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ABSTRACT
The evolution of SARS-CoV-2, the agent of COVID-19, has been remarkable for its high mutation potential, leading to the 
appearance of variants. Some mutations have never appeared in the published genomes, which represent consensus, or 
bona fide genomes. Here we tested the hypothesis that mutations that did not appear in consensus genomes were, in 
fact, as frequent as the mutations that appeared during the various epidemic episodes, but were not expressed because 
lethal. To identify these mutations, we analysed the genomes of 90 nasopharyngeal samples and the quasispecies 
determined by next-generation sequencing. Mutations observed in the quasispecies and not in the consensus 
genomes were considered to be lethal, what we called “outlaw” mutations. Among these mutations, we analysed the 
21 most frequent. Eight of these “outlaws” were in the RNA polymerase and we were able to use a structural biology 
model and molecular dynamics simulations to demonstrate the functional incapacity of these mutated RNA 
polymerases. Three other mutations affected the spike, a major protein involved in the pathogenesis of COVID-19. 
Overall, by analysing the SARS-CoV-2 quasispecies obtained during sequencing, this method made it possible to 
identify “outlaws,” showing areas that could potentially become the target of treatments.
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KEYWORDS SARS-CoV-2; genomics; mutations; quasispecies; evolution; next-generation sequencing

Introduction

We have recently been able to identify “hyperfertile” 
mutations associated with the evolution of SARS- 
CoV-2 [1]. We have defined these mutations in this 
way because they are at the origin of phylogenetic 
nodes that have each generated more than 835 descen
dants. Other authors have described these mutations 
as belonging to a “whitelist” of mutations to indicate 
the benefit they confer to the virus [2]. All these 
studies were carried out on viral genome sequences, 
which consist of consensus genomes being selected 
and reproducing. These consensus, or bona fide gen
omes, which we call “democratic” genomes, are virtual 
molecules that are built with the most common 
nucleotides at each genome position, as determined 
during the assembly of sequence reads generated by 
next-generation sequencing (NGS). However, as par
ticularly highlighted by the massive sequencing and 
analyses of HIV genes for genotypic antiviral drug 
resistance testing [3] and most recently by a global 
and unprecedent effort of genomic surveillance 
applied to SARS-CoV-2 [4], it is currently clear that 

viral quasispecies exist that are not necessarily encom
passed in the “democratic” genomes.

For SARS-CoV-2, “hyperfertile” mutations appeared 
in viruses that circulated in Europe and are found at sev
eral notable positions [1]. The first amino acid substi
tution (P323L) is located in the NSP12 gene that 
encodes the RNA-dependent RNA polymerase (RdRp) 
and occurred in viruses that caused the pandemic 
onset after the Wuhan virus came into Europe [5]. It 
was reported to lead to a significant increase in the 
mutation rate and hence to an evolutivity that was prob
ably critical in the development of a pandemic. In con
trast, epidemics of SARS-CoV-1 and MERS-CoV did 
not exhibit such outcome with “hyperfertile” mutations, 
persistence of high levels of incidence for many months 
and over several years, and viral spread associated with 
new variants [6]. Regarding SARS-CoV-2, other key 
amino acid changes (firstly D614G) were located in the 
spike protein, which is explained by the predominant 
role of this protein in viral entry into host cells and 
hence in pathogenicity [7,8]. Paradoxically, several 
other favourable mutations were identified in so-called 
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accessory genes, including ORF8, where they generated 
stop codons [9,10]. Thus, we described that these 
mutations in ORF8 obeyed the “Mistigri” rule as the 
loss of this gene led to a major rebound of virus inci
dence and spread, which in several cases was at the ori
gin of a “hyperfertile” phylogenetic node [1]. In our 
present work, we wanted to identify the missing 
mutations that could be at the origin of abortive forms 
of the virus, which we called “outlaw” mutations. 
These mutations are referred to as belonging to a “black
list” by other authors [2]. To achieve this, we used our 
database of SARS-CoV-2 genomes obtained by next- 
generation sequencing (NGS) and analysed the viral 
quasispecies in order to identify and locate the mutations 
that were the most common yet never expressed in the 
“democratic” genomes. Finally, we focused on frequent 
lethal mutations (not expressed in the “democratic” gen
omes) located in the RdRp in order to understand why 
these mutations could not be expressed.

Materials and methods

SARS-CoV-2 genomes

SARS-CoV-2 genomes from our centre are available 
from sequence databases including GenBank (https:// 
www.ncbi.nlm.nih.gov/genbank/, [11]) and GISAID 
(https://gisaid.org/) [12], from the university hospital 
institute (IHU) Méditerranée Infection website at the 
following URL: https://www.mediterranee-infection. 
com/acces-ressources/donnees-pour-articles/60000- 
genomes/, and in Supplementary Table S1. As pre
viously reported [1,10,13,14], these genomes had been 
obtained by NGS from respiratory samples collected 
from patients to diagnose SARS-CoV-2 infection and 
sent to our centre’s clinical diagnosis laboratory (IHU 
Méditerranée Infection, public and university hospitals 
of Marseille, southeastern France). In addition, the 
CoV-Spectrum web application (https://cov-spectrum. 
org/) [15] was used that allows determining mutations’ 
frequencies within SARS-CoV-2 genomes of the 
GISAID databases (https://gisaid.org/) [12].

SARS-CoV-2 quasispecies analysis

The analysis of SARS-CoV-2 quasispecies was based on 
raw NGS data analysed in a previous study [13]. In 
short, this consisted of sequencing reads generated 
from 90 nasopharyngeal samples collected from 
SARS-CoV-2-positive patients between March and 
September 2020 through direct sequencing, in absence 
of prior PCR amplification that can affect sequencing 
accuracy, by the Illumina technology with the Nextera 
XT paired-end strategy on a MiSeq instrument (Illu
mina Inc., San Diego, CA, USA), as previously reported 
[14]. These reads had been mapped on the genome of 
the SARS-CoV-2 Wuhan-Hu-1 isolate (GenBank 

Accession no. NC_045512.2) using the CLC genomics 
workbench software v7 (https://digitalinsights.qiagen. 
com/) with thresholds of 0.8 for sequence coverage 
and 0.9 for nucleotide similarity. Only genomes with 
a mean depth of sequencing reads per position ≥50 
and a coverage of the genome NC_045512.2 ≥ 90% 
were considered. Also, an intra-sample nucleotide 
diversity of 4% at a given nucleotide position was con
sidered as the significant diversity threshold (as this 
corresponded to ≥2 reads per nucleotide position for 
a mean number of reads per position ≥50 at the gen
ome scale). The 90 SARS-CoV-2 consensus genomes 
had been classified in lineages that circulated before 
or during the Alpha variant epidemic, based on the 
Pangolin (https://cov-lineages.org/resources/pangolin. 
html; [16]) and the Nextclade web applications 
(https://clades.nextstrain.org/; [17]). In 23, 9 and 5 
cases, SARS-CoV-2 genomes were classified as belong
ing to 20A, 20B and 20C lineages, respectively, that 
derived from the Wuhan-Hu-1 isolate and circulated 
in our geographical area until May 2020. Additional 
SARS-CoV-2 genomes were classified as Pangolin 
lineages B.1.416 (or Marseille-1; n = 4 cases), B.1.177 
(or Marseille-2; n = 8 cases), B.1 (or Marseille-3; n = 5 
cases), B.1.160 (or Marseille-4; n = 13 cases), B.1.367 
(or Marseille-5; n = 9 cases), B.1 (or Marseille-6; n = 2 
cases), B.1.416.1 (or Marseille-7; n = 3 cases), 
B.1.1.269 (or Marseille-8; n = 3 cases), B.1.1.241 (or 
Marseille-9; n = 1 case), and B.1.221 (or Marseille-10; 
n = 5 cases). We sought for mutations in the SARS- 
CoV-2 quasispecies with the pileup function of the 
Pysam python module (https://www.python.org/) 
when analysing NGS reads, with parameters that 
include a quality score >13 as threshold. Complete gen
ome mapping data generated by the CLC software and 
exported from the mapping output file as tab separated 
value files were analysed through an in-house Python 
(https://www.python.org/) script.

The frequencies of nucleotide mutations in consen
sus genomes from our centre were determined using 
an in-house Python script (https://www.python.org/) 
from the Nextclade output file (https://clades. 
nextstrain.org/; [17]). For other genomes, mutations’ 
frequencies within SARS-CoV-2 genomes were 
retrieved with the CoV-Spectrum online tool 
(https://cov-spectrum.org/) [15], which uses SARS- 
CoV-2 sequences obtained using any NGS technol
ogies and procedures and stored in the GISAID data
bases (https://gisaid.org/) [12].

“Outlaw” mutations

We classified the mutations according to their fre
quencies among quasispecies as well as among con
sensus, or “democratic,” genomes. We gave the 
name “outlaw” to the mutations that were the most 
frequent among quasispecies, as defined by their 
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presence with a prevalence of ≥4% in ≥20% of the 
genomes analysed [13], by their absence among 
“democratic” genomes from the 90 nasopharyngeal 
samples [1], and by their complete or almost complete 
absence among “democratic” genomes from our 
centre as defined by a presence in ≤50 (0.1%) of 
61,397 genomes [1], and among “democratic” gen
omes from the GISAID database as assessed through 
the Cov-Spectrum web application (https://cov- 
spectrum.org/) [15] and defined by a presence in 
≤3000 (0.02%) of 15,396,904 genomes (Figure 1).

Gene positions were taken from the UCSC genome 
browser web application (https://genome.ucsc.edu/ 
cgi-bin/hgGateway) [18]. The four SARS-CoV-2 
gene categories considered here had been defined in 
a previous study [1] and consisted of genes encoding 
(i) structural proteins; (ii) informational proteins 
(proteins involved in information storage and proces
sing); (iii) other non-structural proteins; or (iv) acces
sory proteins.

Protein structural analyses

The structural model of the SARS-CoV-2 RdRp 
(NSP12 gene product) was retrieved from pdb file 
7bv2 [19]. An energy minimized model was generated 
with the Polak–Ribiere algorithm with the Bio- 
CHARMM force field in Hyperchem using a maxi
mum of 3 × 105 steps and a root mean square (RMS) 
gradient of 0.01 kcal/mol.Å as the convergence con
dition [20]. Mutations were introduced in RdRp 
with Deep View/Swiss-Pdb viewer, followed by several 

rounds of energy minimization as described pre
viously [10]. Molecular dynamics simulations (MDS) 
were performed on a Dell workstation with the 
Hyperchem program (http://www.hypercubeusa. 
com) as previously described [21]. The systems were 
equilibrated at constant temperature (310 K) and con
stant pressure (1 atm) [20]. The energy of interaction 
of each RdRp-template complex was calculated with 
the ligand energy inspector function of Molegro Mol
ecular Viewer (http://molexus.io/molegro-molecular- 
viewer), as described previously [22].

Results

Presence, prevalence and location of the 
“outlaw” mutations in the SARS-CoV-2 
quasispecies

Twenty-one positions in SARS-CoV-2 genomes ana
lysed here were identified as harbouring “outlaw” 
mutations (Table 1; Figure 2) as they exhibited signifi
cant intra-sample nucleotide diversity but were excep
tionally mutated in “democratic” genomes obtained 
from our centre and GISAID [15,16] relatively to the 
Wuhan-Hu-1 isolate genome. At these 21 positions, 
mean intra-sample nucleotide diversity ranged 
between 2.3% and 6.7%. In the 90 “democratic” gen
omes from quasispecies whose intra-sample nucleo
tide diversity was analysed, none of these positions 
were mutated. In the whole set of 61,397 “democratic” 
genomes obtained in our institute [1], the mean pro
portion of genomes harbouring these mutations was 
0.003 ± 0.005% (0.000–0.020%). Finally, in a set of 

Figure 1. Schematic diagram to illustrate how SARS-CoV-2 genomes obtained by NGS were analysed to identify and locate the 
“outlaw” mutations, which are present in the virus quasipecies yet never expressed in the consensus, “democratic” genomes.
Note: IHU MI, University Hospital Institute (IHU) Méditerranée Infection; NGS, next-generation sequencing.
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15,396,904 “democratic” genomes analysed through 
the Cov-Spectrum online tool [16], this mean pro
portion was 0.007 ± 0.005% (0.001–0.017%).

The 21 nucleotide positions were located in NSP12 
(the RdRp encoding gene) in 8 cases; in the Nucleocap
sid encoding gene in 8 cases; in the Spike encoding gene 
in 3 cases; in NSP2, a non-structural gene that encodes 
a protein that may interact with other viral proteins, in 
one case; and in NSP3 that encodes a predicted 
phosphoesterase in one case [23] (Tables 1 and 2; 

Figure 2). None of these positions was located in acces
sory genes. We only focused hereafter on mutations 
located in the RdRp.

Structural analyses of “outlaw” mutations

Structural analysis of RdRp in complex with a 
template-primer RNA: effect of mutations 
generating an amino acid substitution
The structure of an energy-minimized model of RdRp 
in complex with a template-primer RNA is shown in 
Figure 3(a). Some of the “outlaw” mutations identified 
here are expected to affect the enzymatic activity of 
RdRp. Amino acid S578 does not directly interact 
with the template (Figure 3(b)). However, it is a criti
cal residue that forms a stabilizing hydrogen bond 
with the peptidic NH group of D484 (Figure 3(c)). 
This ensures that the alpha-helix in position 563– 
581 comes in close contact with the long disordered 
loop in position 479–505. Mutation S578T is predicted 
to abolish the hydrogen bond with D484, leaving the 
479–505 loop free to adopt alternative conformations 
that do not respect the functional 3D structure of the 
enzyme, potentially leading to a function loss. MDS of 
the S578T mutant confirmed the absence of hydrogen 
bond between S578T and D484 and the subsequent 
reorientation of the 479–505 loop. Indeed, the energy 
of interaction of D684 with residue 578 dropped from 
−8.3 kJ.mol−1 (hydrogen bond D484-S578, Figure 3
(c)) to 0 kJ.mol−1 (no hydrogen bond between D484 
and the S578T mutant, Figure 3(d)). This affected 

Figure 2. Quasispecies diversity along the viral genome in comparison with nucleotide diversity in consensus genomes for the 
same set of clinical samples.
Notes: Quasispecies diversity is the proportion of samples who display a significant intra-sample nucleotide diversity. Nucleotide diversity is the proportion 
of sequencing reads that do not harbour the majority, consensus nucleotide.

Table 2. Correspondence between mutated nucleotide 
positions in the NSP12 gene that encodes the RNA- 
dependent RNA polymerase gene and amino acid changes.
Nucleotide position 
relatively to SARS-CoV- 
2 genome GenBank 
(https://www.ncbi.nlm. 
nih.gov/genbank/) 
Accession no. 
NC_045512.2

SARS- 
CoV-2 
gene

Nucleotide 
change

Codon 
change

Amino 
acid 

change

13693 NSP12 A13693U ACA >  
UCA

T85S

15157 NSP12 C15157A CAA >  
AAA

Q573K

15168 NSP12 G15168A UUG >  
UUA

L576L

15172 NSP12 U15172A UCA >  
ACA

S578T

15455 NSP12 C15455U UCA >  
UUA

S672L

15469 NSP12 C15469A CCA >  
ACA

P677T

15474 NSP12 U15474G GGU >  
GGG

G678G

15479 NSP12 C15479A ACC >  
AAC

T680N
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the energy of interaction of this residue with the tem
plate, ΔG being −16.1 kJ.mol−1 for the wild-type resi
due versus −14.1 kJ.mol−1 for the S578T mutant 
(hence, a 12.5% decrease). Overall, the energy of inter
action decreased by 13.4% for the S578T mutant, ΔG 
being −233.7 kJ.mol−1, versus −269.5 kJ.mol−1 for 
the wild-type residue.

Other analysed mutations lie in the 572–573 region 
of RdRp. The amide group of the Q573 side chain is at 
3.8 Å of the phosphate group linking template residues 
A11 and U12 (Figure 4(a)). This could, at best, allow 
the formation of a low energy hydrogen bond between 
the template and the enzyme (this possibility is not 
observed in the structure shown in Figure 4(a)). 
Mutation Q573K is expected to attract the template 
more strongly on the enzyme by replacing a loose 
hydrogen bond with strong electrostatic interactions. 
Such changes in the mode of enzyme–substrate inter
action could functionally affect RdRp. Congruently, 
MDS suggested that Q573K considerably increased 

the energy of interaction between RdRp and the tem
plate. Starting from initial conditions (Figure 4(a)) 
with no interaction between the Q573 amide group 
and the template (a suspected weak hydrogen bond 
was not observed), Q573K resulted in a strong electro
static interaction, with a ΔG of −26.5 kJ.mol−1 (Figure 
4(b)). There is no other amino acid at such level of 
energy of interaction between wild-type enzyme and 
its substrates. Altogether these in silico data suggested 
that the complex between the Q573K mutant and the 
template might be too sticky to be fully functional.

Discussion

In this work, we were able to implement a way of 
detecting unexpressed, also called “blacklist” 
mutations [2] or “outlaw” mutations, which are 
observed as minority mutations in the quasispecies 
and not in the consensus, “democratic” genomes. 
Interestingly, these “outlaw” mutations are found in 

Figure 3. Localization of “outlaw” mutations in the structure of the SARS-CoV-2 RNA-dependent RNA polymerase (NSP12 gene 
product) in complex with a Template-Primer RNA. (a) Global view of RNA-dependent RNA polymerase (grey ribbons) with RNA 
template (green) and RNA primer (yellow). The positions of amino acid residues T85 (cyan), L576 (orange), K577 (blue) and 
S578 (red) are indicated. (b–c) Focus on the 576–578 triad near the template and D484. The arrows in panel c indicate a favourable 
interaction between the cationic group of K577 and the template. This interaction is optimized by a hydrogen bond between D484 
and S578. (d) The S578T mutation breaks the hydrogen bond between amino acids 578 and 484, due to the methyl group of 
S578T. The energy of interaction of K577 with the template has been calculated for the wild-type (c) and the S578T mutant 
(d) after 100 ns of molecular dynamics simulation.
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the same genes as “hyperfertile” mutations [1], but at 
different nucleotide sites. In the case of the RdRp, 
where mutations are understandably not necessarily 
welcome, non-synonymous and synonymous 
mutations have been identified as “outlaw” mutations. 
In some cases that involved non-synonymous 
mutations, structural changes easily explain the loss 
of RdRp activity, which is not compatible with virus 
multiplication. Regarding synonymous mutations, 
structural explanation must be cautious. Nonetheless, 
these mutations may be associated with codons 
changes that modulate translation kinetics, which 
may alter protein folding in case it requires transitory 
stops of the ribosome induced by codons in the mes
senger RNA (mRNA) that match tRNA isoacceptors 
of low-abundance. For instance, it was thus reported 
in Escherichia coli that “silent” mutations inducing 
change to codons with highly abundant corresponding 
tRNA may affect the translational pausing, hence 
altering the co-translational folding of a bacterial 
protein (SufI) [24]. Another study conducted on 
Escherichia coli genes over 40,000 generations in a 
long-term evolution experiment indicated that purify
ing selection had a tendency to get rid of synonymous 
mutations that alter the secondary structures of 
mRNA, which implies these mutations might decrease 
bacterial fitness [25]. It was also reported that a synon
ymous mutation in the Multidrug Resistance 1 gene 
that encodes the P-glycoprotein corrupted the confor
mation of this protein in HeLa cells, and suggested 
that this mutation might alter the timing of co-trans
lational folding and insertion of P-gp into the mem
brane, and consequently the protein function [26]. 

Besides, in hepatitis A virus, changes in optimization 
of codon usage in the capsid encoding region were 
found to tune translation kinetics for a proper folding 
of this protein [27], and in influenza A virus it was 
reported that synonymous mutations altering the 
structure of the nucleoprotein-encoding RNA could 
impact genome packaging and cause viral attenuation 
[28]. Altogether, these data indicate that synonymous 
mutations in genomes of RNA viruses may not be 
strictly neutral.

Overall, these observations are critical for the 
understanding of SARS-CoV-2 evolution. Some 
mutations have enabled spectacular and unprece
dented development, while others were abortive. The 
frequency of “outlaw” mutations in quasispecies is 
surprising, suggesting a form of adaptive immunity 
with particular targeting of abortifacient viral genomic 
areas. We speculate that these areas could be the sub
ject of hybridization with microRNA or other coding 
or non-coding elements of the human genome in 
response to viral aggression, possibly with the memory 
of past infection with viruses presenting sequences 
with a relative similarity, allowing recombination, 
which is only identifiable through the presence of 
such “lethal” mutations. This could correspond to an 
as yet undescribed mechanism of adaptive immunity. 
In fact, 128 human microRNAs were identified in the 
human lung epithelium as having the capability to tar
get the SARS-CoV-2 genome [29].

Interestingly, a “outlaw” mutation may be the result 
of the action of cellular apolipoprotein B mRNA-edit
ing enzyme catalytic polypeptide-like (APOBEC) 
enzymes, a described antiviral mechanism [30]. This 

Figure 4. Effect of mutation Q573K in RNA-dependent RNA polymerase on the interaction with a Template-Primer RNA. (a) In the 
wild-type RNA-dependent RNA polymerase, Q573 is too far from the template to interact with it (ΔG = 0 kJ.mol−1). (b) In the case 
of Q573K, the cationic group of lysine interacts strongly with the template (ΔG = – 26. 5 kJ.mol−1), which may result in an inactive 
enzyme-substrate complex.
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APOBEC enzyme activity was also identified in the 
generation of “hyperfertile” mutations [1]. It is clear 
that this activity is random and not specific. Lastly, it 
is interesting to observe that ORF7 and ORF8 genes, 
which could harbour stop codons conferring no disad
vantage to or being advantageous for the virus, and 
which were the subject of the greatest proportion of 
“hyperfertile,” “fertile,” and neutral or weakly deleter
ious mutations [1], were not at all the subject of “out
law” mutations. This suggests that these genes 
probably only present disadvantages in the develop
ment of SARS-CoV-2 in humans. Thus, this seems 
in line with the general evolutionary strategy of coro
naviruses, which are probably of animal origin, and 
which lose useless genes while adapting to humans, 
including ORF8 [10] that may have already disap
peared from other human endemic coronaviruses 
[31]. In contrast, SARS-CoV and MERS coronavirus 
did not spread as prolifically as SARS-CoV-2, possibly 
because they lacked “hyperfertile” mutations in the 
RdRp and spike proteins and they kept the ORF8 
“Mistigri” gene, although SARS-CoV experienced 
major deletions in that gene [32].

The present study has several potential limitations. 
First, we cannot exclude that NGS errors could con
tribute to the prevalence of some “outlaw” mutations, 
but error rate was previously estimated to be approxi
mately 0.5% or lower with the Illumina technology on 
a MiSeq instrument [33–35]. Second, some “outlaw” 
mutations might be missed by NGS but with this Illu
mina technology, the estimated lowest detection 
threshold of minority variants was reported to be 
0.5–1% and estimated sensitivity while detecting 
minor viral variants in a mixture of standards was 
reported to be 97.5% for a minor variant with a preva
lence of 1% [36]. Beyond, other mutations than “out
law” mutations can exist that are unseen through NGS 
in viral consensus, “democratic” genomes as well as in 
viral quasispecies, as they are too rare and/or too dras
tically deleterious for the virus. Third, structural 
explanation must be cautious regarding synonymous 
mutations as MDS is not valuable to be performed 
on the whole enzyme in such cases. Fourth, another 
limitation in the present study is the lack of further 
validation of the findings through in vitro exper
iments, which could be worthy to be done in future, 
dedicated works. Finally, sequential samples from 
patients chronically infected with SARS-CoV-2 were 
not investigated here, but this would be worthy to be 
performed in future studies to try observing the disap
pearance of “outlaw” mutations.

In conclusion, we believe that the deposition of all 
the quasispecies detected by SARS-CoV-2 genome 
NGS during the epidemic phases is essential to under
stand the evolution of the virus and to identify, among 
these quasispecies, those that will never be expressed 
in the bona fide, “democratic” genomes, making it 

possible to identify the most fragile genome areas 
and possibly, in the future, to prepare therapeutic 
tools based on the identification of these regions. Con
served viral genomic sites were previously deemed or 
demonstrated to be critical for virus replication and 
expansion [2,37]. Here, by searching deep in the 
viral quasispecies, we could identify the nucleotide 
and amino acid changes in viral gene sequences that 
lead to a fatal virus phenotype, and described that 
they can consist of both non-synonymous and synon
ymous mutations. Such “outlaw” mutations can be 
searched in already available NGS data or searched, 
and surveyed in future ones. Their identification 
may be contributive in the field of replication-defec
tive live virus vaccines by conferring a fatal phenotype 
[38,39].

Beyond, the identification and characterization of 
“outlaw” mutations are worthy to help gaining a better 
insight into the structure–activity relationships in viral 
proteins and how synonymous mutations can have an 
impact on the generation and functionality of pro
teins. This might improve the targeting of particular 
sites in the viral proteins by monoclonal antibodies, 
or in the viral genes by small interfering RNA 
[40,41]. Anyway, here again, phenotypic studies 
should be performed at preliminary steps to confirm 
the detrimental effect of the mutations on the SARS- 
CoV-2 replication and propagation.

Acknowledgements

D.R. and P.C. designed the study. P.C., J.F., J.D., W.B., A.L., 
P.P., C.D., and D.R. provided materials, data or analysis 
tools. All authors analysed the data. D.R., P.C., and J.F. 
wrote the first draft of the manuscript. All authors reviewed 
and approved the final manuscript .

Disclosure statement

D.R. declares grants or contracts and royalties or licenses 
from Hitachi High-Technologies Corporation, Tokyo, 
Japan. He is a scientific board member of a company 
(Eurofins), and a founder and shareholder of a microbial 
culture company (Culture Top), two biotechnology compa
nies (Techno-Jouvence, and Gene and Green TK) and an 
infectious diseases rapid diagnosis company (Pocramé). 
C.D. declares a link of interest with the Sanofi and Merck 
pharmaceutical companies. The other authors have no 
conflicts of interest to declare relative to this study. Funding 
sources played no role in the design and performance of the 
study, the collection, management, analysis and interpret
ation of the data, or the preparation, review and approval 
of the manuscript.

Funding

This study was supported by the French Government under 
the “Investments for the Future” programme managed by 
the National Agency for Research (ANR) [Méditerranée- 
Infection 10-IAHU-03].

8 P. Colson et al.



Ethical statement

Analysis has been performed using SARS CoV-2 gen
omes available in sequence databases (see data avail
ability statement). SARS-CoV-2 genomes sequenced 
at our institute had been already described; they had 
been obtained through genomic surveillance, as rec
ommended by the French government (https://www. 
santepubliquefrance.fr/dossiers/coronavirus-covid- 
19/consortium-emergen). Genome sequencing for 
SARS-CoV-2 genomes reported here had been already 
approved by the Ethical Committee of the Méditerra
née Infection Institute under references No. 2020-016- 
3 [12] and 2022-041 [11]. The study has also been 
linked to the Health Data Access Portal of Marseille 
University and public hospitals (AP-HM) that was 
registered with No. PADS23-265 and was approved 
under session No. CSE23-39 by the Ethics and Scien
tific Committee of AP-HM .

Data availability statement

The set of SARS-CoV-2 genomes analysed in the present 
study are available from sequence databases including Gen
Bank (https://www.ncbi.nlm.nih.gov/genbank/, [13]) and 
GISAID (https://gisaid.org/) [17], from the university hospi
tal institute (IHU) Méditerranée Infection website at the fol
lowing URL: https://www.mediterranee-infection.com/ 
acces-ressources/donnees-pour-articles/60000-genomes/, 
and in Supplementary Table S1.

ORCID

Didier Raoult http://orcid.org/0000-0002-0633-5974

References

[1] Colson P, Chaudet H, Delerce J, et al. Role of SARS- 
CoV-2 mutations in the evolution of the COVID-19 
pandemic. J Infect. 2024;88:106150. doi:10.1016/j. 
jinf.2024.106150

[2] Sun Y, Wang M, Lin W, et al. “Mutation blacklist” and 
“mutation whitelist” of SARS-CoV-2. J Biosaf 
Biosecur. 2022;4:114–120. doi:10.1016/j.jobb.2022.06. 
006

[3] Paredes R, Lalama CM, Ribaudo HJ, et al. Pre-existing 
minority drug-resistant HIV-1 variants, adherence, 
and risk of antiretroviral treatment failure. J Infect 
Dis. 2010;201:662–671. doi:10.1086/650543

[4] Gaiarsa S, Giardina F, Batisti Biffignandi G, et al. 
Comparative analysis of SARS-CoV-2 quasispecies in 
the upper and lower respiratory tract shows an 
ongoing evolution in the spike cleavage site. Virus 
Res. 2022;315:198786. doi:10.1016/j.virusres.2022. 
198786

[5] Pachetti M, Marini B, Benedetti F, et al. Emerging 
SARS-CoV-2 mutation hot spots include a novel 
RNA-dependent-RNA polymerase variant. J Transl 
Med. 2020;18:179. doi:10.1186/s12967-020-02344-6

[6] Carabelli AM, Peacock TP, Thorne LG, et al. SARS- 
CoV-2 variant biology: immune escape, transmission 

and fitness. Nat Rev Microbiol. 2023;21:162–177. 
doi:10.1038/s41579-022-00841-7

[7] Korber B, Fischer WM, Gnanakaran S, et al. Tracking 
changes in SARS-CoV-2 spike: evidence that D614G 
increases infectivity of the COVID-19 virus. Cell. 
2020;182:812–827.e19. doi:10.1016/j.cell.2020.06.043

[8] Harvey WT, Carabelli AM, Jackson B, et al. SARS- 
CoV-2 variants, spike mutations and immune escape. 
Nat Rev Microbiol. 2021;19:409–424. doi:10.1038/ 
s41579-021-00573-0

[9] Pereira F. SARS-CoV-2 variants lacking ORF8 
occurred in farmed mink and pangolin. Gene. 
2021;784:145596. doi:10.1016/j.gene.2021.145596

[10] Colson P, Gautret P, Delerce J, et al. The emergence, 
spread and vanishing of a French SARS-CoV-2 variant 
exemplifies the fate of RNA virus epidemics and obeys 
the Mistigri rule. J Med Virol. 2023;95:e28102. doi:10. 
1002/jmv.28102

[11] Sayers EW, Cavanaugh M, Clark K, et al. Genbank 
2023 update. Nucleic Acids Res. 2023;51(D1):D141– 
D144. doi:10.1093/nar/gkac1012

[12] Elbe S, Buckland-Merrett G. Data, disease and diplo
macy: GISAID’s innovative contribution to global 
health. Glob Chall. 2017;1:33–46. doi:10.1002/gch2. 
1018

[13] Bader W, Delerce J, Aherfi S, et al. Quasispecies analy
sis of SARS-CoV-2 of 15 different lineages during the 
first year of the pandemic prompts scratching under 
the surface of consensus genome sequences. Int J 
Mol Sci. 2022;23:15658. doi:10.3390/ijms232415658

[14] Colson P, Fournier PE, Chaudet H, et al. Analysis of 
SARS-CoV-2 variants from 24,181 patients exem
plifies the role of globalization and zoonosis in pan
demics. Front Microbiol. 2022;12:786233. doi:10. 
3389/fmicb.2021.786233

[15] Chen C, Nadeau S, Yared M, et al. CoV-spectrum: 
analysis of globally shared SARS-CoV-2 data to ident
ify and characterize new variants. Bioinformatics. 
2022;38:1735–1737. doi:10.1093/bioinformatics/ 
btab856

[16] Rambaut A, Holmes EC, O’Toole Á, et al. A dynamic 
nomenclature proposal for SARS-CoV-2 lineages to 
assist genomic epidemiology. Nat Microbiol. 
2020;5:1403–1407. doi:10.1038/s41564-020-0770-5

[17] Aksamentov I, Roemer C, Hodcroft EB, et al. 
Nextclade: clade assignment, mutation calling and 
quality control for viral genomes. J Open Source 
Softw. 2021;6:3773. doi:10.5281/zenodo.5607694

[18] Fernandes JD, Hinrichs AS, Clawson H, et al. The 
UCSCSARS-CoV-2 genome browser. Nat Genet. 
2020;52:991–998. doi:10.1038/s41588-020-0700-8

[19] Yin W, Mao C, Luan X, et al. Structural basis for inhi
bition of the RNA-dependent RNA polymerase from 
SARS-CoV-2 by remdesivir. Science. 2020;368:1499– 
1504. doi:10.1126/science.abc1560

[20] Azzaz F, Hilaire D, Fantini J. Structural basis of botu
linum neurotoxin serotype A1 binding to human 
SV2A or SV2C receptors. Chem Biol Interact. 
2023;373:110384. doi:10.1016/j.cbi.2023.110384

[21] Fantini J, Carlus D, Yahi N. The fusogenic tilted pep
tide (67–78) of α-synuclein is a cholesterol binding 
domain. Biochim Biophys Acta. 2011 Oct;1808 
(10):2343–2351. doi:10.1016/j.bbamem.2011.06.017

[22] Fantini J, Devaux CA, Yahi N, et al. The novel 
hamster-adapted SARS-CoV-2 Delta variant may be 
selectively advantaged in humans. J Infect. 2022 
May;84(5):e53–e54. doi:10.1016/j.jinf.2022.03.001

Emerging Microbes & Infections 9

https://www.santepubliquefrance.fr/dossiers/coronavirus-covid-19/consortium-emergen
https://www.santepubliquefrance.fr/dossiers/coronavirus-covid-19/consortium-emergen
https://www.santepubliquefrance.fr/dossiers/coronavirus-covid-19/consortium-emergen
https://www.ncbi.nlm.nih.gov/genbank/
https://gisaid.org/
https://www.mediterranee-infection.com/acces-ressources/donnees-pour-articles/60000-genomes/
https://www.mediterranee-infection.com/acces-ressources/donnees-pour-articles/60000-genomes/
http://orcid.org/0000-0002-0633-5974
https://doi.org/10.1016/j.jinf.2024.106150
https://doi.org/10.1016/j.jinf.2024.106150
https://doi.org/10.1016/j.jobb.2022.06.006
https://doi.org/10.1016/j.jobb.2022.06.006
https://doi.org/10.1086/650543
https://doi.org/10.1016/j.virusres.2022.198786
https://doi.org/10.1016/j.virusres.2022.198786
https://doi.org/10.1186/s12967-020-02344-6
https://doi.org/10.1038/s41579-022-00841-7
https://doi.org/10.1016/j.cell.2020.06.043
https://doi.org/10.1038/s41579-021-00573-0
https://doi.org/10.1038/s41579-021-00573-0
https://doi.org/10.1016/j.gene.2021.145596
https://doi.org/10.1002/jmv.28102
https://doi.org/10.1002/jmv.28102
https://doi.org/10.1093/nar/gkac1012
https://doi.org/10.1002/gch2.1018
https://doi.org/10.1002/gch2.1018
https://doi.org/10.3390/ijms232415658
https://doi.org/10.3389/fmicb.2021.786233
https://doi.org/10.3389/fmicb.2021.786233
https://doi.org/10.1093/bioinformatics/btab856
https://doi.org/10.1093/bioinformatics/btab856
https://doi.org/10.1038/s41564-020-0770-5
https://doi.org/10.5281/zenodo.5607694
https://doi.org/10.1038/s41588-020-0700-8
https://doi.org/10.1126/science.abc1560
https://doi.org/10.1016/j.cbi.2023.110384
https://doi.org/10.1016/j.bbamem.2011.06.017
https://doi.org/10.1016/j.jinf.2022.03.001


[23] Prates ET, Garvin MR, Pavicic M, et al. Potential 
pathogenicity determinants identified from structural 
proteomics of SARS-CoV and SARS-CoV-2. Mol 
Biol Evol. 2021;38:702–715. doi:10.1093/molbev/ 
msaa231

[24] Zhang G, Hubalewska M, Ignatova Z. Transient ribo
somal attenuation coordinates protein synthesis and 
co-translational folding. Nat Struct Mol Biol. 2009 
Mar;16(3):274–280. doi:10.1038/nsmb.1554

[25] Chursov A, Frishman D, Shneider A. Conservation of 
mRNA secondary structures may filter out mutations 
in Escherichia coli evolution. Nucleic Acids Res. 2013 
Sep;41(16):7854–7860. doi:10.1093/nar/gkt507

[26] Kimchi-Sarfaty C, Oh JM, Kim IW, et al. A “silent” 
polymorphism in the MDR1 gene changes substrate 
specificity. Science. 2007 Jan;315(5811):525–528. 
doi:10.1126/science.1135308

[27] Aragonès L, Guix S, Ribes E, et al. Fine-tuning trans
lation kinetics selection as the driving force of codon 
usage bias in the hepatitis A virus capsid. PLoS 
Pathog. 2010 Mar 5;6(3):e1000797. doi:10.1371/ 
journal.ppat.1000797

[28] Williams GD, Townsend D, Wylie KM, et al. 
Nucleotide resolution mapping of influenza A virus 
nucleoprotein-RNA interactions reveals RNA features 
required for replication. Nat Commun. 2018 Jan 31;9 
(1):465. doi:10.1038/s41467-018-02886-w

[29] Chow JT, Salmena L. Prediction and analysis of SARS- 
CoV-2-targeting MicroRNA in human lung epithelium. 
Genes. 2020;11:1002. doi:10.3390/genes11091002

[30] Pecori R, Di Giorgio S, Paulo Lorenzo J, et al. 
Functions and consequences of AID/APOBEC- 
mediated DNA and RNA deamination. Nat Rev 
Genet. 2022;23:505–518. doi:10.1038/s41576-022- 
00459-8

[31] Corman VM, Baldwin HJ, Tateno AF, et al. Evidence 
for an ancestral association of human coronavirus 
229E with bats. J Virol. 2015;89:11858–11870. doi:10. 
1128/JVI.01755-15

[32] Chinese SARS Molecular Epidemiology Consortium. 
Molecular evolution of the SARS coronavirus during 
the course of the SARS epidemic in China. Science. 
2004;303:1666–1669. doi:10.1126/science.1092002

[33] Stoler N, Nekrutenko A. Sequencing error profiles of 
Illumina sequencing instruments. NAR Genom 
Bioinform. 2021;3(1):lqab019. doi:10.1093/nargab/ 
lqab019

[34] Fox EJ, Reid-Bayliss KS, Emond MJ, et al. Accuracy of 
next generation sequencing platforms. Next Gener Seq 
Appl. 2014;1:1000106. doi:10.4172/jngsa.1000106

[35] Lu IN, Muller CP, He FQ. Applying next-generation 
sequencing to unravel the mutational landscape in 
viral quasispecies. Virus Res. 2020;283:197963. 
doi:10.1016/j.virusres.2020.197963

[36] Kireev DE, Lopatukhin AE, Murzakova AV, et al. 
Evaluating the accuracy and sensitivity of detecting 
minority HIV-1 populations by Illumina next-gener
ation sequencing. J Virol Methods. 2018 
Nov;261:40–45. doi:10.1016/j.jviromet.2018.08.001

[37] Sankhala RS, Dussupt V, Chen WH, et al. Antibody 
targeting of conserved sites of vulnerability on the 
SARS-CoV-2 spike receptor-binding domain. 
Structure. 2024 Feb 1;32(2):131–147.e7. doi:10.1016/ 
j.str.2023.11.015

[38] Dudek T, Knipe DM. Replication-defective viruses as 
vaccines and vaccine vectors. Virology. 2006 Jan 
5;344(1):230–239. doi:10.1016/j.virol.2005.09.020

[39] Larkin HD. Progress on replication-defective live virus 
vaccines. JAMA. 2022 Oct 11;328(14):1387. doi:10. 
1001/jama.2022.15450

[40] Bowden-Reid E, Ledger S, Zhang Y, et al. Novel siRNA 
therapeutics demonstrate multi-variant efficacy against 
SARS-CoV-2. Antiviral Res. 2023 Sep;217:105677. 
doi:10.1016/j.antiviral.2023.105677

[41] Shawan MMAK, Sharma AR, Bhattacharya M, et al. 
Designing an effective therapeutic siRNA to silence 
RdRp gene of SARS-CoV-2. Infect Genet Evol. 2021 
Sep;93:104951. doi:10.1016/j.meegid.2021.104951

10 P. Colson et al.

https://doi.org/10.1093/molbev/msaa231
https://doi.org/10.1093/molbev/msaa231
https://doi.org/10.1038/nsmb.1554
https://doi.org/10.1093/nar/gkt507
https://doi.org/10.1126/science.1135308
https://doi.org/10.1371/journal.ppat.1000797
https://doi.org/10.1371/journal.ppat.1000797
https://doi.org/10.1038/s41467-018-02886-w
https://doi.org/10.3390/genes11091002
https://doi.org/10.1038/s41576-022-00459-8
https://doi.org/10.1038/s41576-022-00459-8
https://doi.org/10.1128/JVI.01755-15
https://doi.org/10.1128/JVI.01755-15
https://doi.org/10.1126/science.1092002
https://doi.org/10.1093/nargab/lqab019
https://doi.org/10.1093/nargab/lqab019
https://doi.org/10.4172/jngsa.1000106
https://doi.org/10.1016/j.virusres.2020.197963
https://doi.org/10.1016/j.jviromet.2018.08.001
https://doi.org/10.1016/j.str.2023.11.015
https://doi.org/10.1016/j.str.2023.11.015
https://doi.org/10.1016/j.virol.2005.09.020
https://doi.org/10.1001/jama.2022.15450
https://doi.org/10.1001/jama.2022.15450
https://doi.org/10.1016/j.antiviral.2023.105677
https://doi.org/10.1016/j.meegid.2021.104951

	Abstract
	Introduction
	Materials and methods
	SARS-CoV-2 genomes
	SARS-CoV-2 quasispecies analysis
	“Outlaw” mutations
	Protein structural analyses

	Results
	Presence, prevalence and location of the “outlaw” mutations in the SARS-CoV-2 quasispecies
	Structural analyses of “outlaw” mutations
	Structural analysis of RdRp in complex with a template-primer RNA: effect of mutations generating an amino acid substitution


	Discussion
	Acknowledgements
	Disclosure statement
	Ethical statement
	Data availability statement
	ORCID
	References

