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The novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged in
late December 2019 in Wuhan, China, and is the causative agent for the worldwide
COVID-19 pandemic. SARS-CoV-2 is a positive-sense single-stranded RNA virus
belonging to the betacoronavirus genus. Due to the error-prone nature of the viral RNA-
dependent polymerase complex, coronaviruses are known to acquire new mutations
at each cycle of genome replication. This constitutes one of the main factors driving
the evolution of its relatively large genome and the emergence of new genetic
variants. In the past few months, the identification of new B.1.1.7 (United Kingdom),
B.1.351 (South Africa), and P.1 (Brazil) variants of concern (VOC) has highlighted the
importance of tracking the emergence of mutations in the SARS-CoV-2 genome that
impact transmissibility, virulence, and immune and neutralizing antibody escape. Here
we analyzed the appearance and prevalence trajectory over time of mutations that
appeared in all SARS-CoV-2 genes from December 2019 to April 2021. The goal of
the study was to identify which genetic modifications are the most frequent and study
the dynamics of their propagation, their incorporation into the consensus sequence,
and their impact on virus biology. We also analyzed the structural properties of the
spike glycoprotein of the B.1.1.7, B.1.351, and P.1 variants for its binding to the host
receptor ACE2. This study offers an integrative view of the emergence, disappearance,
and consensus sequence integration of successful mutations that constitute new SARS-
CoV-2 variants and their impact on neutralizing antibody therapeutics and vaccines.

Keywords: SARS-CoV-2, COVID-19, variants, evolution, Coronavirus, B1.351 variant, B.1.1.7 variant, P.1 variant

HIGHLIGHTS

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the etiological agent of COVID-
19, which has caused > 3.4 million deaths worldwide as of April 2021. Mutations occur in the
genome of SARS-CoV-2 during viral replication and affect viral infectivity, transmissibility, and
virulence. In early March 2020, the D614G mutation in the spike protein emerged, which increased
viral transmissibility and is now found in over 90% of all SARS-CoV-2 genomic sequences in
GISAID database. Between October and December 2020, B.1.1.7 (United Kingdom), B.1.351
(South Africa), and P.1 (Brazil) variants of concern (VOCs) emerged, which have increased
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GRAPHICAL ABSTRACT | Errors are regularly made when SARS-CoV-2 replicates its RNA genome. The viral polymerase complex is error-prone with imperfect
proofreading abilities. These errors or mutations often lead to deleterious or neutral effects on the virus. However, sometimes these mutations have a positive effect
and create genetic variants of the virus with different features including increased transmissibility, pathogenicity, and immune escape capabilities. When mutations

work collaboratively to create a new virus feature, this is called epistasis.

neutralizing antibody escape capabilities because of mutations in
the receptor-binding domain of the spike protein. Characterizing
mutations in these variants is crucial because of their effect on
adaptive immune responses, neutralizing antibody therapy, and
their impact on vaccine efficacy. Here we tracked and analyzed
mutations in SARS-CoV-2 genes since the beginning of the
pandemic and investigated their functional impact on the spike
of these three VOCs.

INTRODUCTION

In late December 2019, a new betacoronavirus known as
severe acute respiratory syndrome coronavirus 2 (SARS-COV-
2) emerged in the city of Wuhan in the province of Hubei,
China (Zhu et al,, 2020). SARS-CoV-2 is the etiological viral
agent for the worldwide COVID-19 pandemic resulting in more
than 162 million infected and 3.4 million deaths worldwide as

Frontiers in Microbiology | www.frontiersin.org

June 2021 | Volume 12 | Article 676314


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Castonguay et al.

Genome Evolution of SARS-CoV-2

of April 2021 (Dong et al, 2020; Wu F. et al,, 2020). SARS-
CoV-2 is an enveloped, positive-sense single-stranded RNA
(4 ssRNA) virus with a genome length of 29,811 nucleotides
(Kim et al., 2020). The mutation rates of RNA viruses are
generally higher than that of DNA viruses because of the
low fidelity of their viral RNA polymerases (Drake, 1993;
Dufty, 2018). Mutations occur when viral replication enzymes
introduce errors in the viral genome resulting in the creation
of premature termination codons, deletions, and insertions of
nucleotides that can alter open reading frames and result in
amino acid substitutions in viral proteins. These mutations,
combined with the selective pressure of the human immune
system, lead to the selection and evolution of viral genomes
(Drake, 1993; Peck and Lauring, 2018). However, coronaviruses
are one of the few members of the RNA virus family that possess
limited, but measurable, proofreading ability via the 3'- to 5'-
exoribonuclease activity of the non-structural viral protein 14
(nsp14) (Minskaia et al., 2006; Eckerle et al., 2010). Coronaviruses
are therefore expected to evolve through genetic drift much
slower than other RNA viruses that do not have this ability,
such as influenza viruses (Eckerle et al., 2010; Ma et al., 2015).
Additionally, SARS-CoV-2 and other coronaviruses have low
known occurrences of recombination between family members
(i.e., genetic shift), and therefore are mostly susceptible to genetic
drift (Rausch et al., 2020).

SARS-CoV-2 has reached pandemic status due to its presence
on every continent and has since maintained a high level of
transmissibility across hosts of various ethnical and genetic
backgrounds (Chu et al., 2020; Dong et al., 2020). Moreover,
SARS-CoV-2 infections have been reported to naturally infect
minks, ferrets, cats, tiger, and dogs, which allows the virus
to replicate in completely new hosts and mutate to produce
new variants and possibly new strains (Li X. et al., 2020;
Shi et al.,, 2020). In March 2020, the now dominant D614G
mutation first emerged in the spike protein (S) of SARS-CoV-
2. The S protein is present as a trimer at the surface of
the viral envelope and is responsible for attachment of the
virus to the human angiotensin-converting enzyme 2 (hACE2),
the entry receptor for SARS-CoV-2 into human cells (Walls
et al., 2020). Published evidence has now shown that D614G
increases viral fitness, transmissibility, and viral load but does
not directly affect COVID-19 pathogenicity (Korber et al., 2020;
Li Q. et al, 2020; Plante et al., 2020; Zhang et al., 2020).
Additionally, emerging evidence indicates that D614G may have
epistatic interactions that exacerbate the impact of several other
independent mutations (Li Q. et al., 2020). Mutations in the S
protein, and particularly in the receptor-binding domain (RBD),
are of very high concern given that they can directly influence
viral infectivity, transmissibility, and resistance to neutralizing
antibodies and T cell responses.

New mutations are frequently and regularly detected in the
genome of SARS-CoV-2 through whole genome sequencing;
however, very few of these mutations make it into the transmitted
viral consensus sequence. The reference strain is generally
regarded as the dominant transmitted strain at a given time. Its
sequence is determined by aligning large numbers of recently
sequenced genomes and establishing a consensus sequence

composed of the highest-frequency nucleotide for each position
in the viral genome. A genetic variant is a version of the reference
strain that has acquired one or several new mutations and acts
as the founder for further genetic diversification and evolution.
Mutations arise regularly in the reference strain, but few are
longitudinally conserved. Genetic variants are therefore the rare
successful offshoots of the reference strain.

Some variants rise rapidly in frequency and then collapse and
disappear, while others will rise and overtake the frequency of
the reference strain and become the new reference. There are
three main genetic variants that have emerged in the past few
months with sustained upward frequency trajectories. The first
is the United Kingdom variant, also known as B.1.1.7/501Y.V1
(B1.1.7). It was first detected in September 2020 and is now
present worldwide and poised to become the new reference strain
(Rambaut et al., 2020; O’Toole et al., 2021). The South African
variant, also known as B.1.351/501Y.V2 (B.1.351), was first
reported in October 2020 and is now increasing in prevalence
in South Africa, Europe, and North America (O'Toole et al,
2021; Tegally et al., 2021). The Brazilian variant, P.1/501Y.V3
(P.1), was first detected in travelers from Brazil that landed
in Japan in January 2021 (Faria et al, 2021). It has since
been identified in 42% of specimens in the Amazonian city
of Manaus and in the United States at the end of January
2021 (Faria et al.,, 2021). These three variants are associated
with increased resistance to neutralizing antibodies (Nabs), and
all possess the N501Y mutation, which is a mutation in the
RBD that is critical for the spike protein to interact with
hACE2 (Yi et al, 2020; Greaney et al., 2021; Wang et al,
2021). This mutation is reported to cause increased resistance
to Nabs, increased transmissibility, and increased virulence in
animal models (Gu et al., 2020). In addition to the N501Y
mutation, both the South African and Brazil variants possess RBD
mutations K417N(T) and E484K, which are also associated with
further increased Nabs escape capabilities (Greaney et al., 2021;
Wang et al., 2021).

Here we present a retrospective metadata analysis of
mutations throughout the SARS-CoV-2 genome that reached
at least a 1% worldwide frequency between December 2019
and January 2021. We specifically investigated their frequency
trajectory over time and their fixation into the reference
sequencing using the Global Initiative on Sharing Avian Influenza
Data (GISAID) (Shu and McCauley, 2017). Additionally, we
analyzed mutations in the S protein of the B.1.1.7, B.1.351,
and P.1 variants and illustrated their impact on molecular
interactions between the S protein and hACE2 and their
potential impact on Nabs.

MATERIALS AND METHODS

Data Collection and Mutational Analysis

Genomes uploaded to the GISAID EpiCoV™ server database
were analyzed from December 1, 2019, to December 31, 2020,
and viral sequences with submission dates from December
1, 2019 to January 6, 2021 were selected. We first selected
recurring mutations that were present in more than 500 reported
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Database Mutation Frequency (%)

FIGURE 1 | Variations in mutations and mutation frequencies in severe acute respiratory syndrome Coronavirus 2 (SARS-CoV-2) genes. The occurrence and
frequency of mutations in various SARS-CoV-2 genes are presented for the period between December 2019 and January 1, 2021. Plotted are mutations that
reached at least a 1% worldwide frequency. SARS-CoV-2 genes are represented with the function of the genes in parentheses. Graphs were generated using
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TABLE 1 | Non-synonymous mutations in severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) genes with a worldwide frequency > 0.01%.

Protein (gene) Genome Codon AA mutation Frequency Effect
nucleotide (%)*
mutation
S A23403G GAT to GGT D614G 99.70 Moderate increase in Transmissibility Covid-19 Genomic UK Consortium,
2021
C22227T GCT to GTT A222V 42.79 No effect Covid-19 Genomic UK Consortium, 2021
C21615T CTTtoTTT L18F 19.86 N/A
G22992A AGC to AAC S477N 5.36 Spike-hACE2 complex stability and Nab interference Zahradnik et al., 2021
C22879A AAC to AAA N439K 4.09 Antibody escape ability Li Q. et al., 2020; Covid-19 Genomic UK Consortium,
2021
C21575T CTTtoTTT L5F 1.44 N/A
C21855T TCTto TTT S98F 2.74 N/A
G22346T GCT to TCT A262S 1.64 N/A
A23063T AAT to TAT N501Y 80.16 Increase affinity for hACE2 Covid-19 Genomic UK Consortium, 2021
C23709T ACA to ATA T716l 75.37 N/A
C23271A GCT to GAT A570D 76.30 N/A
G24914C GCA to CAC D1118H 74.82 N/A
C23709A CCT to CAT P681H 79.18 N/A
T24506G TCA to GCA S982A 74.61 N/A
21765-21770del N/A AHB9/AV70 75.18 Antibody escape Covid-19 Genomic UK Consortium, 2021
21991-21993del N/A AY144 76.91 Decrease infectivity, antibody escape Li Q. et al., 2020
NSP1(ORF1ab) C335T CGC to TGC R24C 0.38 N/A
NSP2 G1210T ATG to ATT M135| 0.01 N/A
(ORF1ab) C1059T ACC to ATC 85I 13.95 N/A
T1947C GTT to GCT V381A 1.08 N/A
C2453T CTCto TTC L550F 5.93 N/A
NSP3 C7926T GCA to GTA A1736V 0.12 N/A
(ORF1ab) T7767C ATC to ACC 11683T 0.19 N/A
C5622T CCTto CTT P968L 0.09 N/A
G8371T CAG to CAT Q1884H 0.05 N/A
C4002T ACT to ATT T428l 0.44 N/A
C5388A GCT to GAT A890D 76.25 N/A
G8083A ATG to ATA M1788I 0.68 N/A
C3602T CAC to TAC H295Y 0.30 N/A
NSP4 C9246T GCT to GTT A231V 0.12 N/A
(ORF1ab) G9526T ATG to ATT M324| 0.14 N/A
NSP5 A10323G AAG to AGG K90R 3.07 N/A
(ORF1ab) G10097A GGT to AGT G15S 0.35 N/A
C10319T CTTtoTTT L89F 1.44 N/A
NSP6 C11109T GCT to GTT A46V 0.15 N/A
(ORF1ab) C11396T CTTtoTTT L142F 0.02 N/A
G11083T TIGto TTT L37F 1.26 N/A
C11195T CTTto TTT L75F 0.138 N/A
G11230T ATG to ATT M86I 0.08 N/A
G11801A GGT to AGT G277S 0.07 N/A
G11132T GCT to TCT AB4S 0.02 N/A
11288-11296 del N/A AS106/AG3676/ 87.61 N/A
AF3677
NSP7 G12067T ATG to ATT M75l 0.15 N/A
(ORF1ab) C11916T TCAto TTA S25L 0.10 N/A
NSP9(ORF1ab) G12988T ATG to ATT M1011 0.23 N/A
NSP12(ORF1ab) C14408T CCT to CTT P323L 99.49 Improves processivity by interaction with NSP8 Kannan et al., 2020
G15766T GTGto TTG V776L 0.14 N/A
G13993T GCT to TCT A185S 0.09 N/A
G15598A GTC to ATC V720l 0.17 N/A
G14202T GAG to GAT E254D 0.01 N/A
C13730T GCT to GTT A7V 0.35 N/A

(Continued)
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TABLE 1 | Continued

Protein (gene) Genome Codon AA mutation Frequency Effect
nucleotide (%)*
mutation
NSP13 C16289T GCT to GTT A18V 0.08 N/A
(ORF1ab) G17019T GAG to GAT E261D 0.22 N/A
C17104T CAT to TAT H290Y 0.23 N/A
C17747T CCT to CTT P504L 0.07 Increases hydrophobicity of 2A domain Ugurel et al., 2020
C17639T TCAto TTA S468L 0.02 N/A
A17615G AAG to AGG K460R 15.82 N/A
A16889G AAA to AGA K218R 0.08 N/A
G18028T GCA to TCA A598S 0.26 N/A
NSP14 C18998T GCA to GTA A320V 0.01 N/A
(ORF1ab) C18568T CTCto TTC L177F 0.22 N/A
G19542T ATG to ATT M5011 0.21 N/A
A18424G AAT to GAT N129D 1.37 N/A
NSP15(0ORF1ab) C19718T ACA to ATA T33I 0.06 N/A
NSP16 A21137G AAG to AGG K160R 4.69 N/A
(ORF1ab) A21390G TTAto TTG R216C 1.30 N/A
N C28932T GCTto GTT A220V 0.38 N/A
G28580T GAT to TAT D103Y 0.02 N/A
G28883C GGA to CGA G204R 75.15 Destabilizes N protein Wu S. et al., 2020
C28311T CCC to CTC P13L 2.00 N/A
C28869T CCAto CTA P199L 5.55 N/A
G28882A AGC to AAA R203K 81.96 Destabilizes N protein Wu S. et al., 2020
C28883A AGC to AAA R203K 81.96 Destabilizes N protein Wu S. et al., 2020
C28854T TCAto TTA S194L 0.33 Destabilizes N protein Wu S. et al., 2020
C28977T TCTto TTT S235F 76.34 N/A
G28280C GAT to CTA D3L 75.53 N/A
A28281T GAT to CTA D3L 75.53 N/A
T28282A GAT to CTA D3L 75.53 N/A
G28975C ATG to ATC M234| 7.58 N/A
C28472T CCT to TCT P67S 1.38 N/A
G29399A GCT to ACT A376T 0.09 N/A
C29366T CCAto TCA P365S 0.15 N/A
G29402T GAT to TAT D377Y 1.61 N/A
C28887T ACT to ATT T205I 7.00 N/A
C29466T GCA to GTA A398V 0.51 N/A
M A26530G GAT to GGT D3G 0.01 N/A
C27046T ACG to ATG T175M 0.02 N/A
NS3 G25907T GGT to GTT G172V 1.41 N/A
(ORF3a) G25617T AAG to AAT K75N 0.02 N/A
G25563T CAG to CAT Q57H 14.36 N/A
C26060T ACT to ATT T223I 0.38 N/A
G25429T GTAto TTA V13L 0.05 N/A
G25996T GTAto TTA V202L 0.17 N/A
A25505G CAA to CGA Q38R 0.04 N/A
G25906C GGT to CGT G172R 5.31 N/A
NS7b A27866T CAT to CTA H37L 0.01 N/A
(ORF7b) AT27867A CAT to CTA H37L 0.01 N/A
C27769T TCAto TTA S5L 0.07 N/A
NS8 C28087T GCT to GTT AB5V 0.77 N/A
(ORF8) T28144C TTAto TCA L84S 0.14 N/A
C27964T TCAto TTA S24L 1.38 N/A
G28077T GTGto TTG vezL 0.24 N/A
C27972T CAA to TAA Q27stop 76.05 Inactivates NS8 Pereira, 2020
G28048T AGA to ATA R52l 76.00 N/A

*Mutation frequency as of April 30, 2021.
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genomes by August 2020, and another selection was made
in January 2021 to capture recurring mutations present in
more than 4,000 reported genomes in GISAID. This strategy
allowed us to study mutations reaching at least 1% in worldwide
frequency. We filtered through 309,962 genomes for the analysis
of selected mutations.

The worldwide frequency of the hCoV-19/Wuhan strain,
and hCoV-19/D614G, B.1.1.7, B.1.351, and P.1 variants were
analyzed from December 1, 2019 to April 30, 2021. For
the analysis of the mutations in B.1.1.7, B.1.351, and P.1

variants, we used the GISAID EpiCoV™ server database.
Viral sequences on GISAID with submission dates between
December 1, 2019 and April 30, 2021 were selected for the
analysis, and we filtered through 1,090,689 genomes for the
analysis of the variants on GISAID EpiCoV™ server database.
Only complete SARS-CoV-2 genomes (28 to 30 kbps) isolated
from human hosts were analyzed. MUSCLE alignment tool on
UGene and SnapGene was used to determine the nucleotide
mutations and codon changes of the non-synonymous and
synonymous mutations by sequence alignments to the NCBI
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SARS-CoV-2 reference genome (NC_045512). All genomes
uploaded to the GISAID database that were used in this
study are presented in Supplementary Table 1. Graphs of
mutations and variants were plotted with RStudio using the
ggplot2 command. The timeline and genome illustrations were
produced in Biorender.

Structural Modeling

Mutations in the spike protein in complex with hACE2
were analyzed using a mutagenesis tool for PyMOL (PDB:
7A94). Visualizations of mutations in the B.1.1.7, B.1.351, and
P.1 variants were produced using the spike protein closed
conformation (PDB: 6ZGE), interaction with hACE2 (PDB:
7A94), interaction with C102 Nab (PDB: 7K8M), and interaction
with C121 Nab (PDB: 7K8X). Figures and rendering were
prepared with PyMOL.

RESULTS

Identification of Emerging Mutations in
Various Severe Acute Respiratory

Syndrome Coronavirus 2 Genes

Emerging mutations in the SARS-CoV-2 genome were
investigated to illustrate the fluctuations of these mutations
during a period of 12 months. We tracked genome mutations
with a worldwide frequency greater than 1% from December
2019 to December 31, 2020 in the GISAID database. Genes
NSP8, NSP10, NS6, NS7a, and E are not illustrated in Figure 1
given that they did not display mutations with frequencies
sufficiently high to meet our inclusion criteria during the
study period. This is indicative that these are some of the
most conserved sequences of the SARS-CoV-2 genome. Viral
proteins that have low mutation frequencies could be due to

TABLE 2 | Synonymous, non-synonymous, and deletion mutations in the B.1.1.7 (United Kingdom) variant.

Variant Protein Genome nucleotide S or NS AA mutation Domain Frequency” Effect
(gene) mutation Rambaut et al., 2020 (%)
B.1.1.7 NSP2 C913T S N/A N/A
(ORF1ab)
NSP3 C3267T NS T183I 76.14 N/A
(ORF1ab)
C5388A NS A890D 76.24 N/A
C5986T S N/A N/A
T6954C NS 11412T 75.21 N/A
NSP6 11288-11296del NS AS106/ 87.61 N/A
(ORF1ab) AG107/AF108
NSP12 C14676T S N/A N/A
(ORF1ab)
C15279T S N/A N/A
NSP13 C16176T S N/A N/A
(ORF1ab)
S 21765-21770del NS AHB9/AV70 NTD 7513 Antibody escape Covid-19 Genomic UK
Consortium, 2021
21991-21993del NS AY144 NTD 76.91 Decreases infectivity, Antibody escape Li Q.
et al., 2020
A23063T NS N501Y RBD 80.16 Increases affinity for NACE2 \Wu et al., 2017
C23271A NS A570D SD1 76.30
A23403G NS D614G SD2 99.29 Moderate increase in transmissibility Li Q.
etal., 2020; Wu et al., 2017
C23709A NS P681H SD2 79.18 N/A
C23709T NS T716l 75.37 N/A
T24506G NS S982A HR1 74.61 N/A
G24914C NS D1118H 74.82 N/A
NS8 C27972T NS Q27stop 76.05 Inactivation of NS8 Pereira, 2020
(ORF8)
G28048T NS R52l 76.00 N/A
A28111G NS Y73C 76.07 N/A
M T26801C S N/A N/A
N G28280C NS D3L 75.53 N/A
A28281T NS D3L 75.53 N/A
T28282A NS D3L 75.53 N/A
C28977T NS S235F 76.34 N/A

*Mutation frequency as of April 30, 2021.

Frontiers in Microbiology | www.frontiersin.org

June 2021 | Volume 12 | Article 676314


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Castonguay et al.

Genome Evolution of SARS-CoV-2

FIGURE 3 | Structural rendering of the most frequent mutations in the S protein. (A) Surface representation of human angiotensin-converting enzyme 2 (hACE2)
(yellow) in complex with S protein trimers illustrated in gray, blue, and magenta. Interactions of high frequency mutations are presented as follows: (B) A222V,

(C) S477N, (D) L18F, (E) D614G in the open conformation, and (F) D614G in the closed conformation. Reference sequence residues are illustrated in green, and the
mutated amino acid is represented in purple. The red markers illustrate the steric clash when the mutations are inserted into the structure. Graphs were generated

using PyMOL.

evolutionary constraints. Some of these viral proteins may be
evolutionarily conserved and play important roles in virus
assembly and stability, genome replication, and viral release
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FIGURE 4 | Worldwide frequency of B.1.1.7, B.1.351, P.1 and D614G
variants. Database variants frequency were analyzed from December 2019 to
April 30, 2021. hCoV-19/Wuhan is the original reference strain and
hCoV-19/D614G is the current reference strain containing the D614G
mutation in the S protein. B.1.1.7, B.1.351, and P.1 represent the

United Kingdom, South African, and Brazilian variants. *Overlapping curves.

from infected cells. Our analysis highlights the fixation of the
D614G mutation in the S protein and that of the P323L mutation
in the RNA-dependent RNA polymerase (RdRp) (Figure 1).
These are the only mutations to have successfully become part
of the reference sequence as of December 2020. They appeared
to have emerged simultaneously in January 2020 and became
present in more than 90% of all sequenced genomes by June
2020. Additionally, some other mutations also emerged rapidly
but then stabilized in frequency or faded out. For example, Q57H
(NS3), R203K (N), and G204R (N) are mutations that emerged
rapidly and appeared to have stabilized at a frequency of 15% to
40%. Others like 1120F (NSP2), L37F (NSP6), S477N (S), and
L84S (NS8) illustrate mutations that emerged rapidly and then
faded-out just as quickly. We also demonstrate that most genes in
SARS-CoV-2 have mutations with overall frequencies lower than
10% (Figure 1). These mutations are also summarized in Table 1,
which illustrates nucleotide substitution producing the amino
acid change, the frequency, and their respective effects. Globally,
there is an uneven effort to test for SARS-CoV-2 infections in
the population and sequence the viral genomes in those infected.
As a result, emerging mutations go unreported until they reach
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FIGURE 5 | Analysis of mutations in the B.1.1.7 variant. (A) Mutation map of the spike protein of B.1.1.7. (B) Structural representation of spike with ACE2. B.1.1.7 S
protein mutations are presented in red. N-terminal domain (NTD) (green), receptor-binding domain (RBD) (blue), SD1 (purple), subdomain 2 (SD2) (light blue), and S2
(magenta) are illustrated. The other S protein monomers are displayed in gray and white. (C) Frequency of the mutations in the S protein, B.1.1.7 variant from
December 2019 to April 30, 2021. (D) Interaction of the N501Y (red) mutation in the RBD (blue) of S protein with hACE2 (yellow). The dash lines indicate interactions
with adjacent residues. (E) Genome of the SARS-CoV-2 B.1.1.7 variant with identified nucleotide substitutions and deletions. Graphs were generated using
Biorender, PyMOL, and RStudio. *Overlapping curves.
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countries with more intensive sequencing capabilities. Therefore,
mutations presented here vastly underrepresent the global
landscape of mutation frequency dynamics.

Geographic Localization and Timeline of
the Viral Genes With Mutations Higher
Than 50% Frequency

We next turned our attention to viral genes where at least one
mutation reached a frequency higher than 50%. Only three genes
met this criterion: NSP12, S, and N. We then took their mutation
graphs and added worldwide geographic data provided from
GISAID. Geomaps are useful to determine if a mutation is a
localized and regional event or is found worldwide. In the S
protein, D614G is found worldwide with initially higher reported
cases in the United States, United Kingdom, and Australia,
probably due to more intense large-scale testing and sequencing,
while A222V is mostly reported in the United Kingdom, but has
not yet been reported in South America, Central and East African
regions (Figure 2A). Like D614G, P323L in the RdRp is also
found worldwide, with higher reported cases in the United States,
United Kingdom, and Australia (Figure 2B). The N gene does
not yet have successful mutations that have attained reference
sequence status, but R203K, G204R, A220V, D3L, and S235F all
reached a frequency of 50% or higher during the study period.
A220V emerged in August of 2020 and reached a frequency
higher than 50% in October of 2020 (Figure 2D). Mutations
G204R, R203K, and A220V in the N gene are reported at high
frequency in the United Kingdom, but were not been detected
in South America, Central, East, and South African regions
(Figure 2C). We also observe the emergence of several mutations
in S and N present in the B.1.1.7 variant, which now have a
frequency higher than 65% (Figures 2C,D and Table 2). The
analyses of these data illustrate the localization of the most
prevalent mutations to date, which appear to be mostly present

in Western high-income countries. This, however, is undoubtable
attributable to overall more intense testing and sequencing.

Localization and Molecular Interactions

of Prevalent S Protein Mutations

Here we illustrate the molecular interactions and spatial
localization of the mutations in the S protein. PyMOL was used
to model structures of the S protein binding to ACE2, and
we analyze the possible effects of specific mutations at given
positions in the protein. Figure 3A presents an overview of the
physical positions of S protein mutations. The A222V mutation
has no reported effects on protein stability, neutralizing antibody
escape, and affinity for hACE2 (Table 1). The substitution
from A to V results in a low steric clash between neighboring
residues (Figure 3B). The S477N substitution in the RBD enables
increased stability during hACE2-RBD interactions (Figure 3C
and Table 1). In the N-terminal domain (NTD), mutation L18F
leads to a steric clash between neighboring residues (Figure 3D).
However, this does not appear to impact the stability of the
protein given that no such effects have been reported so far
(Table 1). In the closed conformation, D614 makes an ionic
bond with K854 in the S2 subunit of another S protein monomer
(Figure 3F; Benton et al., 2020). In the open conformation, D614
(or G614) does not make interactions or display steric clashes
with neighboring residues (Figure 3E).

The Emergence of the B.1.1.7 Variant in
the United Kingdom

A new variant was discovered in late 2020 in the United Kingdom
that displayed increased affinity to hACE2, virulence, and Nabs
escape capabilities (Figure 4; Starr et al., 2020; Greaney et al.,
2021; Haas et al, 2021; Wang et al., 2021). Here we further
investigated the B.1.1.7 variant by looking at S protein mutations
of this variant in complex with Nabs and hACE2. We mapped

FIGURE 6 | Interactions of K417, E484, and N501 of the S protein with neutralizing antibodies and hACE2. (A) Interaction of K417 (blue) with C102 Nab (green)
residues. (B) Interaction of E484 (blue) with C121 Nab (light pink). (C) Interaction of N501 (blue) with hACE2 (yellow) Dashes lines indicate interactions between

residues. The graphs were generated using PyMOL.
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FIGURE 7 | Analysis of mutations in the B.1.351 variant. (A) Mutation map of the spike protein of B.1.351. (B) Structural representation of spike with ACE2.

B.1.352 S protein mutations are presented in orange. NTD (green), RBD (blue), SD1 (purple), SD2 (light blue), and S2 (magenta) are illustrated. The other S protein
monomers are illustrated in gray and white. (C) Frequency of the mutations in the S protein B.1.351 variant from December 2019 to April 30, 2021. Interaction of (D)
417N with C102 Nab (green), (E) 484K with C121 Nab (light pink), and (F) 501Y with hACE2 (yellow). The mutant residues are illustrated in orange, and the dashed
lines represent interactions with adjacent residues. (G) Genome of the SARS-CoV-2 B.1.351 variant with identified nucleotide substitutions or deletions. Graphs were
generated using Biorender, PyMOL, and RStudio. *Overlapping curves.
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the localization of mutations with available Cryo-EM structures
of the S protein and assessed the frequency of the variant by
interrogating the GISAID database. There are nine mutations
in the S protein out of the total 24 mutations in the B.1.1.7
SARS-CoV-2 genome (Figures 5A,E). Mutations in the S protein
of the B.1.1.7 variant, except D614G, emerged in October of
2020 and reached a worldwide frequency of 70% to 80% in
April 2021 (Figures 4, 5C and Table 2). N501Y, found in the
RBD, can interact with K353 in hACE2 (Figures 5B,D, 6C).
The N501Y mutation is associated with an increased affinity
to hACE2, along with an increase in infectivity and virulence
(Table 2). Figure 5E illustrates the whole genome of SARS-
CoV-2 with all nucleotide substitutions of the B.1.1.7 variant.
Substitutions C913T, C5986T, C14676T, C15279T, C16176T
in ORFlab, and T26801C in M protein are all synonymous
mutations. Also, the C27972T mutation has a frequency of 75%
and produces a premature stop codon in NS8 that inactivates
the protein (Q27stop) without obvious consequences (Figure 5E
and Table 2) (Pereira, 2020). These results allow us to better
understand the frequencies, localization, and interactions of

mutations in the S protein of the B.1.1.7 variant. For viruses, both
synonymous and non-synonymous mutations are of importance.
Synonymous mutations that do not change the amino acid
sequence of proteins can still exercise very important functions.
They can play a key role in docking sites for RNA-binding
proteins, transcription factors, and primers, or partake in
important secondary structures of the viral RNA like functional
loops and folds.

The Emergence of the B.1.351 Variant in

South Africa

During the spread of the B.1.1.7 variant in the United Kingdom,
another variant was emerging in South Africa, known as B.1.351
(O’'Toole et al., 2021; Tegally et al., 2021). The GISAID database
was used to identify mutations and Cryo-EM structures of the
S protein to model the effects of point mutations (Figure 7).
Most of the mutations in the S protein of the B.1.351 variant
are localized in the S1 subunit, with only A701V in the
S2 subunit. Additionally, three mutations reside in the RBD,

TABLE 3 | Synonymous, non-synonymous mutations and deletions in the B.1.351 (South Africa) variant.

Variant Protein (gene) Genome nucleotide Sor NS AA mutation Domain Frequency* Effect
mutation Tegally (%)
et al., 2021
B.1.351 5-UTR G174T S N/A N/A
NSP2 C1059T NS T85I 13.95 N/A
(ORF1ab) A2692T S N/A N/A
NSP3 G5230T NS K837N 1.41 N/A
(ORF1ab)
NSP5 A10323G NS K90R 3.07 N/A
(ORF1ab)
NSP12 C14925T S N/A N/A
(ORF1ab)
S C21614T NS L18F NTD 4.1 N/A
A21801C NS D80A NTD 0.50 N/A
A22206G NS D215G NTD 0.51 N/A
22286-22294del NS AL242/AA243/ NTD 0.51 Antibody escape Weisblum et al., 2020
AL244
G22299T NS R246l NTD 0.004 Antibody escape Weisblum et al., 2020
G22813T NS K417N RBD 0.51 Antibody escape Wang et al., 2021
G23012A NS E484K RBD 3.51 Antibody escape Barnes et al., 2020;
Covid-19 Genomic UK Consortium, 2021
A23063T NS N501Y RBD 80.16 Increases affinity for NACE2 Wu et al., 2017
A23403G NS D614G SD2 99.29 Moderate increase in transmissbility Li Q.
et al., 2020; Covid-19 Genomic UK
Consortium, 2021
G23664T NS A701V S$1/82 - 2.15 N/A
S2
NS3 G25563T NS Q57H 14.36 N/A
(ORF3a) C25904T NS S171L 1.77 N/A
E C26456T NS P71L 1.42 N/A
M C26645T S N/A
NS7a T27504C S N/A
(ORF7a)
N C28887T NS T205I 7.00 N/A

*Mutation frequency as of April 30, 2021.
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FIGURE 8 | Analysis of mutations in the P.1 variant. (A) Mutation map of the spike protein of P.1. (B) Structural representation of spike with ACE2. P.1 S protein
mutations are presented in black. NTD (green), RBD (blue), SD1 (purple), SD2 (light blue), and S2 (magenta) are illustrated. The other S protein monomers are
illustrated in gray and white. (C) Frequency of P.1 variant S protein mutations from December 2019 to April 30, 2021. Interaction of (D) 417T with C102 Nab (green),
(E) 484K with C121 Nab (light pink), and (F) 501Y with hACE2 (yellow). The mutations are colored in black and interaction with adjacent residues are demonstrated
by dashed lines. (G) Genome of the SARS-CoV-2 P.1 variant with identified nucleotides substitution, deletions, and insertions. Figures were generated using

Biorender, PyMOL, and RStudio. *Overlapping curves.

G21974T

Ins28269-28273

<
~
©
-
@©
N
o

Frontiers in Microbiology | www.frontiersin.org

14

June 2021 | Volume 12 | Article 676314


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Castonguay et al.

Genome Evolution of SARS-CoV-2

among which two of them are not found in the B.1.1.7 variant
(K417N, E484K) (Figures 7A,B). However, this variant contains
D614G and N501Y, which are also seen in the B.1.1.7 variant
(Figure 5A). Furthermore, many of the mutations found in
the B.1.351 variant have worldwide frequencies lower than 5%.
The exception is D614G, L18E and N501Y (Figure 7C and
Table 3). In comparison to B.1.1.7 and P.1 variants, the B.1.351
variant has not reached a frequency higher than 2% as of April
2021 (Figure 4). By using the mutagenesis tool of PyYMOL, we

modeled the S protein in complex with hACE2, and with C103
and C121 Nabs, which are human recombinant class I and II
neutralizing antibodies, respectively (Barnes et al., 2020). Our
in silico mutagenesis modeling predicts that B.1.351 mutations in
the RBD favor a loss of interactions with C102 and C121 Nabs.
Diminished interactions between RBD and C102 are predicted
when the K417 is mutated to Asn producing Nabs escape
capabilities (Figures 7D, 6A). Diminished interactions with RBD
are also predicted with C121 when the E484K mutation is present

TABLE 4 | Synonymous, non-synonymous, and deletions in the P.1 (Brazil) variant.

Variant  Protein Genome nucleotide SorNS  AA mutation Domain Frequency* Effect
(gene) mutation Faria et al., 2021 (%)
PA NSP2 T733C S N/A N/A
(ORF1ab) C2749T S N/A N/A
NSP3 C3828T NS S370L 3.09 N/A
(ORF1ab) A5648C NS K977Q 3.00 N/A
NSP6 11288-11296del NS AS106/ 87.61 N/A
(ORF1ab) AG107/AF108
NSP9 C12778T S N/A N/A
(ORF1ab)
NSP12 C13860T S N/A N/A
(ORF1ab)
NSP13 G17259T NS E341D 297 N/A
(ORF1ab)
S C21614T NS L18F NTD 4.1 N/A
C21621A NS T20N NTD 277 N/A
C21638T NS P26S NTD 3.01 N/A
G21974T NS D138Y NTD 2.95 N/A
G22132T NS R190S NTD 2.71 N/A
A22812C NS K417T RBD 2.88 Antibody escape Garcia-Beltran et al., 2021
G23012A NS E484K RBD 3.51 Antibody escape Barnes et al., 2020;
Covid-19 Genomic UK Consortium, 2021
A23063T NS N501Y RBD 80.16 Increase affinity for hACE2 Covid-19 Genomic
UK Consortium, 2021
A23403G NS D614G SD2 99.29 Moderate increase in transmissibility Li Q.
et al., 2020; Covid-19 Genomic UK
Consortium, 2021
C23525T NS HB55Y SD2 3.16 N/A
C24642T NS T10271 S2 2.79 N/A
G25088T NS V1176F S2 2.79 N/A
NS8 G28167A NS E92K 2.96 N/A
(ORF8) INns28269-28273 S N/A N/A
N C28512G NS P8OR 2.94 N/A
*Mutation frequency as of April 30, 2021.
TABLE 5 | Efficacy of vaccines against SARS-CoV-2 variants.
Vaccine hCoV-19/Wuhan/WIV-4/2019 B.1.1.7 B.1.351 P.1
Pfizer-BioNTech 95.0% (Polack et al., 2020) 95.3% (Haas et al., 2021; 75.0% (Abu-Raddad et al., N/A
Abu-Raddad et al., 2021) 2021)
Moderna 94.1% (Baden et al., 2020) N/A N/A N/A
Oxford-AstraZeneca 70.4% (Voysey et al., 2021) 70.4% (Emary et al., 2021) 10% (Madhi et al., 2021) N/A
Johnson & Johnson 66% (Sadoff et al., 2021) N/A 52.0% and 64.0% (14 and 66% (Sadoff et al., 2021)

Novavax 96% (Shinde et al., 2021)

86% (Shinde et al., 2021)

28 days) (Sadoff et al., 2021)
51% (Shinde et al., 2021)
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(Figures 7E, 6B). As previously mentioned, N501Y is also found
in B.1.351, and our modeling predicts that it will have similar
effects as those observed with the B.1.1.7 variant (Figure 7F).
Figure 7G illustrates the position of the nucleotide substitutions
of the B.1.351 variant.

The Emergence of the P.1 Variant in

Brazil

Similar to the B.1.351 variant, the P.1 variant harbors the N501Y
and E484K mutations, but position 417 of the S protein displays a
threonine (T) instead of a lysine (K) residue (Faria et al., 2021;
Figure 8). Similar to the United Kingdom and South African
variants, we present in Figure 8C mutations in the S protein
that are characteristic of the P.1 variant and their frequencies
from December 2019 to April 30, 2021. The P.1 variant harbors
amino acid substitutions L18F, T20N, P26S, D138Y, and R190S
in the NTD of the S protein. H655Y and T10271, V1176F are in
the subdomain 2 (SD2) of S1 and in the S2 subunit, respectively
(Figures 8A, B and Table 4). The V1176F mutation is not
shown because the structure is unresolved in this region. Overall,
P.1-specific mutations have currently worldwide frequencies less
than 5% (Figure 8C and Table 4). D614G, L18F, and N501Y
are not specific to P1. Similar to B.1.351, the P.1 variant has a
low frequency representing less than 5% of global variants as
of April 2021 (Figure 4). Here, we also modeled P.1 mutations
to investigate interaction alterations with known recombinant
neutralizing antibodies (Barnes et al., 2020). The K417T mutation
reduces interactions with neighboring residues in the C102 Nab,
and therefore, the model predicts, as with K417N in B.1.1.7,
an increased ability to escape neutralization (Figure 8D). Also,
the P.1 variant has E484K and N501Y mutations in the RBD.
Modeling predicts that they will have the same effect reported
for the B.1.1.7 and B.1.351 variants (Figures 8E,F). In Figure 8G,
we indicate the positions of synonymous, non-synonymous, and
deletions in the SARS-CoV-2 P.1 genome.

DISCUSSION

The emergence of new genetic variants that are more
transmissible, virulent, and resistant to antibody neutralization
has highlighted the importance of studying the function of
mutations in the viral genome. The number of sequenced viral
genomes uploaded to the GISAID database grew rapidly from
131,417 at the end of September 2020 to 451,913 by January 30,
2021 (Shu and McCauley, 2017). GISAID is a formidable tool for
tracking the emergence of mutations, identifying the geographic
region where it emerged, and tracking its spread around the
globe. Given that the risk mutations and new variants pose for
neutralizing antibody therapy and vaccines for SARS-CoV-2,
it is crucial to continuously monitor the susceptibility of these
variants to neutralization by humoral and cellular immune
responses either induced through natural exposure to the
reference strain or induced by vaccination (Barnes et al., 2020;
Greaney et al, 2021; Wang et al., 2021). Recent reports on
the efficacy of the various vaccines have shown that these are
variable and often diminished against variants (Tables 5, 6).

TABLE 6 | Resistance of SARS-CoV-2 variants to vaccine-induced
antibody neutralization.

Vaccine Fold reduction in neutralization
B.1.1.7 B.1.351 P.1
Pfizer- 82.1 (Garcia-Beltran 3(34.5-42.4) 86.7 (Garcia-Beltran
BioNTech etal., 2021) (Garcia-Beltran et al., etal., 2021)
2021)
Moderna 32.3 (Garcia-Beltran  2(19.2-27.7)(Garcia-  24.5 (Garcia-Beltran
etal., 2021) Beltran et al., et al., 2021)
2021)
Oxford- b2 5 (Supasa et al., 9.0 (Zhou et al., b2 6 (Dejnirattisai
AstraZeneca 2021) 2021) etal., 2021)
Johnson & N/A N/A N/A
Johnson
Novavax 2(0.85 to 20) (Shen 213.1 (Shen et al., N/A

etal., 2021b) 2021a)

aPseudotyped virus neutralization assay.
bl jve virus neutralization assay.

Most available vaccines generally remain near fully efficacious
against the B.1.1.7 variant (Emary et al., 2021; Haas et al., 2021;
Wu et al., 2021). However, the Oxford-AstraZeneca vaccine has
displayed compromised efficacy against the B.1.351 variant with
only 10% vaccine efficacy (Madhi et al., 2021). Preliminary data
with the Pfizer-BioNTech and Moderna mRNA vaccines also
show a reduction in efficacy against B.1.351 (Abu-Raddad et al,,
2021; Liu et al., 2021; Wu et al.,, 2021). Furthermore, antibodies
induced by the Pfizer-BioNTech and Moderna vaccines appear to
display a 6.7-fold and 4.5-fold decrease in neutralization efficacy
against the P.1 variant (Table 6; Garcia-Beltran et al., 2021). The
recently approved Johnson & Johnson adenovirus-based vaccine
only requires a single dose, in comparison with the two for the
mRNA vaccines and Oxford-AstraZeneca vaccine, and has an
efficacy of 66% against the original Wuhan reference strain,
52.0% to 64.0% against the B.1.351 variant and 66% against the
P.1 variant (Sadoff et al., 2021). The Novavax vaccine also shows
reduced efficacy against the variants with 86% and 51% against
the B.1.1.7 and P.1 variants, respectively. Nevertheless, humoral
responses are only one component of the adaptive immune
response. T-cell responses have not been studied in detail against
these variants at this time and still provide robust contribution
to overall protection against severe COVID-19 disease.

Studying the effect of individual mutations in a viral protein
may not always reflect their true impact on virus features if
they appear in combination with other mutations. Epistasis is
the combinatory effect of two or more mutations in a genome
(Phillips, 2008). Epistasis has previously been intensely studied
in the surface protein hemagglutinin (HA) of influenza viruses,
and positive epistasis was identified in several regions of the HA
receptor-binding domain (Wu et al., 2017). In relation to the S
protein of SARS-CoV-2, epistatic mutations could, for instance,
allow the S protein to adopt a specific conformation when all the
mutations are present, thereby producing a unique folding of the
protein and enabling new features. A recent study demonstrated
the impact of antigenicity and infectivity of D614G SARS-CoV-2
variants with a combination of different mutations occurring in
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the S protein (Li Q. et al., 2020). The study shows that D614G
alone only mildly increases infectivity, but in combination with
different other mutations in the S protein, together, these can
either more intensely increase or decrease viral infectivity. Similar
findings have been reported regarding sensitivity to Nabs. D614G
alone has undetectable effects on Nabs escape. However, the
combination of D614G with other mutations in S can enable Nabs
escape (Li Q. et al., 2020). This data suggests that the continuous
emergence of epistatic mutations in SARS-CoV-2 will likely be
involved in further altering the properties of the virus, including
transmissibility, pathogenicity, stability, and Nab resistance.

Our analyses have highlighted that several new fast-spreading
mutations had frequency trajectories that eventually plunged or
stabilized at low frequencies. Only the D614G in the S protein
and the P323L in the RdRp have maintained their presence
in the consensus sequence (Figures 1, 2). Analyses of the
GISAID database also reveal which countries upload the most
sequences to the database and are therefore carrying out the
most testing and sequencing. The global frequency of mutations
and variants in the database is therefore biased to represent
the genetic landscape of the virus in the countries doing the
most testing, sequencing, and data sharing. Emergence of new
variants may therefore go undetected until they leave their point
of origin and enter countries with high testing and sequencing
rates. This delayed notification constitutes a major obstacle in
identifying and preventing the spread of nefarious variants that
are potentially resistant to current vaccines and neutralizing
antibody therapy. Another caveat in analyzing sequences in the
GISAID database is that consensus sequences are uploaded,
but subsequences and quasispecies are generally not included.
Therefore, it is possible that mutations in sub-variants may be
missed that could contribute to virus replication, pathogenicity,
and spread (Rocheleau et al, 2021). A global approach to
analyzing both transmitted variants and non-transmitted sub-
variants and quasispecies could provide a better understanding
of the effects of SARS-CoV-2 mutations.

In conclusion, our metadata analysis of emerging mutations
has highlighted the natural fluctuations in mutation prevalence.
We also illustrate how mutations sometimes need to co-emerge
in order to create a favorable outcome for virus propagation.
Tracking mutations and the evolution of the SARS-CoV-2
genome is critical for the development and deployment of
effective treatments and vaccines. Thus, it is the responsibility
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