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ABSTRACT The new coronavirus infection (COVID-19) represents a challenge for global health. Since the 
outbreak began, the number of confirmed cases has exceeded 117 million, with more than 2.6 million deaths 
worldwide. With public health measures aimed at containing the spread of the disease, several countries have 
faced a crisis in the availability of intensive care units. Currently, a large-scale effort is underway to identify the 
nucleotide sequences of the SARS-CoV-2 coronavirus that is an etiological agent of COVID-19. Global sequenc-
ing of thousands of viral genomes has revealed many common genetic variants, which enables the monitoring of 
the evolution of SARS-CoV-2 and the tracking of its spread over time. Understanding the current evolution of 
SARS-CoV-2 is necessary not only for a retrospective analysis of the new coronavirus infection spread, but also 
for the development of approaches to the therapy and prophylaxis of COVID-19. In this review, we have focused 
on the general characteristics of SARS-CoV-2 and COVID-19. Also, we have analyzed available publications 
on the genetic diversity of the virus and the relationship between the diversity and the biological properties of 
SARS-CoV-2, such as virulence and contagiousness.
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INTRODUCTION
After the first cases of infection were reported in Wu-
han, China, in December 2019, the novel coronavirus 
infection COVID-19 caused by SARS-CoV-2 spread 
throughout the world and became the first coronavi-
rus pandemic in human history [1]. As of March 2021, 
COVID-19 had been diagnosed in more than 117 million 
people worldwide, with more than 2.6 million deaths [2]. 
Currently, preventive vaccines are far from available 
in all countries or to all segments of their populations; 
therefore, quarantine, social distancing, and special 
sanitary precautions have remained the most potent 
measures to prevent the further spread of the infection.

The rapid and worldwide spread of the new coro-
navirus is inevitably associated with its divergence 
and the emergence of strains with various biological 
properties, the most significant of which is virulence. 
Very little is known about the phenotypic diversity 
of SARS-CoV-2, given the short period during which 
it has been investigated. Unfortunately, the available 
reports on genomic sequences provide limited infor-
mation about the patient and are confined to age and 
gender, while, often, information on the severity, mani-
festations, and outcome of the disease is lacking.

One of the topical issues of fundamental and medi-
cal virology is the identification of the nature of the 
pathogenicity and virulence of viruses, including 
those of animal origin. Despite the progress made in 
understanding the evolution of viruses, the question 
of the evolution of virulence resulting from interspe-
cies transmission remains open. Does the virus become 
more or less virulent in a new host? How is the degree 
of virulence modulated by natural selection and why? 
Are there regularities in the evolution of virus viru-
lence in a new host which can allow one to predict the 
direction of this process? A simplified interpretation of 
virulence evolution is that natural selection optimizes 
the level of virulence in a way that increases the ef-
ficiency of viral transmission, which is characterized 
by the basic reproduction number (R0) [3]. The adap-
tation of a virus to a new host is affected by a com-
plex set of host–pathogen interactions. According to 
modern concepts, during interspecies transmission, the 
initial virulence of a virus can vary from an absence 
of pathogenicity (asymptomatic carriage) to a high 
pathogenicity, while it remains very difficult to predict 
the direction in which virulence will evolve. Mankind 
has rarely faced a highly virulent pandemic virus of 
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animal origin – once every several decades – but the 
consequences of such an occurrence are dire and often 
global in scope. In such a context, it is of extreme im-
portance to understand and predict how the biological 
properties of the SARS-CoV-2 coronavirus can evolve. 
The purpose of this review is to analyze the results of 
scientific studies that have focused on the relationship 
between genetic changes in the SARS-CoV-2 virus 
and its biological properties, including pathogenicity, 
virulence, and contagiousness.

The pathogenicity of a virus is defined as its abil-
ity to cause a disease. The term “virulence” can have 
different meanings depending on the context. In this 
review, the virulence of a virus means the measure of 
its pathogenicity; i.e., its ability to cause more or less 
severe diseases; the degree of virulence is determined 
by the mortality rate. The contagiousness (transmis-
sibility) of a virus is its ability to move from infected 
organisms to healthy ones. Contagiousness is assessed 
with two interrelated indicators: the contagiousness 
index (the proportion of susceptible persons infected 
after contact with a source of the pathogen) and the 
basic reproduction number R0 (the average number of 
cases directly infected by one case during the entire in-
fectious period in a completely susceptible population).

GENERAL CHARACTERIZATION OF SARS-CoV-2
The pandemic SARS-CoV-2, along with the 
SARS-CoV virus, belongs to the Coronaviridae family, 
Orthocoronavirinae subfamily, Betacoronavirus genus, 
Sarbecovirus subgenus, and Severe acute respiratory 
syndrome-related coronavirus species [4]. It should be 
noted that, along with the listed pathogens, the Sarbe-
covirus subgenus also includes coronaviruses isolated 
from bats; in particular, horseshoe bats (Rhinolophus 
genus) [5]. The genome sequence of SARS-CoV-2 
was found to be 96.2 and 93.3% identical to that of 
the raTG13 [6] and RmYN02 [7] bat coronaviruses, 
respectively. The degree of nucleotide sequence simi-
larity and evolutionary analysis lends credibility to the 
hypothesis that bats are the natural reservoir of the 
SARS-CoV-2 that was transmitted to humans through 
unknown intermediate hosts [8, 9]. In addition, the 
SARS-CoV-2 genome has been shown to be 85.5–92.4% 
similar to that of coronaviruses isolated from pango-
lins [10], 80% to SARS-CoV [6], and 50% to MERS-CoV 
(Merbecovirus subgenus) [11]. However, the degree of 
genome homology varies greatly depending on genes 
and genomic loci [5]. In this case, the main differences 
between these viruses reside in the ORF1a sequence 
and the gene encoding the spike protein S that plays a 
key role in the interaction of the virus with the cell [12]. 
These features of genome organization may be a result 
of some interviral recombination [13].

SARS-CoV-2 virions are pleiomorphic (usually 
spherical), with an average diameter of 108 ± 8 nm, 
ranging from 84 to 126 nm [14]. The spikes on the sur-
face of viral particles, about 9–12 nm long, give the 
virus its characteristic crown appearance. The mor-
phology of SARS-CoV-2 virions is similar to that of 
other members of the Coronaviridae family, including 
SARS-CoV and MERS-CoV [15].

The SARS-CoV-2 genome is a nonsegmented, sin-
gle-stranded, positive sense RNA, 29.9 kb in size, and 
consists of six main open reading frames (ORF) (Fig. 1). 
Translation of virus-encoded RNA-dependent RNA 
polymerase (replicase) is necessary for the initiation 
of viral replication in the cell and the synthesis of the 
subgenomic viral RNAs that, in turn, serve as a matrix 
for the synthesis of viral structural and accessory pro-
teins [16]. The size of ORF1ab, which encodes replicase, 
is 2/3 of the size of the entire viral genome. ORF1ab is 
followed by the genes for the spike protein (S), ORF3a, 
envelope protein (E), membrane protein (M), ORF6, 
ORF7a, ORF7b, ORF8, nucleocapsid (N), and ORF10. 
In addition, Nelson et al. proved that SARS-CoV-2 con-
tains a new overlapping gene (OLG) ORF3d [17] that is 
also present in coronaviruses isolated from pangolins in 
the Guangxi region of Southern China, but that it is not 
found in other coronaviruses isolated from pangolins 
and bats.

The spike protein S of the SARS-CoV and 
SARS-CoV-2 coronaviruses initiates a fusion of the 
viral envelope with the cell membrane of the host 
cell, and the angiotensin-converting enzyme 2 (ACE2) 
serves as a cellular receptor for the attachment of the 
virus. The receptor for MERS-CoV is hDPP4 (human 
dipeptidyl peptidase 4 or CD26) [18]. The S protein 
comprises two domains, S1 and S2. The S1 domain 
mediates the binding to ACE2, while the S2 domain 
mediates subsequent fusion of the viral envelope with 
a cell’s membrane [19]. The receptor binding domain 
(RBD) is a key functional component of S1, which is 
responsible for the binding of SARS-CoV-2 to ACE2 
[20]. In addition, the SARS-CoV RBD contains a core 
motif and a receptor binding motif (RBM) that medi-
ates the contacts with ACE2. The surface of ACE2 
contains two virus-binding hotspots that are essential 
for SARS-CoV-2 binding [21]. The stage of adsorption 
and penetration of SARS-CoV-2 into a cell depends not 
only on the ACE2 receptor, but also on the transmem-
brane serine protease TMPRSS2 and proprotein con-
vertase furin, whose role is to prime the SARS-CoV-2 
S protein [22, 23]. Thus, SARS-CoV-2 can enter a cell 
in two different ways (Fig. 2): through the late endo-
some where the S protein is cleaved by cathepsins, or 
through the cell membrane or early endosome using 
trypsin-like proteases to cleave the S protein [23, 24].
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The E protein forms ion channels and regulates the 
assembly of virions [25]. The M protein is also involved 
in the assembly of viral particles [26], while the N pro-
tein forms a ribonucleoprotein complex with viral RNA 
and performs several functions, such as enhancing the 
transcription of the viral genome and interacting with 
the viral membrane protein during virion assembly 
[27].

The receptor of target cells, which is used by the 
virus to enter a cell, is a factor in determining which or-
gans and tissues are susceptible to infection. The ACE2 
receptor is expressed on the surface of epithelial cells 
of the alveoli, trachea, bronchi, and bronchial glands, 
as well as on alveolar macrophages. In addition, ACE2 
is present on mucous membranes, such as the cornea of 
the eye and goblet and ciliary cells in the nasal cavity 
[28], which appear to be the gateway to infection. The 
life cycle of the virus with the host consists of the fol-
lowing steps: the virus enters the cell using the ACE2 
receptor and releases the single-stranded viral RNA 
that binds to the target cell’s ribosome and initiates 
the synthesis of the RNA replicase that, in turn, repro-
duces copies of genomic and subgenomic RNA, as well 
as RNA fragments that serve as templates for the syn-
thesis of viral envelope proteins. Positive-sense viral 
RNA molecules, together with structural viral proteins, 
form new SARS-CoV-2 virions that are released from 
the cell and infect intact target cells (Fig. 2) [29].

VARIETY OF CLINICAL MANIFESTATIONS OF COVID-19
The severity of the disease caused by SARS-CoV-2 
can vary significantly [30]. There is great variability 

in the clinical presentations of COVID-19 even among 
close contacts of an infected person or members of the 
same family [30]. The spectrum of COVID-19 symp-
toms ranges from mild/moderate to critical and fatal 
[31–33]. Also, an asymptomatic course of the disease 
is often observed. The rate of asymptomatic cases can 
amount to 40–50%, and an infected person remains a 
source of infection for more than 14 days [34]. In ad-
dition, an asymptomatic course of the infection can 
be associated with subclinical changes in the lungs, 
which are detected during computed tomography [34]. 
Therefore, SARS-CoV-2 possesses increased virulence 
with a tactical advantage – the ability to maintain 
human-to-human transmission even in asymptomatic 
carriers [35], which allows the virus to spread rapidly.

According to a report issued by the Chinese Center 
for Disease Control and Prevention [36], an analysis 
of 44,500 confirmed cases of infection with an assess-
ment of the disease severity revealed that a mild form 
of COVID-19 (nonpneumonia and mild pneumonia) 
is observed in 81% of cases. A severe form (dyspnea, 
hypoxia, or lung involvement of >50%) was reported 
in 14% of cases. And 5% of cases were critical (respira-
tory failure, shock, or multiple organ dysfunction). In 
this case, the overall mortality rate was 2.3% (no deaths 
among non-critical cases).

A severe form of the COVID-19 disease can be 
observed in any healthy person of any age, but it oc-
curs mainly in people over 65 years of age and/or with 
concomitant diseases (cardiovascular diseases, diabetes 
mellitus, hypertension, chronic lung and kidney dis-
eases, cancer, obesity, smoking) [32, 36, 37], while, in 
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Fig. 1. Major mutations in the SARS-CoV-2 genome which were 
identified within a year of the beginning of the pandemic (created 
with the online software BioRender)
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Fig. 2. The SARS-CoV-2 virion and life cycle (created with the online software BioRender)
I. Virus binding. After adsorption, the virus can enter the cell in two ways: through the endosome (I-a) or through fusion 
with the cell membrane (I-b)
II. Receptor-mediated endocytosis
III. Fusion of the virus envelope with the endosome membrane results in virus uncoating. Release of the ribonucleopro-
tein complex (RNP)
IV. Viral genome translation. Synthesis of the viral proteins (including RNA-dependent RNA polymerase (RdRp) in-
volved in genome replication and transcription 
V. Replication and transcription of the viral genome
VI. Viral proteins are synthesized at the endoplasmic reticulum (ER) lumen
VII. Assembly and transport of the virions to the cell membrane
VIII. Release of the virions by exocytosis 
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most young adults, the infection is mild and without 
complications.

There are several complications associated with 
COVID-19. These include the acute respiratory distress 
syndrome, which is a type of respiratory failure that 
requires critical care support, including artificial ven-
tilation of the lungs. This care is required in 12 to 24% of 
hospitalized patients [38, 39]. Also, cardiovascular [40] 
and thromboembolic complications [41], inflammatory 
reactions [42], and superinfections [43] are observed.

Children are the least susceptible to infection. They 
account for 1 to 6.3% of COVID-19 cases [44, 45]. Ac-
cording to a report by China’s Center for Disease Con-
trol and Prevention, of the 72,314 cases reported as of 
February 11, 2020, only 2% were under the age of 19 
[36]. Multisystem inflammatory syndrome with clini-
cal signs similar to Kawasaki’s disease and toxic shock 
syndrome were reported in children with COVID-19 
[46]. Monitoring of children infection by Meskina [45] 
showed that the rate of asymptomatic COVID-19 
cases in children was 62%, with that in newborns be-
ing 73.1%, and the rate of severe forms being as low as 
0.38%.

GENETIC DETERMINANTS OF SARS-CoV-2 VIRULENCE
The question of the causes behind the diverse clinical 
presentations of COVID-19 in different categories of 
the population remains open. It may be that this di-
versity depends on certain genetic profiles of a host 
organism. In accordance with this hypothesis, the 
genetic basis of the susceptibility to infection may 
be explained by the polymorphism of the functional 
receptors required for virus entry into target cells. In 
particular, multiple organ dysfunctions in COVID-19, 
including fatal damage to the lungs and myocardium, 
may be associated with the functional characteristics 
of the ACE2 receptors in the population [47–49]. For 
example, Hou et al., based on an analysis of ~ 81,000 
human genomes, investigated the association between 
the polymorphism of the ACE2 and TMPRSS2 genes 
(two key host factors of SARS-CoV-2) and suscep-
tibility to COVID-19. ACE2 polymorphisms (p.) (e.g., 
p.Arg514Gly in the African/African American popu-
lation) were found to be associated with the cardiovas-
cular and pulmonary diseases through altered angio-
tensinogen–ACE2 interactions. Unique but prevalent 
polymorphisms (including p.Val160Met (rs12329760)) 
in TMPRSS2 have the potential to cause differential 
genetic susceptibility to COVID-19 [50].

A genome-wide association study (GWAS) analyzed 
8,582,968 single nucleotide polymorphisms (SNPs) from 
1,980 severe COVID-19 patients from the Italian and 
Spanish epicenters of the pandemic in Europe. The 
study did not reveal any significant associations of a 

severe form of the disease with a single gene. Rather, 
it did so with a multigene cluster on chromosome 3 
(SLC6A20, LZTFL1, CCR9, FYCO1, CXCR6, and XCR1 
genes) [51].

Chinese scientists analyzed the genetic profiles of 
332 patients with varying severity of COVID-19 us-
ing NGS techniques. The results of a genome-wide 
association study (GWAS) indicated that the most 
significant locus associated with disease severity was 
located in TMEM189–UBE2V1, which is involved in 
the interleukin-1 (IL-1) signaling pathway. The rate 
of p.Val197Met missense variants of the TMPRSS2 
gene, which affect the stability of the protein, is lower 
in patients with a severe infection than in patients with 
a mild form of the disease and the general population. 
In addition, the HLA-A*11:01, B*51:01, and C*14:02 
alleles were found to significantly predispose people to 
a severe course of COVID-19 [52].

Selectivity for host genetic profiles (as a factor of 
SARS-CoV-2 virulence) may be one of the viral fea-
tures. This property was not reported in the influenza 
virus which caused the global pandemic in 1918. This 
may be because, in the early 1900s, the level of techno-
logical evolution and knowledge did not allow for con-
ducting research on the topic. There is data indicating 
that susceptibility to HIV-1 is genetically determined 
by variations in the host chemokine receptors [53]. This 
data suggests that this selectivity may determine the 
virulence and tissue specificity of other viruses, includ-
ing SARS-CoV-2.

Studies of the molecular mechanisms of the patho-
genicity and contagiousness of coronaviruses have 
focused on the determinants of coronavirus tropism 
to the cells of the human respiratory tract, which is 
associated with receptor-mediated virus entry into the 
cell. These determinants are present on the surface S 
protein of coronaviruses. Mutations in S protein epi-
topes, which are responsible for the binding to viral 
receptors, are believed to determine the efficiency of 
interspecies transmission and adaptation of the virus 
to a new host [54]. There is experimental evidence that 
the bat coronavirus, whose S-protein can be modified 
by reverse genetics methods, is able to overcome the 
species barrier (to infect human cells) [55]. However, to 
date, there has been no experimental confirmation that 
the SARS-CoV-2 S protein alone mediates contagious-
ness or the high virulence of the virus in humans. Pre-
viously, a highly pathogenic avian influenza A virus, 
H5N1, was used to prove that an ability to recognize 
the viral receptors of epithelial cells in the respiratory 
tract of mammals could be achieved by introducing 
two to four amino acid substitutions into hemagglu-
tinin (HA), which are essential for the binding of HA 
to α-2,6-sialic receptors [56, 57]. However, these mu-
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tations alone were not enough for a virus to acquire 
contagiousness and high virulence for ferrets [56, 57]. 
This indicates that additional determinants of conta-
giousness and virulence are likely encoded in the inter-
nal genes of the virus. The pathogenicity of the virus is 
mediated not only by its ability to effectively penetrate 
target cells, but also by many other viral factors. An 
example of this is vaccine strains that are used as live, 
attenuated vaccines. According to Klimov et al. [58], the 
determinants of the attenuation of the cold-adapted 
vaccine strain of influenza A/Leningrad/134/47/17 
are mutations in the genes of the polymerase complex 
proteins (PB1, PB2, PA, NP), M-protein, and the non-
structural protein NS2, but not in the genes of the sur-
face proteins neuraminidase N and hemagglutinin H. 
Review [3] provides more than 10 examples of changes 
in the virulence of various mammalian viruses which 
are caused by only one or two amino acid substitutions. 
Most of these examples concern RNA viruses (influenza 
A and B viruses, enteroviruses, Ebola virus, HIV, West 
Nile virus, Newcastle disease virus, porcine reproduc-
tive and respiratory syndrome virus, etc.).

Viruses of the same biological species can signifi-
cantly differ in virulence, something associated with 
divergence in the course of evolution. The mortality 
rate from an infection with seasonal influenza A virus-
es (Influenza A virus species of the Orthomyxoviridae 
family) of the H3N2 and H1N1 serotypes is 0.04–1.0%, 
while that from diseases caused by some strains of 
the avian influenza A virus, including H5N1, H7N7, 
H9N2, H7N3, and H7N9, reaches 60% [59, 60]. Human 
coronaviruses are no exception. The so-called seasonal 
coronaviruses (HCoV-NL63, -229E, -OC43, -HKU1) 
are associated mainly with mild and moderate forms 
of acute respiratory viral infections, while coronavi-
ruses of animal origin (SARS-CoV, MERS-CoV, and 
SARS-CoV-2) are associated with the development of 
a severe acute respiratory syndrome and a higher risk 
of mortality (according to various estimates, 1 to 40% of 
the number of laboratory-confirmed cases).

Recently, the Koonin’s group identified possible ge-
netic determinants for the increased mortality from 
an infection with the highly virulent coronaviruses 
SARS-CoV, MERS-CoV, and SARS-CoV-2 compared 
to that from the low-virulent seasonal HCoV-NL63, 
-229E, -OC43, and -HKU1 [61]. An analysis of more 
than 3,000 coronavirus genomes revealed that the 
genome of the highly pathogenic coronaviruses 
SARS-CoV, MERS-CoV, and SARS-CoV-2 contains 
four regions (three in the N nucleoprotein gene and one 
in the S protein gene) significantly different in amino 
acid sequences from seasonal coronaviruses [61]. The 
differences in the N gene presumably determine the 
enhancement of signals for nuclear localization and ex-

port of this protein. Differences in the S gene occur at 
the site of receptor recognition and fusion of the viral 
envelope with the cell membrane and are hypotheti-
cally responsible for enhancing the stage of virus at-
tachment and entry into the cell. The obtained results 
shed light on the potential determinants of coronavi-
rus virulence, but they have not yet been empirically 
confirmed, because the work was performed using 
computer-based analysis methods.

New mutations constantly occur in the genome of 
any virus, and some of these are capable of changing 
the biological properties of the virus, including the de-
gree of contagiousness, ability to evade the host’s im-
mune response, and virulence. The viral RNA genome 
of SARS-CoV-2 is characterized by a high mutation 
rate (but lower than that of other RNA viruses) [62].

To date, hundreds of thousands of genome sequenc-
es for the SARS-CoV-2 coronavirus are known. The 
results of multiple studies have enriched the GISAID 
genome sequence database, which, as of January 2021, 
includes information on more than 323,493 sequences. 
In addition to SARS-CoV-2, GISAID contains the ge-
nome sequences of coronaviruses isolated from bats 
and pangolins. Based on data from viral sequences and 
information on the geographical origin of the samples 
in GISAID, another information resource, Nextstrain 
(https://nextstrain.org) [63] publishes hosts phylo-
genetic, geographic, and genomic analyses of SARS-
CoV-2. Using the GISAID database and Nextstrain re-
source, the evolution of a virus can be monitored in real 
time. The Nextstrain analysis predicts the occurrence 
of approximately 26 substitutions in the SARS-CoV-2 
genome per year. Given the SARS-CoV-2 genome size 
(29.9 kb), the estimated evolutionary rate is approxi-
mately 0.90 × 10–3 substitutions/site/year [5]. This val-
ue is comparable with values reported for SARS-CoV 
(0.80–2.38 × 10–3) [64], MERS-CoV (0.63–1.12 × 10–3) 
[65], and HCoV-OC43 (0.43 × 10–3) [66]. Since the 
coronavirus genome encodes a 3’–5’-exoribonuclease 
(nsp14-ExoN) that has editing activity, the mutation 
rate (the number of single nucleotide substitutions 
per site per replication cycle) is likely to be lower in 
SARS-CoV-2 than in other RNA viruses, such as in-
fluenza viruses [67]. This underlies the high stability of 
the genome of coronaviruses, including SARS-CoV-2. 
An analysis of the nucleotide sequences of 48,635 virus 
isolates confirmed the low mutation rate, which was 
7.23 mutations per sample, on average, compared with 
the reference SARS-CoV-2 genome (NC_0455122) [68].

In addition, the SARS-CoV-2 genome was shown to 
have a much lower mutation rate and genetic diversity 
compared to those of the SARS-CoV virus that caused 
the outbreak of SARS in 2002–2003 [69]. It should also 
be noted that the S protein RBD domain (~90 amino 
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acids) of SARS-CoV-2, which reacts directly with the 
ACE2 receptor on the surface of target cells, differs 
significantly from the SARS-CoV RBD, especially in 
two regions that interact with ACE2, and is the part of 
SARS-CoV-2 most susceptible to variations [70]. The 
latter suggests the participation of several mechanisms 
involved in virus entry into the cell. Six amino acid resi-
dues of the S protein RBD (Leu455, Phe486, Gln493, 
Ser494, Asn501, and Tyr505) were found to play a key 
role in the binding to ACE2. In this case, five of them 
differ from the SARS-CoV RBD, which should be con-
sidered in the development of specific antiviral agents 
that block virus entry into the cell [70].

It should be noted that numerous elements of the 
virus genome are mutated at different rates. For exam-
ple, an analysis of about 223,000 full-length sequences 
of the SARS-CoV-2 proteome was used to calculate 
the mutation rate of each viral protein. The highest 
mutation rates were observed in the S, NSP12, NS9c, 
and N proteins [71].

An analysis of the nucleotide sequences of 
SARS-CoV-2 isolates revealed several genome regions 
with an increased mutation rate [72–81]. One of these 
regions is D614G, in the C-terminal region of the S1 do-
main [72–74, 77, 81]. A mutant virus with a D614G sub-
stitution in the S1 domain was shown to be prevalent in 
Europe [68]. Comparison of the functional properties of 
the S protein with aspartic acid at position 614 (SD614) 
and glycine (SG614) showed that pseudoviruses carry-
ing SG614 enter ACE2-expressing cells more efficiently 
than viruses with SD614 [82]. While evidence continues 
to accumulate, a growing proportion of the virus with 
the D614G substitution suggests that viruses with this 
mutation are characterized by a more efficient person-
to-person transmission. Interestingly, this mutation 
does not appear to significantly affect the severity of 
the disease [73, 79].

In December 2019, isolation of a new SARS-CoV-2 
strain with an increased level of contagiousness was 

reported in the UK [83]. According to the data of a 
phylogenetic analysis, this strain forms a distinct 
phylogenetic cluster (lineage B.1.1.7) [84]. Seven char-
acteristic mutations were identified in the S protein 
of this virus: RBD (N501Y, A570D), S1 (ΔH69/V70), 
and S2 (P681H, T716I, S982A, and D1118H) [83]. 
The N501Y mutation in the receptor binding domain 
(RBD) provides increased affinity for human and 
mouse ACE2 [85]. The ΔH69/V70 deletion in S1 en-
hances the ability of the virus to evade the immune 
response. The P681H mutation is directly adjacent 
to the furin cleavage site between S1 and S2 in the S 
protein. In addition, there is data pointing to the ex-
istence of several independent SARS-CoV-2 lineages 
that are characterized by the ΔH69/V70 deletion in 
the S protein and an increase in the circulation of 
these viruses in some European countries since Au-
gust 2020 [83].

In January 2021, a new SARS-CoV-2 (501Y.V2) lin-
eage emerged in South Africa. It quickly spread and 
became prevalent in several regions of the country. 
There are eight S protein mutations characteristic of 
this lineage; in particular three in the RBD (K417N, 
E484K, and N501Y) which may be of functional value. 
Two of these (E484K and N501Y) are located in the re-
ceptor binding motif (RBM) that directly interacts with 
ACE2 [86]. The N501Y mutation is also characteristic 
of the B.1.1.7 lineage identified in the UK. Perhaps, this 
mutation determines the level of SARS-CoV-2 conta-
giousness.

There are also reports of a new SARS-CoV-2 P.1. lin-
eage in Brazil [87]. It is necessary to note the emergence 
of convergent mutations common to the P1, B.1.1.7, 
and B.1.351 lineages (Table 1). These are the N501Y 
mutation in the S protein and a deletion in ORF1b 
(del11288–11296 (3675–3677 SGF)) common to P.1. 
and the British B.1.1.7, as well as mutations in the RBD 
(K417N/T, E484K, N501Y) typical of both P.1. and the 
South African B.1.351.

Table 1. Major genetic variants of SARS-CoV-2

Genetic SARS-CoV-2 
variant

Region where it 
was first detected Typical mutations Characteristic features

B.1.1.7 United Kingdom S protein: RBD (N501Y, A570D), S1 (ΔH69/V70)
 S2 (P681H, T716I, S982A, and D1118H) High contagiousness

B.1.351 (N501Y.V2) Republic of South 
Africa S protein: RBD (K417N, E484K, and N501Y)

Some vaccines are less effec-
tive against this variant, high 

contagiousness

P1 descendant of 
B.1.1.28 Brazil S protein: RBD (E484K, K417T, and N501Y) High contagiousness

Fin-796H Finland S protein: RBD (E484K, K417T, and N501Y) Not detectable in PCR
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The set of mutations/deletions characteristic of the 
P.1., B.1.1.7, and B.1.351 lineages appeared, probably, 
quite independently. In addition, mutations common 
to P.1. and B.1.351 are probably associated with a 
rapid increase in the number of infection cases in areas 
where high morbidity rates were previously observed. 
Therefore, it is imperative to establish if there is an 
increased risk of re-infection in people who have had 
COVID-19 [87]. There is information about isolation of 
a new SARS-CoV-2 strain (Fin-796H) that is similar 
to both the British and South African variants of the 
virus, but identification of this variant by PCR can be 
difficult.

It should be noted that mutations in the S gene are 
of particular interest to researchers. The GISAID re-
source regularly updates data on variants of the S pro-
tein gene of the SARS-CoV-2 virus. The most common 
variants as of January 2021 are shown in Fig. 1.

An analysis of 95 full-length SARS-CoV-2 genome 
sequences available in GenBank for the period from 
December 2019 to April 2020 revealed 116 mutations, 
with the most frequent mutations being 8782C > T in 
the ORF1ab gene, 28144T > C in the ORF8 gene, and 
29095C > T in the N gene. The identified mutations are 
supposed to affect the virulence and contagiousness of 
SARS-CoV-2 [88].

Another attempt to investigate a relationship be-
tween certain mutations in the SARS-CoV-2 genome 
and the virulence of the virus was made by Young et al. 
[89]. In particular, they studied how a 382-nucleotide 
deletion (Δ382) in the ORF8 region of the SARS-CoV-2 
genome affects the clinical features of infection. The 
Δ382 variant of SARS-CoV-2 was found to be probably 
associated with a milder infection.

Currently, the collection and analysis of data on any 
relationship between mutations in the SARS-CoV-2 
genome and the virulence and contagiousness of the 
virus is underway. The main mutations identified dur-
ing the year of circulation of the pandemic virus are 
presented in Fig. 1. Obviously, a significant proportion 
of the mutations affecting the transmissibility of the 
virus are present in the gene encoding the S protein. 
This very important finding should be considered by 
developers of vaccines against SARS-CoV-2, the over-
whelming majority of which are based on the S protein 
[90]. Sera from 20 people vaccinated with BNT162b2 
(RNA vaccine encoding the S protein) was shown to 
neutralize SARS-CoV-2 pseudoviruses with N501 and 
Y501 mutations [91]. Probably, other proteins of the 
virus, including the nucleocapsid N protein, should be 
considered during the development of vaccines. For 
example, 90% of the epitopes in the T-cell response are 
located in ORF1ab of the SARS-CoV-2 nucleocapsid 
protein gene [92].

SYSTEMATIZATION AND GEOGRAPHIC DISTRIBUTION 
OF SARS-CoV-2 GENETIC VARIANTS
Molecular genetic monitoring of the new coronavi-
rus infection and phylogenetic analysis has enabled 
us to identify various genetic SARS-CoV-2 variants 
different in their geographic distribution. There are 
several approaches to a comparative genomic analysis 
of SARS-CoV-2 variants. One of them, proposed by 
Forster et al., distinguishes three main SARS-CoV-2 
variants (A, B, C) that differ in their amino acid sub-
stitutions. During a phylogenetic analysis, the closely 
related bat coronavirus BatCoVRaTG13 isolated in 
Yunnan Province [93] was identified as ancestral and 
placed at the base of the phylogenetic tree (cluster A) 
[94]. There are two subclusters of A which distinguish 
themselves by the synonymous mutation T29095C. 
Variant B is derived from A by two mutations: the 
synonymous mutation T8782C and the nonsynonymous 
mutation C28144T changing a leucine to a serine. In 
this case, type C differs from its parent type by the 
nonsynonymous mutation G26144T which changes a 
glycine into a valine [94]. Types A and C circulate main-
ly in Europe and America. On the contrary, type B is 
most prevalent in East Asia and its ancestral genome 
has not, apparently, spread beyond East Asia, which 
suggests the existence of immunological or ecological 
resistance to this type outside Asia [94]. These studies 
were complemented by the work of a group of scien-
tists from Hong Kong [95] who performed a phyloge-
netic and philodynamic analysis of 247 SARS-CoV-2 
genome sequences available in the GISAID database 
as of March 5, 2020. Among them, four genetic viral 
clusters, called “super-spreaders” (SSs), were identi-
fied, which were responsible for the major outbreaks of 
COVID-19 in various countries. For example, SS1 was 
widely disseminated in Asia and the United States and 
was mainly responsible for the outbreaks in the states 
of Washington and California, as well as South Korea, 
while SS4 contributed to the pandemic in Europe. Us-
ing the signature mutations of each SS as markers, the 
authors further analyzed 1,539 SARS-CoV-2 genome 
sequences reported after February 29, 2020 and found 
that 90% of these genomes were super-spreaders, with 
SS4 being prevalent [95]. Drawing parallels with the 
study [94], it should be noted that the virus identified 
as SS1 is equivalent to type B, SS2 is equivalent to type 
C, and type A is an ancestral variant. The results of a 
geographic distribution of different viral types are the 
same in both studies.

A population genetic analysis of 103 SARS-CoV-2 
genomes revealed [96] that viruses may be divided into 
two main types (L and S) that differ in two point muta-
tions in the amino acid sequence of site 84 (S84L) of the 
ORF8 gene. Although the L type (~70%) is more preva-
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lent than the S type (~30%), the results of an evolution-
ary analysis suggest that the S type is most likely the 
ancestral SARS-CoV-2 version. In addition, the L type 
might be more aggressive and spread faster than S and 
human intervention may have changed the L/S ratio 
soon after the first outbreak of SARS-CoV-2. However, 
it is currently unclear whether the L type originated 
from the evolution of the human S type coronavirus 
or intermediate hosts. It is also unclear whether the L 
type is more virulent than the S type [96].

To assess the relationship between genetic mutations 
and the level of virus virulence, Zhang et al. analyzed 
clinical, molecular, and immunological data from 326 
patients with a confirmed SARS-CoV-2 infection in 
Shanghai [97]. They identified two major clades. Clade I 
included several subclades characterized by differenc-
es in ORF3a: p.251G> V (subclade V) or S: p.614D> G 
(subclade G). Clade II differs from clade I in two linked 
mutations in ORF8: p.84L> S (28144T> C) and ORF1ab: 
p.2839S (8782C> T). This classification is inconsistent 
with the S/L classification [96] despite the fact that 
it is based on the same two related polymorphisms. In 
addition, the authors did not find any significant dif-
ferences in the mutation rate and transmissibility in 
viruses belonging to clade I or II or in the clinical fea-
tures of the diseases they cause.

Another approach to the systematization of genetic 
SARS-CoV-2 variants is offered in a preprint [98]. 
The authors compared viruses at a genome-wide level 
using the Jaccard similarity coefficient. In this case, 
they did not include information on the geographical 
origin of the samples into the analysis and did not try 
to model the evolutionary relationships of different 
SARS-CoV-2 genomes using a phylogenetic analysis. 
Nonetheless, the results of their analysis reflect the 
chronological spread of SARS-CoV-2 around the 

globe, from the first cases detected in China to the 
current outbreaks in Europe and North America. In 
addition, the use of the nucleotide sequences of 7,640 
SARS-CoV-2 genomes presented in the GISAID da-
tabase revealed that viruses cluster in four distinct 
genetic subgroups [98].

An analysis of tens of thousands of SARS-CoV-2 ge-
nomes, performed by a team of scientists from Temple 
University, identified an ancestral strain (preprint 
[99] published on the bioRxiv.org website). Over time, 
mutations in the ancestral virus genome gave rise to 
seven dominant lineages that spread across different 
continents. The use of molecular barcoding technology 
revealed that the genome sequences of the North Amer-
ican coronaviruses differed from those of the coronavi-
ruses in circulation in Europe and Asia at that time [99].

An analysis of 75 whole genomes revealed six clus-
ters, named Wuhan, Diamond Princess, Asian, Euro-
pean, USA, and Beijing [100]. Mutations in the gene en-
coding the spike glycoprotein S found in samples from 
South Korea, India, Greece, Spain, Australia, Sweden, 
and Yunnan may suggest a predominance of mutated 
strains with varying virulence.

Despite the variety of approaches to the classifi-
cation of SARS-CoV-2, the GISAID consortium has 
developed its own generalized classification system 
[101] that distinguishes seven major clades (based on 
characteristic sets of mutations): S, L, V, G, GH, GR, 
and GV (Table 2).

According to [68], the G and GR clades are prevalent 
in Europe, while S and GH are predominant in North 
and South America. The reference clade L is represent-
ed mainly by sequences from Asia. Currently, the clade 
G and its offspring, GH and GR, are the most common 
clades among the sequenced SARS-CoV-2 genomes, 
globally accounting for 74% of all known sequences. In 

Table 2. Modern approaches to the subspecies classification of SARS-CoV-2

Clades (GISAID [101]) and characteristic mutations
Lineages 

(Rambaut 
[103])

Clades (Hodcroft [105]) and char-
acteristic mutations

S C8782T, T28144C, including NS8-L84S A 19A
19B

C8782T
T28144C

L C241, C3037, A23403, C8782, G11083, G26144, T28144 (reference 
sequence is strain WIV04, GISAID: hCoV-19/Wuhan/WIV04/2019) B.2 20A C3037T, C14408T, and 

A23403G

V G11083T, G26144T NSP6-L37F + NS3-G251V B.1

G C241T, C3037T, A23403G, including S-D614G B.1*

GH C241T, C3037T, A23403G, G25563T including S-D614G + NS3-Q57H B.1.1. 20C C1059T and G25563T

GR C241T, C3037T, A23403G, G28882A, including S-D614G + N-G204R 20B G28881A, G28882A, and 
G28883C

GV C241T, C3037T, A23403G, C22227T, including S-D614G + S-A222V
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particular, the GR clade, which carries a combination 
of S protein D614G and N protein RG203KR muta-
tions, is currently the most abundant representative 
of SARS-CoV-2 worldwide. The original viral strain, 
represented by the clade L, still accounts for just 7% of 
the sequenced genomes [68].

An analysis of 1,566 SARS-CoV-2 genome se-
quences isolated in 10 Asian countries was carried 
out in [102]. The sequences were compared with the 
reference sequence of the WIV04 strain (Accession 
No. MN996528.1) to identify potential mutations in 
different regions of the genome. An in silico analysis 
showed that isolates from 10 Asian countries form 
clades G, GH, GR, L, S, O, and V. The highest mutation 
rate was detected in the GH and GR clades [102].

The GISAID classification is complemented with 
a more detailed, dynamic nomenclature system pro-
posed by Rambaut et al. [103]. According to this system, 
81 SARS-CoV-2 lineages can be distinguished, with 
most of them belonging to the A, B, and B.1 lineages. 
Six lineages derived from lineage A (A.1–A.6) and two 
descendant sublineages of A.1 (A.1.1 and A.3) are iden-
tified. Also, there are 16 lineages derived from lineage 
B. Lineage B.1, comprising 70 sublineages as of April 
2020, is predominant. Lineage B.2 has six descendant 
sublineages. According to this classification, clades S, 
V, G, GH, GR, and GV correspond to lineages A, B.2, 
B.1, B.1*, and B.1.1 (Table 2) [68]. Based on this system, 
the pangolin software was developed [104]. It allows 
automatic classification of new genomes.

Another approach to systematization is described in 
a work by Hodcroft et al. [105]. The authors propose to 
name major clades by the year they emerged. In this 
case, the clade is formed from strains that have cir-
culated for several months and have a characteristic 
geographic distribution. According to this classification, 
the following clades can currently be distinguished: 
19A, 19B, 20A, 20B, and 20C (Table 1). Clades 19A and 
19B were prevalent in Asia at the start of the pandem-
ic, while 20A was detected in Europe in early 2020. 20B 
is another European clade, while 20C is a largely North 
American clade.

Therefore, efforts to develop a convenient and un-
derstandable classification system for the pandemic 
SARS-CoV-2 continue. It should be noted that at the 
time of preparation of our manuscript, no official ICTV 
guidelines for SARS-CoV-2 subspecies taxonomy had 
been published.

At the end of January 2020, the first cases of 
SARS-CoV-2 infection were detected in Russia, and 
since May 2020, Russia has been among the four coun-
tries with the largest number of confirmed COVID-19 
cases. As of March 2021, 4.3 million cases of COVID-19 

and 87,000 deaths have been reported in Russia. How-
ever, the outbreak in Russia began later than that in 
many neighboring European countries, possibly due 
to the measures taken to restrict transport links with 
China. A phylogenetic analysis of SARS-CoV-2 isolates 
from Russia showed that most samples correspond to 
the B.1, B.1.1, and B.1* lineages (PANGOLIN nomen-
clature) or to the G, GR, and GH clades (GISAID no-
menclature), which are widespread in Europe [106]. 
In this case, the most prevalent genetic lineage is 
GR/20B/B.1.1 (GISAID/Nextstrain/Pangolin nomen-
clature, respectively) [107]. A phylogenetic analysis of 
Russian strains revealed that, as elsewhere, Russian 
SARS-CoV-2 isolates were characterized by a low mu-
tation rate. However, a high rate of nonsynonymous 
mutations leading to non-conservative substitutions 
was found. Most of the nonsynonymous substitutions 
were found in nucleotide sequences encoding the N 
nucleoprotein. This finding may serve as indirect evi-
dence of intensive circulation of the virus in the human 
population and its adaptation to new carriers [108].

CONCLUSION
The global spread of SARS-CoV-2 with the abrupt on-
set of a pandemic of viral infection new to the human 
immune system has created conditions where it is pos-
sible to collect sufficiently convincing data on whether 
the structure of clinical COVID-19 forms depends on 
dynamic changes in the genetically determined biolog-
ical properties of the virus, or if it is determined only 
by the characteristics of the host. This issue is fun-
damental to vaccine development and public health 
resource planning. Twelve months since the start of 
the spread of the new coronavirus in the human popu-
lation, there is less and less doubt about the divergence 
of SARS-CoV-2; i.e. about the emergence of strains 
that differ in their biological properties, which is due to 
the high plasticity of the genomes of RNA viruses and 
favorable conditions for their evolution.

Any changes in the viral genome that disrupt the 
interaction with the host cell or alter the conditions 
of coronavirus reproduction, expression of the host’s 
genes, or resistance to the host’s immunity can change 
the degree of virus contagiousness and virulence. Fur-
thermore, the biological properties of the virus can be 
altered by one or more point mutations, as has been 
shown in a number of studies. In this case, the interac-
tion between the coronavirus and the host is the key 
to the pathogenesis of the coronavirus diseases and, 
ultimately, determines the outcome of the infection. 

This study was supported by the Russian Foundation 
for Basic Research (project No. 20-04-60079).



REVIEWS

VOL. 13 № 3 (50) 2021 | ACTA NATURAE | 87

REFERENCES
1. Liu Y.C., Kuo R.L., Shih S.R. // Biomed. J. 2020. V. 43. № 4. 

P. 328–333.
2. COVID-19 Dashboard by the Center for Systems Science 

and Engineering (CSSE) at Johns Hopkins University 
(JHU). https://gisanddata.maps.arcgis.com/apps/opsdash-
board/index.html#/bda7594740fd40299423467b48e9ecf6.

3. Geoghegan J.L., Holmes E.C. // Nat. Rev. Genet. 2018. V. 19. 
№ 12. P. 756–769.

4. ICTV (International Committee on Taxonomy of Viruses). 
https://talk.ictvonline.org/ictv-reports/ictv_9th_report/
positive-sense-rna-viruses-2011/w/posrna_viruses/222/
coronaviridae.

5. Nakagawa S., Miyazawa T. // Inflamm. Regen. 2020. V. 40. 
№ 1. P. 17.

6. Zhou P., Yang X.L., Wang X.G., Hu B., Zhang L., Zhang 
W., Si H.R., Zhu Y., Li B., Huang C.L., et al. // Nature. 2020. 
V. 579. № 7798. P. 270–273.

7. Zhou H., Chen X., Hu T., Li J., Song H., Liu Y., Wang P., 
Liu D., Yang J., Holmes E.C., et al. // Curr. Biol. 2020. V. 30. 
№ 11. P. 2196–2203 e2193.

8. Guo Y.R., Cao Q.D., Hong Z.S., Tan Y.Y., Chen S.D., Jin H.J., 
Tan K.S., Wang D.Y., Yan Y. // Mil. Med. Res. 2020. V. 7. № 1. 
P. 11.

9. Yuan S., Jiang S.C., Li Z.L. // Front. Vet. Sci. 2020. V. 7. 
P. 379.

10. Lam T.T., Jia N., Zhang Y.W., Shum M.H., Jiang J.F., Zhu 
H.C., Tong Y.G., Shi Y.X., Ni X.B., Liao Y.S., et al. // Nature. 
2020. V. 583. № 7815. P. 282–285.

11. Wu C., Liu Y., Yang Y., Zhang P., Zhong W., Wang Y., 
Wang Q., Xu Y., Li M., Li X., et al. // Acta Pharm. Sin B. 
2020. V. 10. № 5. P. 766–788.

12. Chen Y., Liu Q., Guo D. // J. Med. Virol. 2020. V. 92. № 4. 
P. 418–423.

13. Li X., Giorgi E.E., Marichannegowda M.H., Foley B., Xiao 
C., Kong X.P., Chen Y., Gnanakaran S., Korber B., Gao F. // 
Sci. Adv. 2020. V. 6. № 27. P. eabb9153.

14. Liu C., Mendonca L., Yang Y., Gao Y., Shen C., Liu J., Ni T., 
Ju B., Liu C., Tang X., et al. // Structure. 2020. V. 28. № 11. 
P. 1218–1224 e1214.

15. Zhu N., Zhang D., Wang W., Li X., Yang B., Song J., Zhao 
X., Huang B., Shi W., Lu R., et al. // N. Engl. J. Med. 2020. 
V. 382. № 8. P. 727–733.

16. Lim Y.X., Ng Y.L., Tam J.P., Liu D.X. // Diseases. 2016. 
V. 4. № 3. P. 26.

17. Nelson C.W., Ardern Z., Goldberg T.L., Meng C., Kuo C.-
H., Ludwig C., Kolokotronis S.-O., Wei X. // eLife. 2020. V. 9. 
P. e59633.

18. Davidson A.M., Wysocki J., Batlle D. // Hypertension. 
2020. V. 76. № 5. P. 1339–1349.

19. Li W., Choe H., Farzan M. // Nidoviruses. 2006. doi: 
10.1007/978-0-387-33012-9-36

20. Walls A.C., Park Y.J., Tortorici M.A., Wall A., McGuire 
A.T., Veesler D. // Cell. 2020. V. 181. №. 2. P. 281–292 e6.

21. Shang J., Ye G., Shi K., Wan Y., Luo C., Aihara H., Geng 
Q., Auerbach A., Li F. // Nature. 2020. V. 581. № 7807. 
P. 221–224.

22. Hoffmann M., Kleine-Weber H., Schroeder S., Kruger 
N., Herrler T., Erichsen S., Schiergens T.S., Herrler G., Wu 
N.H., Nitsche A., et al. // Cell. 2020. V. 181. № 2. P. 271–280 
e8.

23. Bestle D., Heindl M.R., Limburg H., Van Lam van T., Pil-
gram O., Moulton H., Stein D.A., Hardes K., Eickmann M., 
Dolnik O., et al. // Life Sci. Alliance. 2020. V. 3. № 9.  

P. e202000786.
24. Tang T., Bidon M., Jaimes J.A., Whittaker G.R., Daniel S. 

// Antiviral Res. 2020. V. 178. P. 104792.
25. Ruch T.R., Machamer C.E. // Viruses. 2012. V. 4. № 3. 

P. 363–382.
26. Neuman B.W., Kiss G., Kunding A.H., Bhella D., Baksh 

M.F., Connelly S., Droese B., Klaus J.P., Makino S., Sawicki 
S.G., et al. // J. Struct. Biol. 2011. V. 174. № 1. P. 11–22.

27. McBride R., van Zyl M., Fielding B.C. // Viruses. 2014. V. 6. 
№ 8. P. 2991–3018.

28. Sungnak W., Huang N., Becavin C., Berg M., Queen 
R., Litvinukova M., Talavera-Lopez C., Maatz H., Reich-
art D., Sampaziotis F., et al. // Nat. Med. 2020. V. 26. № 5. 
P. 681–687.

29. Zhang X.Y., Huang H.J., Zhuang D.L., Nasser M.I., Yang 
M.H., Zhu P., Zhao M.Y. // Infect. Dis. Poverty. 2020. V. 9. 
№ 1. P. 99.

30. Khan F.A. // New Microbes New Infect. 2020. V. 36. 
P. 100697.

31. Russell C.D., Millar J.E., Baillie J.K. // Lancet. 2020. V. 395. 
№ 10223. P. 473–475.

32. Yang X., Yu Y., Xu J., Shu H., Xia J.a., Liu H., Wu Y., 
Zhang L., Yu Z., Fang M., et al. // Lancet Respiratory Med. 
2020. V. 8. №. 5. P. 475–481.

33. Liu K., Fang Y.Y., Deng Y., Liu W., Wang M.F., Ma J.P., 
Xiao W., Wang Y.N., Zhong M.H., Li C.H., et al. // Chin. Med. 
J. (Engl.). 2020. V. 133. № 9. P. 1025–1031.

34. Oran D.P., Topol E.J. // Ann. Intern. Med. 2020. V. 173. 
№ 5. P. 362–367.

35. Abduljalil J.M., Abduljalil B.M. // New Microbes New 
Infect. 2020. V. 35. P. 100672.

36. Wu Z., McGoogan J.M. // J. Am. Med. Ass. 2020. V. 323. 
№ 13. P. 1239–1242.

37. Harrison S.L., Fazio-Eynullayeva E., Lane D.A., Underhill 
P., Lip G.Y.H. // PLoS Med. 2020. V. 17. № 9. P. e1003321.

38. Richardson S., Hirsch J.S., Narasimhan M., Crawford 
J.M., McGinn T., Davidson K.W., the Northwell C.-R.C., 
Barnaby D.P., Becker L.B., Chelico J.D., et al. // J. Am. Med. 
Ass. 2020. V. 323. № 20. P. 2052–2059.

39. Petrilli C.M., Jones S.A., Yang J., Rajagopalan H., 
O’Donnell L., Chernyak Y., Tobin K.A., Cerfolio R.J., Fran-
cois F., Horwitz L.I. // Brit. Med. J. 2020. V. 369. P. m1966.

40. Wang D., Hu B., Hu C., Zhu F., Liu X., Zhang J., Wang B., 
Xiang H., Cheng Z., Xiong Y., et al. // J. Am. Med. Ass. 2020. 
V. 323. № 11. P. 1061–1069.

41. Zhang Y., Xiao M., Zhang S., Xia P., Cao W., Jiang W., 
Chen H., Ding X., Zhao H., Zhang H., et al. // N. Engl. J. 
Med. 2020. V. 382. № 17. P. e38.

42. Mehta P., McAuley D.F., Brown M., Sanchez E., Tattersall 
R.S., Manson J.J., Hlh Across Speciality Collaboration U.K. 
// Lancet. 2020. V. 395. № 10229. P. 1033–1034.

43. Rawson T.M., Moore L.S.P., Zhu N., Ranganathan N., 
Skolimowska K., Gilchrist M., Satta G., Cooke G., Holmes A. 
// Clin. Infect. Dis. 2020. V. 71. № 9. P. 2459–2468.

44. Ludvigsson J.F. // Acta Paediatrica. 2020. V. 109. № 6. 
P. 1088–1095.

45. Meskina E.R. // J. Мicrobiol. Epidemiol. Immunobiol. 
2020. V. 97. № 3. P. 202–215.

46. Ahmed M., Advani S., Moreira A., Zoretic S., Martinez 
J., Chorath K., Acosta S., Naqvi R., Burmeister-Morton F., 
Burmeister F., et al. // EClin.Med. 2020. V. 26. P. 100527.

47. Hamming I., Timens W., Bulthuis M.L., Lely A.T., Navis 
G., van Goor H. // J. Pathol. 2004. V. 203. № 2. P. 631–637.

48. LoPresti M., Beck D.B., Duggal P., Cummings D.A.T., 



88 | ACTA NATURAE | VOL. 13 № 3 (50) 2021

REVIEWS

Solomon B.D. // Am. J. Hum. Genet. 2020. V. 107. № 3. 
P. 381–402.

49. Fujikura K., Uesaka K. // J. Clin. Pathol. 2021. V. 74. № 5. 
P. 307–313.

50. Hou Y., Zhao J., Martin W., Kallianpur A., Chung M.K., 
Jehi L., Sharifi N., Erzurum S., Eng C., Cheng F. // BMC 
Med. 2020. V. 18. № 1. P. 216.

51. Ellinghaus D., Degenhardt F., Bujanda L., Buti M., Albillos 
A., Invernizzi P., Fernandez J., Prati D., Baselli G., Asselta 
R., et al. // N. Engl. J. Med. 2020. V. 383. № 16. P. 1522–1534.

52. Wang F., Huang S., Gao R., Zhou Y., Lai C., Li Z., Xian W., 
Qian X., Li Z., Huang Y., et al. // Cell Discov. 2020. V. 6. № 1. 
P. 83.

53. Zimmerman P.A., Buckler-White A., Alkhatib G., Spald-
ing T., Kubofcik J., Combadiere C., Weissman D., Cohen 
O., Rubbert A., Lam G., et al. // Mol. Med. 1997. V. 3. № 1. 
P. 23–36.

54. de Wilde A.H., Snijder E.J., Kikkert M., van Hemert M.J. 
// Curr. Top. Microb. Immunol. 2018. V. 419. P. 1–42.

55. Menachery V.D., Yount B.L., Debbink K., Agnihothram 
S., Gralinski L.E., Plante J.A., Graham R.L., Scobey T., Ge 
X.-Y., Donaldson E.F., et al. // Nat. Med. 2015. V. 21. № 12. 
P. 1508–1513.

56. Imai M., Watanabe T., Hatta M., Das S.C., Ozawa M., 
Shinya K., Zhong G., Hanson A., Katsura H., Watanabe S., 
et al. // Nature. 2012. V. 486. № 7403. P. 420–428.

57. Maines T.R., Chen L.-M., Van Hoeven N., Tumpey T.M., 
Blixt O., Belser J.A., Gustin K.M., Pearce M.B., Pappas C., 
Stevens J., et al. // Virology. 2011. V. 413. № 1. P. 139–147.

58. Klimov A.I., Cox N.J., Yotov W.V., Rocha E., Alexandrova 
G.I., Kendal A.P. // Virology. 1992. V. 186. № 2. P. 795–797.

59. Lin J.-H., Wu H.-S. // BioMed Research International. 
2015. V. 2015. P. 805306.

60. Jernigan D.B., Cox N.J. // Annu. Rev. Med. 2015. V. 66. 
№ 1. P. 361–371.

61. Gussow A.B., Auslander N., Faure G., Wolf Y.I., Zhang F., 
Koonin E.V. // Proc. Natl. Acad. Sci. USA. 2020. V. 117. № 26. 
P. 15193–15199.

62. Islam M.R., Hoque M.N., Rahman M.S., Alam A., Akther 
M., Puspo J.A., Akter S., Sultana M., Crandall K.A., Hossain 
M.A. // Sci. Rep. 2020. V. 10. № 1. P. 14004.

63. Hadfield J., Megill C., Bell S.M., Huddleston J., Potter B., 
Callender C., Sagulenko P., Bedford T., Neher R.A. // Bioin-
formatics. 2018. V. 34. № 23. P. 4121–4123.

64. Zhao Z., Li H., Wu X., Zhong Y., Zhang K., Zhang Y.P., 
Boerwinkle E., Fu Y.X. // BMC Evol. Biol. 2004. V. 4. P. 21.

65. Cotten M., Watson S.J., Zumla A.I., Makhdoom H.Q., 
Palser A.L., Ong S.H., Al Rabeeah A.A., Alhakeem R.F., 
Assiri A., Al-Tawfiq J.A., et al. // mBio. 2014. V. 5. № 1. P. 
e01062–01013.

66. Vijgen L., Keyaerts E., Moës E., Thoelen I., Wollants E., 
Lemey P., Vandamme A.-M., van Ranst M. // J. Virol. 2005. 
V. 79. № 3. P. 1595–1604.

67. Smith E.C., Blanc H., Surdel M.C., Vignuzzi M., Denison 
M.R. // PLoS Pathog. 2013. V. 9. № 8. P. e1003565.

68. Mercatelli D., Giorgi F.M. // Front. Microbiol. 2020. V. 11. 
P. 1800.

69. Jia Y., Shen G., Zhang Y., Huang K.-S., Ho H.-Y., Hor 
W.-S., Yang C.-H., Li C., Wang W.-L. // bioRxiv. 2020. doi: 
10.1101/2020.04.09.034942. 

70. Naqvi A.A.T., Fatima K., Mohammad T., Fatima U., Singh 
I.K., Singh A., Atif S.M., Hariprasad G., Hasan G.M., Hassan 
M.I. // Biochim. Biophys. Acta Mol. Basis. Dis. 2020. V. 1866. 
№ 10. P. 165878.

71. Vilar S., Isom D.G. // bioRxiv. 2020. doi: 

10.1101/2020.12.16.423071.
72. Morais I.J., Polveiro R.C., Souza G.M., Bortolin D.I., Sassa-

ki F.T., Lima A.T.M. // Sci. Rept. 2020. V. 10. № 1. P. 18289.
73. Korber B., Fischer W.M., Gnanakaran S., Yoon H., Theiler 

J., Abfalterer W., Hengartner N., Giorgi E.E., Bhattacharya 
T., Foley B., et al. // Cell. 2020. V. 182. № 4. P. 812–827 e819.

74. Laha S., Chakraborty J., Das S., Manna S.K., Biswas S., 
Chatterjee R. // Infection, Genetics and Evolution. 2020. 
V. 85. P. 104445.

75. Alouane T., Laamarti M., Essabbar A., Hakmi M., Bouri-
cha E.M., Chemao-Elfihri M.W., Kartti S., Boumajdi N., 
Bendani H., Laamarti R., et al. // Pathogens. 2020. V. 9. 
№ 10. P. 829.

76. Lokman S.M., Rasheduzzaman M., Salauddin A., Ba-
rua R., Tanzina A.Y., Rumi M.H., Hossain M.I., Siddiki 
A.M.A.M.Z., Mannan A., Hasan M.M. // Infect.Genet. Evol. 
2020. V. 84. P. 104389.

77. Comandatore F., Chiodi A., Gabrieli P., Biffignan-
di G.B., Perini M., Ricagno S., Mascolo E., Petazzoni G., 
Ramazzotti M., Rimoldi S.G., et al. // bioRxiv. 2020. doi: 
10.1101/2020.04.30.071027.

78. Zhang L., Wang S., Ren Q., Yang J., Lu Y., Zhang L., Gai 
Z. // medRxiv. 2020. doi: 10.1101/2020.04.27.20081349.

79. van Dorp L., Richard D., Tan C.C., Shaw L.P., Acman M., 
Balloux F. // bioRxiv. 2020. doi: 10.1101/2020.05.21.108506.

80. Bhowmik D., Pal S., Lahiri A., Talukdar A., Paul S. // 
bioRxiv. 2020. doi: 10.1101/2020.04.26.062471. 

81. Cortey M., Li Y., Díaz I., Clilverd H., Darwich L., Mateu E. 
// bioRxiv. 2020. doi: 10.1101/2020.05.16.099499. 

82. Zhang L., Jackson C.B., Mou H., Ojha A., Peng H., Quin-
lan B.D., Rangarajan E.S., Pan A., Vanderheiden A., Suthar 
M.S., et al. // Nat. Commun. 2020. V. 11. № 1. P. 6013.

83. Kemp S., Harvey W., Datir R., Collier D., Ferreira I., 
Carabelli A., Robertson D., Gupta R. // bioRxiv. 2020. doi: 
10.1101/2020.12.14.422555. 

84. Preliminary genomic characterisation of an emergent 
SARS-CoV-2 lineage in the UK defined by a novel set of 
spike mutations. 2020. https://virological.org/t/prelimi-
nary-genomic-characterisation-of-an-emergent-sars-cov-
2-lineage-in-the-uk-defined-by-a-novel-set-of-spike-mu-
tations/563.

85. Starr T.N., Greaney A.J., Hilton S.K., Crawford 
K.H.D., Navarro M.J., Bowen J.E., Tortorici M.A., 
Walls A.C., Veesler D., Bloom J.D. // bioRxiv. 2020. doi: 
10.1101/2020.06.17.157982.

86. Tegally H., Wilkinson E., Giovanetti M., Iranza-
deh A., Fonseca V., Giandhari J., Doolabh D., Pil-
lay S., San E.J., Msomi N., et al. // medRxiv. 2020. doi: 
10.1101/2020.12.21.20248640. 

87. Genomic characterisation of an emergent SARS-CoV-2 
lineage in Manaus: preliminary findings. 2021. https://vi-
rological.org/t/genomic-characterisation-of-an-emergent-
sars-cov-2-lineage-in-manaus-preliminary-findings/586.

88. Khailany R.A., Safdar M., Ozaslan M. // Gene Rep. 2020. 
V. 19. P. 100682.

89. Young B.E., Fong S.-W., Chan Y.-H., Mak T.-M., Ang L.W., 
Anderson D.E., Lee C.Y.-P., Amrun S.N., Lee B., Goh Y.S., et 
al. // Lancet. 2020. V. 396. № 10251. P. 603–611.

90. Krammer F. // Nature. 2020. V. 586. № 7830. P. 516–527.
91. Xie X., Zou J., Fontes-Garfias C.R., Xia H., Swan-

son K.A., Cutler M., Cooper D., Menachery V.D., 
Weaver S., Dormitzer P.R., et al. // bioRxiv. 2021. doi: 
10.1101/2021.01.07.425740. 

92. Ferretti A.P., Kula T., Wang Y., Nguyen D.M.V., Wein-
heimer A., Dunlap G.S., Xu Q., Nabilsi N., Perullo C.R., 



REVIEWS

VOL. 13 № 3 (50) 2021 | ACTA NATURAE | 89

Cristofaro A.W., et al. // Immunity. 2020. V. 53. № 5. 
P. 1095–1107 e1093.

93. Wahba L., Jain N., Fire A.Z., Shoura M.J., Artiles K.L., 
McCoy M.J., Jeong D.E. // mSphere. 2020. V. 5. № 3. Р. 
e00160-20.

94. Forster P., Forster L., Renfrew C., Forster M. // Proc. 
Natl. Acad. Sci. USA. 2020. V. 117. № 17. P. 9241–9243.

95. Yang X., Dong N., Chan E.W., Chen S. // Emerg. Microbes 
Infect. 2020. V. 9. № 1. P. 1287–1299.

96. Tang X., Wu C., Li X., Song Y., Yao X., Wu X., Duan Y., 
Zhang H., Wang Y., Qian Z., et al. // Nat. Sci. Rev. 2020. V. 7. 
№ 6. P. 1012–1023.

97. Zhang X., Tan Y., Ling Y., Lu G., Liu F., Yi Z., Jia X., 
Wu M., Shi B., Xu S., et al. // Nature. 2020. V. 583. № 7816. 
P. 437–440.

98. Hahn G., Lee S., Weiss S.T., Lange C. // bioRxiv. 2020. doi: 
10.1101/2020.05.05.079061. 

99. Kumar S., Tao Q., Weaver S., Sanderford M., Caraballo-
Ortiz M.A., Sharma S., Pond S.L.K., Miura S. // bioRxiv. 
2020. doi: 10.1101/2020.09.24.311845. 

100. Sundru Manjulata D., Annapurna P., Balakuntalam K., 
Kumar S. // Res. Square. 2021. doi: 10.21203/rs.3.rs-29557/v1. 

101. GISAID: Clade and lineage nomenclature, July 4, 2020. 
https://www.gisaid.org/references/statements-clarifica-

tions/clade-and-lineage-nomenclature-aids-in-genomic-
epidemiology-of-active-hcov-19-viruses/ 

102. Sengupta A., Hassan S.S., Choudhury P.P. // bioRxiv. 
2020. doi: 10.1101/2020.11.30.402487. 

103. Rambaut A., Holmes E.C., Hill V., O’Toole Á., McCrone 
J., Ruis C., du Plessis L., Pybus O.G. // bioRxiv. 2020. doi: 
10.1101/2020.04.17.046086. 

104. Phylogenetic Assignment of Named Global Outbreak 
LINeages (PANGOLIN) updated 2020. https://github.com/
cov-lineages/pangolin.

105. Hodcroft E. B, Hadfield J., Neher R. A, Bedford T. 
Year-letter genetic clade naming for SARS-CoV-2 on 
nextstain.org. 2020. https://nextstrain.org/blog/2020-06-
02-SARSCoV2-clade-naming

106. Komissarov A.B., Safina K.R., Garushyants S.K., Fadeev 
A.V., Sergeeva M.V., Ivanova A.A., Danilenko D.M., Lioznov 
D., Shneider O.V., Shvyrev N., et al. // Nat. Commun. 2021. 
V. 12. № 1. P. 649.

107. Shchetinin A.M., Tsyganova E.V., Protsenko D.N. // 
Cureus. 2021. V. 13. № 3. P. e13733.

108. Kozlovskaya L., Piniaeva A., Ignatyev G., Seliva-
nov A., Shishova A., Kovpak A., Gordeychuk I., Ivin Y., 
Berestovskaya A., Prokhortchouk E., et al. // Int. J. Infect. 
Dis. 2020. V. 99. P. 40–46.


