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Real-time genome monitoring of the SARS-CoV-2 pandemic outbreak is of utmost importance for designing diagnostic tools,
guiding antiviral treatment and vaccination strategies. In this study, we present an accurate method for temporal and
geographical comparison of mutational events based on GISAID database genome sequencing. Among 42523 SARS-CoV-2
genomes analyzed, we found 23202 variants compared to the reference genome. The Ti/Tv (transition/transversion) ratio was
used to filter out possible false-positive errors. Transition mutations generally occurred more frequently than transversions. Our
clustering analysis revealed remarkable hotspot mutation patterns for SARS-CoV-2. Mutations were clustered based on how
their frequencies changed over time according to each geographical location. We observed some clusters showing a clear
variation in mutation frequency and continuously evolving in the world. However, many mutations appeared in specific periods
without a clear pattern over time. Various important nonsynonymous mutations were observed, mainly in Oceania and Asia.
More than half of these mutations were observed only once. Four hotspot mutations were found in all geographical locations at
least once: T265I (NSP2), P314L (NSP12), D614G (S), and Q57H (ORF3a). The current analysis of SARS-CoV-2 genomes
provides valuable information on the geographical and temporal mutational evolution of SARS-CoV-2.

1. Introduction

The global pandemic of coronavirus disease (COVID-19) is
caused by severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2) [1]. The first genome sequencing of the virus
was performed in humans on 07 January 2020 by Chinese sci-
entists [2]. The genome of the virus contains 14 ORFs (open
reading frames) encoding 27 proteins [3]. Approximately
two-thirds of the viral RNA encode for 16 nonstructure pro-
teins (NSPs) and are primarily located in the first ORF
(ORF1a/b) of the viral genome. The remaining viral genome,

located in the 3′-terminus of the SARS-CoV-2 genome,
encodes for four essential structural proteins (spike (S) glyco-
protein, small envelope (E), matrix (M), and nucleocapsid (N)
proteins) [3, 4] and eight accessory proteins (3a, 3b, p6, 7a, 7b,
8b, 9b, and ORF) [3, 5]. It has been widely reported that the
functional domains of the viral genome are linked to viru-
lence, infectivity, ion channel formation, and virus release
and that conserved functional domains across the species
(likely 3a protein) are critical in the viral life cycle [6].

Current genome survey data suggests that single nucleo-
tide variants (SNVs) are abundant, and a plentiful mutational
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diversity may define different major clusters of viruses now
circulating globally [7]. Such observations raised the question
of whether viral mutations are contributing to host tropism,
changing antigenicity, and rapid global spread [8]. A recent
study reported that SARS-CoV-2 has mutated in different
patients, leading to the viral genome grouping into 6 geno-
types [9]. In fact, the virus mutation rate drives viral evolu-
tion and genome variability [1].

The Ti/Tv ratio is a tool to measure the nucleotide
mutation process and is an established component of substi-
tution models [10]. The Ti/Tv ratio is computed as the ratio
of the number of transition SNPs (purine-to-purine or
pyrimidine-to-pyrimidine) to the number of transversion
SNPs (purine-to-pyrimidine or vice versa). Estimation of
the Ti/Tv ratio gives us a deeper understanding of the pro-
cess of molecular evolution, which can help in modeling of
the evolutionary process. The Ti/Tv ratio is also widely used
[11, 12] as a quality control parameter for assessing the
overall SNP quality.

Overall, close monitoring of the SARS-CoV-2 genome is
important for identifying possible mutant strains and the
potential impact of these mutations on the virulence and
propagation of the virus between populations worldwide
[13]. Genome efforts to track SARS-CoV-2 sequences have
globally helped identify worrying variants.

Since December 2019, the GISAID database (https://
www.gisaid.org) has provided a compilation of thousands
of complete and partial SARS-CoV-2 genomes, contributed
by clinicians and researchers from across the world. These
sequencing data are useful in tracking intercontinental varia-
tion and the interpersonal evolutionary dynamics of the
virus. Assessment of the virus sequence can provide scientific
evidence to guide drug and vaccine development.

In the present investigation, we compared the muta-
tional events of SARS-CoV-2 in six geographical areas
(Africa, Asia, Europe, North America, Oceania, and South
America) based on viral genome data available in the
GISAID database, collected within a period of 6 months,
from January to June 2020.

2. Materials and Methods

2.1. Source of Sequences and Exclusion Criteria. Genome
sequences of SARS-CoV-2 were retrieved from the GISAID
database (https://www.gisaid.org/) separately for six
geographic locations (Africa, Asia, Europe, North America,
Oceania, and South America) and for six periods of genome
collection (01-31 January 2020, 01-29 February, 01-31
March, 01-30 April, 01-31 May, and 01-30 June). A full
acknowledgment table of those labs which generated and
uploaded data is provided as a supplementary file (avail-
able here). The sequences were filtered according to the
following criteria: human host, complete genome (only
genomes with >92000 pb), and high coverage (genomes
containing less than 1% Ns and less than 0.05% of unique
amino acid mutations without insertions or deletions).
Only high-quality genomes with precise collection times
were selected.

2.2. Mapping and SNP Calling. The SNP profile is a collection
of SNPmutations with the corresponding nucleotide changes
and positions in a genome. For each dataset, whole-genome
sequences in FASTA format were mapped to reference
genome MN908947.3, using the standard Geneious algo-
rithm (Geneious Prime software 2020.2.1). To preserve
sequences’ site information, we trimmed end positions 1 to
55 and 29804 to 29903 as they are characterized by low cov-
erage and a high rate of apparent sequencing or mapping
errors. The “find variations/SNPs” tool in the Geneious soft-
ware was used for SNP calling using reference genome
NC045512.2 annotations obtained from the NCBI database.
The data files in the CSV format were exported to an Excel
file for further analysis.

2.3. Statistical Data Analysis. All statistical analyses and
generation of plots were performed via RStudio software
(version 1.3.959) using various package tools. Categorical
variables were expressed as absolute frequencies and percent-
ages. The nonparametric Wilcoxon test was used to compare
the distribution of variant frequencies between the transition
and transversion mutations, and the chi-squared test was
used to compare the proportions of transition and transver-
sion mutations between locations for each period and
between periods for each location. A p value of less than
0.05 was considered statistically significant.

3. Results

3.1. Variant Filtration. A total of 42523 SARS-CoV-2
genomes derived from six geographical locations were fully
analyzed from January 2020 to June 2020 (Table 1). The anal-
ysis showed a total of 23202 variants, which upon compari-
son with the reference genome showed 55% as transition
mutations and 45% as transversion mutations. Upon analyz-
ing all the variants, we observed that the Ti/Tv ratio was very
low (Ti/Tv = 1:2) (Table 1). However, as we increased the
cutoff value of variant frequencies, this ratio increased. At a
cutoff of 1%, the Ti/Tv ratio became 3.2. At this level, only
55 variants were detected (79% were transition mutations,
and 21% were transversion mutations). For the next step of
our analysis, we considered only variants observed with a
frequency over 1% in each dataset.

3.2. Characterization of SARS-CoV-2 Variants
Geographically over Time. To understand the evolution of
SARS-CoV-2 over the first six months of the pandemic, we
analyzed data separately for each geographical location by
categorizing the data according to the timing of sample
collection as recorded in the GISAID database. As shown in
Table 2, the largest proportion of genomes came from
Europe (24326 samples, 57.2%), followed by North America
(10878 samples, 25.6%), Asia (4305 sample, 10.1%), and Oce-
ania (1904 samples, 4.5%), while genome sequences from
Africa and South America accounted for only 2.6%, with
569 and 541 samples, respectively.

By focusing on hotspot mutations with frequencies over
1% in each dataset to filter out possible recurrent sequencing
errors, we observed that transition mutations generally
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occurred more frequently than transversion mutations.
Comparison of mutational characteristics of viral genomes
from various geographical locations (Table 2) showed that
the Ti/Tv ratios ranged from 2 to 5.5 and that the most com-
mon nucleotide change was the C>U transition (data not
shown). The proportion of the latter ranged usually from
40% to 59%. The most common transversion was G>U
whose proportion ranged from 9.23% to 27%. When com-
paring the distribution of Ti and Tv mutations for each
geographical location at different time periods, we noticed
no significant difference.

We then checked if the distribution of Ti and Tv muta-
tions is associated with an increase in variant frequencies
(Figure 1) and noted that there were more transversion
mutations with low frequencies than with high frequencies.
The Wilcoxon test showed a significant difference in the
distribution of mutation frequencies between the Ti and Tv
mutations in Asia in the February 2020 period with a p value
of 0.0132. A significant difference was also observed in Oce-
ania in May 2020 (p = 0:0423). For the rest of the datasets,
there was no significant difference between the Ti and Tv
mutations according to mutant frequencies.

3.3. Mutational Patterns of SARS-CoV-2. To study the muta-
tional patterns of SARS-CoV-2 across geographical locations,
we selected the most abundant mutations defined as having a
frequency of 10% or greater in at least one dataset. Heatmap
analysis was performed to visualize the shared groups of
mutations and to cluster them based on their frequency
changes in chronological order (Figure 2). We found that
four mutations (A23403G, C14408T, C241T, and C3037T)
always cooccurred and showed the same clustering pattern
in all geographical locations over time.

Our clustering analysis revealed that each geographical
location was characterized by different mutational patterns
and some of them were continuously evolving in the world.
In Africa, only two groups can be clearly distinguished: the
group of four mutations cited above and one group of 12
mutations without a clear temporal pattern. In Asia, the
number of hotspot mutations was relatively low during Janu-
ary and February, but after March, more mutations were
detected and more patterns were observed, with 4 groups of
mutations. Interestingly, we noticed a cooccurrence of two
mutations (C8782T and T28144C) that had appeared early
in Asia and their frequencies declined thereafter. In Europe,
two mutations clustered together (G11083T and G26144T)
appeared with relatively higher frequency during the initial
periods as compared to the later periods. We noted that the

variant GGG mutated to AAC at position 28881–28883 and
reached a frequency of more than 10% in March that
increased over time. We identified another group of 5 muta-
tions (C1059T, C14805T, G25563T, G10097A, and C2373T)
without a clear pattern. Two of them were detected later dur-
ing theMay to June period (G10097A and C2373T). In North
America, there were two identified groups of mutations, each
divided into two subgroups. The first group was character-
ized by mutations with increasing frequencies over time,
one subgroup of two mutations (G25563T and C1059T)
and another subgroup of four mutations (A23403G,
C14408T, C241T, and C3037T). The second group featured
one subgroup with a large number of mutations (16 muta-
tions) that appeared later, while the other subgroup featured
mutations that emerged in the beginning, and then their fre-
quencies declined during the May to July period. In Oceania,
three mutational groups were identified. The first group was
marked by the four mutations noticed in the other geograph-
ical locations. The second group was characterized by 35
mutations without a clear pattern, and the third group con-
tained 8 mutations that emerged beginning in March
(C1059T, G25563T, C18555T, A1163T, T7540C, G16647T,
G22992A, and G2340A).

In South America, in addition to the clustering of
A23403G, C14408T, C241T, and C3037T, we distinguished
two groups of mutations, one of which featured 17 mutations
gathered in the same cluster, while the other group contained
the variant GGG mutated to AAC at position 28881–28883.

3.4. Nonsynonymous Substitutions and Associated Amino
Acid Changes. Our analysis revealed a difference between
geographical locations in the number of sites possessing hot-
spot nonsynonymous mutations with frequencies ≥ 10% at
least once (Figure 3). The distribution of these mutations var-
ied widely among different proteins of SARS-CoV-2. The
highest number of mutations was observed in Oceania
(n = 22), followed by Asia (n = 18), North America (n = 16),
and South America (n = 15). The lowest number was
observed in Europe and Africa with 8 mutations observed
for both regions. About 47% of these mutations were
observed only once. Four hotspot substitutions were found
in all locations at least once: T265I (NSP2), P314L (NSP12),
D614G (S), and Q57H (ORF3a). In Oceania, we have also
observed three substitutions (S477N, G485R, and N501Y)
in addition to the D614G substitution on the S protein.

4. Discussion

The use of advanced sequencing technologies has the poten-
tial of producing multiple-time point whole-genome data,
which provides insight into the evolution of the SARS-
CoV-2 genome during the COVID-19 pandemic in each
geographical area, and in identifying a comprehensive list
of candidate adaptive mutations for this stage of the pan-
demic. It is important to note that the viral genome data
available are geographically biased in favor of regions
performing extensive sequencing. The highest number of
samples was observed in Europe, followed by North America,

Table 1: Distribution of the number of transition and transversion
mutations and the Ti/Tv ratio according to cutoffs of variant
frequencies (VF) using global data of 42523 SARS-CoV-2 genomes.

Cutoff frequency Transition Transversion Ti/Tv ratio

VF ≥ 1% 42 (79%) 13 (21%) 3.2

VF ≥ 0:1% 832 (73%) 303 (27%) 2.7

VF ≥ 0:01% 5423 (67%) 3225 (37%) 1.7

Total 12822 (55%) 10380 (45%) 1.2

3BioMed Research International



Asia, and then Oceania, while the lowest data were observed
in Africa and South America.

Comparison of whole-genome samples with the refer-
ence genome revealed a number of mutations occurring
mostly at low frequencies. Mutations with very low frequen-
cies are likely due to errors in the NGS procedure rather than
true variants in viral strains [14, 15]. This can be explained by
the fact that Ti/Tv ratios increase when variants with low fre-
quencies are removed. During six months of monitoring, we
found 55 variants that have been detected with a frequency
greater than 1%. However, Callaway [16] reported that a typ-
ical SARS-CoV-2 virus accumulates only two single-letter
mutations per month in its “genome.”

In practice, Ti/Tv ratios can be used to determine which
threshold should be used in QC data [11]. Rayko and Komis-

sarov [17] have reported a lower Ti/Tv ratio in the unique
genome variation of SARS-CoV-2. In the case of a random
distribution of Ti and Tv mutations (i.e., without any biolog-
ical influence), a ratio of 0.5 would be expected, simply due to
the fact that there are twice as many Tv mutations possible as
Ti. However, in the biological context, a bias of Ti versus Tv
is generally observed as a function of unequal base frequen-
cies. In fact, this Ti-Tv substitution bias has been noted in
both the eukaryotic and prokaryotic genomes [18, 19]. Using
a cutoff filtering frequency of 1% and separately analyzing
our data by geographical location and time period, we gener-
ally observed a Ti versus Tv bias, which was previously
reported by some authors [20].

Generally, the predominant substitution was C>U transi-
tion, which might be intervened by cytosine deaminases [21].

Table 2: Distribution of the number of genome samples (N) and the number of transition (Ti) and transversion (Tv) mutations and the Ti/Tv
ratio for data from each location during different periods of virus collection. A chi-squared test was used to compare the distribution of
mutation types by period for each location and to compare the mutation type by location for each period. NA: data not available or
sample number under 20.

Period of collection January February March April May June p value

Africa (N = 569) 0.9134

N NA NA 142 210 78 139

Ti, n (%) NA NA 64 (76.19) 80 (72.07) 139 (73.54) 67 (72.04)

Tv, n (%) NA NA 20 (23.81) 31 (27.93) 50 (26.46) 26 (27.96)

Ti/Tv 3.2 2.58 2.78 2.58

Asia (N = 4305) 0.8918

N 379 551 1247 1025 685 418

Ti, n (%) 30 (78.95) 36 (72) 38 (70.37) 44 (69.94) 56 (68.3) 65 (73.03)

Tv, n (%) 8 (21.05) 14 (28) 16 (29.63) 19 (30.16) 26 (31.7) 24 (26.97)

Ti/Tv 3.75 2.57 2.37 2.32 2.15 2.7

Europe (N = 24326) 0.1793

N 21 196 10025 10450 3003 631

Ti, n (%) 86 (71.67) 55 (84.62) 37 (80.43) 33 (75) 42 (66.67) 117 (70.9)

Tv, n (%) 34 (28.33) 10 (15.38) 9 (19.57) 11 (25) 21 (33.33) 48 (29.02)

Ti/Tv 2.53 5.5 4.11 3 2 2.34

North America (N = 10878) 0.7178

N 20 106 5370 3858 1051 473

Ti, n (%) 18 (75) 91 (77.75) 32 (74.42) 42 (75) 72 (76.6) 61 (74.39)

Tv, n (%) 6 (25) 26 (22.22) 11 (25.58) 14 (25) 22 (23.4) 21 (25.61)

Ti/Tv 3 3.5 2.90 3 3.27 2.90

Oceania (N = 1904) 0.2222

N NA 32 1315 362 88 107

Ti, n (%) NA 26 (82.53) 57 (75) 61 (75.31) 132 (72.13) 185 (68.01)

Tv, n (%) NA 6 (17.65) 19 (25) 20 (24.61) 51 (27.87) 87 (31.99)

Ti/Tv 4.67 3 3.05 2.59 2.12

South America (N = 541) 0.6071

N NA NA 289 207 23 22

Ti, n (%) NA NA 39 (72.22) 58 (80.56) 53 (75.71) 32 (82.1)

Tv, n (%) NA NA 15 (27.78) 14 (19.44) 17 (24.29) 7 (17.9)

Ti/Tv NA NA 2.6 4.14 3.12 4.6

p value 0.6654 0.4094 0.8990 0.77753 0.68839 0.52399
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Multiple groups have observed the predominance of C to T
(U) substitutions in SARS-CoV-2 [22, 23]. The high fre-
quency of C>U transitions likely reflects the virus adaptation
processes in its hosts [20]. Surprisingly, G>U transversions
were also frequent. Panchin and Panchin [24] reported a
9-fold excess of G>U transversions among SARS-CoV-2
mutations over relative substitution frequencies between
SARS-CoV-2 and a close relative coronavirus from bats
(RaTG13), suggesting that the mutational patterns of SARS-
CoV-2 could have changed after transmission to humans.

When comparing the distribution of the proportions of
transition and transversion mutations between different geo-
graphical locations and time periods, we noted that the bias
in transition versus transversion mutation in SARS-CoV-2
is not associated with geographical and temporal effects.

Heatmap analysis (Figure 2) revealed remarkable hotspot
mutation patterns for SARS-CoV-2. Mutations were clus-
tered based on how their frequencies changed over time
according to each geographic location. We noticed that some
clusters show a clear increase or decrease in mutation
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Figure 1: Boxplot comparing the distribution of transition and transversion mutations with variant frequencies according to the geographical
location and period of sample collection using the nonparametricWilcoxon test. The x-axis represents the mutation substitution type, and the
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frequency. However, many mutations appeared in specific
periods without a clear pattern over time. Other studies
reported that only a handful of clusters were prevalent in
the early stage of the pandemic, and even some mutations
arose independently. As shown in our study, continuous
mutations accumulate in transmitted strains, and the emer-

gence of small clusters was replaced quickly, whereas others
gradually became dominant because the mutations were
fixed, such as the D614G mutation in the RBD region. It is
worth noting that the D614G mutation at position 23403
always accompanies the three most frequent mutation sites
in the ORF1ab (14408 in NSP12 and 3037 in NSP3) region,

Figure 2: A heatmap showing the dynamics of hotspot mutation frequencies according to geographical locations. The period of collection is
shown as rows, and hotspot mutations are shown as columns. Red/blue coloration implies higher/lower mutation frequencies.
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as well as the mutation at position 241. The four mutations
occurred probably during the transition between the first
cluster reported in Wuhan and the subsequent clusters that
spread globally. Moreover, researchers reported that the
increase of these mutations was the result of a fitness advan-
tage rather than a genetic drift [25] of the virus by increasing
its infectivity [26]. We assume that the cooccurrence of this
group of mutations can functionally cooperate in the stabil-
ity, transmission, and adaptability of the virus [27].

Another group of mutations showing a constant increase
in frequency was the three adjacent nonsynonymous muta-
tions in the N protein, and the nucleotide sequence GGG
changed to AAC, resulting in a change of amino acid from
RG to KR (AGGGGA coding for RG changed to AAACGA
coding for KR). This group of mutations was identified first
in February in Europe and then in other locations.

Two mutations clustered together in North America
(G25563T and C1059T) appeared in March with a medium
frequency and remained so until June. Both mutations also
appeared in all geographical locations in at least one period
but with lower frequency than in North America. The
C1059T mutation causing amino acid substitutions (T265I)
is in gene regions of NSP2 (ORF1ab), whereas the
G25563T mutation is on the gene region of ORF3a, which
encodes for the largest protein in the SARS-related CoV
accessory family proteins. The product of ORF3a is a unique
membrane protein and is essential for the pathogenesis of
the disease [2, 6].

An interesting mutational pattern was observed mainly
in geographical locations performing extensive sequencing.
It concerns mutations that appeared early and whose fre-
quencies subsequently declined. In Asia, two mutations cooc-
curred, the C8782T silent mutation in the NSP4 gene and the
T28144C nonsynonymous mutation (L84S) in the ORF8
gene. There is a controversial debate about the ancestry of L
and S types of this mutation and its functional impact [28,
29]. During the initial stages of the outbreak in Wuhan, a
decrease in the frequency of L-type mutations was observed
after January 2020, suggesting that 84S may exhibit some
advantages over 84L. Studies suggest that 84S may lead to
structural disorders in the C-terminus of the protein and
may also produce a new phosphorylation target for serine/-
threonine kinases of mammalian hosts.

The same pattern was observed in Europe for two trans-
versionmutations: theG11083T, leading to an L3606F change
within the NSP6 protein in ORF1a, and the G26144T, leading
to a G251V change in ORF3a. The frequency of the G251V
substitution was estimated at 48% in Europe in January and
decreased to 13% in March (Figure 3), while the emergence
of this substitution is consistent with the lockdown ofWuhan
on 23 January 2020 [30].

Along with the two mutations observed in Asia (C8782T,
T28144C), a cluster of three other mutations (C18060T,
C17747T, and A17858G) stood out in North America. The
complete disappearance of this cluster was observed during
the May to June period. The C18060T change is a silent
mutation in the ORF1b gene. However, the two other muta-
tions are nonsynonymous, leading to P1427L and Y1464C
changes in NSP13 (helicase) which catalyzes the unwinding
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Figure 3: Lollipop plots showing the distribution of nonsynonymous
hotspot mutations on the SARS-CoV-2 genome and the change of
mutation frequencies over time within geographical locations. The
presence of a mutation is shown on the x-axis (lollipop), and the
frequency of mutations is shown on the y-axis vertical line. The
period of genome collection is distinguished by color. Nucleotide
coordinates are according to the SARS-CoV-2 reference genome.
Amino acid positions are according to the mature peptides in the
SARS-CoV-2 reference genome. Only nonsynonymous mutations
with frequencies ≥ 10% are presented here.
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of duplex oligonucleotides into single strands. According to
Guan et al. [29], the substitution of proline with leucine
(P1427L) is not expected to create noticeable effects. Y1464
is part of a region that contributes to the binding and
unwinding of duplex oligonucleotides [31]. Its substitution
by cysteine would decrease the stability and enhance the
dynamics of this particular region and possibly affect the
binding and processing of RNA [29].

Various nonsynonymous mutations were observed
during the monitoring period. These can be due to genetic
evolution and adaptation including the infectivity and path-
ogenicity of SARS-CoV-2. However, minimal mutations in
the genome, represented by a single D614G mutation in
the S protein, have the capacity to alter the traits of a protein,
affecting the virus infectivity and clinical outcomes, as well
as the epidemiology of the virus [16, 32]. The D614G muta-
tion in the spike (S) protein and P314L in the nonstructural
protein 12 (NSP12) are consistently related and common in
all geographic locations with increasing frequency over time.
The spike region determines the specific binding of SARS-
CoV-2 to the host receptor and the initiation of viral
replication; this region is reported to be the most potent
and essential for viral attachment and entry into the host
cells [33]. Eaaswarkhanth et al. [34] speculate that the S
D614G strains could be more virulent, increasing the
severity of the virus in infected individuals, especially in
Europe where this mutation is prominent [35]. The
P314L mutation found within the RNA-dependent poly-
merase may play a causal role in enhanced viral replica-
tion and therefore should be considered for potential
contribution to infectivity [36].

The SARS-CoV-2 virus is continuously evolving and has
already formed heterogenic clusters. In addition, several
fixed mutations have also been observed in different conti-
nents. These mutations can be essential for the adaptation
of the virus to the human host. T265I and Q57H substitu-
tions are likely to be associated with pathogenesis. Indeed,
NSP2 involves mitochondrial biogenesis and intracellular
signaling while ORF3a can induce cell apoptosis [37, 38].
In the spike protein region, three other important nonsy-
nonymous mutations other than D614G have been
observed in Oceania (S477N, G485R, and N501Y). This
requires further investigation, in particular for possible
vaccine application. Amino acid changes may play an
important role in increasing the virulence of viral strains
by inducing conformational changes in discontinuous neu-
tralizing epitopes [35].

Some mutations could be the result of the virus adapting
to specific environmental conditions in a given geographic
area, such as the climate [39]. However, the potential geocli-
matic effects on the mutations observed must be evaluated by
clinical and/or experimental studies.

4.1. Study Limitations. This study has some limitations, such
as the lack of clinical patient data, as well as unbalanced
sample sizes between different geographic areas.

In addition, the sequenced viral genomes are not ran-
domly selected from the global population and are therefore
susceptible to bias.

5. Conclusion

In summary, our data provide valuable information on the
geographic and temporal genome evolution of SARS-CoV-
2. The mutations observed vary according to the geographi-
cal distribution and the period of monitoring of the virus.
This variation would be influenced by the virus-host interac-
tion. Beside these mutational events resulting in the trans-
formation to a more virulent strain, there are a number of
highly conserved regions in the SARS-CoV-2 genome which
could be utilized as potential targets for inhibitory drugs and
in vaccine development. Effective and timely genome
surveillance of viral sequences is worthwhile for effective
prevention and control.
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