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Abstract

Mutations of DNA organisms are introduced by replication errors. However, SARS-CoV-2, as an RNA virus, is additionally
subjected to rampant RNA editing by hosts. Both resources contributed to SARS-CoV-2 mutation and evolution, but the
relative prevalence of the two origins is unknown. We performed comparative genomic analyses at intra-species (world-wide
SARS-CoV-2 strains) and inter-species (SARS-CoV-2 and RaTG13 divergence) levels. We made prior predictions of the
proportion of each mutation type (nucleotide substitution) under different scenarios and compared the observed versus the
expected. C-to-T alteration, representing C-to-U editing, is far more abundant that all other mutation types. Derived allele
frequency (DAF) as well as novel mutation rate of C-to-T are the highest in SARS-CoV-2 population, and C-T substitution
dominates the divergence sites between SARS-CoV-2 and RaTG13. This is compelling evidence suggesting that C-to-U
RNA editing is the major source of SARS-CoV-2 mutation. While replication errors serve as a baseline of novel mutation
rate, the C-to-U editing has elevated the mutation rate for orders of magnitudes and accelerates the evolution of the virus.
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Introduction

Evolutionary biology could be studied at two distinct time
scales. Micro-evolution studies the population genetics at
intra-species level (Alonso-Blanco et al. 2016; Chu and Wei
2021a; Crow 1955; Park 2011; Wei 2020), while macro-
evolution studies the phylogenetic tree at inter-species level
(Byng et al. 2016; Jiang et al. 2022; Muller 1995; Wang
et al. 2022; Yang 1997). These two processes are essen-
tially governed by the same evolutionary rules where novel
mutations randomly occur and introduce polymorphisms to
a population, and then mutations were subjected to natural
selection (and genetic drift) to either be eliminated or be
fixed within a species (Chang et al. 2021; Webster and Smith
2004). The divergence between different species derives
from the fixation of mutations within population/species
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(Yuetal. 2021). In a word, adaptation and evolution would
not take place without mutation. Mutation is the basis and
prerequisite of natural selection and evolution.

Under this global pandemic caused by SARS-CoV-2,
understanding the molecular mechanisms underlying its high
mutation rate would help us predict the evolutionary trajec-
tory of the virus and control the pandemic. SARS-CoV-2
mutates so fast that the development of vaccines could not
catch up with the alteration of viral sequences. New mutants
that escape our control are continuously emerging. Thus,
there is urgent need to find out why SARS-CoV-2 bears such
a high mutation rate and how to potentially slow down this
process. Parsing the mutation spectrum is the first step of
investigating the molecular details behind high mutation
rate. Traditionally, the combination of micro- and macro-
evolution usually offers clear signals of mutation spectrum.
Particularly, if one uses the sequence of outgroup species
(e.g., RaTG13) to infer ancestral state and correct the ref-
erence genome of the target species (e.g., SARS-CoV-2),
then the direction of mutations within population could be
determined and the derived allele frequency (DAF) could be
calculated (Fig. 1A).

However, DAF spectrum is not only affected by
mutation rates but also shaped by natural selection. For
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Fig. 1 Introduction of basic evolutionary concepts. A Sequence of
outgroup species is used for inference of ancestral state of the tar-
get species. Then the direction and derived allele frequency (DAF)
of polymorphic sites could be determined. B Sitel has higher novel
mutation rate than site2, then sitel eventually has higher DAF. C

example, a mutation site with high DAF could be explained
either by (1) this site has high mutation rate (Fig. 1B, sitel
has constantly higher DAF than site2), or by (2) this muta-
tion is advantageous and is positively selected (Fig. 1C,
sitel eventually has higher DAF than site2). This largely
complicates the inference of intrinsic mutation rate. To
truly reflect the mutation rate and exclude the impact of
natural selection, one may look for neutral sites such as
the synonymous mutations (Fig. 1D). Although synony-
mous mutations are recently believed to affect codon bias
and gene expression (Chu and Wei 2021b; Li et al. 2021,
2020a), they are still the best set of neutral sites within
the genome, especially when introns are absent. Thus, the
final DAF of synonymous sites might faithfully mirror the
initial mutation rate (Fig. 1D).

In this study, we will investigate what contributes to the
intrinsically high mutation rate in SARS-CoV-2 by looking
at the polymorphic and fixed mutation spectrums at neutral
(synonymous) sites in the virus genome. As an RNA virus,
the novel mutations in SARS-CoV-2 come from both RNA

Novel mutation rate, no selection
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Sitel has similar novel mutation rate with site2, but sitel is positively
selected and finally has higher DAF than site2. D Synonymous muta-
tions are (believed to be) free from natural selection. The final DAF
of synonymous sites might mirror the initial mutation rate

replication errors and RNA editing (editing) by the host cells
(Fig. 2A).

Specifically, replication errors are inevitably caused by
RNA-dependent RNA polymerase (RDRP) at a low prob-
ability, while RNA editing includes ADAR-mediated A-to-I
RNA editing and APOBEC-mediated C-to-U RNA editing.
Notably, we should clarify that RNA editing would intrin-
sically occur in endogenous mRNAs in cellular organisms
regardless of whether there is virus infection (Liddicoat et al.
2015). However, when RNA viruses invade cells, the edit-
ing enzymes would act as a defense system to restrict the
virus activity from several aspects (Goila-Gaur and Strebel
2008; Harris 2008; Harris and Dudley 2015; Olson et al.
2018). This means that although the editing enzymes are not
produced as a response to the virus infection, they do play
arole in fighting against the viruses. This is a well-evolved
mechanism that protects the hosts. The editing that occurs
in the virus genes is not entirely coincidental.

According to the different source of mutations in SARS-
CoV-2, there are three possible outcomes of mutation
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Fig.2 Prior prediction of mutation profile based on different muta-
tion sources. A The three possible sources of mutations in SARS-
CoV-2. RDRP-mediated replication errors, ADAR-mediated A-to-I
editing, and APOBEC-mediated C-to-U editing. B If replication
error is the major mutation source, then the mutation profile should

profiles when we look at the synonymous sites in SARS-
CoV-2. (1) If mutations are mainly contributed by RNA rep-
lication errors, then there should be a SNP (single nucleotide
polymorphism) profile where the distribution of mutation
types is nearly symmetric and that transitions are generally
more frequent than transversions (Fig. 2B). (2) If mutations
are mainly introduced by A-to-I RNA editing, then the A-to-
G mutations should be dominant in the substitution profile
just like many previous literatures showed (Li et al. 2014;
Liscovitch-Brauer et al. 2017; Porath et al. 2014; Ramas-
wami et al. 2013) (Fig. 2C). (3) Likewise, if mutations are
mainly introduced by C-to-U RNA editing, then the C-to-T
mutations should dominate the substitution profile (Chu and
Wei 2019; Li et al. 2020b) (Fig. 2D).

Based on these prior predictions, we test the observed
mutation profile against the expected ones. We provide
strong evidence that suggests that the major mutation source
in SARS-CoV-2 is the C-to-U RNA editing rather than A-to-
I editing or replication errors. While replication errors serve
as a baseline of mutation rate (like in many other organisms),
the occurrence of C-to-U RNA editing (editing) is higher
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be symmetric. SNP denotes “single nucleotide polymorphism”. C If
A-to-I editing is the major mutation source, then the A-to-G muta-
tions should be dominant. D If C-to-U editing is the major mutation
source, then the C-to-T mutations should be dominant

than the baseline for orders of magnitudes. Given the fact
that the C-to-U editing in SARS-CoV-2 is mediated by host
cells, it seems that an effective way to reduce the SARS-
CoV-2 mutation rate is to prevent the virus from infecting
the hosts, which is, cutting down the transmission of the
virus from human to human. Our study gives a nice expla-
nation for the extremely high mutation rate in SARS-CoV-2
at the molecular level, and proposes a potential solution to
control the pandemic.

Methods

Data Collection

We downloaded the SARS-CoV-2 genome from the NCBI
website (https://www.ncbi.nlm.nih.gov/genome/). The
RaTG13 sequence was retrieved from previous litera-
ture (Li et al. 2020c). The millions of world-wide SARS-
CoV-2 sequences were downloaded from GISAID (Shu
and McCauley 2017). The outgroup MERS-CoV sequence
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was downloaded from NCBI via the following link: https://
www.ncbi.nlm.nih.gov/genome/?term=mers-cov. The
sequences of DNA viruses were downloaded from NCBI
with the following accession numbers: Mythimna separata
(NC_021246), Adoxophyes honmai (NC_021247), Amsacta
moorei (NC_002520), Choristoneura biennis (NC_021248),
Choristoneura rosaceana (NC_021249).

Polymorphic Sites and Derived Allele Frequency
(DAF)

The millions of world-wide SARS-CoV-2 sequences and
their allele frequency (AF) information provided by a pre-
vious study (Zhu et al. 2022) were done for the following
pipelines. The polymorphic mutations were called against
the corrected reference SARS-CoV-2 genome. The reference
SARS-CoV-2 sequence was corrected for ancestral state by
considering the outgroup RaTG13 sequence. The non-refer-
ence nucleotides in the world-wide SARS-CoV-2 sequences
were derived alleles. DAF was the number of derived allele
counts divided by the total number of sequences. The full list
of polymorphic data were provided as Table S1.

Sequence Alignment and Divergence Analysis

The sequences of SARS-CoV-2 and RaTG13 were aligned
with software MUSCLE (Edgar 2004). Since the average
similarity between SARS-CoV-2 and RaTG13 is 96%, the
alignment was highly robust under different parameters
or software. The divergence sites between the two viruses
were manually extracted. The ancestral state of each site was
inferred from the sequence of other closely related coro-
naviruses (Wang et al. 2021). The divergent sites between
SARS-CoV-2 and RaTG13 were listed in Table S2.

Results

Prior Prediction of Mutation Profile Under Different
Scenarios

We collected ~10 million world-wide SARS-CoV-2
sequences and the mutation information from GISAID and
a previous study (Shu and McCauley 2017; Zhu et al. 2022).
As we have stated, there are three mutation sources for
SARS-CoV-2 (Fig. 2A). Accordingly, we have prior predic-
tions of the mutation profiles when each mutation source is
prevalent. If RDRP-mediated replication errors are the major
mutation source, then the mutation profile should be sym-
metric and show higher substitution rate for transitions than
transversions (Fig. 2B). If ADAR-mediated A-to-I editing is
the major mutation source, then there should be a peak at the
A-to-G substitution (Li et al. 2014; Liscovitch-Brauer et al.

2017; Porath et al. 2014; Ramaswami et al. 2013) (Fig. 2C).
If mutations are mainly introduced by APOBEC-mediated
C-to-U editing, then C-to-T should be the dominant substi-
tution type (Chu and Wei 2019; Li et al. 2020b) (Fig. 2D).
We will compare the observed mutation profile against the
expected ones.

C-to-U Editing Is the Dominant Mutation Type
and Has High DAF

To date, almost every nucleotide in the SARS-CoV-2
genome has been hit by mutations. Therefore, displaying the
unfiltered mutation sites would be meaningless as it simply
represents the nucleotide composition of the SARS-CoV-2
genome. We need to show the mutation profiles under dif-
ferent thresholds. After adjusting the ancestral state of the
reference genome, we obtained the derived allele frequency
(DAF) of each mutation site in the world-wide SARS-
CoV-2 strains (Fig. 1A). We required a mutation site to
have DAF > 1E-5. When DAF is between (1E-5, 1E-4), the
numbers of SNV (single nucleotide variation) exhibit the
classic “SNP profile” where the distribution is symmetric
and transitions take place more frequently than transver-
sions (Fig. 3A). When DAF increases, the fraction of C-to-T
substitution has remarkably elevated (Fig. 3B). When DAF
is higher than 1E-3, C-to-T become the dominant substitu-
tion type (Fig. 3C, D). According to our prior prediction of
the mutation profile (Fig. 2), our observation suggests that
C-to-U editing is prevalent and has generally higher allele
frequency than other mutation types.

Notably, although the fraction of C-to-T substitutions
increases with the DAF threshold, the exact number of muta-
tion sites has decreased. This pattern is expected because
both C-to-T (Fig. 3E) and non-C-to-T mutations (Fig. 3F)
follow the classic DAF spectrum where the number of muta-
tions rapidly decrease with DAF. Nevertheless, C-to-T muta-
tions still show significantly higher DAF than non-C-to-T
mutations (Fig. 3G).

Fixation of C-to-U Mutations During the Evolution
of SARS-CoV-2

Fixation is the process that the polymorphic mutations
(AF < 1) become fixed in the population (AF=1) by posi-
tive selection, genetic drift, or hitchhiking (or other unusual
incidents). Studying the fixation of mutations would help
us better understand the speciation mechanisms: how the
sequences of two species were diverged step by step from a
common ancestor. Technically, time-course population data
enable us to directly observe the fixation process by looking
at the dynamics of AF.

To define newly fixed mutations in SARS-CoV-2
population, we focused on the last 3 time-points of the
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Fig.3 The numbers of SNV (single nucleotide variation) in the
SARS-CoV-2 genome under different thresholds of DAF (derived
allele frequency). A When DAF is low, the mutation profile resem-
bles the SNP profile. B The fraction of C-to-T substitution increases

time-course data provided by the original paper (Zhu et al.
2022). A mutation in the population (against the reference
sequence: the WT 2019 strain NC_045512) was either pol-
ymorphic (AF < 1) or fixed (AF=1). We require a fixed
mutation to keep AF=1 for the last 3 time-points: 15 Janu-
ary, 31 January, and 15 February of 2022. Although this
criterion is arbitrary, we believe that it meets the definition
of newly fixed mutation: (1) this mutation was absent in
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with DAF. (C-D) When DAF is high, C-to-U editing sites become
dominant. E DAF spectrum of C-to-T substitutions. F DAF spectrum
of non-C-to-T mutations. G Comparison of C-to-U and non-C-to-U
mutations. The difference of DAF was determined by KS test

the ancestor (the reference sequence); (2) now this muta-
tion has maintained AF =1 for a long-enough time.
Under this criterion, we obtained 726 mutation sites.
403 (55.5%) of the sites were C-to-T(U) mutations and
147 (20.2%) were A-to-G mutations. This proportion was
significantly different from a random mutation profile
(p-value < le-10, Chi-square test). Again, this suggests
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that the rampant C-to-U RNA editing promotes the fixa-
tion of such mutation.

C-to-U Editing Has Intrinsically Higher Mutation
Rate Than Other Mutation Types

Given the fact that C-to-T mutations, representing the C-to-
U RNA editing events, have higher DAF and are more likely
to become fixed in the population than all other types of
mutations (Fig. 4A), it is still unclear whether the high DAF
is caused by intrinsically high mutation rate (Fig. 1B) or by
positive selection (Fig. 1C).

In theory, positive selection favors the adaptive mutations
regardless of whether the mutation type is C-to-T or non-
C-to-T. Any types of mutations might have a chance to be
beneficial and increase the fitness of a species. This privilege
should not be restricted to C-to-T mutations only. Under this
logic, it is highly likely that C-to-T mutations have higher
intrinsic mutation rate. The aim of this study is to find out
whether the rampant C-to-U RNA editing accounts for the
high mutation rate in SARS-CoV-2.
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While missense mutations that change protein-sequences
are subjected to strong positive and purifying selection, the
synonymous mutations are regarded as neutral sites which
are free from natural selection. Therefore, synonymous sites
could be used as molecular clock to measure the occurrence
rate of novel mutations. Here, we display the median and
mean DAF of all mutation types with missense and synony-
mous sites separated (Fig. 4B). There are two clear trends:
(1) Synonymous sites have higher DAF than missense sites,
and (2) DAF of C-to-T mutation is still the highest among
all mutations.

Firstly, it is understandable that missense mutations have
lower DAF than synonymous sites as most novel missense
mutations are deleterious and rapidly suppressed within the
population. Furthermore, these results also demonstrate
that even when the effect of natural selection is excluded
(by looking at synonymous sites only), C-to-T mutation is
still the dominant substitution type in SARS-CoV-2 RNA.
These observations are strong evidence suggesting that C-to-
U RNA editing indeed contributes a lot to the high mutation
rate in the virus. There are no other alternative explanations
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that could account for the extraordinarily prevalent C-to-T
substitutions.

C-to-U Substitution Dominates the Divergence Sites
Between SARS-CoV-2 and RaTG13

Polymorphic sites within the population of a species depict
the ongoing evolution process (at a smaller time scale),
while the final result of selection and evolution is reflected
by the divergence (fixed) sites between two species when
the “speciation” process is done (Fig. SA). Polymorphism
analysis represents population genetics at micro-evolution
level while divergence analysis represents inter-species
comparison at macro-evolution level. The divergence sites
serve as the genetic basis that accounts for the many different
properties and behaviors between two species (Zhang et al.
2021a). Under the assumption that C-to-U RNA editing is
prevalent and contributes most to the novel mutations in
SARS-CoV-2, we have the following predictions beforehand.

When comparing the sequences of two RNA viruses
(e.g., SARS-CoV-2 and RaTG13), both sides might undergo
C-to-U editing during the speciation process (Fig. 5B). If no
outgroup (or ancestral) information is available, then one

A Intra-species

could not determine the direction of mutation and could
only observe a plenty of non-directional CT substitutions
(Fig. 5B). In contrast, if ancestral state is determined by
incorporating the outgroup information (like the MERS-
CoV sequence), then the direction of mutations could be
defined and the mutation profile should show a peak at C-to-
T (Fig. 5B).

In the real data, when we looked at the divergence sites
between SARS-CoV-2 and RaTG13 (Fig. 6), we indeed
observed that: (1) Most substitutions are CT when the direc-
tion of mutations is not determined, suggesting that C-to-U
editing events have taken place in both lineages during spe-
ciation; (2) When the direction of mutation is determined
by outgroup MERS-CoV sequences, most substitutions
are C-to-T, again representing the prevalent C-to-U RNA
editing; (3) Synonymous sites have considerably greater
divergence than missense sites (Fig. 6), supporting the clas-
sic evolution theory that missense mutations are largely
depleted during evolution while synonymous mutations are
nearly neutral and have higher chance to be fixed.

In this part, we demonstrated that the inter-species fixed
sites between SARS-CoV-2 and RaTG13 are mainly con-
tributed by C-to-U editing. Together with our analyses
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Divergence between SARS-CoV-2 and RaTG13
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Fig.6 The divergence sites between SARS-CoV-2 and RaTG13. Synonymous and missense sites were displayed separately. Non-directional
mutations were counted without outgroup information. Directional mutations were inferred based on other coronaviruses as outgroup

on polymorphic sites within world-wide SARS-CoV-2
strains, our results serve as compelling evidence suggest-
ing that C-to-U editing is the major source of mutations
in SARS-CoV-2.

Divergence Between DNA Viruses Does Not Exhibit
a Peak for Particular Mutation Types

To test whether the enrichment of C-to-T mutations is
unique to RNA viruses, we tested this pattern in DNA
viruses. We downloaded the genome sequences of 5
entomopoxviruses (abbreviated as EPV, also known as
insect pox viruses) which are typical DNA viruses.

The 5 EPV species and their accession numbers are:
Mythimna separata (NC_021246), Adoxophyes honmai
(NC_021247), Amsacta moorei (NC_002520), Choris-
toneura biennis (NC_021248), Choristoneura rosaceana
(NC_021249). The phylogenetic tree was based on the
GTR mode of IQtree (Fig. 7A).

Using A. moo as an outgroup, we quantified the inter-
species mutations from C. bie to C. ros (Fig. 7B). Clearly,
the mutation profile is symmetric, resembling the com-
monly known SNP profile created by (DNA) replication
errors. Similarly, we extracted the mutations from A. moo
to C. bie (Fig. 7C) and from A. hon to A. moo (Fig. 7D).
None of the mutation profiles showed an enrichment of a
particular variation type. All profiles were symmetric and
the numbers of divergent sites increased with phylogenetic
distance. These results serve as negative control to prove
that the unusually high C-to-T(U) peak in SARS-CoV-2 is
likely caused by C-to-U RNA editing.

Discussion

There are essential differences between DNA organisms
and RNA viruses like SARS-CoV-2. For DNA organ-
isms, their mutations come from DNA replication errors
introduced by DNA polymerase. RNA editing in cellular
organisms does not affect their genetic materials at all.
However, for RNA viruses, the RDRP-mediated RNA rep-
lication errors only consist of a minor part of viral muta-
tions. When viral RNAs are deaminated by ADARs or
APOBEC:s, these altered (modified) RNAs are directed
used as templates to produce the “offspring” (daughter
strand). As a consequence, the nucleotide alterations
caused by RNA editing would accumulate linearly at each
generation (but with a rate much higher than replication
error rate). Given a long-enough time, the editing sites
would be overwhelming. This prediction has been nicely
verified by the evidence that both polymorphic and fixed
mutation sites are dominated by C-to-T substitutions which
represent C-to-U editing.

We wholeheartedly agree that finding an APOBEC-
deficiency condition is the best way to prove the origin
of C-to-U mutations in SARS-CoV-2. For example, it is
instructive to study viruses whose hosts do not exhibit
such an extensive APOBEC activity as do humans. How-
ever, APOBEC is highly conserved in animals so that it
is difficult to find such an ideal host without APOBEC.
Moreover, we may need some time to collect the “pairing
information” between host and viruses. We are willing
to do this in our future works. We will plan to take into
account the species-specific and even tissue-specific gene
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expression of APOBEC. Some database like GTEx may
have such expression data. Higher expression of APOBEC
gene is considered to be connected with more prevalent
C-to-U editing in a host.

In addition, another concern is how sure are we of the
existence of RNA editing events when only a mutation pro-
file is given. Indeed, each virus has its own RDRP, so the
patterns of polymerase-induced errors might be different.
However, note that the replication errors (SNPs) take place
during the DNA or RNA replication process. RDRP should
have equal chances to edit the positive strand and the nega-
tive strand. No matter the RDRP is prone to which type of
mutation, the final mutations called against the reference
genome should be symmetric. For example, if an RDRP is
prone to C> T mutations during synthesis, then the C>T
mutations in negative strand would finally be demonstrated
as G> A mutations in the positive strand, leading to a sym-
metric SNP profile (Cai et al. 2022; Di Giorgio et al. 2020).
However, replication only represents a transient (short) time
frame during the lifecycle of a virus (Zong et al. 2022).
For most time of the lifecycle of SARS-CoV-2, the status
should be single-stranded RNA, which could be reached by
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the editing enzymes, leading to an excess of a particular
mutation type. A mutation profile containing abundant RNA
editing should be asymmetric. The certainty of RNA editing
increases with the enrichment of the desired type of varia-
tion. For example, in this field, if over 90% of the variation
is A> G, then it would be strong evidence for A-to-I RNA
editing (Li et al. 2014; Liscovitch-Brauer et al. 2017; Porath
et al. 2014; Ramaswami et al. 2013). No alternative mecha-
nisms could explain the mutation profile.

Notably, RDRP is encoded by virus itself (for replica-
tion purpose) while ADARs and APOBECs are encoded
by the host genome. Ironically, ADARs and APOBECs are
(thought to be) designed for anti-virus purposes (Harris and
Dudley 2015; Ward et al. 2011). However, they actually
fuel and facilitate the evolution of the virus. This is why
researchers believe that SARS-CoV-2 evolution is largely
driven by the hosts (Zhang et al. 2021b). Furthermore, there
comes a dilemma that should we apply the classic evolution-
ary theories to the RNA viruses (Li et al. 2020d)? Tradi-
tional evolutionary theories and formula are based on a fact
that mutations come from DNA replication errors under a
relatively constant rate. This basis is invalid for RNA viruses
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at all. RNA editing is rampant and largely promiscuous, it
is hard to find a uniform formula to describe the “mutation
rates” of RNA editing events, let alone describe their evo-
lutionary dynamics. The phenomenon of A-to-I and C-to-U
editing has been found for over 30 years in metazoans (Bass
and Weintraub 1987, 1988; Gray and Covello 1993; Kudla
et al. 1992), not a single literature has invented a formula to
describe the “mutation rate” or “occurrence rate” of RNA
editing, suggesting that there are fundamental discrepan-
cies between DNA mutation and RNA editing. Neverthe-
less, one certain thing is that C-to-U editing is the main
driving force that accelerates SARS-CoV-2 mutation and
evolution. Another implication is that a proper way to slow
down SARS-CoV-2 mutation is to cut down the virus trans-
mission. The viral RNAs could not autonomously deaminate
without the hosts.

One unexplained puzzle is why C-to-U editing is much
more prevalent than A-to-I editing? The answer might be the
subcellular localization of ADARs and APOBECs (Martig-
nano et al. 2022; Zong et al. 2022). As previous literatures
claimed, APOBEC:s are the “editors in chief” of cytoplasmic
viral editing. Our findings further support this statement.
Under this scenario, ADAR-mediated A-to-I events are
much less abundant than C-to-U events. Conceivably, accu-
rate identification of A-to-I editing sites in SARS-CoV-2
is challenging because one needs to design a pipeline to
exclude all other types of mutations in order to make A-to-G
the dominant peak. If one automatically regards all A-to-G
mutations as A-to-I events without observing a peak at A-to-
G (Di Giorgio et al. 2020), then others might suspect those
variations as false positive hits (Martignano et al. 2022;
Picardi et al. 2021; Song et al. 2022; Wei 2022; Zong et al.
2022).

Last but not least, in our study, the use of synonymous
sites in the virus genome is reasonable since missense sites
are subjected to strong purifying selection. Even for the
mutations in non-coding regions like 5’UTRs or regulatory
sequences, they might undergo selection pressure due to
their impact on RNA expression and translation rates (Wang
et al. 2021; Zhang et al. 2022). In summary, our study pro-
vides compelling evidence suggesting that C-to-U editing is
the major source of SARS-CoV-2 mutation. While replica-
tion errors serve as a baseline of novel mutation rate, the
C-to-U editing mechanism has elevated the mutation rate
for orders of magnitudes and fuels the evolution of the virus.
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