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A B S T R A C T   

Amid the ongoing COVID-19 pandemic, it has become increasingly important to monitor the mutations that arise 
in the SARS-CoV-2 virus, to prepare public health strategies and guide the further development of vaccines and 
therapeutics. The spike (S) protein and the proteins comprising the RNA-Dependent RNA Polymerase (RdRP) are 
key vaccine and drug targets, respectively, making mutation surveillance of these proteins of great importance. 

Full protein sequences were downloaded from the GISAID database, aligned, and the variants identified. 
437,006 unique viral genomes were analyzed. Polymorphisms in the protein sequence were investigated and 
examined longitudinally to identify sequence and strain variants appearing between January 5th, 2020 and 
January 16th, 2021. A structural analysis was also performed to investigate mutations in the receptor binding 
domain and the N-terminal domain of the spike protein. 

Within the spike protein, there were 766 unique mutations observed in the N-terminal domain and 360 in the 
receptor binding domain. Four residues that directly contact ACE2 were mutated in more than 100 sequences, 
including positions K417, Y453, S494, and N501. Within the furin cleavage site of the spike protein, a high 
degree of conservation was observed, but the P681H mutation was observed in 10.47% of sequences analyzed. 
Within the RNA dependent RNA polymerase complex proteins, 327 unique mutations were observed in Nsp8, 
166 unique mutations were observed in Nsp7, and 1157 unique mutations were observed in Nsp12. Only 4 
sequences analyzed contained mutations in the 9 residues that directly interact with the therapeutic Remdesivir, 
suggesting limited mutations in drug interacting residues. The identification of new variants emphasizes the need 
for further study on the effects of the mutations and the implications of increased prevalence, particularly for 
vaccine or therapeutic efficacy.   

1. Introduction 

The global pandemic of Coronavirus Respiratory Disease 2019 
(COVID-19), caused by Severe Acute Respiratory Syndrome Coronavirus 
2 (SARS-CoV-2), has caused significant disruption to public health and 
economic activity worldwide. As of April 23, 2021, there have been over 
140 million confirmed cases of COVID-19 and over 3 million deaths 
worldwide (John Hopkins University, 2020). Several new variants of 
SARS-CoV-2 have emerged and are spreading globally. The Delta variant 
of concern (pangolin lineage B.1.617.2, first identified in India) has 
much greater transmissibility (Liu and Rocklöv, 2021) relative to the 
original strain (Liu et al., 2020), and has been observed to be more 

resistant to antibody neutralization from the sera of vaccinated in
dividuals (Edara et al., 2021). The Alpha variant of concern (B.1.1.7, 
first observed in the United Kingdom) has exhibited increased trans
missibility (Davies et al., 2021; Graham et al., n.d.; Volz et al., 2021), the 
Beta variant of concern (B.1.351, first observed in South Africa) has also 
been observed to partially escape vaccine-induced immunity (Wu et al., 
2021; Liu et al., 2021a; Garcia-Beltran et al., 2021; Madhi et al., 2021; 
Tada et al., 2021), and the Gamma (P.1) variant of concern first 
observed in Brazil has exhibited both increased transmissibility (Faria 
et al., 2021; Coutinho et al., 2021) and partial evasion of vaccine- 
induced immunity (Garcia-Beltran et al., 2021). New variants have 
also been discovered in California (Epsilon variant of concern, B.1.427/ 
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B.1.429 lineages) (Zhang et al., 2021; Deng et al., 2021) and New York 
(Iota variant of interest, B.1.526) (West et al., 2021). The Iota variant 
contains the E484K mutation linked to antibody escape in the Beta and 
Gamma variants (West et al., 2021), suggesting it may similarly decrease 
the effectiveness of current vaccines. The appearance of new strain 
variants and protein mutations have highlighted the importance of 
continued genomic surveillance of SARS-CoV-2 strains to understand 
how SARS-CoV-2 genomes are evolving over time and geographic 
locations. 

High throughput genomic analysis of SARS-CoV-2 strains has been 
greatly facilitated by databases, such as the Global Initiative on Sharing 
all Influenza Data (GISAID) (Shu and McCauley, 2017). GISAID was 
initially created after the global spread of the H5N1 avian flu, to break 
down barriers to data sharing, enabling users to share and analyze data 
in a timely manner, and allowing users to access unpublished genomic 
data under the conditions of a data use agreement that protects the in
tellectual property rights of data contributors (Shu and McCauley, 
2017). Many studies have leveraged the GISAID information to examine 
patterns in the emergence of mutations in the viral genome (Korber 
et al., 2020; Thomson et al., 2021; Hodcroft et al., 2020). 

The genome of SARS-CoV-2 consists of 14 open reading frames 
(ORFs) that encode 27 proteins (Wu et al., 2020). Four of the ORFs 
encode structural proteins, and are named with one letter corresponding 
to the name of the structural protein produced: E (envelope protein), N 
(nucleocapsid protein), M (membrane protein), and S (spike protein) 
(Kim et al., 2020). The spike protein has been shown to be a key factor in 
viral entry, and binds to the human angiotensin-converting enzyme 2 
(ACE2) (Crackower et al., 2002), resulting in the fusion with the host cell 
membrane (Wang et al., 2020). In addition to the four structural pro
teins, there are 16 non-structural proteins (Nsps) encoded by open 
reading frame 1ab (Wu et al., 2020). The non-structural proteins Nsp7, 
Nsp8, and Nsp12 have been found to form the viral RNA-dependent RNA 
polymerase (RdRP) complex, and each of the Nsps forming the RdRP 
complex must be present for the replication of viral genomic RNA to 
occur (Yin et al., 2020). Nsp12 contains the active site in which the 
antiviral drug remdesivir binds (Yin et al., 2020), making this protein of 
great importance for variant surveillance. Here we describe a compre
hensive analysis of the amino acid mutations in the spike protein and the 
RdRP complex from the beginning of the pandemic to January 16th, 
2021. We identify and document changes in the prevalence of mutations 
over time, and examine the mutations within the context of protein 
structures to identify patterns of mutation that may impact host- 
pathogen interactions, as well as vaccine and therapeutic efficacy. 

To address confusion over the definitions of mutation, variant, strain, 
and lineage, this analysis follows the definitions outlined by Mascola 
et al. (2021). A mutation is defined as a change in the viral genome; for 
the purpose of this analysis this will specifically describe a change to the 
amino acid sequence transcribed from the genome (known as a non- 
synonymous mutation). A variant is defined as a combination of muta
tions that exist together in a single viral genome, and a strain is a variant 
confirmed to have distinct properties. The term lineage is used in the 
context of phylogenetic analysis and refers to variants that create new 
branches on a phylogenetic tree (Mascola et al., 2021). 

2. Methods 

2.1. Raw data download 

All protein sequences submitted to GISAID by February 12th, 2021 
were downloaded in a single FASTA file. The file was pre-processed to 
amino acid format, with one entry for each protein in every sequence. 
Sequence headers contained metadata including the protein, the 
accession ID of the sequence, the date of collection, and the geographic 
location. 437,006 unique viral genomes were represented in the file, 
though some genomes did not contain sequences for all proteins. The 
number of sequences included in the file for each protein is given in 

Table 1. A second file containing extended metadata was also down
loaded; the file was formatted as a table with one row per sequence. The 
reference genome used in our analysis was the Severe Acute Respiratory 
Syndrome Coronavirus 2 Isolate WIV04 (WIV04), sequenced in Wuhan, 
China on December 30th, 2019 (Zhou et al., 2020). The raw FASTA file 
was split by protein into 27 files using a Python script in Jupyter 
Notebook (version 6.1.4) (Kluyver et al., 2016), and each protein was 
processed separately through all subsequent steps. 

2.2. Filtering of sequences 

Sequences were filtered in Python using the Biopython SeqIO module 
(Cock et al., 2009). In order to reduce potential incomplete sequences 
and lower quality sequences, all sequences that were ten or more codons 
shorter or longer than the reference sequence were eliminated from the 
analysis, along with sequences containing more than 0.1% ambiguous 
(“X”) codons. The number of sequences for each protein remaining after 
filtering is listed in Table 1. 

2.3. Sequence dereplication 

In order to streamline our computational pipeline, identical se
quences were condensed into clusters using USEARCH (version 
11.0.667) (Edgar, 2010). Clusters, representing unique sequences, were 
written out to a FASTA file with the ID of the cluster and the number of 
sequences in the cluster. Concurrently, a separate file for cluster infor
mation was created that linked the metadata for all sequences in each 
cluster to the cluster ID. Clusters of size one were not included in the 
analysis due to the low abundance and possibility of these clusters 
reflecting errors in sequencing rather than true variation. Each cluster 
represents a SARS-CoV-2 variant. 

2.4. Sequence alignment 

FAMSA (version 1.6.2) (Deorowicz et al., 2016) was used to align 
clustered sequences for comparison with the reference sequence. 
FAMSA was selected based on its superiority in both alignment quality 
and speed relative to other algorithms for large alignments (alignments 
with greater than 5000 sequences) (Deorowicz et al., 2016). FAMSA was 
ran with default settings, and the output was stored in FASTA format. 

The spike alignment was then computationally edited with a Python 
script to correct instances where amino acids were inconsistently 
aligned across insertion regions. For example, -70 - H- -V75 was repre
sented as H70 - - - -V75 in some clusters (dashes are added when in
sertions exist in the same region of other clusters), though the two 
alignments are biologically equivalent. The alignment corrections made 
to the spike protein alignment are given in (Supplementary Table S1). 

2.5. Parsing of multiple sequence alignment 

A Python script was developed in Jupyter notebook to automatically 

Table 1 
Number of sequences remaining after each step in the analysis. The number of 
sequences clustered and aligned reflects the number of sequences in the cumu
lative analysis and structural visualizations.   

Spike Nsp7 Nsp8 Nsp12 

Sequences Downloaded (February 
12th, 2021) 436,506 435,838 435,848 435,949 

Sequences Passing Filter Criteria 357,361 430,698 426,343 401,934 
Sequences Clustered and Aligned 345,275 430,606 426,084 400,171 
Clustered Sequences Linked to 

Metadata 339,387 423,158 418,772 393,363 
Metadata-Sequence Pairs Included 

in Time Series Analysis 334,474 421,019 416,650 391,331  
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parse the aligned sequences for mutations given the ID of the cluster 
containing the reference sequence, which was determined by searching 
for “WIV04” in the cluster information file using RStudio (version 
1.3.1093) (RStudio, 2020). The Python script scanned through the other 
clusters (Supplementary Fig. S1), comparing each codon with the 
corresponding codon of the reference cluster. When mutations were 
discovered, the program determined the type of mutation, and functions 
were run accordingly to store the position of the mutation relative to the 
reference, the ID and size of the variant cluster, and the identity of the 
codon in the reference and variant clusters. Based on this information, a 
code was computed for the mutation based on the nomenclature rec
ommended by the Human Genome Variation Society (HGVS) (den 
Dunnen et al., 2016). This information was then stored for each muta
tion observed, as the “variant events” dataset. Deletions spanning mul
tiple codons were recorded as a single event, and insertions at the 
beginning and end of the sequences were named as extensions with the 
format <Position of the first or last codon>ext<Identity of codon(s) 
inserted>. The variant events dataset was then grouped by position and 
the sum of the cluster sizes was taken to compute the total number of 
sequences with a mutation at each position (“variants by position” 
dataset), and a similar operation was performed to compute the total 
number of sequences containing each unique variant (“variants by code” 
dataset). 

2.6. Three-dimensional visualization of frequently mutated sites 

Structures of the spike protein and the RNA-dependent RNA poly
merase (RdRP) complex were downloaded from the Protein Data Bank 
(PDB) (Berman, 2000) and visualized using PyMOL (The PyMOL Mo
lecular Graphics System, 2020). For the spike protein, two structures were 
downloaded: PDB ID 6VSB (Image of 6VSB, 2020), which shows the 
whole spike protein with one receptor binding domain in the up 
conformation, and PDB ID 6M17 (Image of 6M17, 2020, (p17)), which 
shows the receptor binding domain of the spike protein in contact with 
the ACE2 receptor. For the RdRP complex, the structure PDB ID 7BV2 
(Image of 7BV2, 2020) was used. The variants by position dataset was 
used to color each position in the structures by the frequency of varia
tion using a log-10 scale. In a separate visualization, the spike protein 
and the RdRP complex were colored by domain and all positions 
mutated in more than 100 sequences were highlighted. 

2.7. Frequency of mutations in key residues 

The variants by code dataset was filtered by residue number to 
determine the frequency and identity of mutations in key regions of the 
genome, such as the receptor-binding domain (RBD), the furin cleavage 
site (Walls et al., 2020), and superantigen motifs (Cheng et al., 2020) in 
the spike protein. For the RdRP complex, the binding site of remdesivir 
(Yin et al., 2020) was analyzed. 

2.8. Time series analysis of variants 

To determine changes in the prevalence of mutations over time, the 
variant events dataset was linked with the extended metadata according 
to the process outlined in Supplementary Fig. S2. The GISAID acces
sion ID for each sequence was extracted from the cluster information 
dataset using RStudio, yielding a dataframe mapping sequence accession 
IDs to the corresponding cluster ID. This dataframe was merged with the 
extended metadata on the common accession ID column, yielding a 
dataset listing the metadata for each sequence, along with the ID of the 
representative cluster. A dataframe mapping the cluster ID to the mu
tations observed in the cluster was created from the variant events 
dataset, and this dataframe was merged with the metadata with cluster 
IDs to yield a dataset giving the metadata for each sequence, along with 
the mutations observed. The number of mutations in each cluster was 
also computed during this step and added to the metadata for each 

sequence. Subsets were then taken based on the collection date of the 
samples: weekly time intervals beginning on January 5th, 2020 and 
ending on January 16th, 2021, were used. Sequences collected after 
January 16th were excluded from time series analysis due to the pos
sibility of incomplete reporting of samples after this date. The frequency 
of each unique variant was obtained for each week and stored in a 
separate dataset along with the total number of sequences analyzed; 
variant counts were then divided by the total number of sequences to 
give the percentage of sequences with each unique variant by week. 
Subsets were also taken by continent to perform analysis by geographic 
region. Sequences with no defined day of collection were excluded from 
analysis, as well as sequences with metadata entries that could not be 
linked to cluster IDs. The number of sequences included in the time 
series dataset is given in Table 1. 

2.9. Visualization of variant trends 

The Python package Matplotlib (Caswell et al., 2020; Hunter, 2007) 
was used to visualize trends in spike and RdRP mutations over time. The 
top ten most common mutations were selected from the percentage 
table, and a line plot showing the prevalence of each mutation over time 
was created. To analyze trends in less common mutations, a heatmap 
was used: all mutations with a prevalence greater than or equal to 2% in 
at least one week were included. A color map for the heatmap was 
defined using a log-10 scale, with 0.10% as the lower bound for coloring 
cells. A histogram was generated to show the number of sequences 
represented in each week. Scatterplots plotting the number of mutations 
in each sample vs. the collection date of the sample were created from 
the merged metadata from the time series analysis. Subsets were taken 
by the pangolin lineage classification for each sequence, which was 
provided in the original metadata downloaded from GISAID. Boxplots 
were also created from the number of mutations in the spike protein and 
the proteins comprising the RdRP complex for each of the lineages 
associated with the variants mentioned in the introduction section. 

3. Results 

3.1. Spike protein 

3.1.1. Common spike mutations by continent 
The global prevalence of the top 15 most common mutations by week 

of sample collection is shown in Fig. 1A, and the prevalence of the top 15 
most common mutations on each continent are shown in Fig. 1B–G. The 
most common mutation worldwide was the substitution D614G, which 
quickly became prevalent after its appearance in mid-January 2020 
(Fig. 1A). The mutation was observed in more than 50% of sequences 
collected worldwide by the week of March 1st, and in more than 90% of 
sequences collected by the week of April 26th. D614G quickly became 
the dominant variant on all continents, though its rate of establishment 
was much lower in Asia (Fig. 1B). D614G reached 90% prevalence in 
Asia during the week of June 14th. 

The N-terminal domain (NTD) substitution A222V and the signal 
peptide substitution L18F gained in prevalence globally since their 
appearance in late July and early August, respectively, before peaking in 
late October and declining in prevalence. The mutations were most 
common in Europe (Fig. 1C), though A222V has been observed to an 
increasing extent in Asia, Oceania, and Africa, and North America 
(Supplementary Fig. S3A), and L18F has been observed on all conti
nents (Supplementary Fig. S3B). 

The RBD substitution N439K has slowly increased in prevalence 
since August 2020 and has been consistently observed in 2.0–4.5% of 
samples worldwide since the week of August 16th. The mutation was 
first observed in Europe during the week of March 15th, but it has also 
been observed in Asia since the week of October 10th, and in North 
America since the week of December 13th (Supplementary Fig. S3C). 

The receptor binding domain (RBD) substitution S477N appeared in 
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June and reached peak prevalence during week of July 19th, appearing 
in 32.1% of sequences worldwide before decreasing in prevalence to 
0.5% by the week of December 6th, 2020. An influx of sequences from 
Oceania was observed during this time (Fig. 1H, Supplementary 
Fig. 4), and S477N was observed in more than 90% sequences from 

Oceania between the week of July 15th and the week of August 16th 
(Fig. 1D). S477N has also been observed in Europe with increasing 
frequency, and since August it has been observed in increasing preva
lence in Europe, Africa, Asia, and North America (Supplementary 
Fig. S3D). 

Fig. 1. A–H: Prevalence of the top ten most common variants for the spike protein, by collection date in one-week intervals beginning on January 5th, 2020 and 
ending on January 16th, 2021. Prevalence of the 15 most common mutations A) worldwide, B) in Asia, C) in Europe, D) in Oceania, E) in North America, F) in Africa, 
and G) in South America. Mutations that appear within the top 15 most prevalent mutations on multiple continents are given the same color and shape in every 
graph. The substitution D614G was the first mutation to become highly prevalent on all continents. D614G was observed in 90% of sequences analyzed globally by 
early May 2020. The profile of other mutations varies by continent. Several mutations are observed that are associated with variants of concern and variants of 
interest. These mutations may appear individually or with others associated with the variant, and some mutations are shared between variants. The mutations in 
Fig. 1 associated with the Alpha variant of concern first detected in the United Kingdom are H69_V70del, Y144del (identified as Y145del by alignment software), 
N501Y, A570D, D614G, P681H, T716I, S982A, and D1118H (John Hopkins University, 2020). The mutations D80A, L242_L244del, K417N, E484K, N501Y, D614G, 
A701V, L18F, and D215G are associated with the Beta variant of concern (Liu and Rocklöv, 2021; Liu et al., 2020). L18F, E484K, N501Y, D614G, H655Y, and V1176F 
are associated with the Gamma variant of concern, and S13I, W152C, L452R are associated with the Epsilon variant of concern (Edara et al., 2021). Mutations in 
Fig. 1 associated with the Iota variant of interest are L5F, D253G, E484K, S477N, D614G, A701V) (Davies et al., 2021). H) Number of complete spike protein se
quences analyzed per week, by continent. Europe has contributed the greatest number of sequences weekly since early August 2020. Lower sample sizes in regions 
may explain the sudden shifts in prevalence seen in (A-G). 
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Q677H has been observed in the United States in October 2020 by 
Hodcroft et al. (Hodcroft et al., 2021) and Tu et al. (Tu et al., 2021) The 
variant appears in 3.5–8.0% of samples from North America between the 
week of November 1st, 2020 and the week of January 10th, 2021, and it 
was first observed in North America during the week of March 15th, 
2020 (Fig. 1E). The mutation was also observed in Europe during the 
same week, in Asia since the week of April 5th, in Africa since the week 
of May 17th, and in Oceania since the week of June 21st (Supple
mentary Fig. S3E). The mutation was observed in one out of 93 se
quences from South America during the week of March 8th, but was not 
observed again on the continent until the week of July 12th, 2020. 

The NTD deletion L242_L244del was observed in 62.1% of samples 
collected from Africa during the week of December 6th, 2020 (Fig. 1F). 
The deletion was first observed in Africa during the week of October 4th, 
2021. L242_L244del has also been observed in Asia and Europe since the 
week of December 13th, 2020, in in Oceania since the week of January 
3rd, 2021. The mutation has not yet been observed in North or South 
America (Supplementary Fig. S3F). 

The RBD substitution E484K was observed in South America 
(Fig. 1G). This substitution is observed in the Beta (Tegally et al., 2020) 
and Gamma (Faria et al., 2021) variants and has been observed to 
decrease the neutralization efficiency of antibodies to wild-type E484 
variants (Weisblum et al., 2020; Greaney et al., 2021). 

Mutations associated with the Alpha variant (H69_V70del, Y144del, 
N501Y, A570D, D614G, P681H, T716I, S982A, and D1118H) (Rambaut 
et al., 2020), have quickly increased in prevalence worldwide since 
November. P681H was the second most common mutation in North 

America, detected in 12.9% of samples from the week of January 10th 
2021. This prevalence value is greater than H69_V70del and N501Y 
(8.0% and 5.7%, respectively), suggesting that some viral species are 
carrying P681H, but not other mutations associated with the Alpha 
variant. 

Relatively low sample sizes outside of Europe (Fig. 1H, Supple
mentary Fig. S4) may limit the conclusions that can be drawn about the 
global viral population from this data. Of the 337,474 sequences 
analyzed through January 16th, 2021, 226,399 (66.58%) were from 
Europe. 72,194 sequences (21.39%) were from North America, 22,643 
(6.71%) were from Asia, 10,820 (3.21%) were from Oceania, 3610 
(1.07%) were from Africa, and 3511 (1.04%) were from South America. 
Fig. 2 shows time series trends for all mutations present in at least 2% of 
samples worldwide from any given week. In addition to the mutations 
previously mentioned and the quickly increasing prevalence of muta
tions associated with the Alpha variant in the last few months of the 
analysis, the heatmap reveals four additional mutations that appear to 
be increasing in prevalence with time (L5F, S98F, A262S, and P272L). 
Other mutations appear to have peaked and later decreased in preva
lence. Of the 36 mutations present in at least 2% of weekly samples 
worldwide, 15 were in the NTD, four were in the RBD, two each were in 
the signal peptide, the intracellular domain, heptad repeat 1, and heptad 
repeat 2; one was in the cytoplasmic domain, and eight were outside of a 
named domain. Time series analyses of variants occurring within the 
NTD (Supplementary Fig. S5) and the RBD (Supplementary Fig. S6) 
show that the N-terminal domain contains more mutations than the RBD 
that are consistently present and increasing in prevalence with time. 

Fig. 2. Heatmap of all mutations observed in 2% or more of genomes collected for at least one week. Variants are listed on the y-axis and sorted according to their 
position in the spike protein sequence. Parentheses give the domain in which each variant appears, according to the domain positions specified in Huang et al. 2020 
(Graham et al., n.d.). Key for domain abbreviations: SP = signal peptide, NTD=N-terminal domain, RBD = receptor-binding domain, FP = fusion peptide, HR1 =
heptad repeat 1, HR2 = heptad repeat 2, CD = cytoplasmic domain, ID = intracellular domain. The heatmap is colored based on a log-10 scale, with prevalence 
values of zero colored in white, and values less than or equal to 0.10% colored with the lightest shade. Time on the x-axis is categorized by week of collection date, 
beginning on January 5th, 2020, and ending on January 16th, 2021. Mutations associated with the Alpha variant of concern (H69_V70del, Y145del, N501Y, A570D, 
D614G, P681H, T716I, S982A, and D1118H) have rapidly increased in prevalence since the appearance of the variant in mid-September 2020. Varying trends are 
observed for other mutations; some are consistently present, while others have emerged and later disappeared. Fifteen out of the 36 variants observed in at least 2% 
of samples were in the N-terminal domain, four out of 33 were in the receptor-binding domain, two each were in the signal peptide, the intracellular domain, and 
heptad repeat 2; one was in the cytoplasmic domain, and eight were in an unspecified domain (other). 
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Two heptad repeat 2 residues, D1163Y and G1167V appear to in
crease in prevalence at the same time, near the end of August. Out of the 
910 sequences containing either D1163Y, G1167V, or both, 802 contain 
both mutations (Supplementary Table S2). The same trend is observed 
for the N-terminal domain residues A262S and P272L, and these mu
tations occur together in 687 out of 1084 sequences containing either 
A262S, P272L, or both. 

Some of the fluctuations in mutation prevalence may reflect the 
geographic trends of data deposited to GISAID. Region-specific heat
maps showing all mutations present in at least 2% of samples on each 
continent are shown in Supplementary Figs. S7–S16, and a complete 
prevalence table for all mutations is given in Supplementary Table S3A- 
G. 

3.1.2. Structural visualization of mutations 
We utilized the structural visualization program PyMOL to examine 

the frequency of mutation at each position in the spike protein sequence 
and structure (Fig. 3A–D). The N-terminal domain has many residues 
with more than 100 mutations, many of which are adjacent to one 
another (Fig. 3A). Mutations appear to be evenly distributed throughout 
both the S1 and S2 subunits. Of the 1735 unique mutations observed in 
the spike protein across all collection dates, 766 were observed in the N- 

terminal domain and 360 were observed in the receptor binding domain. 
Heptad repeats 1 and 2 contained 97 and 115 unique mutations, 
respectively, the intracellular domain contained 102 mutations, and the 
cytoplasmic domain contained 59 unique mutations (Fig. 3B). The 
fusion peptide contained 36 mutations. 1002 mutations were in regions 
of the spike protein not classified within a domain. 

A comparison of the secondary structure of A222V to that of D614G 
shows that both variants occur in a loop region. A ribbon diagram of 
A222V (Fig. 3C), which quickly became more prevalent in Europe be
tween mid-July and October 31st, shows that the variant occurs in a loop 
region, like D614G (Fig. 3D). D614G has been shown to alter the 
conformational state of the receptor binding domain through a hinge 
mechanism involving its loop structure (Yurkovetskiy et al., 2020), and 
it is possible that A222V may have a similar effect on the conformational 
state. This is supported by a stability analysis by Jacobs et al., which 
finds that both D614G and A222V cause rigidification in similar residues 
of the spike protein structure (Jacob et al., 2020). 

The interface between the receptor binding domain of the spike 
protein and ACE2 is shown in Fig. 4 (PDB ID: 6M17) (Yan et al., 2020). 
Four residues that directly contact ACE2 had more than 100 instances of 
mutation: K417, Y453, S494, and N501. The residue Y453 was shown to 
have pi-pi stacking interactions with the ACE2 receptor. Y453 was 

Fig. 3. A–D: Structure of Spike Protein (PBD 
ID: 6VSB) with common variants labeled. A) 
Spike protein domains are shown with resi
dues mutated in 100 or more sequences 
highlighted. The N-terminal domain is 
shown in light cyan, the receptor binding 
domain is shown in light orange, heptad 
repeat 1 is shown in light blue, and the 
fusion peptide is shown in blue. Residues in 
the S1 subunit with no classified domain are 
shown in light grey, and unclassified resi
dues in the S2 subunit are shown in dark 
grey. Residues with a variant frequency of 
more than 100, 1000, and 10,000 are shown 
in pink, red, and dark red, respectively. 
Variation is frequent in the N-terminal 
domain and is often observed in adjacent 
surface residues. B) All residues with vari
ants are shown. The color-coding for variants 
appearing in at least 100 sequences is the 
same as in A) and B); light blue is used for 
residues with 10–100 variants, and deep 
blue is used for variant frequencies of 2–10. 
Residues with zero variants are shown based 
on subunit colors specified in A) and B). C) A 
ribbon diagram visualizing the secondary 
structure of the A222V variant and sur
rounding residues. A222V is located on a 
loop region, as is the case with D614G (D). 
Despite its distance from the receptor bind
ing domain, D614G has been observed to 
alter the conformational state of the receptor 
binding domain by altering the conformation 
in the region surrounding codon 614, acting 
as a hinge (Volz et al., 2021). The similar 
secondary structure of A222 suggests that 
mutations of this residue may have a similar 
impact. (For interpretation of the references 
to color in this figure legend, the reader is 
referred to the web version of this article.)   
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observed as mutating to a phenylalanine residue in 951 sequences. N501 
forms two polar contacts with ACE2 residues. N501 was mutated to 
tyrosine in 34,532 sequences and threonine in 404 sequences. Mutation 
from asparagine to tyrosine at this site has been shown to increase the 
binding affinity to the ACE2 receptor by a factor of ten (Liu et al., 
2021b). 

S477, N439, and L452 do not contact the ACE2 receptor directly but 
are in the vicinity of the binding site. S477N was observed in 18,219 
sequences, and N439K was observed in 6743 sequences. L452R, which is 
observed in the variant of concern B.1.429 discovered in California 
(Zhang et al., 2021), is observed in 3.49% of the sequences from North 
America collected during the week of January 10th and 878 sequences 
total. The mutation from a hydrophobic leucine side chain to a positively 
charged arginine side chain will affect electrostatic properties, which 
may have implications for antibody binding. Mutational scanning by 
Starr et al. found that L452R is associated with a small increase in S 
protein expression (Starr et al., 2020). 

3.1.3. Furin cleavage site 
SARS-CoV-2 contains an insertion not found in SARS-CoV that cre

ates an additional cleavage site for the human protease furin (Walls 
et al., 2020; Wrobel et al., 2020). The furin cleavage site has been shown 
to strongly influence host mortality rates of other RNA-based viruses 
such as influenza (Steinhauer, 1999), and furin cleavage sites similar to 
those of SARS-CoV-2 have been observed in MERS-CoV (Millet and 
Whittaker, 2014). The furin cleavage site occurs between residues N679 
and R685 (Walls et al., 2020); these residues were analyzed for the 
frequency and type of variants present. A high degree of conservation 
was observed for residues S680, R682, and R683, which were mutated in 
37, 21, and 23 sequences, respectively. P681 was found to be highly 
variable: P681H was observed in 36,151 sequences total (10.47%). 
N679 was mutated in 430 total sequences, and A684 was mutated in 
146. Q677H, observed in 2146 sequences (0.62% of total sequences), 
occurs outside of the furin cleavage site but may affect a QTQN 
consensus sequence near the site (Tu et al., 2021). 

3.1.4. Superantigen mimicry 
Other spike protein motifs of interest include those that function as 

superantigens. Superantigens are proteins that stimulate the receptors of 
T lymphocytes (T cells) by binding at either the alpha or the beta vari
able chains (Saline et al., 2010), resulting in an overproduction of cy
tokines that leads to hyperinflammation and toxic shock syndrome 
(Cheng et al., 2020). The symptoms of multisystem inflammatory syn
drome in children (MIS-C) infected with SARS-CoV-2 are similar to those 
of toxic shock syndrome (Cheng et al., 2020), suggesting that sequence 
patterns similar to superantigens exist in SARS-CoV-2 proteins. A 
sequence motif between the residues E661 and R685 was discovered 
that is capable of binding both the alpha and beta variable chains in T- 
cells, with residues S680 through R683 shown to directly contact the T- 
cell receptor (Cheng et al., 2020). This motif overlaps with the furin 
cleavage site. The sequence that directly contacts the T-cell receptor is 
the same sequence that is cleaved by furin. A high degree of conserva
tion was observed for residues in the superantigen motif: all residues 
except for Q675, Q677, and P681 contained variants in less than 100 
sequences. 

A time series analysis of mutations in the superantigen motif (Sup
plementary Fig. S17) reveals 14 mutations out of 64 total that appear to 
be consistently present (P681H, Q677H, Q675H, Q677P, S673T, N679K, 
P681R, Q675R, P681L, T676I, T678I, A684V, Q677R, and A672V). All 
of these mutations except for Q675R and P681L appear to be increasing 
in prevalence with time, with the greatest increase observed for P681H. 
A deletion of the furin cleavage site (N679_S686del) was observed in 
0.395% of sequences from the week of January 26th, 2020 and 0.0358% 
of samples from the week of May 31st, 2020. A deletion of the QTQN 
consensus site (N675_N679del) was observed during the week of April 
12th, 2020 (0.0126% of sequences) and the weeks of May 17th, May 
24th, and May 31st, 2020 (in 0.0266%, 0.1099%, and 0.0358% of se
quences, respectively). The deletions were not observed during any 
other weeks. 

3.1.5. Emergent SARS-CoV-2 strains 
The time series trends of mutations specific to the Alpha, Beta, and 

Gamma variants first detected in the UK, South Africa, and Brazil, 
respectively, as well as the Delta variant, are shown in Fig. 5A-E. The ten 
mutations associated with the Alpha variant (Fig. 5A) have quickly 
gained prevalence worldwide since their appearance in mid-September, 

Fig. 4. Structure of the interface between the spike 
receptor binding domain (RBD) and the human ACE2 
receptor (top left shows the location of the RBD on the 
spike protein). The ACE2 receptor is shown in light 
cyan, and the spike residues are colored according to 
the frequency of variation: red is used for residues 
with variants in more than 1000 sequences, pink is 
used for variant frequencies of 100–1000, light blue 
for frequencies of 10–100, blue for frequencies of 
2–10, and grey for residues with no observed variants. 
Residues mutated in more than 100 sequences are 
labeled with the one-letter codes of the reference 
residue and the most commonly observed mutation. If 
multiple mutations are observed in the same residue 
in more than 100 sequences, each mutation is listed 
with the number of sequences with the mutation in 
parentheses. Direct contacts are shown with dotted 
lines: hydrogen bonds and salt bridges are shown in 
yellow, and pi-pi stacking interactions are shown in 
cyan. The residue Y453 forms pi-pi stacking in
teractions with the ACE2 residue H34. The mutation 
Y453F would result in the loss of a hydroxyl group, 

which may reduce steric clashing with the histidine residue. N439 does not directly contact the receptor binding domain, though it is believed that the variant lysine 
residue, which is positively charged, could form a salt bridge with the negatively charged ACE2 residue E329, increasing binding affinity of the RBD to ACE2 (Wu 
et al., 2021). The substitution L452R is observed in the Epsilon variant of concern. The mutation of a hydrophobic leucine side chain to a positively charged arginine 
side chain will affect electrostatic properties at the site of the mutation, which may affect antibody binding. The substitution E484K involves the replacement of a 
negatively charged glutamic acid residue with a positively charged lysine residue, which results in decreased efficacy of antibodies produced against wild-type E484 
variants (Liu et al., 2021a; Garcia-Beltran et al., 2021). PDB structures used: PDB ID: 6M17 (RBD-ACE2 interface), PDB ID: 6VSB (whole spike protein on upper left). 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)   
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Fig. 5. A–E: Heatmap of variants observed in the A) Alpha, B) Beta, C) Gamma, D) Epsilon, variants of concern and the E) Iota variant of interest. Variants are listed 
on the y-axis, and time is categorized by week of collection date on the x-axis, beginning on January 5th, 2020, and ending on January 16th, 2021. Parentheses give 
the domain in which each variant appears, according to the domain ranges specified in Huang et al. 2020. Key for domain abbreviations: SP = signal peptide, 
NTD=N-terminal domain, RBD = receptor-binding domain, FP = fusion peptide, HR1 = heptad repeat 1, HR2 = heptad repeat 2, CD = cytoplasmic domain, ID =
intracellular domain. The heatmap is colored based on a log-10 scale, with prevalence values of zero colored in white, and values less than or equal to 0.10% colored 
with the lightest shade. A) The ten mutations associated with the Alpha variant of concern have quickly increased in prevalence after appearing together in mid- 
September 2020 and are now observed in more than 50% of sequences worldwide. Some mutations associated with the Beta variant of concern (H69_V70del, 
Y145del, N501Y, D614G, P681H, and T716I) were present separately before the emergence of the variant in mid-September 2020, while others (A570D, S982A, and 
D1118H) appeared together at this point. Y144del sometimes appears as Y145del due to ambiguities in the alignment software with identical adjacent amino acids. 
B) The mutations associated with the Gamma variant of concern appeared together in mid-October 2020 and have increased in prevalence over time in samples 
worldwide, but to a lesser extent than the variants in the Alpha variant. C) The mutations associated with the Gamma variant of concern appeared together in mid- 
December 2020; all mutations except for T20N and K417T were present separately before the emergence of the variant. D) The mutations associated with the Epsilon 
variant of concern appeared together in mid-September 2020. The substitutions L452R and S13I appeared separately before the emergence of the variant, while 
W152C did not. E) The mutations associated with the Iota variant of interest consistently appear together after early October 2020. All mutations associated with this 
variant appeared separately before its emergence. Some mutations are present in multiple variants: the RBD substitution E484K is also observed in the Beta, Gamma, 
and Iota variants, and the RBD substitution N501Y is also observed in the Alpha, Beta, and Gamma variants. 
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appearing in more than half of sequences collected worldwide during 
the week of January 17th. Mutations associated with the Alpha variant 
appear to be propagating at a greater rate than those in the other vari
ants/strains. The RBD mutation N484K is observed in the Beta (Fig. 5B) 
and Gamma (Fig. 5C) variants, and N501K is observed in the Alpha, 
Beta, and Gamma variants. Both lineages associated with the Epsilon 
variant (B.1.427 and B.1.429, Fig. 5D) share the same set of mutations 
on the spike protein (S13I, W152C, L452R) (Zhang et al., 2021; Deng 
et al., 2021), and have similar effect on transmissibility and antibody 
evasion (Deng et al., 2021). The three mutations associated with these 
variants are first observed together during the week of September 27th, 

2020. S13I and L452R were detected separately in previous sequences, 
but W152C was not. The mutations associated with the variant of in
terest Iota (Fig. 5E), first detected in New York (L5F, T95I, D253G; 
E484K or S477N; D614G, and A701V) (West et al., 2021), appear 
together consistently after the week of October 4th, 2020, though the 
fact that many of these mutations are shared with other phylogenetic 
lineages makes it difficult to conclude that the variant originated at this 
time point. Individual mutations associated with the Delta variant were 
also observed in the data (Supplementary Fig. S18), but they do not 
appear together in the same sequence, suggesting that sequences con
taining all the mutations in the Delta variant as currently defined did not 

Fig. 6. A–G: Prevalence of the top ten most common mutations for the constituent proteins of the RNA-dependent RNA polymerase (RdRP) complex, by collection 
date in one-week intervals beginning on January 5th, 2020 and ending on January 16th, 2021. The top ten mutations A) worldwide, B) in Europe, C) in Asia, D) in 
North America, E) in Africa, F) in Oceania, and G) in South America, are shown. Mutations that appear within the top ten most prevalent mutations on multiple 
continents are given the same color and shape in every graph. The combination and prevalence of mutations present varies by continent, with the Nsp12 substitution 
P323L being most common on all continents, and most other mutations present in less than 20% of samples from each continent. Exceptions include the Nsp12 finger 
subdomain substitution A423V, which was common in Asia during July and August 2020, and the Nsp7 substitution L71F, which was common in South America 
during October and November 2020. Nearly all mutations besides the Nsp12 substitution P323L have either peaked and subsequently decreased in prevalence, or 
have plateaued at low prevalence values of 5–10%. 
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yet appear in the GISAID database as of January 16th, 2021. 
A plot of the number of spike protein amino acid polymorphisms in 

individual samples by collection date and variant is given in Supple
mentary Fig. S19A. The plot shows that the rate of change in the 
number of spike protein polymorphisms relative to the reference 
changes over time. The rate decreases after mid-March 2020 and re
mains close to zero and increases again after mid-August 2020. Samples 
identified as the Alpha, Beta, and Gamma variants exhibit a gap between 
the number of polymorphisms for these samples relative to other vari
ants, suggesting that the mutations related to these variants appeared all 
at once. This is consistent with observations of mutations related to these 
variants appearing in longitudinal samples from immunocompromised 
patients (Choi et al., 2020). Samples from the Alpha, Beta, and Gamma 
variants have more amino acid polymorphisms on average than the 
Epsilon or the Iota variants (Supplementary Fig. S19B). 

3.2. RNA-dependent RNA polymerase (RdRP) complex 

3.2.1. Common RdRP mutations by continent 
The Nsp12: P323L mutation appeared in late January 2020 and was 

present in 50% of the sequences by early March, and 90% of the se
quences by late April (Fig. 6A). The trend of predominance for Nsp12: 
P323L was observed on all continents (Fig. 6B-G), but the rate of 
establishment was lower in Asia than in other continents, as with spike: 
D614G. Other mutations have emerged and are relatively rare but 
consistently present, plateauing at 3.5–4.0% of samples collected weekly 
since August 2020. These mutations include the Nsp12 mutations 
E254D, A423V, A656S, V720I, and V776L; the Nsp7 mutations S25L and 
M75I; and the Nsp8 mutation T145I. Time series trends in Europe 
(Fig. 6B) match global trends, except for the Nsp12 mutation A424V, 
which is seen in the global data but not in Europe. 

The spike in A424V in the global data can be attributed to the high 
prevalence of the mutation in Asia during July 2020 (Fig. 6C). The 
mutation peaked in prevalence in Asia at 63.36% during the week of 
July 26th, and then decreased in prevalence. The mutation was not 
observed in any sequences during and after the week of November 22nd. 
Similar trends are observed for the Nsp12 mutations A97V and M666I 
and the Nsp7 mutation S25L. The Nsp12 mutation A97V peaked at 
17.7% prevalence during the week of April 12th, 2020, the Nsp7 mu
tation S25L peaked during the week of October 25th, 2020 at 29.9%, 
and the Nsp12 mutation M666I peaked at 34.4% prevalence during the 
week of December 27th, 2020. 

The Nsp7 mutation S25L was also observed in North America 
(Fig. 6D). The mutation was first observed during the week of March 1st, 
and peaked in prevalence during the week of July 26th, 2020 at 8.44%. 
The mutation appears to have decreased in prevalence after August 2020 
and is observed in 0.25% of sequences in North America as of January 
10th, 2021. As of January 10th, 2021, mutations in the polymerase 
complex besides the Nsp12 mutation P323L were rare but their presence 
is stable. The Nsp8 mutations T145I and Q24R along with the Nsp12 
mutation V776L were present in 2.0–2.5% of sequences during the week 
of January 10th, 2021, and the Nsp12 mutations P227L, V354L, and 
V605 were present in 1.0–2.0% of sequences. 

In Africa (Fig. 6E), the Nsp8 mutation Y138H appears consistently in 
5–30% of weekly sequences between late May 2020 and early 
November. Mutations observed in more than 10% of weekly samples 
include the Nsp8 mutations A47V, T148I, and I156V; and the Nsp12 
mutations Y521C and G823S; but these mutations are not consistently 
observed above this threshold. 

In Oceania (Fig. 6F), there are no stable mutations in the RdRP 
complex besides the Nsp12 mutation P323L. Several mutations, such as 
the Nsp12 mutations A97V, N215S, K718N, and N911S; and the Nsp8 
mutation L9F, emerged, peaked in prevalence between 5 and 25%, and 
later decreased to less than 4% prevalence. 

In South America (Fig. 6G), the Nsp7 mutation L71F was observed in 
78.7% of sequences from the week of November 22nd, 2020, and in 

15–25% of samples from the following weeks. The Nsp7 mutation S25L 
was also observed in the region, peaking at 34.7% prevalence during the 
week of May 17th, 2020, and peaking again at 21.2% during the week of 
October 18th, 2020. The Nsp12 thumb subdomain mutation P918L was 
observed in 22.8% of samples collected during the week of June 21st and 
24.2% of sequences collected during the week of July 12th. This amino 
acid residue is near M924, which is involved in RNA binding. 

A heatmap of time series data for mutations in the RdRP complex is 
shown in Fig. 7. The Nsp12 substitutions P323L, V776L, A185S, and 
V720I appear to be stable or increasing in prevalence, while other mu
tations have peaked in prevalence and later disappeared. The Nsp12 
substitutions A185S and V776L appear to increase in prevalence 
together, suggesting a correlation between these variants. This is sup
ported by the table of variant combinations for each cluster (Supple
mentary Tables S4–S6), which shows V776L occurring together with 
A185 in 10,273 sequences, and V776L and A185S occurring separately 
in 84 and 379 sequences, respectively. 

Relatively low sample sizes on some continents (Supplementary 
Fig. 20A–F) limit the conclusions that can be drawn from the time series 
data. Supplementary Figs. S21–S27 show regional heatmaps of all 
variants present in at least 2% of samples on each continent, and Sup
plementary Table S7A–G shows complete prevalence data of all 
variants. 

3.2.2. Structural visualization of variants in RdRP complex 
327 unique variants were observed in Nsp8, 166 unique variants 

were observed in Nsp7, and 1157 unique variants were observed in 
Nsp12 (Fig. 8A). Of the 1157 variants in Nsp12, 242 were observed in 
the finger subdomain, 190 were observed in the beta hairpin, 210 were 
observed in the palm subdomain, 202 were observed in the NiRAN 
domain, 151 were observed in the interface, and 115 were observed in 
the thumb subdomain. Forty-seven variants occurred in an uncharac
terized region of Nsp12. 

The Nsp12 residue P323 occurs in a small alpha helix region within a 
loop secondary structure (Fig. 8B). This residue is not known to directly 
bind residues in neighboring domains, though it is near residue A656, 
which contacts the interface domain and is mutated to a serine in 3631 
sequences across all time points (0.907%). A656 has also been observed 
to mutate to a threonine in 57 sequences, and to a valine in 37 se
quences. A656S peaked in prevalence in mid-September and was 
observed in a decreasing proportion of sequences afterward, while 
A656T and A656V do not appear to become more prevalent with time. 

3.2.3. RNA-binding residues 
RNA-binding residues of in the finger, thumb, and palm subdomains 

were highly conserved (Fig. 8C). Out of the 41 residues of Nsp12 known 
to bind RNA (Yin et al., 2020), only ten were mutated in at least two 
sequences and no residues were mutated in more than nine sequences 
(0.0022% of all sequences analyzed). Several residues occupying the 
same secondary structure as RNA-binding residues were mutated in 
more than 100 sequences. The residue L514, which is adjacent to the 
RNA-binding residue R513, was mutated to phenylalanine in 143 se
quences. A581, which is in the alpha helix containing RNA-binding 
residues A580, K577, and R569, was mutated to serine in 480 se
quences, threonine in 29 sequences, and valine in 16 sequences. V848, 
adjacent to the RNA-binding residues K849, was mutated to leucine in 
146 sequences, isoleucine in 25 sequences, and glutamate in 2 se
quences. The mutations P918S/L/H (161, 85, and 3 sequences, respec
tively), E919D (126 sequences), and E922D/Q/V (201, 2, and 2 
sequences, respectively) are observed in the alpha helix containing the 
RNA binding residues F920 and M924. 

3.2.4. Variation in the binding site for Remdesivir 
Remdesivir blocks viral replication by binding to the following res

idues in Nsp12: K545, S682, R555, T687, S759, N691, D623, D760, and 
D761 (Yin et al., 2020). Remdesivir-binding residues are shown in 
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Fig. 8D. Of these nine amino acid residues, variants were observed for 
only two: S862, which mutated to proline in two sequences worldwide, 
and R555, which mutated to cysteine in two sequences. 

Scatterplots of the number of Nsp7, Nsp8, and Nsp12 polymorphisms 
in individual samples by collection date is given in Supplementary 
Fig. S28A–C. The scatterplots show a much lower rate of increase in the 
number of polymorphisms over time relative to the spike protein. The 
rate of increase is greater for Nsp12 than for Nsp7 and Nsp8. Boxplots of 
the number of polymorphisms by variant (Supplementary 
Fig. S29A–C) show that all the analyzed variants of concern have a 
median of zero polymorphisms in Nsp7 and Nsp8, and a median of one 
polymorphism in Nsp12. 

4. Discussion 

This study analyzed viral genomic data made available through 
GISAID and used structural information to identify trends in mutations 
over time and geographic location and to examine the structural features 
of mutations. The study validated previous findings of the predominance 
of spike: D614G and Nsp12: P323L in the population (Korber et al., 
2020) while uncovering recent increases in the prevalence of new mu
tations in Nsp12 and the spike protein. Trends in the emergence of new 
variants vary by geographic area. 

The very high prevalence of the D614G mutant in the sequences 
sampled reflects studies documenting increased viral counts in-vitro 
(Korber et al., 2020; Hou et al., 2020) as well as higher viral loads in 
infected individuals (Korber et al., 2020). D614G has also been observed 
to co-occur with Nsp12: P323L (Korber et al., 2020), the most common 
mutation observed in Nsp12. For both the spike protein and Nsp12, new 
mutations appeared in late July to early August and have since steadily 
increased in prevalence. Most mutations generally have neutral or 
deleterious effects on protein function (Soskine and Tawfik, 2010); these 
mutations would not be expected to increase in prevalence over time 
unless they occur with a variant that confers an increase in fitness, 
replication, or transmission potential. The increasing prevalence of new 
mutations in the population suggests that these provide an evolutionary 
advantage, though follow-up studies in-vitro or in-vivo are required to 
definitively determine the effects of these variants. 

Recent studies suggest the emergence of mutations associated with 
higher case fatality rates of COVID-19. The Nsp7 mutation L71F has 
been linked to higher mortality rates in several studies (Farkas et al., 
2020; Nagy et al., 2021; Fang et al., 2021), though these studies have yet 
to enter peer review. The spike protein mutation V1176F results in 
increased stability of the spike protein (Farkas et al., 2020) and has also 
been associated with higher mortality rates (Farkas et al., 2020; Nagy 
et al., 2021). The exact extent to which case fatality rates increase is not 
yet known, though these studies suggest that mutations that increase 
disease severity are beginning to spread. 

The high conservation observed in the RNA-binding residues of the 
RdRP indicates that there is no evidence of remdesivir resistant muta
tions as of January 10th, 2021. Continued surveillance of contact resi
dues for remdesivir (Yin et al., 2020) and other drug candidates 
targeting the RdRP (Sada et al., 2020) is necessary to effectively respond 
to potential drug resistance in the future. 

The N-terminal domain and the receptor binding domain (RBD) of 
the spike protein were observed to be variable, which may have impli
cations for monoclonal antibody treatments that target these domains 
(Chi et al., 2020; Premkumar et al., 2020; Rogers et al., 2020). The RBD 
variant N439K, which has been shown to result in antibody evasion 
(Thomson et al., 2021; Starr et al., 2020), is becoming more common 
over time. Several variants observed in the N-terminal domain and the 
signal peptide (L18F, Y144del, and D253G) have also been shown to 
decrease the effectiveness of antibodies (McCallum et al., 2021). In 
addition to single mutations, combinations of mutations are of concern 
for antibody effectiveness. Combinations of mutations in the Alpha 
strain have been shown to have a compound effect on antibody escape, 
even when the individual mutations involved have no effect by them
selves (Tada et al., 2021). The combination of variants involved in the 
Beta strain has affected some of the antibodies used in the Regeneron 
treatment: REGN10987 was not affected, but in at least one study 
REGN10933 was shown to be 773 times less effective against the Beta 
strain (Zhou et al., 2021). This finding highlights the need to continue 
sequencing of viral genomes worldwide to ensure the continued effec
tiveness of existing therapeutics and vaccines against SARS-CoV-2, and 
to guide the development of new treatments. 

The analysis in this study is limited in some respects, since the files 

Fig. 7. Heatmap of all mutations observed in 2% or more of genomes collected for at least one week. Mutations are listed on the y-axis, and parentheses give the 
domain in which each mutation appears, according to the domain ranges specified in Yin et al. 2020 (Madhi et al., 2021). The heatmap is colored based on a log-10 
scale, with prevalence values of zero colored in white, and values less than or equal to 0.10% colored with the lightest shade. Time on the x-axis is categorized by 
week of collection date, beginning on January 5th, 2020, and ending on January 16th, 2021. Most mutations in the polymerase complex do not appear to persist, 
except for the Nsp12 substitutions P323L, V776L, A185S, and V720I. Of the 25 mutations observed in at least 2% of sequences in any week, 17 are in Nsp12, five are 
in Nsp8, and three are in Nsp7. Of the 17 Nsp12 mutations, five are in the finger subdomain, four are in the NiRAN domain; three each are in the palm subdomain and 
the Beta Hairpin; two are in the interface domain, and zero are in the thumb subdomain. 
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used and downloaded for this study consist only of amino acid se
quences, without the accompanying nucleotide information. Amino acid 
data can robustly capture information on non-synonymous mutations, 
but analyses such as codon bias (Plotkin and Dushoff, 2003) cannot be 
performed without nucleotide information. The lack of nucleotide in
formation also limits the ability of alignment programs to distinguish 
between two possible deletions in regions where two or more identical 
amino acids are adjacent to one another; this causes the spike variant 
Y144del to be identified as Y145del in some sequences of our analysis. In 
addition, the identity of ambiguous “X” codons cannot be fully eluci
dated without nucleotide data. Despite stringent filtering of sequences, 
ambiguous codons were still observed in some sequences. 

Due to the lack of accompanying clinical data posted to the GISAID 
platform, it is possible that some samples may represent longitudinal 
samples taken from the same patient across different time points. If this 
is the case, rare variants in these samples may be over-represented. The 
time series data may also be influenced by reporting bias. A sudden 
influx of samples from a region where a variant is present may over- 
represent that variant, and variants may appear to become less com
mon due to decreasing reporting of sequences from regions where they 

are common. European variants are likely over-represented in the time 
series data from August onward due to the very high number of samples 
collected in this region relative to others in the same time interval. 
Without extensive sequencing of samples worldwide, it is likely that 
there are functionally significant variants present that have not yet been 
discovered. 

Future directions for study include segmenting the data by location 
as well as time to characterize regional trends in variation. The analyses 
performed in this study can be repeated for other SARS-CoV-2 proteins, 
and differing trends in variation by protein could be determined by 
normalizing variant frequencies to the length of each protein. Also, 
correlation analysis of variants can be performed to see which mutations 
happen concurrently, verified by identifying variants that co-occur on 
specific viral protein sequences. This would allow for preemptive iden
tification of new strains consisting of multiple variants, which can be 
evaluated in follow-up studies for functional implications. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.meegid.2021.105153. 

Fig. 8. A–D: Structural visualization of var
iants in the RNA-Dependent RNA Polymer
ase (RdRP) complex. A) RdRP complex 
colored by domain, with high-frequency 
variants highlighted. Nsp7 and Nsp8 are 
colored in grey and dark grey, respectively. 
Nsp12 is colored and labeled by domain. 
Residues with more than 100 variants are 
highlighted according to the number of se
quences with a variant at that position 
(worldwide, all collection dates). dark red is 
used for residues with variants in 10,000+
sequences, red is used for variant frequencies 
of 1000–10,000, and pink is used for variant 
frequencies of 100–1000. Nsp7 has few var
iants compared with Nsp8 and Nsp12, and 
the interface and NiRAN domain of Nsp12 
also appear to have relatively few variants 
compared with other domains. The common 
variant Nsp7: S25L exists at the interface 
between Nsp7 and Nsp8. B) A ribbon dia
gram of the highly prevalent Nsp12: P323L 
substitution. The substitution exists within a 
small alpha helix surrounded by loop re
gions. Proline helps maintain a tight helical 
geometry, and substitution of this variant 
may disrupt the secondary structure. The 
common Nsp12 substitution A656S is also 
shown. C) Ribbon diagram of RNA-binding 
residues of Nsp12 (shown in green). 
Remdesivir is shown in orange, and muta
tions are colored according to the scheme in 
(A). There are no RNA-binding residues with 
variation in more than 100 sequences, 
though mutations are observed in residues 
within four alpha-helix regions containing 
RNA-binding residues (labeled, with muta
tions in bold with the substituted residue(s) 
observed). D) Ribbon diagram of remdesivir- 
binding site with side chains of remdesivir- 
binding residues (dark blue). Variation was 
observed in two remdesivir-binding residues: 
R555, which is mutated to cysteine in two 
sequences and S862, which is mutated to 
proline in two sequences. PDB structures 
used: PDB ID: 7BV2. (For interpretation of 
the references to color in this figure legend, 
the reader is referred to the web version of 
this article.)   
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Schäfer, A., Nakajima, N., Takahashi, K., et al., 2020. SARS-CoV-2 D614G variant 
exhibits efficient replication ex vivo and transmission in vivo. Science. 370 (6523), 
1464–1468. https://doi.org/10.1126/science.abe8499. 

Hunter, J.D., 2007. Matplotlib: a 2D graphics environment. Comput. Sci. Eng. 9 (3), 
90–95. https://doi.org/10.1109/MCSE.2007.55. 

Image of 6M17 (Yan, R. et al. Structural basis for the recognition of SARS-CoV-2 by full- 
length human ACE2. Science 367, 1444–1448 (2020)) created with PyMOL (The 
PyMOL Molecular Graphics System), 2020. Schrödinger, LLC. 

Image of 6VSB (Wrapp, D. et al. Cryo-EM structure of the 2019-nCoV spike in the 
prefusion conformation. Science 367, 1260–1263 (2020)) created with PyMOL (The 
PyMOL Molecular Graphics System), 2020. Schrödinger, LLC. 

Image of 7BV2 (Yin, W. et al. Structural basis for inhibition of the RNA-dependent RNA 
polymerase from SARS-CoV-2 by remdesivir. Science 368, 1499–1504 (2020)) 
created with PyMOL (The PyMOL Molecular Graphics System), 2020. Schrödinger, 
LLC. 

Jacob, J.J., Vasudevan, K., Pragasam, A.K., Gunasekaran, K., Kang, G., 
Veeraraghavan, B., Mutreja, A., 2020. Evolutionary tracking of SARS-CoV-2 genetic 
variants highlights intricate balance of stabilizing and destabilizing mutations. 
Genomics. https://doi.org/10.1101/2020.12.22.423920. 

John Hopkins University, 2020. COVID-19 Dashboard. Johns Hopkins Coronavirus 
Resource Center. https://coronavirus.jhu.edu/map.html. (Accessed 28 October 
2020). 

Kim, D., Lee, J.-Y., Yang, J.-S., Kim, J.W., Kim, V.N., Chang, H., 2020. The architecture of 
SARS-CoV-2 transcriptome. Cell. 181 (4), 914–921.e10. https://doi.org/10.1016/j. 
cell.2020.04.011. 
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