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Abstract

The COVID-19 pandemic, caused by the coronavirus SARS-CoV-2, has resulted in the loss of millions of lives and severe global economic
consequences. Every time SARS-CoV-2 replicates, the viruses acquire new mutations in their genomes. Mutations in SARS-CoV-2 genomes led
to increased transmissibility, severe disease outcomes, evasion of the immune response, changes in clinical manifestations and reducing the
efficacy of vaccines or treatments. To date, the multiple resources provide lists of detected mutations without key functional annotations. There is
a lack of research examining the relationship between mutations and various factors such as disease severity, pathogenicity, patient age, patient
gender, cross-species transmission, viral immune escape, immune response level, viral transmission capability, viral evolution, host adaptability,
viral protein structure, viral protein function, viral protein stability and concurrent mutations. Deep understanding the relationship between
mutation sites and these factors is crucial for advancing our knowledge of SARS-CoV-2 and for developing effective responses. To fill this gap,
we built COV2Var, a function annotation database of SARS-CoV-2 genetic variation, available at http:/biomedbdc.wchscu.cn/COV2Var/. COV2Var
aims to identify common mutations in SARS-CoV-2 variants and assess their effects, providing a valuable resource for intensive functional
annotations of common mutations among SARS-CoV-2 variants.
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Introduction

As of July 2023, SARS-CoV-2, the virus responsible for caus-
ing COVID-19 pandemic, has resulted in >450 million infec-
tions and 6 million deaths worldwide (https://covid19.who.
int/). Like other RNA viruses, SARS-CoV-2 has a high muta-
tion rate (1). Although most mutations are functionally neu-
tral and occur randomly, some mutations can confer a sur-
vival advantage to the virus. Viral mutations can affect host-
pathogen interactions in many ways (i.e. affect viral spread,
impact virulence, escape natural or vaccine-induced immunity,
evade therapies or detection by diagnostic tests and change
host species range) (2,3). For example, the D614G (S) muta-
tion in the spike protein has been linked to increased trans-
mission efficiency (4,5). The virus employs a survival strategy
by gradually accepting new mutations at a slow pace, opting
instead to combine existing mutations for evolutionary ad-
vantage (6). This suggests that the virus may have already ex-
plored the majority of advantageous mutations, leading it to
continue its evolution by utilizing a combination of existing
mutations (6). Therefore, it is essential to investigate the exact
impact of individual mutations, aiming to ascertain whether
the new mutation possesses characteristics that could make it
more lethal and contagious.

To date, there are multiple resources related with SARS-
CoV-2 mutation annotation (i.e. COVID-19 CG (7), CovMT
(8), CoV-GLUE (9), coronapp (10), GESS (11) and Out-
break.info (12)). However, these resources provide a list of
mutations detected in SARS-CoV-2 variants without inten-
sive functional annotations and new insights into human
health (Supplementary Table S1). To address this gap, we per-
formed comprehensive bioinformatics analyses for over 13
billion SARS-CoV-2 genome sequences and associated meta-
data. Through this extensive examination, we have identi-
fied a total of 9832 common mutations in the SARS-CoV-
2 genome. Then, we conducted intensive annotation of the
functional mechanisms underlying 9832 common mutations.
For example, we examined the relationship between these
mutations and various factors such as disease severity, pa-
tient age, patient gender, cross-species transmission, viral im-
mune escape, immune response level, viral transmission ca-
pability, viral evolution, viral protein structure, viral protein
function, viral protein stability and concurrent mutations.
The resulting knowledgebase, COV2Var, available at http:
//biomedbdc.wchscu.cn/COV2Var/, provides an important re-
source for routine SARS-CoV-2-related research. COV2Var
will be helpful to enhance our understanding of SARS-CoV-2,
its adaptive mechanisms in new environments and the devel-
opment of effective strategies to combat the virus.

Data integration and annotations

Data collection and quality control

On 2 March 2023, we retrieved SARS-CoV-2 sequences from
the Global Initiative on Sharing Avian Influenza Data (GI-
SAID) database (13), covering sequences collected between
December 2019 and February 2023. We applied filters to se-
lect sequences with complete genomes, excluding those with
low coverage (>5% undefined nucleotide ‘N’) and ensuring
complete collection date information. Additionally, we col-
lected metadata associated with each sequence. We catego-
rized the sequences by variant (such as Alpha, Delta) using
the Pango nomenclature SARS-CoV-2 lineage designation of
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each sequence (14). This categorization excluded records des-
ignated as ‘None’ or ‘Unassigned.’

Mutational analysis

For mutation analysis of the SARS-CoV-2 genome sequence,
we employed the microbial genomics mutation tracker (Mi-
croGMT) software with default annotations for SARS-CoV-
2 (Wuhan-Hu-1) (15). MicroGMT takes assembled genome
sequences as input and compares them to a reference se-
quence to detect and characterize insertions, deletions and
point mutations. The reference sequence used for analysis
was the SARS-CoV-2 isolate Wuhan-Hu-1 (GenBank acces-
sion NC_045512.2) (16). All nucleotide position labels in our
analysis were based on alignment with this reference sequence.
In our study, we utilized this tool to analyze the genome se-
quences of an extensive 13 344 494 SARS-CoV-2 isolates.
We applied filtering to identify more prevalent and biologi-
cally significant mutations with potential implications for vi-
ral adaptation and survival advantage. The filtering criteria
were as follows: (i) a mutation has a frequency >0.01 in at
least one of the 2735 viral lineages (Pango lineage) and oc-
curs at least twice within that specific lineage; (ii) a mutation
has to be present in two or more lineages out of a total of 2735
lineages.

Geographical and temporal distributions analysis
of mutations and frequency across lineages

The metadata for each SARS-CoV-2 genome sequence in-
cludes location, sampling time and Pango lineage information.
By combining the metadata and detected mutations from the
sequences, we gained valuable insights into the mutation pat-
terns, including their geographical and temporal distributions
and their frequency across different lineages. The distribution
and alternation of mutations worldwide were visualized us-
ing Python’s pyecharts library. Through these efforts, we were
able to unveil the mutation landscape and visually track their
changes over time for each mutation.

Investigating the relationship between mutations
and alternative non-human animal hosts

The metadata for each SARS-CoV-2 genome sequence in-
cludes host information. We analyzed the distribution of mu-
tations in different non-human animal hosts based on the se-
quence host information to undergo cross-species transmis-
sion. We retained the mutation that appears in at least three
non-human animal hosts’ sequences.

Investigating the association between mutations
and age, gender and patient status

We employed a logistic regression model to investigate
the association between mutations and patient age, patient
gender and patient status. The logistic regression model
was conducted using the glm function in R (17). In de-
tail, we categorized the data into different age groups (0-
17, 18-39, 40-64, 65-84 and 85+), genders (female and
male) and patient statuses (ambulatory, deceased, home-
bound, hospitalized, mild and recovered) based on GI-
SAID classifications. In the analysis of the association
between mutations and patient status, the model included mu-
tation, patient status, patient age, gender and the origin and
collection time of gene sequences. Similarly, in the analysis of
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the association between mutations and patient demographic
information (age and gender), the model incorporated muta-
tion, patient age, gender and the origin, and collection time of
gene sequences. A P-value <0.001 for the mutation variable
indicates that the observed differences in the fraction of pre-
mutation and after-mutation sequences are statistically signif-
icant, providing evidence against the null hypothesis of no dif-
ference.

Analyzing the link between mutation sites and
natural selection

Genes containing adaptive mutations in the genome are
constantly increasing due to the predominance of positive
natural selection. We used the RASCL pipeline with default
protein annotations for SARS-CoV-2 (Wuhan-Hu-1) to inves-
tigate the natural selection pressures acting on SARS-CoV-2
genes in each lineage sequence (18). In detail, we conducted
analyses using advanced molecular evolution models from
the HyPhy (19), including fixed effects likelihood (FEL) (20),
mixed effects model of evolution (MEME) (21) and fast un-
biased Bayesian approximation (FUBAR) (22) to detect sites
undergoing positive selection or negative selection. In the case
of FEL and MEME, sites with P-value <0.05 and in FUBAR,
posterior probability >0.95 is considered significantly
positive.

Analyzing the impact of the mutations on protein
physicochemical properties

The reference protein sequences were obtained from GenBank
(GenBank accession NC_045512.2) (16). Point mutation pro-
tein sequences were generated by replacing the corresponding
amino acids at specific positions. Subsequently, the physic-
ochemical properties of the protein sequence were analyzed
using the Expasy ProtParam server (https://web.expasy.org/
protparam/) (23). Various physicochemical properties were
examined, including the number of amino acids, molecu-
lar weight, theoretical isoelectric point (pl), extinction coef-
ficients, aliphatic index and grand average of hydropathic-
ity (GRAVY). We compared the changes in physicochemi-
cal properties before and after the mutation and considered
changes exceeding 10% as significant alterations.

Analyzing the impacts of mutations on protein
stability and function

The I-Mutant 2.0 web server (https:/folding.biofold.org/i-
mutant/i-mutant2.0.html) was used to predict changes in the
stability of mutated protein sequences (24). The in vitro envi-
ronment was simulated using pH of 7 and temperature 25°C,
while the in vivo environment was simulated using pH 7.4
and temperature 37°C. The resulting ADDG values repre-
sent the predicted energy change. Based on this prediction, I-
Mutant determines whether a specific mutation will increase
(ADDG > 0) or decrease (ADDG < 0) the stability of the
protein. MutPred2 was used with default parameters to offer
probabilistic insights into the pathogenicity of amino acid sub-
stitutions (25). A score >0.5 indicates an increased likelihood
of pathogenicity.

Analysis of intrinsically disordered regions (IDRs)

The reference protein sequences of SARS-CoV-2 were ob-
tained from GenBank (GenBank accession NC_045512.2)
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(16). The fraction of disordered residues was calculated us-
ing long disorder prediction mode of the IUPred3 with de-
fault (medium smoothing) parameters (26). Residues with a
predicted score >0.5 are considered disordered.

Alterations in enzyme cleavage sites induced by
mutations

The reference protein sequences were obtained from GenBank
(GenBank accession NC_045512.2) (16). Point mutation pro-
tein sequences were generated by replacing the correspond-
ing amino acids at specific positions. Subsequently, the pro-
tein sequences were analyzed for potential cleavage sites us-
ing the PeptideCutter tool on the ExPASy Server (https://web.
expasy.org/peptide_cutter/), considering all available enzymes
and chemicals (23). We compared the changes in the enzyme
cleavage sites before and after the mutation and retained the
sites that have undergone changes.

Prediction of antigenicity and immunogenicity of
spike protein mutations

The spike protein sequences were obtained from GenBank
(GenBank accession NC_045512.2) (16). Point mutation pro-
tein sequences were generated by replacing the corresponding
amino acids at specific positions. The antigenicity of spike pro-
tein was predicted using the VaxiJen 2.0 server (http:/www.
ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.html) with ‘virus’
selected as the target organism (27). Antigens with a predic-
tion score of more than 0.5 are considered candidate anti-
gens. The MHC-I immunogenicity of the spike protein muta-
tion was checked by IEDB Class I immunogenicity tool (http:
/ltools.iedb.org/immunogenicity/) with default (1st, 2nd and
C-terminus amino acids) parameters (28). MHC I immuno-
genicity score >0 indicates a higher likelihood of stimulating
an immune response. For a mutation that significantly influ-
ences antigenicity or immunogenicity, we considered muta-
tions with an absolute change in antigenicity or immunogenic-
ity score more than three times the median absolute change
across all sites.

Analyzing the impacts of mutations on viral
transmissibility by altering the affinity between
receptor binding domain (RBD) and ACE2 receptor
We used the results of the deep mutational scanning (DMS)
approach (29-31) to experimentally measure how all possible
SARS-CoV-2 RBD amino acid mutations affect ACE2-binding
affinity. A positive Abinding affinity value (Alog;o(KD, app)
> 0) signifies an increased affinity between RBD and ACE2
receptor due to a mutation. Conversely, a negative value
(Alogy1o(KD, app) < 0) indicates a reduced affinity between
RBD and ACE2 receptor caused by mutations. The #-test was
used to determine the significance of this change, with a P-
value < 0.05 indicating a significant alteration in the affinity
between RBD and ACE2 after the mutation.

Analyzing the impacts of mutations on immune
escape by altering the affinity between RBD and
antibody/serum

Deep mutational scanning can systematically measure the
antigenic impacts of all possible amino-acid mutations in the
critical regions of the spike on monoclonal antibodies or sera.
We utilized the results of deep mutational scanning experi-
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ments to prospectively measure how viral mutations impact
antibody binding or neutralization (32-34). The data we col-
lected includes RBD antibody Classes 1-4 (Class 1—ACE2
blocking with binding to open RBD only, Class 2—ACE2
blocking with binding to both open and closed RBD, Class
3—non-ACE2 blocking with binding to both open and closed
RBD and Class 4—non-ACE2 blocking with binding to open
RBD only), convalescent plasma and post-vaccination sera to
examine the impact of mutation sites on immune evasion. A
value of 0 indicates the variant always binds to the antibody,
and a value of 1 means that the variant always escapes anti-
body binding. A mutation with an escape score greater than
0.1 (10% of the maximum score 1) is classified as an escape.

Analyzing the co-mutation patterns of SARS-CoV-2
We calculated the correlation between two mutation sites
across 2735 viral lineage categories, aiming to explore their
degree of association. Each sequence contains different muta-
tion site information. First, we processed the sequences and
constructed a pivot table. In the pivot table, each row repre-
sents a sample, and each column represents a mutation site.
The values in the table are either 0 or 1, indicating whether
each sample has the corresponding mutation. Finally, we cal-
culated the Spearman correlation coefficients between differ-
ent mutation sites. Holm—Bonferroni method was used for
multiple test adjustments (35). We retained mutation pairs
with correlation values >0.6 or <—0.6 and Holm—Bonferroni
corrected P-values <0.0S.

Manual curation of mutation-related literature from
PubMed

On 29 July 2023, we searched PubMed to retrieve
the related literature related to the mutation. Tak-
ing D614G (S) as an example, the following query
was used: (‘COVID-19’[Title/Abstract] OR ‘SARS-CoV-
2’[Title/Abstract]) AND (‘1841A > G’[Title/Abstract] OR
‘Asp614Gly’[Title/Abstract] OR ‘D614G’[Title/Abstract]).
Results were manually filtered for relevance.

Web interface and analysis results
Database overview

In this study, we compiled a vast dataset of over 13 billion
SARS-CoV-2 genome sequences from GISAID, along with rel-
evant metadata for each sequence (13). This extensive collec-
tion of genomes spans the timeframe from December 2019 to
February 2023. These genome sequences represent a rich di-
versity of 2735 viral lineages from 218 distinct geographical
regions originating across 35 different host species, as depicted
in Figure 1A and B. The metadata file encompasses crucial in-
formation, including region of origin, date of collection, date
of submission and lineage, as well as the status, age and gender
of the host.

We analyzed mutations in each SARS-CoV-2 genome and
identified 9832 common mutations after filtering. Compared
with other mutations, these mutations exhibited pronounced
adaption and transmission, indicating their advantageous role
in evolutionary and biological significance. The distribution
of these mutations across the SARS-CoV-2 genome is illus-
trated in Figure 1C, and the detailed list of mutations can be
found in Supplementary Table S2. We then performed exten-
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sive functional annotation by integrating sequence informa-
tion and metadata for 9832 common mutations.

The overall schema of COV2Var is represented in Figure
2. For 9832 individual SARS-CoV-2 mutations, we investi-
gated their distribution across 218 geographical regions, tem-
poral variations and frequency patterns within 27335 lineages
to discern their impact on evolutionary dynamics. We also in-
vestigated the association between mutations and patients of
different ages, genders and statuses. Among the 9832 muta-
tions analyzed, 429 were related to patient gender, 1593 to
patient status and 2762 to patient age. By analyzing the rela-
tionship between mutations and alternative non-human ani-
mal hosts (35 different species), we revealed the impact of mu-
tations on viral adaptation and cross-species transmission. A
total of 1658 mutations were detected in non-human animal
hosts. Investigating the impact of mutations on protein stabil-
ity, function mechanism, enzyme cleavage sites and physico-
chemical properties provides valuable insights into their struc-
tural and functional implications. Exploring the impact of
spike protein mutations on antigenicity, and immunogenic-
ity provides insights into the immune response. Unraveling
the impact of mutations on the interaction between the RBD
and ACE2 receptor using DMS experimental data provides in-
sights into their effects on viral transmissibility. Among them,
44 mutations have been identified to increase the binding
affinity between the RBD and the ACE2 receptor. Unraveling
the impact of mutations on the interaction between the RBD
and antibodies/serum using DMS experimental data to un-
derstand evasion of host immune response. A total of 1504
antibodies/serum data were collected for this analysis. We
investigated the co-mutation patterns of SARS-CoV-2 across
2735 viral lineages to unravel the cooperative effects of differ-
ent mutations on genetic variation and disease phenotypes. We
curated 9832 common mutations through the PubMed search.
Among these, 615 mutations have been reported in 2587 pa-
pers, associating with a critical role in COVID-19 progression.

Association of mutations with age, gender and
patient status

Previous studies have reported associations between specific
mutations and changes in patient age, gender distribution and
patient status. In this study, we integrated mutations and pa-
tient information, encompassing age, gender and patient sta-
tus, to better understand these potential correlations. Among
the 9832 mutations analyzed, we identified 429 mutations as-
sociated with patient gender, 1593 mutations associated with
patient status and 2762 mutations associated with patient age.
For example, mutations like P4715L (ORFlab) and D614G
(S) have been linked to higher fatality rates (36-38). Con-
versely, P13L (N), Y789Y (S), L37F (ORF10) and L6420L
(ORF1ab) are speculated to correlate with reduced mortal-
ity rates (39,40). Additionally, S24L (ORF8) appears more
frequent among females (41). The D614G (S) mutation was
found to be associated with male gender (42,43) and advanced
age (43,44). These observed trends are consistent with our
results.

Natural selection sites

The detection and quantification of evolutionary pressure re-
vealed that the majority of SARS-CoV-2 codons were under
strong positive or negative selection. Positive selection can
gradually increase specific mutations within the viral pop-
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Figure 1. Overview of data distribution. (A) Global distribution of sequences across 218 regions. (B) Source origins of all genome sequences. (C)
Distribution of 9832 mutations in the SARS-CoV-2 genome. The y-axis represents the number of distinct mutations. (D) Positively selected mutations
were detected by FEL, MEME and FUBAR methods among 9832 mutations. (E) Distribution of mutations from non-human animal hosts across the
SARS-CoV-2 genome. The y-axis represents the number of sequences carrying each mutation.

ulation, as these mutations may enhance the virus’s adapt-
ability, transmissibility and drug resistance. Here, we con-
ducted selection pressure analysis on 2735 lineages indi-
vidually and identified a total of 4372 sites subjected to
positive selection pressure. Among these, MEME identified
3368 sites, FEL identified 1778 sites, FUBAR identified 3624
sites and a combination of FEL, MEME and FUBAR iden-

tified 1650 sites (Figure 1D). Mutation under positive selec-
tion favor the virus’s survival. For example, the positions L18
(), L382 (ORFlab), K417 (S), N501 (S), H655 (S) and P681
(S) have previously been reported to be under positive se-
lection and may have potentially significant fitness impacts
(45,46). These adaptive mutations are generally potential drug
targets.
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Distribution in non-human animal hosts

Current, research indicates that SARS-CoV-2 can undergo
cross-species transmission. Several cases of animal contami-
nation by different human variants of SARS-CoV-2 have been
reported, affecting a wide range of species, including pets, live-
stock and wildlife (47,48). Contamination of hamsters has
been reported resulting in subsequent transmission back to
humans, potentially triggering an epidemic that spreads via
human-to-human transmission (49). In this study, we investi-
gate the distribution of mutations in non-human animal hosts
to gain insights into the possibility of cross-species transmis-
sion events. A total of 1658 mutation sites were identified in
non-human animal hosts, spanning 29 distinct species. The
genomic distribution of these 1658 mutations is shown in
Figure 1E. Among them, several mutations, such as Y453F
(S), F486L (S) and N5O1T (S), have been reported to fa-

cilitate the adaptation of SARS-CoV-2 to infect mustelids
(50,51). Cross-species virus transmission plays a pivotal role
in the evolution and emergence of variants. Analyzing mu-
tations in non-human animals offers insights into the poten-
tial for cross-species transmission and enhances early warning
capabilities.

Distribution of mutation on IDRs

Intrinsically disordered regions refer to protein regions with
no unique 3D structure. These proteins’ highly dynamic dis-
ordered regions have been linked to important phenomena,
including enzyme catalysis and allosteric regulation, as well
as crucial physiological functions like cell signaling and tran-
scription (52). In viral proteins, mutations in the disordered
regions are critical for immune evasion and antibody escape,
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suggesting potential additional implications for vaccines and
monoclonal therapeutic strategies (52,53). In total, 9533 mu-
tation sites were found within protein-coding regions (across
12 GenBank protein sequences) (16). Among these, 7335 sites
are situated within intrinsically disordered regions, distributed
across five protein s: ORFla (15.8%), ORFlab (0.8%), S
(10.6%), ORF3a (4.1%) and N (68.7%). This is consistent
with the abundance of IDRs in the nucleoprotein of SARS-
CoV-2 (54). IDRs play a special role in increasing binding
affinity and enhancing the binding allosteric, enabling the N
protein to bind RNA with high cooperativity (55). Azad’s
study shows that there are a large number of mutations in
IDRs of N-protein and multiple mutations lead to consid-
erable alterations in the function of this protein (56). Gain-
ing insights into the structure of Intrinsically disordered re-
gions would provide valuable knowledge for high-throughput
screening to identify significant mutation sites that are rele-
vant to biological processes and functions.

Associations of mutations with protein stability and
function

A total of 5348 missense mutations were subjected to protein
stability and function analysis. The I-Mutant was used to pre-
dict the potential impact of a mutation on protein stability.
The protein stability analysis indicated that 1029 mutations
enhanced protein stability in both iz vitro and in vivo envi-
ronments. Conversely, 4175 mutations reduced protein sta-
bility in both in vitro and in vivo environments. For example,
mutations like L452R (S) and N501Y (S) contribute to the in-
creased stability of the S protein (57,58). Our results are con-
sistent with these studies. Functional analysis was conducted
for all the point mutations using MutPred. A total of 254 mu-
tations were found to impact protein functionality.

Associations of mutations with antigenicity and
immunogenicity

Besides the critical role of spike protein in viral entry, it can
also stimulate the immune response during the viral infection
(59). Research has revealed the potential of the spike glyco-
protein as an antigenic region (60). Out of the 671 S protein
mutations, 99 exhibited significantly altered antigenicity and
27 displayed notable changes in immunogenicity. Specifically,
a total of 99 mutations had an antigenicity score change of
>0.0102 (3 times the median across sites). Twenty-seven mu-
tations had an immunogenicity score change of >0.2754 (3
times the median across sites).

Impact of mutations on the affinity between RBD
and ACE2 receptor

The spike protein mediates the entry of the virus into host cells
by binding to ACE2 via a receptor-binding domain (RBD). A
total of 39 mutation sites were identified to exhibit alterations
in the binding affinity between RBD and ACE2. Mutations in
RBD amino acids K417 (S), E484 (S), L452 (), F486 (S), Y489
(S), Q493 (S), N501 (S) and Y505 (S) residues were found to
enhance the affinity of this protein with ACE2 receptor (61—
64). Our results are consistent with these studies. Deep mu-
tational scanning holds predictive value for assessing changes
in ACE2-binding caused by mutations, facilitating a better un-
derstanding of viral transmission capability.
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Impact of mutations on the affinity between
receptor-binding domain of the spike protein and
antibody/serum

Approximately 90% of the plasma or serum neutralizing an-
tibody activity has been reported to target the spike receptor-
binding domain (RBD) (65). Unfortunately, the rapid evolu-
tion of the spike protein has resulted in diminished serum
neutralization potency and facilitated evasion from a major-
ity of monoclonal antibodies (66-68). Deep mutational scan-
ning systematically evaluates the impact of amino acid muta-
tions within critical regions of the RBD on monoclonal anti-
bodies or serum. A total of 1504 antibodies/serum data were
collected for this analysis and 114 mutations were identified.
Among them, 64 mutation sites exhibited robust immune es-
cape potential and immune evasion was observed in at least 10
different antibodies or sera. For example, among them, E484K
(S),A475V (S),L452R (S), V483A (S) and F490L (S) have been
identified as an escape mutation that emerges during exposure
to mAbs or convalescent plasma (69-73). Understanding these
immune escape mutations is crucial for assessing the effective-
ness of treatments and vaccines against the virus.

Co-mutation patterns

The correlation coefficients can measure the similarity of the
variation trends of two mutation sites in the samples, thus
indicating whether they co-occur or co-disappear. Correla-
tion analysis of mutation sites helps us understand whether
there is a close relationship or interaction between certain
mutations. In this study, we computed the correlations be-
tween 9832 mutation sites for each of the 2735 lineages. Ac-
cording to a correlation analysis, 9832 mutations correlated
with at least one other mutation. In total, we identified 1 193
386 positive correlation pairs and 37 068 negative correla-
tion pairs. Among them, many correlations have been previ-
ously reported. For example, R203K (N) and G204R (N) mu-
tations were frequently observed in combination (74), lead-
ing to destabilization and reduced overall structural flexibil-
ity of the N protein. D614G (S) and P4715 (ORF1ab) exhib-
ited co-occurrence, showing a high correlation between muta-
tions in two distinct proteins (37,75). Synonymous mutation
F924F (ORF1la) was observed co-occurring with other mu-
tations, including 241C > T (-25C > T in ORF1a), P4715L
(ORF1ab) and D614G (S) (76). Analyzing co-mutation pat-
terns helps understand the relationships of mutual dependence
and exclusion among mutations.

Exploring the differences of S protein N501Y and
N501T mutations using COV2Var

To date, the WHO has designated five variants of concern
(VOCs): Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta
(B.1.617.2) and Omicron (B.1.1.529) (77,78). The N501Y
mutation, located in the S protein’s RBD, is prevalent across
all five VOCs. In our study, we identified two common mu-
tations at the N501 site: N501Y and N501T. Approximately
45.7% of SARS-CoV-2 variants carry the N501Y mutation,
while the N501T mutation is found in only about 0.00043 %
of variants (Figure 3A, B). This indicates the N501Y muta-
tion is relatively common and widespread. We conducted an
in-depth investigation to analyze the factors contributing to
the varying occurrences of N501Y and N5O1T.

Notably, within the B.1.604 lineage, we observed con-
current N501T and N501Y mutations, exhibiting a strong



D708

Nucleic Acids Research, 2024, Vol. 52, Database issue

11000/
6e+06- 10900 . N501T
_ 108001 B nsoy
5 10700+
8 4e+06-
[}
2
©
E
E 2e+06-
0
0e+00
VPO RO P PP PO PP PO
O o I g0 87 A SV o 3 I 30 b Sb o 80 o N0
A2 > S ¥y v ¥ ¥ Y gh Ak gk a¥ oV oV o

4000+

2000+

Cumulative count

0

P 1500+
N .
1000+
500+
o, m _H _ A m

Count of sequences carrying mutation

<ﬁﬁp& &&@“9§@$
m&mquvwwm&@wtmw

PP PP PP

%ﬁp&OQ&
YA W f»d}

A LIS 6
'\,q’o \f’o \Q’Q -\,& a"'\’ & '\,Q’q’ N
DR B '\r '\/ QT R @ '\,

éP
L3

O
=
bt
o

E 1.00+

Fisher's exact test,

- P-value = 0.2
10.04 0.75-
2 | Bl nsory
§ B3 nsoiT 'y
c
g —— B Ref 2 0.50- I Immune escape
c 951 g B No immune escape
E e
7]
0.254
9.0
0.004

lllll!lllll

N501Y N501T Ref

N501T N501Y

Figure 3. Comparative analysis of N501Y and N501T mutations on SARS-CoV-2 spike protein. (A) Temporal dynamics of sequences with the N501Y
mutation. (B) Temporal dynamics of sequences with the N501T mutation. (C) Count of sequences carrying the N501Y or N501T mutation within B.1.6
sub-lineages. (D) Comparative ACE2 binding affinity of N501Y and N501T mutations. (E) Comparative immune escape of N501Y and N501T mutations.

negative correlation (correlation coefficient: —0.63, Holm-
Bonferroni corrected P-value < 0.05) between them. N501Y
accounts for 87% of the B.1.604 lineage population, while
NS5O1T constitutes 5.56% (Figure 3C). We investigated the
B.1.6 sub-lineages surrounding the B.1.604 lineage to ex-
plore competitive relationships. Sub-lineages within B.1.6 dis-
play distinct mutations, some of which carry only N501Y
(e.g. B.1.621.1, B.1.605 and B.1.621), others either only
carry N5O1T (B.1.609 and B.1.626), or have both mutations
(B.1.604) (Figure 3C). This diverse distribution of N501Y

and N501T mutations in B.1.6 sub-lineages was evident. The
B.1.621 lineage exhibited the highest prevalence of N501Y.
Its frequency ranged from 6.16 to 2212.83 times higher than
other sub-lineages carrying N501Y or N501T mutations.
In the B.1.621 branch, only one mutation, E484K, showed
a strong positive association (correlation coefficient: 0.81,
Holm-Bonferroni corrected P-value < 0.05) with N501Y, but
not N501T. E484K is recognized as an escape mutation emerg-
ing during exposure to monoclonal antibodies (mAbs), mAbs
combinations and convalescent plasma (69-72). Moreover,
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the co-occurrence of N501Y and E484K is frequently ob-
served in VOCs. This suggests that E484K’s presence enhances
the competitive advantage of N501Y over N501T.

We also explored other factors that could potentially con-
tribute to the differences between the N501Y and N501T
mutations. N501Y mutation exhibited enhanced RBD affin-
ity for ACE2 receptor using DMS experimental data (Fig-
ure 3D), contributing to increased N501Y transmissibility.
Compared to the reference sequence, N501Y maintains un-
changed antigenicity and immunogenicity, while N501T dis-
plays heightened antigenicity without affecting immunogenic-
ity. There is also no difference in antibody escape capability
between N501Y and N501T, as indicated by the Fisher test
with a P-value >0.05 (Figure 3E). We further integrated se-
quence metadata for comprehensive analysis. Patients with
the N501Y mutation showed significant recovery improve-
ment, from 26.56% to 32.88%. Conversely, patients with
N501T mutation experienced poorer outcomes, with mortal-
ity rising from 7.14% to 23.08%. N501Y is more prevalent
among younger individuals, consistent with prior studies sug-
gesting higher occurrence in youth (79,80). Notably, there is
a significant ADDG difference between N501Y and NSO1T,
with N501Y being more stable both in vivo and in vitro.
Both N501Y and N501T have been identified in various non-
human hosts, aligning with literature and hinting at poten-
tial effects on viral adaptation and cross-species transmission.
In non-human hosts, sequences carrying the N501Y mutation
account for 13.3 %, while sequences with the N501T mutation
make up 8.4%. This suggests that N501T is more conducive
to non-human hosts. The N501T mutation has been reported
to promote the adaptation of SARS-CoV-2 for infecting non-
human hosts (51). By utilizing COV2Var, we conducted a com-
parative analysis of the N501Y and N501T mutations, reveal-
ing potential reasons for the notable differences in mutation
frequency between these mutations in human.

Exploring the latest XBB.1.16* variants with
COv2var

Currently, some lineages and their descendant lineages of
the SARS-CoV-2 Omicron XBB variant (e.g. XBB.1.5%,
XBB.1.9* and XBB.1.16*) have become predominant world-
wide. The “*> symbol represents sub-lineages. For example,
XBB.1.5 signifies both XBB.1.5 itself and its associated
sub-lineages. The World Health Organization (WHO) has
designated XBB.1.5*, XBB.1.9* and XBB.1.16* as vari-
ants under monitoring (https://www.who.int/en/activities/
tracking-SARS-CoV-2-variants). According to the latest CDC
data (https://covid.cdc.gov/covid-data-tracker/#variant-
proportions), as of the end of July 2023, XBB.1.16 has
emerged as the dominant strain in the USA, rapidly reaching
32.9% prevalence (Figure 4A). This surpasses the propor-
tions of XBB.1.5 (17.2%) and XBB.1.9 (17.6%), indicating
a higher potential rate of transmissibility for the XBB.1.16
variant compared to the other two variants. Importantly, the
XBB.1.16* variant, as indicated by GISAID’s mutation site
data (https:/gisaid.org/lineage-comparison/) (12,81), exhibits
notable characteristic mutations, including L3829F (ORF1a),
G18703T (D1746Y in ORF1b or D6147Y in ORF1lab),
E180V (S) and T478R (S) (Figure 4B), distinguishing it from
the XBB.1.5* and XBB.1.9* variants.

The L3829F mutation is located in the ORF1a gene of the
virus. Several studies have reported this mutation, mainly only
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listing the L3829F mutation without sufficient details on its
effects (46,82-84). One study noted that the L3829F is under
positive selection, which benefits the virus’s survival (46). Our
results also support this by showing that the L3829 position
is under positive selection. In addition, we found that variants
carrying the L3829F mutation are associated with a higher
rate of hospitalization upon infection (P-value < 0.001). This
is consistent with observations on the XBB.1.16*, which has
a significantly higher hospitalization rate than other Omicron
variants (85). The L3829F mutation enhances the stability of
the ORF1la protein both in vivo and in vitro (ADDG > 0).
ORFl1a gene in SARS-CoV-2 encodes for the viral replication
complex, which is essential for viral replication and transcrip-
tion. Moreover, the L3829F mutation has been found in var-
ious non-human hosts like Felis catus, Mesocricetus auratus,
Mus musculus, Neovison vison and Odocoileus virginianus.

Compared to XBB.1.5*% and XBB.1.9*%, XBB.1.16* vari-
ant possesses mutations E180V and T478R in the spike pro-
tein. XBB.1.5* and XBB.1.9* carry a T478K mutation, while
XBB.1.16* has a T478R mutation. Notably, position 478
lies within the spike protein’s binding site to the ACE2 re-
ceptor (Figure 4C). However, the lack of a significant dif-
ference (P-value > 0.05) in ACE2 binding affinity between
the T478R and T478K mutations is in line with the litera-
ture, which indicates that the spike proteins of XBB.1.16 and
XBB.1.5 share similar characteristics in terms of infectivity
(86). T478R and T478K mutations show no distinction in
terms of antigenicity and immunogenicity. E180V also shows
no difference in antigenicity and immunogenicity compared
to the reference. XBB.1.16 and XBB.1.5 exhibit similar char-
acteristics in escape ability from humoral immunity (86). No-
tably, when comparing T478R and T478K mutations, T478R
(ADDG > 0) enhances the stability of the S protein, while
T478K (ADDG < 0) reduces it. E1I80V (ADDG > 0) also en-
hances the stability of the S protein.

The D1746Y mutation is located in the ORF1b gene, which
encodes the RNA-dependent RNA polymerase (RdRp), a crit-
ical component essential for viral replication (87). Although it
is unclear how this mutation affects viral pathogenesis, it has
been suggested that the D1746Y mutation increases the sta-
bility of the protein (ADDG > 0), thereby increasing its repli-
cation rate (88). Our results indicate that the D1746Y muta-
tion is undergoing positive selection, which benefits the virus’s
survival. XBB.1.16 is an XBB.1 sub-lineage (85,89). The se-
quence carrying the D1746Y mutation accounts for 0.12%
of all XBB.1 sequences in the XBB.1 lineage. In XBB.1, the
frequency of sequences carrying the D1746Y mutation has
significantly increased (Figure 4D). This suggests an adap-
tation of the D1746Y mutation within the XBB.1 lineage.
Within XBB.1, the D1746Y mutation exhibits a robust posi-
tive correlation with two other mutations, E180V and D371D
(correlation coefficient > 0.6, Holm-Bonferroni corrected P-
value < 0.05). The E180V mutation is also a characteristic
feature of XBB.1.16. Since the spike proteins of XBB.1.16 and
XBB.1.5 exhibit similar characteristics in terms of infectivity
and escape ability from humoral immunity, the increased fit-
ness of XBB.1.16 might be attributed to the mutations in non-
spike proteins (86). The D1746Y mutation may play an essen-
tial role in the increased fitness of XBB.1.16.

XBB.1.16* is a newly identified variant that emerged after
our data collection. In contrast to XBB.1.5* and XBB.1.9%,
all the unique mutations identified in the XBB.1.16* vari-
ant are included in the set of 9832 common mutations. The
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SARS-COV2 has adopted a strategy of survival through a
slow pace of accepting new mutations and instead relies on
combining mutations (6). By utilizing COV2Var, we can as-
sess the functional impact of mutations in newly emerging
variants, aiding in the characterization of these novel variant
features.

Discussion

COV2Var is the first and unique database that systemati-
cally analyzed over 13 billion SARS-CoV-2 genome sequences
and metadata of sequences. We identified 9832 common mu-
tations with competitive advantages. These mutations ex-
hibit greater fitness and spread compared to others, under-
scoring their advantageous role in evolution and biologi-
cal significance. Subsequently, we performed a comprehen-
sive functional annotation by integrating sequence and meta-
data information for a total of 9832 commonly mutated sites.
By using COV2Var, we can uncover potential reasons for
the notable differences in mutation frequency between the
N501Y and N501T mutations in human. For example, the
E484K mutation contributes to the competitive advantage
of N501Y. N501Y mutation exhibited enhanced RBD affin-
ity for the ACE2 receptor, contributing to increased N501Y
transmissibility. The N501T mutation shows greater adapt-

ability to non-human animal hosts. Furthermore, we have
employed COV2Var to explore the newly emerged variant
XBB.1.16*. Compared to XBB.1.5, XBB.1.16* displays four
distinct mutations. The D1746Y mutation may play an es-
sential role increased fitness of XBB.1.16. The L3829F mu-
tation is linked to a higher hospitalization rate. Addition-
ally, the T478R and E180V mutations contribute to enhanced
stability in the spike protein. Our database will serve as a
unique and comprehensive resource for assessing the impact
of SARS-CoV-2 mutations and gaining insights into the char-
acteristics of variants. To maintain COV2Var as a premier
mutation annotation database of COVID-19, we will con-
sistently acquire and integrate new data updates into our
database.
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