
SARS-CoV-2 genomes, 954 (66%) had D614G, and in 2795 
worldwide genomes, D614G variation was found in 1237 (44%) 
isolates. After the submission of samples to GISAID between 
17th and 30th March, it was seen that the G614 variant markedly 
became predominant worldwide[16]. Of 48635 SARS-CoV-2 
samples as of 26th of June, 36500 had the D614G mutation in the 
spike protein that belongs to clade G, particularly predominant 
in Europe, Oceania, South America, and Africa[13]. According to 
data from the 15th of July, the D614G mutation was detected in 
68 countries[17]. 

Spike protein variations can be analyzed with three distinct 
clades; G, GR, and GH. Most recent data[18] provided by GISAID 
demonstrate that the contribution of G clade among other 
clades, which consists of the D614G mutation, is 32.6% in 
Africa, which is followed by 32.3% in Europe, 21.3% in South 
America, 16% in North America, and 11% in Asia, and finally the 
lowest distribution is detected in Australia and Oceania at 6.1%. 
Alternatively, the GR clade consisting of G204R-nucleocapsid 
mutation with D614G shows a higher frequency. For instance, 
GR clade makes up 60.6% of the clade distribution in South 
America, 41.6% in Europe, followed by 39.6% in Africa, 27.7% 
in Asia, 14.9% in Australia and Oceania, and 12.3% in North 
America. The third clade that consists of the NS3_Q57H mutation 
with D614G is the GH clade, which is also distributed frequently. 
59.9% of the GH clade has been found in North America, 
followed by 21.9% in Asia. While, in Europe, GH consistutes 
9.1% of the sequences, in South America, it constitutes 9%. GH 
clade variations are seen less frequently in Africa and Australia, 
and it is detected in Oceania at 6.6%. Clades having D614G 
mutation with and without coexisting mutations are shown in 
Figure 2 with distribution in six continents.

Due to this marked increase in samples harboring D614G 
mutation worldwide, understanding the potential resulting 
significance became the mutual aim of many scientists. It is 
suspected that nonsynonymous mutations of spike may have a 
markedly functional outcome, especially those in position 614, 
due to mutation’s location in carboxy (C)-terminal of subdomain 
1, S1[19]. This part of subdomain 1 precisely associates with 
subdomain 2, S2. 

To test whether D614G has a functional outcome regarding 
transmission or replication, Zhang and colleagues experimented. 
They used pseudoviruses (PVs) pseudotyped with S-protein with 
and without 614 missense mutation (SD614 and SG614, respectively) 
from transfected human embryonic kidney 293T cells (HEK293T), 
which was then induced to express human angiotensin-
converting enzyme-2 (hACE2-293T). It was found that there 
were nine-fold differences in the efficiency of infection between 
PV with G614 genotype and PV with D614 genotype. Therefore, 
mutant variant G614 showed higher infectivity than D614. The 

Figure 1. Changes in the percentage of D614G mutation uploaded by months[13,14,18]
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same group also investigated the G164 variant mechanism by 
comparing S1 to S2 ratio between the variant and wild-type 
form. S1 to S2 ratio for PVG614 was found 4.7 times higher than 
PVD614. Thus, changing aspartate to glycine leads to a stronger 
interaction between S1 and S2, thereby limiting S1 shedding. 
Another mechanism that enhances the total S-protein level 
compared with the wild-type was found[20].

2. A222V Variant

In spike protein at position 222, a novel mutation was found 
in summer 2020, and it spread very frequently: S: A222V. This 
is an amino acid substitution found in the N-terminal domain 
(NTD) of the spike protein. Even though NTD of spike protein is 
responsible for neither receptor binding nor membrane fusion, 
this A222V variant quickly rose and predominantly spread in 
Europe. The A222V variant was first detected in Spain (seven 
sequences) and Netherlands (one sequence) on 20th of June. 
Twenty-eight days later, the first sequence outside of Spain 
that harbored A222V was detected in England. Later, it was 
seen in Switzerland and Ireland and all-around Europe. Mid-
August through September, A222V was found outside Europe 
for the first time and New Zealand and Hong-Kong, probably in 
patients with travel history from Europe[21].

Analyzing cellular immune response and CD4+ and CD8+ 
T-cell responses is of importance for designing vaccines and 
developing therapeutics for the SARS-CoV-2[22]. Following 
the T-cell response is key to analyzing the cellular immune 

response, and it was found that virus-specific T-cell long-
lasting immunity was induced by SARS-CoV-2[23]. CD4+ T-cell 
responses are revealed mostly at site A222V, which is placed in 
B-cell epitopes. Therefore, this A222V mutation may affect the 
structure of B-cell epitopes[24]. 

Predominant Receptor-Binding Domain of Spike 
Variations

As previously described, the mechanism of spike protein-
mediated virus entry in the host[25] is that S1 subunit of spike 
binds ACE-2 receptor by receptor binding domain (RBD)[26]. Two 
beta-sheets and three loops were found to have a role in the 
binding. In comparison with SARS-CoV, eight amino acids of 
16 were conserved. The remaining eight may affect the binding 
affinity of RBD to ACE2[27]. Likewise, recombinant RBD of  
SARS-CoV was detected to enhance its binding to hACE2. 
Compared with SARS-CoV, SARS-CoV-2 was found to bind 
hACE2 significantly stronger, emphasizing the reason why 
SARS-CoV-2 is more transmissible[28].

1. N501Y

During late autumn 2020, a new SARS-CoV-2 lineage VUI 
202012/01 (Variant under Investigation, the year 2020, month 
12, variant 01) containing N501Y variation co-occurring with 
ΔH69/ΔV70 that causes the loss of two amino acids and several 
other spike protein variations has emerged and spread quickly in 

Figure 2. Distribution of clades (G, GR, and GH) across six continents[18]
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the UK[29]. However, sequence harboring solely N501Y mutation 
was firstly detected in April 2020 in Brazil[30]. 

N501Y variation is located in receptor-binding motif (RBM) of 
spike glycoprotein at position 501 and causes an amino acid 
change from asparagine to tyrosine[31]. This variation modifies 
the location where the virus contacts hACE2 and increases the 
virus’s infectivity because it is located in one of the six major 
sites in RBD known as having a role in altering antigenicity[29,31]. 
Therefore, tracking the evolution and behavior of this variation 
helps understand the interaction between SARS-CoV-2 and 
hACE-2[29]. 

2. E484K

Currently, three lineages become a major concern. Among them, 
B.1.351 lineage, which has K417N, E484K, and N501Y mutations, 
emerged in South Africa in August 2020[32]. Even though it 
was first identified in South Africa, it was detected to emerge 
separately in Brazil in early October and spread rapidly[33]. 

E484K variation is located in RBM, main motif providing site 
for interaction with hACE2[34], of spike glycoprotein at position 
484 and causes an amino acid change from glutamic acid to 
lysine[32]. Co-occurrence of E484K and N501Y variations is 
suggested to be in accordance with the evolution of SARS-
CoV-2. It was found that co-occurrence of E484K and N501Y 
causes more conformational changes in the protein structure 
than solely N501Y can do. Structural analysis demonstrates that 
E484K variation provides a new site for hACE2 binding. This 
binding is found to rigidify binding affinity with hACE2[35]. 

Messenger RNA (mRNA) vaccines provide protection against 
infectious diseases by triggering an immune response inside 
the body by producing antibodies. The activity of mRNA 
vaccines against sites encoding E484K, N501Y alone, and their 
combination with K417N variation was tested. It was found 
that vaccine-elicited monoclonal antibodies (mAbs) target 
different sites of RBD similar to what happens in individuals 
who recovered from natural infection. However, the activity of 
these mAbs was reduced or abolished in the presence of these 
variants[36]. 

3. S477N-G485R

The receptor-binding domain may also be crucial due to its 
ability to shift the virus interaction with ACE2. Understanding 
the pattern of RBD mutations and their geographical differences 
is of importance in developing vaccines that target RBD. S477N 
is the major mutation found in RBD that caused an amino acid 
change to asparagine (N), which was first detected on 26th of 
January, 2020, in Victoria, Australia, and a while later, it dominated 
the region. Co-occurring mutations of S477N seen in Australia 
differ from those in the United Kingdom, demonstrating that the 
S477N variant is harbored separately in these lineages. S477N 

variant was detected in solely 1% of SARS-CoV-2 sequences 
from Australia that were uploaded until June. Through August, 
this percentage rose to 90%. Even though the S477N variant 
made up solely 4.3% of all SARS-CoV-2 sequences worldwide 
and had never been seen in Africa, Asia, and South America, 
it dominated Oceania with 57.5%[37]. Another group analyzed 
11571 SARS-CoV-2 sequences from various regions: 8564 from 
North America, 1426 from Oceania, 1017 from Asia, 441 from 
Europe, 103 from Africa, and 20 sequences from South America. 
One thousand and fifteen sequences of 1017 (99.8%) in Asia, all 
103 sequences from Africa (100%), 422 sequences of 441 from 
Europe (95.7%), 8493 sequences of 8564 from North America 
(99.2%), all 20 sequences from South America, and finally 1087 
sequences of 1426 from Oceania (76.2%) harbored the S477N 
variation according to sequences collected in July 2020[38].

G485R is the third major mutation seen in spike protein and 
second major mutation of RBD after S477N. It was first seen 
in China on 6th of February, 2020[38]. One thousand and sixteen 
sequences of 1017 from Asia (99.9%), all 103 sequences from 
Africa (100%), 423 sequences of 441 from Europe (95.9%), 
8514 sequences of 8564 from North America (99.6%), all 20 
sequences from South America (100%), and 1086 sequences 
of 1426 from Oceania (76.2%) harbored the G485R mutation 
according to sequences collected in July 2020[39]. 

S477N variation caused an amino acid change to asparagine 
(N), which may cause a shift in glycosylation sites of RBD[40]. 
Asparagine in RBD, in addition to S1 and S2 domains, can 
impact viral glycosylation. For instance, it is responsible for 
shielding distinct epitopes caused by antibody neutralization, 
spike protein folding, host–virus interaction, viral entry into a 
host, and immune evasion. Therefore, this change to asparagine 
affects the neutralization of antibody and viral pathogenicity[41]. 
There is a growing interest in vaccine candidates, depending on 
the glycoprotein. This is why S477N is significant for SARS-
CoV-2 variations. These receptor-binding variations can change 
the relationship between virus and ACE2; they may cause the 
involvement of different receptors[38].

Predominant ORF1AB Variations

As mentioned before, ORF1ab constitutes two-thirds of the 
viral genome, which is translated by ORF1 as ORF1a and ORF1b. 
Nonstructural proteins 1–16 are the product of the cleavage of 
ORF1. Among these nonstructural proteins, the first 10 belong 
to ORF1a. By contrast, ORF1b comprises RdRp (NSP-12) through 
NSP-16[42]. 

ORF1a is a component that can deal with cellular stresses and 
keep functioning. Its major role is mediating replication of the 
virus. In addition, ORF1b functions as helicase, exonuclease, and 
endonuclease[43]. 
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1. RNA-dependent RNA Polymerase (RdRp) Encoding Region 
of ORF1b Polyprotein

RdRp, also named NSP12, is a keystone of replication and 
transcription of RNA viruses, highly conserved due to the 
significant homology between SARS-CoV-2 and SARS-CoV-2[44]. 
Drugs that target and tightly bind to RdRp have been used 
against various viruses as well as SARS-CoV-2. Such drugs 
that inhibited RdRp are favipiravir, galidesivir, remdesivir, and 
ribavirin[44]. Therefore, mutations in RdRp can reduce drug 
efficacy by diminishing the binding affinity of drugs to RdRp. It 
is the main antiviral drug target[45,46]. 

1.1. P323L 

An RdRp missense mutation at position 14408 (C14408T) that 
leads to an amino acid change from proline to leucine (P323L 
in RdRp) was first detected in China on 24th of January, whereas 
it was uploaded on GISAID on 10th of April. The second case 
was reported in Italy on 20th of February. Two days later, a 
third case was detected in Australia. In Europe and North and 
South America, dominating P323L was accompanied by two 
other mutations, A23403G in spike (D614G) and C3037T in 
NSP3 (F106F), while P323L with these comutations remained 
minor in Asia. Shortly, after P323L dominance in Europe, P323L 
became prominent in North and South America and Africa, 
respectively. Among the sampled sequences (5th of May, 2020) 
from North and South America and Africa, viral genomes that 
had this variant with two other comutations became prominent 
as 81.3%, 59.4%, and 80.3%, respectively[47]. As of 1st of June, 
2020, P323L was detected in 72.1% of SARS-CoV-2 isolates[45].

Quick increment and dominance of P323L variation globally 
arouse curiosity regarding its characterization due to the 
potential of presenting better vaccines and treatments. P323L 
variation where proline changes to leucine leads to a much 
more stable structure due to leucine’s stabilizing effects in 
the alpha helix. However, proline is a helix breaker. Therefore, 
a change from proline to leucine may rigidify structure and 
reduce molecular flexibility of RdRp[38]. These changes may lead 
to this quick increment and dominance of P323L by affecting 
RNA genome replication.

1.2. N628N–Y455Y–A97V

The top three single nucleotide polymorphism genotypes in 
RdRp (other than P323L) are N628N mutation, Y455Y mutation, 
A97V mutation. The first identification of N628N variation was 
in an Asian sample sequenced on January 22th, while Y455Y 
variation was first seen in the UK on 9th of February. Then, A97V 
variation was first seen in an Asian sample on 4th of March[47].

Wang and colleagues demonstrated total frequencies of these 
variants. They genotyped 15140 SARS-CoV-2 isolates, 8309 of 
them had single mutations, uploaded until the 1st of June, 2020. 

Among 15140 isolates, frequencies of Y455Y, N628N, and A97V 
were 8.2%, 2.7%, and 1.7%, respectively[48]. 

Phylogenomic analysis from Western India also elicited that A97V 
was detected in more than 6% frequency. It is a nonsynonymous 
mutation at position 4489 in ORF1ab, which results in an amino 
acid change from alanine to valine at position 97 in RdRp[49], 
where norovirus RdRp-associated nucleotidyltransferase 
(NiRAN) domain is located[44]. The secondary structure of RdRp 
was affected by the A97V variant by changing three alpha-
helixes with beta-sheets. Shifting the tertiary structure of RdRp 
may disrupt its RNA replication and maintain genomic fidelity 
function. These changes in RdRp may cause an increment in the 
rate of mutagenesis in the SARS-CoV-2 genome[50].

A study found that while P323L raised the mutation rate, N628N 
had the opposite impact. Moreover, they found that mutation 
at N628N lowered the possibility of mutation in M and E protein 
by tenfold[47].

Finally, Y455Y variation was found to have a strong relationship 
with mutations in M and E protein[47]. 

2. ORF1ab NSP3 Variations 

ORF1a comprises NSP3, which is the greatest replicase 
subunit[51,52]. It is a multifunctional protein that can repress 
interferon responses by functioning as a viral protease[53]. NSP3 
is suggested to provide a scaffold for association of replication 
and transcription complex[54]. Inhibitors of NSP3 may have the 
potential for preventing SARS-CoV-2 replication in host cells[55]. 

2.1. F106F

NSP3 is a significant complex of replication and transcription[56]. 
The ORF1ab 3037C>T in NSP3 is a synonymous mutation[57] that 
causes an amino acid change to F106F. Among 10022 SARS-
CoV-2 sequences uploaded from 1st of February to 1st of May, 
F106F is the most prevalent variation found in 60.2% of SARS-
CoV-2 isolates[17]. On 4th of May, an analysis of 80 genomes of 
SARS-CoV-2 showed 57 isolates from Turkey harboring a high 
frequency of 3037C > T variation (71%), and 13 of them had a 
travel history from Saudi Arabia, while six of them had a travel 
history from Iran. Therefore, 3037C > T variation most probably 
spread to Turkey from these countries[58].

Predominant Nucleocapsid Protein Variations

Nucleocapsid protein has a markedly active role in the virus 
life cycle processes like building a ribonucleoprotein helical 
structure, while the genome is packaging, regulating RNA 
synthesis and transcription[59]. The nucleocapsid protein of 
SARS-CoV-2 is also responsible for the modulation of host 
cell metabolism. N protein creates an immune response during 
SARS-CoV-2 infection due to its extremely high immunogenic 
property[60]. 
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61485 nucleocapsid protein genes from the beginning of SARS-
CoV-2 pandemic to 17th of July demonstrated 30221 variations 
in the nucleotide level and 28327 variations in amino acid level. 
Geographically distinct amino acid variations were mostly seen 
in Wales, India, England, Scotland, and Spain at 68.6%, 68.2%, 
67.7%, 51.2%, and 42.9%, respectively[61].

R203K–G204R

At amino acid position 203, five mutation types (K, M, S, I, 
and G) were found. R203K was detected as the most frequent 
variation, followed by G204R, and they are coexisting 
mutations[62]. R203K–G204R variations caused by change at 
position 28881-3 GGG/AAC in the SR-rich (serine-arginine) 
domain of nucleocapsid protein can affect encoded proteins by 
shifting their structure[63]. These variants were found in 68.1% 
and 67.9% of mutated strains of SARS-CoV-2, respectively[61]. 
Co-occurring variations of R203K and G204R were detected 
in 48 countries during the second wave of COVID-19 (data 
retrieved from 5th of August, 2020). R203K–G204R variation 
is markedly prominent in the UK, where their frequency was 
15.4%, followed by Wales (4.3%)[63].

Analysis of 2492 SARS-CoV-2 genomes uploaded until 30th of 
March shows that solely R203K–G204R are two of the six other 
variants found in six regions, South and North America, Asia, 
Europe, Africa, and Australia[64]. Besides, R203K–G204R are also 
detected in China, the origin of SARS-CoV-2, which supports 
the idea that R203K–G204R variations might have emerged at 
the very beginning of the pandemic. 28881-3:AAC genotype 
was first detected on 24th of February in Europe (hCoV-19/
Netherlands/Berlicum_1363564/2020, EPI_ISL_413565). 
However, it was identified in patients who had traveled to Italy. 
Besides, on 28th of February, the second occurrence of 28881-3 
GGG/AAC was again collected from patients in Rome[65]. SARS-
CoV-2 sequences uploaded till 9th of April was investigated, 
and it was found that Portugal had the highest frequency of 
R203K – G204R, 60%, followed by Netherlands, 50%, Belgium, 
31%, and England, 26%. Alternatively, Spain remained at 
approximately 4%, while France remained at approximately 3%. 
In North America, the dominance of the 28881-3GGG genotype 
was observed in New York, which constitutes 95% of the SARS-
CoV-2 genome having 28881-3 GGG instead of 28881-3 AAC 
genotype[66]. As of 30th of July, 2020, R203K–G204R variations 
continue to increase. In South America, their frequency was 
high, even though, in May, June, and July, very few sequences 
were uploaded. Data from 30th of July, 2020, signify that these 
variations are now prominent in Europe, Africa, and Asia[67]. 

R203K–G204R variation effects on pathogenicity are 
investigated by various scientists. These two amino acid changes 
added lysine, a polar hydrophilic positively charged amino 

acid, between serine and arginine, thereby discontinuing SR 
dipeptide. SR dipeptide interruption blocks phosphorylation of 
the SR-rich domain, critical for basic N protein functions[66]. 

Predominant ORF8 Variation

Among other accessory proteins (ORF3a, ORF6, ORF7a, ORF7b, 
and ORF10), ORF8 is significantly variable and susceptible to 
variations regarding the virus’s capability of spreading[68]. It was 
detected that a large deletion of the ORF8 gene in patients with 
SARS-CoV-2 from Singapore and Taiwan also had a few other 
mutations in the viral genome[69,70]. It was concluded that a large 
deletion in the ORF8 gene leads to milder clinical symptoms[71,72]. 

ORF8 protein functions as an interferon (IFN) antagonist[73] due 
to IFN inhibition activity by degrading interferon regulatory 
factor 3 (IRF3), which results in marked replication of the virus 
within the cells[74]. Besides, ORF8 in SARS-CoV-2 was found to 
prevent interferon-beta activity (IFN-β)[75]. ORF8 is an important 
site that needs to be investigated deeply from both molecular 
and evolutionary aspects to broaden the significance of its role 
in SARS-CoV-2.

L84S

In the Wuhan reference sequence, a missense mutation at 
position 28144 in ORF8, which causes an amino acid change 
from leucine to serine (L84S), was identified[76]. L84S is a 
nonsynonymous mutation that was identified on 30th December 
in China (MT291826). It emerged in China followed by other 
European countries, especially Spain, where it was dominant. 
Shortly after, in mid-January, it emerged in the USA[17]. 

During the six months of its emergence, L84S (clade S84) did 
not spread globally, whereas it was found as the second major 
clade, which represented 10.8% of all sequenced SARS-CoV-2, 
after clade G614, which represented 71.1% of sequences. L84S 
spread mainly in North America (17%) and Oceania (16%)[77].

Clade S84 has one subclade, L84S/P5828L, which was 
first identified on 20th of February, 2020, in the USA (EPI_
ISL_413456). The 10022 genomes of the virus were analyzed 
from 68 countries. The highest percentage of the sample was 
obtained from America (3543 samples), followed by England 
and Ireland. Among 10022 SARS-CoV-2 genomes, 5775 unique 
mutations were identified and 2969 of them were missense 
mutations. Among these missense mutations, 1669 were 
detected in L84S[17].

The amino acid alteration caused by the L84S variant was 
thought to discard four hydrophobic bonds, destabilizing 
ORF8[78]. Basu and colleagues in their study demonstrated that 
L84S alteration is the most disruptive variation on protein 
stability among others, followed by the NSP4 mutation[79]. 
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Predominant ORF3a Variations

ORF3a gene is the largest ORF in SARS-CoV-2 genome, consisting 
of 274 amino acids and in charge of forming an ion channel. 
Its localization on the cell surface makes it highly potential for 
virus–host interaction; it releases the virus from the host[80]. 
ORF3a works with several signal transduction pathways such as 
c-Jun N-terminal kinase and nuclear factor kappa B, thereby, 
producing proinflammatory cytokine and chemokine responses, 
which results in an aggravation of the host response in patients 
with SARS-CoV-2 if their production is unregulated[81]. 

Apoptosis is one of the major defense mechanisms of the 
host against viral infections[82,83]. ORF3a of SARS-CoV has a 
significant regulation in apoptosis[84]. In SARS-CoV-2, a study 
demonstrated that cells had a markedly increased apoptosis 
marker caspase-3 when ORF3a was in the environment, thereby 
inducing apoptosis[85].

1. Q57H

25563G > T is a missense mutation that causes an amino acid 
change from glutamine to histidine at 57 positions (Q57H) 
of ORF3a. This variation was first found in Australia on 5th of 
February, 2020 (EPI_ISL_480608). In contrast, it was claimed that 
this variation was first seen in Singapore on 16th of February[86]. 
Q57H accounted for 28.1% of sequences uploaded to GISAID 
globally until 6th of July, 2020. It was distributed mainly in 
South and North America with a frequency of 59.5%[87].

The genotyping analysis of 28726 SARS-CoV-2 genomic 
sequences from America up to the 14th of July, 2020, 
demonstrated that Q57H is the top third variation in the United 
States, which was detected in America for the first time on 28th 
of February[86].

Q57H variation may affect apoptosis activity of ORF3a and 
leads to increment in the viral load in the host[79]. The location 
of Q57H variation may cause some potential harm. It is located 
near TNF receptor-associated factor and caveolin binding 
domain[88]. The variation in this location can cause functional 
deficits in innate immune signaling receptor, nod-like receptor 
pyrin domain-containing 3 (NLRP3) inflammasome activity[89]. 
Because of NLRP3’s ability to prompt an inflammatory response, 
it may be a potential target for therapeutics of SARS-CoV-2.

2. G251V 

26144G > T is a missense mutation that causes an amino acid 
change from glycine to valine at 251 positions (G251V) of ORF3a. 
G251V variation is lately defined as marker mutation of clade 
V[90]. As of 2nd of April, 2020, G251V was detected in all regions 
except Africa and Austria[10]. A highly detailed study analyzed 
48635 SARS-CoV-2 genomic sequences on 26th of June, and it 
was found that 3792 sequences harbored the G251V variation 

(7.7%)[13]. A study that analyzed 537 SARS-CoV-2 genomes 
found that G251V was the most common variation seen in 53 
samples (9.9%)[91].

After investigating this variation, it was found that G251V 
caused the loss of phosphatidylinositol-specific phospholipase 
X-box domain  (PIPI_CX_DOMAIN) B-cell like epitope, thereby 
affecting signal transduction pathways[92]. 

Conclusion

The ability of RNA viruses to mutate rapidly makes them prone to 
gain resistance to drugs and evade immunological surveillance[93]. 
Mutations and genomic diversity of SARS-CoV-2 may be the 
keystone to a better understanding of its pathogenesis and 
transmission. In this review, we gathered significant variations 
in one place by time-dependently tracking their spreading 
pattern. The predominant variations and their first occurrence 
place and date were summarized in Table 1.  Implications of 
these variations may demonstrate their significance regarding 
SARS-CoV-2 transmission and pathogenesis. 

The most prominent variation is found in the spike protein, 
which is D614G. While its frequency was low at the beginning 
of March, it continued to increase at a high frequency and 
became dominant worldwide before March ended. Another 
spike variation was A222V, which originated in Europe in the 
summer and spread from there rapidly. In addition, S477N-
G485R comutations have also been detected globally. Currently, 

Table 1. Summary of the variations and date and location of 
first occurrence
Variation First occurrence date First identified 

location

L84S 30.12.2019 China 

N628N 22.01.2020 Asia

D614G 24.01.2020/28.01.2020 China/Germany

P323L 24.01.2020 China

F106F 24.01.2020 China

S477N 26.01.2020 Australia

Q57H 5.02.2020 Australia

R203K 24.02.2020 Netherlands

A97V 3.04.2020 Asia

G485R 2.06.2020 China 

A222V 20.07.2020 Spain/Netherlands

Y455Y 2.09.2020 England

N501Y December 2020	 England

E484K	 August 2020	 South Africa
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circulating N501Y and E484K variants having mutations in RBD 
of spike protein became a major concern due to their effects on 
the binding affinity of SARS-CoV-2 with hACE2. Surveillance 
of these new variations is vital due to the possibility that they 
may escape from immunity activated by vaccination[94]. Public 
concern regarding vaccines efficacy against these new strains 
has emerged. Current vaccines were tested against them and 
a sixfold decrement was observed in neutralizing titer levels 
against a B.1.351 strain, containing N501Y, K417N, and E484K 
variations, which has evolved in South Africa. Redesigning the 
current vaccines may become an issue, as reported by Tanne[95]. 
Because spike variation is responsible for mediating viral 
entrance into a host, most therapeutics target spike protein. 

ORF1 variations are another class that needs attention due to 
their roles in virus replication. P323L is the major variation in 
that class because it is distributed globally in a concise time. 
N628N–Y455Y–A97V were found to be in the top four variations 
in RdRp after P323L. F106F was found in NSP3 of ORF1a that 
comprises NSP3, which is the largest replicase subunit. Tracking 
the variations in NSP3 may also have the potential to prevent 
SARS-CoV-2 replication in host cells[55].

Nucleocapsid protein plays an active role in the regulation 
of RNA synthesis and transcription. R203K is one of the most 
prominent variations of the nucleocapsid protein, which 
cooccurs with G204R mostly. These variations change the SR 
region. In the second wave, these variations are found in 48 
countries, which show their global distribution[58]. Due to their 
effect on the SR region, these variations may interfere with the 
function of the nucleocapsid protein. 

L84S variation is in ORF8 accessory protein. Even though it is 
one of the earliest variations, detected on 30th of December in 
China, it spread very slowly. After six months of its emergence, 
it became a variant seen in six continents. It is the second 
major clade after the D614G clade. This variation may cause 
destabilization of the protein structure. 

Q57H and G251V were found in ORF3a accessory protein. Until 
midsummer, Q57H was the third major variation in America. It 
may affect the apoptosis activity of ORF3a. G251V variation is 
defined as a marker mutation of clade V. It was detected in all 
continents except Africa and Australia until 2nd of April, 2020. 
This variation can affect the signal transduction pathway. 

The mortality rate of SARS-CoV-2 significantly differs from 
one country to another. The differences in mortality rates are 
considered an important pattern to better understand the virus’s 
mutation rate and its ability to evolve. Therefore, gathering 
information about predominant mutations of SARS-CoV-2 
in one place by examining the origin of these mutations and 
their spreading pattern can illuminate research in the future. 
Tracking the geographic distributions of dominant SARS-CoV-2 
mutations and population dynamics in a time-specific manner 

can be the keystone to detect the pattern of viral evolution, 
thereby providing significant information regarding new drug 
and vaccine development.
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