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Abstract
Mutation is one of the mechanisms of the evolutionary divergence of an organism. Under this global COVID-19 pandemic, 
the fast evolution of SARS-CoV-2 became one of the most worrying issues. Some researchers believed that the hosts’ RNA 
deamination systems (APOBECs and ADARs) are the major source of mutations and have driven the evolution of SARS-
CoV-2. However, apart from RNA editing, the RDRP (RNA-dependent RNA polymerase)-mediated replication errors may 
also contribute to the mutation of SARS-CoV-2 (just like the single-nucleotide polymorphisms/variations in eukaryotes 
caused by DNA replication errors). Unfortunately, it is technically unable to distinguish RNA editing and replication errors 
(SNPs) in this RNA virus. Here comes a fundamental question: we indeed observed the fast evolution of SARS-CoV-2, 
but what exactly fuels its evolution: RNA editing or replication errors? This debate lasts for 2 years. In this piece, we will 
retrospect the 2-year debate on RNA editing versus SNPs.

Introduction

The continuous mutation and evolution of SARS-CoV-2 
should be one of the major threats to humans under this 
global pandemic. Newly emerged virus strains might acquire 
the ability to escape the current vaccines. Understanding the 
molecular mechanisms underlying the rampant mutation of 
SARS-CoV-2 is urgently needed.

As SARS-CoV-2 is a typical RNA virus, it is believed that 
the hosts’ (humans’) RNA deamination systems (APOBECs 
and ADARs) have driven the mutation and evolution of 
SARS-CoV-2 [1–3]. Both enzyme families would cause 
nucleotide changes in RNA sequences. APOBECs drive 
the C-to-U(T) alteration in RNAs, whilst ADARs drive the 
A-to-I(G) alteration in RNAs. However, apart from RNA 
editing mediated by APOBECs and ADARs, the RDRP 
(RNA-dependent RNA polymerase)-mediated replication 
errors may also contribute to the mutation profile of SARS-
CoV-2. To better understand what replication errors are, one 
could consider the single-nucleotide polymorphisms (SNPs) 
in eukaryotes. The SNPs in eukaryotes are essentially 
DNA mutations introduced during replication, leading to 

single-nucleotide variants (SNVs) between a given sequence 
and the reference genome sequence. When studying DNA 
organisms, many well-established pipelines could help 
researchers distinguish DNA SNPs and RNA editing events 
(when genome sequencing and RNA-sequencing are avail-
able) [4–6]. However, for RNA viruses, like SARS-CoV-2, 
it is technically unable to distinguish RNA editing events 
and replication errors caused by RDRP [7] because both 
processes take place on RNAs.

The difficulty in verifying the mutation source of SARS-
CoV-2 has led to debates. What exactly fuels the evolution 
of SARS-CoV-2: RNA editing or replication errors (SNPs)? 
This debate lasts for 2 years. In this short article, we will 
retrospect the 2-year debate on the driving force of SARS-
CoV-2 evolution: RNA editing versus replication errors 
(SNPs).

Stage1: the “Trigger” of this Debate

The debate began with a paper published in Science 
Advances written by Di Giorgio et al. [8]. This paper identi-
fied SNVs (between RNA-sequencing data and the reference 
sequence of SARS-CoV-2) and showed a typical symmetric 
profile in the transcriptome of SARS-CoV-2. Normally, only 
the replication errors could lead to a symmetric SNV profile 
because the polymerase machinery make mistakes equally 
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on both strands (positive or negative strand) during replica-
tion [9, 10]. In contrast, when replication errors (or SNPs) 
in SARS-CoV-2 are excluded, the remaining SNVs (if any) 
should belong to RNA editing events. A typical SNV profile 
of RNA editing should significantly skew to a particular type 
of mutation, such as A-to-G or C-to-T [11–13]. Amazingly, 
even with a symmetric SNV profile in hand, the Di Giorgio 
et al. paper concluded that what they found were RNA edit-
ing events. It seems that the data presented by Di Giorgio 
et al. were actually supporting the SNP-driving view of the 
fast evolution of SARS-CoV-2 (although they claimed RNA 
editing). Soon after its publication, this paper incurred a 
tsunami of criticisms.

Stage2: Debate: What is a Reliable SNV 
Profile of RNA Editing?

Three independent papers were simultaneously submitted 
to three different journals with similar indication that the 
findings in [8] paper were unreliable.

In detail, (1) [14] pointed out that as [8] has just provided 
a symmetric SNV profile, the strong evidence for RNA edit-
ing has not yet been provided. The view held by Picardi 
et al. echoes our previous introduction about the relationship 
between SNV profile and the confidence of RNA editing.

(2) [15] disproved the so-called “RNA editing motifs” 
shown by [8] and meanwhile, Song et al. displayed an SNV 
profile with slight enrichment on A-to-G mutation. Genuine 
RNA editing sites tend to reside in a particular sequence 
context due to the binding preference of the editing enzymes 
[16–18]. This feature usually serves as supporting evidence 
to show the reliability of RNA editing sites. Song et al. 
claimed that Di Giorgio et al. failed to support the RNA-
editing sites with the sequence context.

(3) [10] directly concluded that [8] has proved nothing 
but mechanically running a series of bioinformatic pipelines. 
Zong et al.’s views might be opaque to common readers. 
Their key point of Zong et al. is, the same bioinformatic 
pipelines (i.e. the variant calling pipeline) could be applied 
to any datasets regardless of the “biological meaning” of 
the output results. Di Giorgio et al. just ran the pipeline and 
obtained a non-informative result (the symmetric SNV pro-
file) but they interpreted the “null result” as RNA editing 
events. Zong et al. claimed that the entire Di Giorgio paper 
was based on the mis-interpretation of the SNV profile.

From their debate, we could understand that their core 
argument lies in the mutation (SNV) profile. An SNP pro-
file caused by replication errors is symmetric [8], whilst an 
RNA editing profile is skewed to a particular type of vari-
ation, like A-to-G (representing A-to-I RNA editing) [15] 
or C-to-T (representing C-to-U RNA editing) [1, 19]. As 
many bioinformatic methods have claimed, the accurate 

identification of RNA editing events requires multi-
ple steps of hard filters to exclude the replication errors 
(SNPs) or even sequencing errors [13, 20, 21]. However, 
even with stringent pipelines, one could not always obtain 
an SNV profile enriched with a particular mutation type 
[22]. The non-optimal SNV profile could not be regarded 
as evidence for RNA editing [23]. Under this common 
sense shared by the RNA editing community, Di Giorgio 
et al. definitely failed to provide evidence for RNA editing 
in SARS-CoV-2.

Given that Di Giorgio et al. failed to show a reliable 
SNV profile to support the existence of RNA editing, we 
would expect that those critical papers [10, 14, 15] could 
improve the pipeline and find some genuine RNA-editing 
sites in SARS-CoV-2. However, the A-to-G enrichment 
shown by [15] is still very weak and it is hard to say that 
[15] has made much improvement compared to [8]. It is 
still unclear whether replication errors (SNPs) or RNA 
editing events dominate the mutations (SNVs) found in 
SARS-CoV-2 RNA.

Stage3: Argument on False Positive and True 
Positive

After the harsh criticism by [10], the group of [8] has 
responded. Di Giorgio et al. argued that although there 
might be false-positive RNA-editing sites in the SNVs 
they found [8], there must be true RNA-editing sites in 
the SNV profile [24]. The definition of true/false-positive 
rates was based on the enrichment of the desired type of 
mutation. For instance, Li et al. found that 96% of the 
SNVs in the ant transcriptome was A-to-G sites so that the 
true-positive rate of A-to-I RNA editing was 96%, whilst 
false-positive rate was 4% [12]. According to this defini-
tion, Di Giorgio et al.’s response paper [24] was still weak 
and pale although they smartly circumvented the key criti-
cism raised by [10]. Martignano et al. still failed to give 
a confidence interval of the accuracy (true-positive rate) 
of the so-called RNA-editing sites they identified. Based 
on the SNV profile shown by [8], the true-positive rate of 
RNA-editing sites was actually lower than 50% by defini-
tion. This almost represented a “random result”.

From another aspect, even one acknowledges the state-
ment of [24], it is irrefutable that the existence of true-
positive sites does not “forgive” the large number of false-
positive sites in the SNV profile [25]. The reason is every 
clear: readers would presume that the A-to-G variations 
shown in the paper are all A-to-I editing sites instead of 
thinking that “Oh, the A-to-G variations may have 50% 
false-positive rates by default…”.
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Stage4: The Logic Problem and the Golden 
Standard

Since the response by Di Giorgio et al. group [24] was unsat-
isfactory, it incurred new criticisms. [9] asked an ultimate 
question: if the symmetric SNV profile shown by [8] could 
be regarded as evidence for RNA editing, then (1) what will 
be the golden standard for RNA editing detection? (2) Why 
should others try so hard to filter out false-positive sites in 
order to enrich a particular type of mutation like A to G?

The logic is, the symmetric SNV profile could be 
obtained “by default” (without any additional efforts in 
bioinformatics), because the polymerase errors (including 
sequencing errors plus replication errors) would intrinsi-
cally produce a symmetric SNV profile. Only RNA editing 
is able to increase the number of a particular type of SNV 
(A to G or C to T), leading to an asymmetric SNV profile 
where the true-positive rates equals the enrichment of the 
target mutation type. Providing a symmetric SNV profile 
almost proves nothing.

Despite the intensive criticism by [9], they did not pro-
pose an alternative methodology to improve the RNA edit-
ing detection pipeline. Given the nearly random results 
shown by [8], it remains unclear are there any other highly 
reliable data suggesting the RNA-editing origin of the 
mutations in SARS-CoV-2.

Stage5: It Turns Out To Be C‑to‑U RNA 
Editing that Fuels SARS‑CoV‑2 Evolution

Although the [8] paper was imperfect in many aspects, none 
of the critical papers have raised any convincing enough 
evidence to show that RNA editing fuels the evolution of 
SARS-CoV-2. Researchers were willing to believe that RNA 
editing events exist in the SARS-CoV-2 transcriptome but 
the non-optimal SNV profile [8] is always an obstacle that 
prevents the scientists from reaching a solid conclusion.

Several recent papers finally ended this debate [26, 27] 
by providing compelling evidence and explanations. The 
common point of these recent papers is, they used the mil-
lions of world-wide SARS-CoV-2 sequences from GISAID 
[28] instead of using the intra-host transcriptome data. 
The polymorphic sites in global SARS-CoV-2 popula-
tion exhibited a striking peak towards C to T, represent-
ing C-to-U RNA editing [26]. As previously introduced/
discussed about the commonly accepted criteria of RNA 
editing detection, this strongly asymmetric mutation pro-
file could only be explained by the rampant C-to-U RNA 
editing. No alternative theories could explain such abun-
dant/excessive C-to-T mutation sites.

Therefore, the debate is ended. The intra-host transcrip-
tome data [8] might contain unknown confounding factors 
that obscured signals of RNA editing. The world-wide 
SARS-CoV-2 sequences successfully showed enrichment 
for C-to-U editing sites. Thus, the driving force of SARS-
CoV-2 evolution turns out to be C-to-U RNA editing. From 
the beginning where a symmetric SNP profile was provided 
[8] to this end where a clear enrichment of C-to-T sites was 
shown [26], two years have passed. Researchers have dis-
cussed true/false-positive rates, golden standard of RNA 
editing detection, the methodology, and many logic issues. 
Retrospect of this debate is helpful for future studies on 
RNA editing and SARS-CoV-2 evolution.
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