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Introduction

The development of safe and effective antiviral drugs was a crucial topic since the outbreak of Se-
vere Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) global pandemic and — despite the
extensive vaccination campaign — it is still critical for people who do not respond robustly to vac-
cination, can’t be vaccinated or have not been vaccinated for non-clinical reasons [1, 2]. Among the
drugs tested for treatment of SARS-CoV-2 infected patients, the nucleoside analog Remdesivir
(brand name Veklury) was the first to be approved for the treatment of Coronavirus virus disease
2019 (COVID-19) by the Food and Drug Administration (FDA) [3] and the European Medicines
Agency (EMA) [4]. The target of Remdesivir is the non-structural protein 12 (Nsp12), which is the
catalytic subunit of the RNA-dependent RNA polymerase (RdRp) complex [1,5]. SARS -CoV-2
genome replication and transcription are based on the function of the RdRp complex, which is com-
posed by the catalytic subunit nsp12, and the two accessory subunits nsp7 and nsp8 [6]. The nsp12
[amino acid (aa) S367 - F920] subunit includes an N-terminal nidovirus RdRp-associated nucleo-
tidyl-transferase (NiRAN) domain, an interface domain, and a C-terminal RdRp domain [7]. The
RdRp looks like a right hand, comprises the fingers (residues L366 - A581 and K621 -G679), palm
(from residues T582 to P620 and T680 to Q815), and thumb (residue H816 to F920) subdomains.
Subunits nsp7 and nsp8 bind to the thumb, and an additional copy of nsp8 binds to the finger do-
main [7]. Remdesivir can bypass the proofreading activity of SARS-CoV-2, since its incorporation
does not stop elongation but only blocks RdRp after the extension with three additional nucleotides
[5, 8, 9]. Another drug recently approved by the United Kingdom’s Medicines Regulator [10] and
FDA [11] for the treatment of patients with COVID-19 is Molnupiravir (also known as MK 4482 or
Lagrevio), which also targets the RdRp of SARS-CoV-2. In comparison to Remdesivir that is ad-
ministered by infusion, Molnupiravir is orally bioavailable. This compound acts as a mutagenizing
agent that lead to an ‘error catastrophe’ during viral replication [12, 13]. A third arrow in the quiver
of antiviral drugs was recently added with the approval of Nirmatrelvir and ritonavir combination
(Paxlovid) [14, 15]. Paxlovid is an orally bioavailable drug like Molnupiravir, which can be admin-
istered at the first sign of SARS-CoV-2 infection and can potentially help patients to avoid severe
illness, hospitalization and death. Unlike Remdesivir and Molnupiravir, Paxlovid is designed to
block the activity of SARS-CoV-2 Nsp5/Main Protease (Mpro)/3C-like protease (3CLpro). Nsp5
structure includes a chymotrypsin-like domain (domain I, residues 8-101), a 3C protease-like (do-
main 11, residues 102-184) and globular domain (domain I1l, residues 201-303), responsible of the
dimerization of two distinct protomers of nsp5 [16, 17]. The dimerization of two protomers results

in the formation of a catalytic site for each protomer, where C145 and H41 represent the catalytic



residues [16, 17]. Nsp5 is responsible of the maturation of non-structural proteins including those of
the RdRp complex [18]. Therefore, Paxlovid inhibits viral replication acting upstream the replica-
tion complex itself [19].

Given the adaptive potential of SARS-Cov-2 and the ongoing selection of viral variants that display
some degree of resistance to vaccines, it is conceivable that natural selection of mutant viruses
might also jeopardize the efficacy of new developed antiviral agents.

Identification and transmission prevention of potential antiviral resistant SARS-CoV-2 variants is
essential for infection surveillance. Non-synonymous variants in nsp12 have been reported in two
studies from different countries (P323L nsp12 substitution) [20, 21] and in a single case associated
with clinical failure of Remdesivir treatment (D484Y nspl2 substitution) [22]. Furthermore, recent
in vitro studies have shown that the amino acid substitutions F480L, V557L and E802D in nsp12
may reduce the sensitivity of SARS-CoV-2 to Remdesivir [23]. At the moment no Molnupiravir nor
Paxlovid resistance-associated amino acid substitutions were identified, although clinical and cell
culture studies have not been completed. Therefore, aim of this study was to analyze the prevalence
of SARS-CoV-2 variants and the genetic variability of the RdRp complex subunits and Nsp5 in

SARS-Cov-2 populations isolated from a large series of subjects naive to antiviral therapy.



Materials and methods

Samples

A total of 4155 nasopharyngeal swabs from subjects with a first-time positive SARS-CoV-2 PCR
test were analyzed at the Molecular Diagnostic Laboratory of the Division of Advanced Diagnostic
Laboratories — University Hospital “G. Martino” of Messina, Italy — from April 2021 to October
2022. The Molecular Diagnostic Laboratory is one of the regional reference laboratories across Italy
for the identification of the SARS-CoV-2 emerging variants in Italy. Data collected in this study
had the primary purpose of providing a health service, therefore ethical approval was not required
for this study.

Viral nucleic acid extraction

The viral RNA extraction was performed using the automated nucleic acid purification platform
Maxwell RSC 48 (Promega Corporation, Madison, Wisconsin, USA) and the Maxwell RSC Viral
TNA kit (Promega Corporation, Madison, Wisconsin, USA) following the manufacturer’s

instruction.
Next-Generation-Sequencing (NGS) analysis of SARS-CoV-2 isolates

Viral RNA reverse transcription, cDNA amplification and construction of libraries were performed
using the QIlAseq DIRECT SARS CoV-2 kit (Qiagen, Hilden, Germany) following the
manufacturer’s instruction. The prepared libraries were then sequenced using MiSeq platform

producing 151bp paired-end reads (Illumina, San Diego, California, USA).

Bioinformatic analysis
The SARS-CoV-2 complete genomes were reconstructed using the pipeline SARS-CoV-2
RECoVERY (REconstruction of COronaVirus gEnomes & Rapid analYsis) [24]. Finally, the
consensus sequences were analyzed using Aliview program (v1.27), to identify the mutations in the
nsp5, 7, 8 and 12 genes.

Phylogenetic analysis

To obtain information on phylogenetic relationship among viral isolates, Molecular Evolutionary
Genetics Analysis X (MEGAX) [25] with the Muscle algorithm was applied to re-align consensus
sequences of nsp5, nsp7, nsp8 and nspl2 genes and to construct the phylogenetic tree. The
evolutionary history was inferred by using the Maximum Likelihood method and Tamura-Nei [26],
with default parameters. The bootstrap consensus tree was inferred from 500 replicates and was
used to represent the evolutionary history of the virus analyzed [27]. The output tree was visualized

using the online tool, Interactive Tree of Life (iTOL) [28].



Results

SARS-CoV-2 Lineage Analysis

NGS analysis of the 4155 nasopharyngeal swabs showed that 2957 (71.2%) viral genomes belonged
to B.1.617.2 (Delta) variant, 924 (22.2%) to B.1.1.529 (Omicron) variant, 250 (6%) to B.1.1.7
(Alpha) variant, while the remaining 24 (0.6%) belonged to SARS-CoV-2 variants that were less
common in our geographic area (Figure 1). The obtained results are essentially due to the fact that
NGS analysis of SARS-CoV-2 variants was started at the Molecular Diagnostic Laboratory of the
University Hospital of Messina, Italy, at the beginning of April 2021. At that time, the prevalence of
the Alpha variant reached 88.8% of the cases. In eastern Sicily, the Delta variant was detected in
SARS-Cov-2 infected cases from June 2021onwards making up almost 100% of sequenced Covid-
19 cases in October 2021. Two months later the Omicron variant accounted for 17% of total
COVID-19 cases. Soon after, Omicron overcame the Delta variant accounting for 77 % of the cases
in January 2022 and for 93.5% of the cases one month later. From March 2022 until today, the

Omicron variant and parent lineages have represented 100% of the cases (Table 1, Figure 2).

NGS and bioinformatic analysis

SARS-CoV-2 RdRp complex

Catalytic subunit

Analysis of the nsp12 genomic sequence led to identify several aa substitutions located into the five
domains of the nspl12 protein (Figure 3). The aa substitutions with the most elevated prevalence
into the NiRAN domain where A46S and R197Q), detected in 17/4155 (0.4%) and 104/ 4155 (2.5%)
of the samples, respectively. All the viral genomes harboring these substitutions belonged to the
Delta variant and parent lineages, while 2/924 (0.2%) of the viral genomes belonging to Omicron
variant showed the N215D substitution.

The interface domain, which connects the NiRAN domain to the polymerase domain [7], harbored
the P323L substitution that was detected in 3777/4155 (91%) of the samples. A total of 219/3777
(5.8%) of the isolates harbor ring the P323L belongs to Alpha variant, 2615/3777 (69.2%) to Delta
variant and parent lineages, while 921/3777 (24.4%) to Omicron variant and parent lineages. The
remaining 22/3777 (0.6%) the samples belong to other variants [1 to B.1.351 (Beta), 11 to the P.1
(Gamma), 2 to B.1.525 (Eta), 1 to P.3 (Theta), 5 to C.37 (Lambda) variant, respectively). The
polymerase domain is composed by three subdomains: fingers subdomain, palm subdomain and

thumb subdomain [7]. Concerning the fingers subdomains, sequencing analysis identified the



M4631, V472L and A656V substitutions respectively in 25/4155 (0.6%), 34/4155 (0.8%) and
20/4155 (0.5%) all belonging to Delta variant and parent lineages. The G671S substitution was
detected in 2906/4155 (69.9%) of the isolated SARS-CoV-2 genomes, 2904/4155 (99.05%) belong
to Delta variant, while 2/4155 (0.05%) belong to Omicron BA.5, a sub-variant. The palm
subdomain harbored the A716V and the D804N substitutions. The A716V substitution was
detected in 16/4155 (0.4%) of the isolates (all belonging to the Alpha variant), whereas the D804N
substitution was detected in 26/4155 (0.6%) of cases (all belonging to Delta and parent lineages).
Concerning the thumb subdomain, 457/4155 (11%) of the samples showed the L838I substitution.
Other mutations detected into the thumb subdomain were the Q822H and the D824Y substitutions
[6, 29, 307 and deletion of aa 908 (T908del), detected in 140/4155(3.4%), 21/4155 (0.5%) and
26/4155 (0.6%) of the samples, respectively. These four mutations in the thumb subdomain were
only detected in Delta variant and parent lineages. Notably, the D484Y substitution that has been
detected in patients who failed Remdesivir treatment [22] and the E802D substitution that may
reduce the sensitivity to remdesivir in vitro [23], were not detected in any of the isolated SARS-
CoV-2 genomes. All the aa substitutions identified in Nsp12 subunit are reported in Table 2a and
2b.

Accessory subunits

Sequencing analysis of the nsp7 and nsp8 genomic regions identified respectively 14 and 24 aa
substitutions at very low frequency (Figure 3). In particular, among the 14 aa substitutions
identified in the nsp7 subunit, the L56F substitution was the one detected at higher frequency
[16/4155 (0.4%) of the isolated genomes] (Table 3a and 3b). Furthermore, among the 24 aa
substitution identified in the nsp8 subunit, the M55I and the T148I substitutions were the ones that
showed higher frequency [34/4155 (0.82%) and 33/4155 (0.79%), respectively]. (Table 4a and 4b)

Nsp5S

Sequencing analysis of nsp5 led to identify 28 aa substitutions located into the three domains of the
protein (Figure 3, Table 5a and 5b). K90OR, P132H and VV186F are the aa substitutions that showed
higher frequency (118/4155 (2.8%), 648/4155 (15.6%) and 157/4155 (3.8%) of the cases,
respectively). All the samples harboring the P132H substitution belonged to the Omicron variant
and parent lineages, while those with the V186F belonged to the Delta variant and parent lineages.
The K90R substitution was common to both Omicron and Delta variant as well as to other lineages
(Table 5a and 5b). Furthermore, though at very low prevalence [3/4155 (0.07%) of the cases], the
A191V substitution was also detected. This mutation is of potential interest since it affects one of
the amino acids flanking the catalytic site of nsp5 [16].



Phylogenetic analysis

Concerning nsp12 and nsp5, phylogenetic analysis showed that variants harboring the same pattern
of amino acid substitutions clustered into the same clade. The presence of single nucleotide
mutations caused the further subdivision of the clades in different subgroups (Figure 4, 5, 6 and 7).
Concerning nsp7 and nsp8, phylogenetic analysis evidenced the low variability of these two
regions. Indeed, sequences of Alpha, Delta, and Omicron variants (including their parent lineages)

clustered together.



Discussion

The first two antiviral drugs approved for the treatment of SARS-CoV-2 are Remdesivir [3, 4] and
Molnupiravir [10, 11]. Both the compounds target nspl2, the catalytic subunit of the RdRp
complex, inhibiting replication and transcription of SARS-CoV-2 [5, 31, 32]. The fast and global
spread of SARS-CoV-2 resulted in the rapid selection and emergence of different viral variants and
lineages that may harbor aa substitutions affecting the effectiveness of antiviral therapy [20-23].
These substitutions can be naturally selected, such as the E802D — the only spontaneous substitution
known to reduce the sensitivity to Remdesivir in vitro [23] — or emerge in response to antiviral
therapy, such as the D484Y — the only substitution detected after Remdesivir administration that has
been associated with treatment failure [22]. Molnupiravir, similarly to Remdesivir, can bypass the
proofreading exoribonuclease activity of SARS-CoV-2. However, to date no mutation inducing
viral-resistance to Molnupiravir has been described [2]. In this study, we identified several
mutations in SARS-CoV-2 genomic regions targeted by antiviral drugs. However, neither the
E802D nor the D484Y aa substitution was identified. This may likely be due to the fact that all the
studied samples were collected from subjects naive to antiviral treatment.

The aa substitution that showed the highest prevalence (91% of the samples) was P323L. This result
is consistent with prevalence data from North America, India and Europe [34, 35]. P323 is located
into the interface domain (residues A250 to R365) [6], which strictly interact with nsp8 in the
regulation of RNA synthesis [35, 36]. The substitution of a non-polar amino acid, such as proline,
with a hydrophobic residue such as leucine increases the hydrophobic interaction between nspl2
and nsp8, possibly further enhancing the processivity of the RNA synthesis by the RdRp complex.
Thus, the P323L substitution may have contributed to promote the epidemiological spread of the
Omicron variant [20, 37]. However, the large diffusion of this variant would not necessarily have a
negative impact on antiviral therapy, considering that a recent study suggested that the P323L
substitution increases the affinity of nsp12 to Remdesivir, resulting in a greater effectiveness of the
treatment [38].

The G671S substitution was detected from the first decade of July. Since then, the prevalence of
G671S reached 99.8% of the cases in November 2021 and decreased to 5.8% in February 2022,
mirroring the prevalence of Delta variant. The G671S substitution was not detected from March
onward, with the exception of 2 samples belonging to Omicron BA.5 sub-variant. (Table 2a and
2b). We also detected the M463l, V472L, and A656V substitutions, which showed a very low
prevalence (0.6%, 0.8% and 0.5% of the samples, respectively). It is currently unknown if these

substitutions may have an impact on the effectiveness of antiviral drugs. Among the detected aa



substitutions, Q822H, D824Y and L8381 were detected from the last decade of July. These
substitutions are all located into the thumb domain of nsp12 and are involved in the interaction with
nsp7-nsp8 heterodimer. Their prevalence was 3.4%, 0.5% and 11% of the samples, respectively
(Table 2a and 2b). According to biochemical studies, the Q822H and D824Y substitutions may
increase the rigidity of nspl12, thus affecting the efficiency of the whole viral replication complex
[29, 30]. Notably, the prevalence of D824Y decreased over time and completely disappeared in
October 2022, suggesting that a modification of nspl2 structure possibly is detrimental for the
virus. The Q822H substitution disappeared in January 2022 simultaneously with the increased
prevalence of Omicron variant. The effect of the L8381 substitutions on the RdRp complex and the
efficacy of antiviral drugs is still undetermined. The prevalence of L838I reached 27.4% in August
2021, decreased to 12.1% one month later and disappeared in February 2022 with the appearance of
Omicron variant (Table 2a and 2b).

In this study both nsp7 and nsp8 showed an extremely low genetic variability. The T148lI
substitution in nsp8 showed the highest prevalence (0.8% of the samples) (Table 3a, 3, 4a, and 4b).
Indeed, phylogenetic analysis demonstrated that both nsp7 and nsp8 sequences of evolutionally
distant lineages clustered together, thus emphasizing that these genes are more conserved compared
to nspl12 and nsp5 (Figures 4, 5, 6 and 7). Considering the important role of these two cofactors in
increasing the efficiency of polymerization reaction [35, 36] and that both are less prone than nsp12
to accumulate aa substitutions, it is plausible to consider nsp7 and nsp8 as possible antiviral drugs
targets.

The third antiviral drug that has been approved for the treatment of Covid-19 is Paxlovid, which
targets the SARS-CoV-2 nsp5 main protease. In the present study no aa substitution has been
identified in the active site of nsp5. The V186F substitution has been detected in 157/4155 (3.8%).
Furthermore, A191V substitution, affecting one of the residues flanking the active site cavity, has
been detected in 3/4155 (0.07%) of the samples (Table 5a and 5b). The presence of two aa
substitutions close to the active site of nsp5 suggests that mutations conferring resistance to
Paxlovid could be selected



CONCLUSIONS

On March 2020, the World Health Organization (WHO) declared COVID-19 outbreak a global
pandemic [39]. To date vaccination is the most effective strategy against SARS-CoV-2 infection.
However, it must be considered that none of the current vaccines shows 100% efficacy against
symptomatic and severe COVID-19 disease [40-42]. Results from this study suggest that nsp7 and
nsp8 might be considered as new potential target for the development of new antiviral drugs
because of their low genetic variability and essential role in SARS-CoV-2 replication [7]. To date,
only nsp12 and nsp5 has been targeted by antiviral therapies. However, both proteins may show aa
substitutions, which emerged either spontaneously or in response to therapy that can reduce the
efficacy to treatments. This study shows that both nsp12 and nsp5 may accumulate several naturally
selected aa substitutions, which may potentially affect antiviral drug efficiency. However, most of
these substitutions are still poorly characterized. Certain substitutions, such as the P323L in the
nspl2, could increase the effectiveness of antiviral treatment [38] whereas other substitutions may
overcome drug selective pressure. The natural selection of aa mutations may lead to the emergence
of resistant SARS-CoV-2 variants that could compromise the efficacy of new developed antiviral
compounds [5, 43]. In this regard, sequencing analysis will be crucial in the monitoring of RdRp
complex and nsp5 variability. Furthermore, NGS analysis should be flanked by functional analysis
studies in order to evaluate the impact of the detected mutations on antiviral treatment. This is of
particular importance if one takes into consideration that we are going towards a future where

antiviral drugs will be administrated more frequently for the treatment of Covid-19.
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Tables

Table 1. Prevalence of SARS-CoV-2 lineages from April 2021 to October 2022.

WHO label Alpha Beta Gamma Delta Lambda Eta Theta Omicron None

Pango Lineage B.1.1.7 B.1.351 P.1 B.1.617.2* C.37 B.1.525 P.3 B.1.1.529°  A27
April 88.8% - 5.6% - - 5.6% - - -

May 94.1% - - - - 4.4% - - 1.5%
June 96% = 08%  1.6% - 1.6% - - - -
July 12.2% - 2% 85.5% - - 0.3% - -
August 1,20% 0.1% 0.3% 98% 0.4% - - - -
September 0.2% - - 99.8% - - - - -
October - - - 100% - - - - -
November - - - 100% - - - - -
December - - - 83% - - - 17% -
January/22 - - - 23.1% - - - 76.9% -
February - - - 6.5% - - - 93.5% -
March - - - - - - - 100% -
April - - - - - - - 100% -
May - - - - - - - 100% -
June - - - - - - - 100% -
July - - - - - - - 100% -
August - - - - - - - 100% -
September - - - - - - - 100% -
October - - - - - - - 100% -

*B.1.617.2 and parent lineages; ° B.1.1.529 and parent lineages
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Table 2a. Mutations in nsp12 from April 2021 to December 2021.

Months (n.)
Mutations (%)

July (n.335)

August (n.698)

September (n.550)

October (n.358)

November (n.508) December (n.560)

SBL*
T261*
s271
Y32N*
Gdds®
Ad6S *
KS9Nt
K59R*
E61D*
E61Q
K91R®
P94Le
D107N*
D140Y*
L146F*
D153Y
W162C*
R197Q*
N215D°
N215Y
1223V°
T2481°
R249M*
S255A*
V257F*
K263R*
1266V
T2031%
P323L 45
53251
V330A*
Q357H*
Y346D*
M380I*
S384P*
A40BV*
P4125*
Ad23V*
P461S*
M4631*
va72L*
KAT8N*
D4B1A*
VS8TL}
VB05F*
D608G*
HB13Y*
D6151*
V6371*
T644M*
R651C*
AB5EV*
G6715*
A685S*
CB97F*
L707V*
ATI6V*
H725Y*
D738Y°
E744D*
H752D°
M7561*
ST72F*
S795F*
TBO3I*
DBO4N*
T806A°
HB10R
Q822H*
D824Y*
P830S
Y831C
$835P°
T853P°
L838I*
Q875R°
Y877C*
ABTBV*
HB92N*
MB99I*
L900F*
V905A*
del T908*
E922R

5 (1.5%)
1(0.3%)
1(0.3%)

13 (3.9%)

1(0.3%)

317 (94.6%)

7 (2.1%)

2(0.6%)

1(0.3%)

5 (1.5%)
284 (84.8%)

4(1.2%)
3(0.9%)
51 (15.2%)
1(0.3%)
1(0.3%)

2(0.3%)

1(0.1%)

6 (0.9%)

20 (2.9%)

2 (0.3%)

647 (92.6%)

2(0.3%)

1(0.1%)

2(0.3%)

1(0.1%)
9 (1.3%)
666 (95.4%)
2 (0.3%)

28 (4%)
13 (1.9%)
190 (27.2%)
1(0.1%)
2(0.3%)

1(0.2%)

1(0.2%)

2 (0.4%)

458 (83.3%)

1(0.2%)

7 (1.3%)
1(0.2%)

1(0.2%)

1(0.2%)
1(0.2%)

5 (0.9%)

535 (97.3%)

4(0.7%)

1(0.2%)
6 (1.1%)
1(0.2%)

33 (6%)
5 (0.9%)

66 (12%)

3(0.5%)

5 (1.4%)

1(0.3%)

2 (0.6%)

314 (87.7%)

1(0.3%)

20 (5.6%)

1(0.3%)

1(0.3%)

352 (98.3%)

2(0.6%)

24 (6.7%)

63 (17.6%)
6 (1.7%)
1(0.3%)

2 (0.4%)
1(0,2%)
1(0,2%)

24 (4,7%)

1(0,2%)
2 (0.4%)

1(0,2%)
442 (87%)

8 (1.6%)
1(0,2%)
2 (0.4%)
3 (0.6%)
17 (3,3%)
7 (1,4%)

1(0,2%)

507 (99,8%)

1(0,2%)

1(0,2%)

3 (0,6%)

1(0,2%)
1(0,2%)

16 (3,1%)

25 (4,9%)

26 (5,1%)

20 (3,9%)

2(0,35%)

3(0,53%)

2(0,35%)
39 (7.6%)
2 (0,35%)

485 (86,4%)

1(0,2%)
4(0.7%)
8 (1,4%)
2 (0,4%)
3(0,5%)
15 (2,7%)
6 (1%)
3(0,5%)

462 (82,5%)

5 (0,9%)

10 (1,8%)
1(0,2%)

26 (4,6%)

37 (6.6%)
1(0,2%)
6 (1%)
1(0,2%)

6 (1%)

#B.1.1.7; *B.1.617.2 and parent lineages; {P.3; §P.1; ¢B.1.525; {B.1.351;
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Table 2b. Mutations in nsp12 from January 2022 to October 2022.

Months (n.) .
Mutations (%) January (n.363) February (n.292) March (n.52) April (n.34) May (n.8) June (n.24) July (n.39) August (n.96) October (n.23)

S6L* - - - - - - R R N
T261* - - - - - - - - -
S271 1(0.3%) - - - - - - - -
Y32N* - -
G448° 8(2.2%) 1(0.3%) - - - - - - -
A46S * - - - - - - - - -
K59Nt - - - - - - - - -
K59R* - - - - - - - - -
E61D* - - - -
E61Q - - - 1(2.9%) - - - - -
K91R® - - 1(1.9%) - - - - . -
P94L° - - - - - N - - -
D107N* - 1(0.3%) - - - - - - -
D140Y* - -

L146F* - - - - - - - - -
D153Y - - - - - R 3(13%)
W162C* - - - - - - - - -
R197Q* 4(1.1%) 1(0.3%) - - - - - - -
N215D° - - - - - - - - -
N215Y - - - - - - - - -
1223v° - 4(1.4%) - - - - - - -
T2481° - - 1(1.9%) - - - - - -
R249M* - - - - - - - - -
S255A* - - - - - - - - -
V257F* - - - - - - - - -
K263R* - - - - - - - - -
1266V 1(0.3%) - - - - - - - -
T2931* - - - - - - -
P323L 48 363 (100%) 282 (96.6%) 52 (100%) 34 (100%) 8(100%) 24(100%) 39(100%) 96 (100%) 23 (100%)
$3251 - - - - - - - 1(1%) -
V330A* - - - - - - - - -
Q357H* - - - - - N - - -
Y346D* - - - - - - - - -
M3801* 3(0.8%) - - - - - - - -
S384pP* - - - - - - - - -
A406V* - - - - - - - - -
P4125* - - - - - - - - -
A423v* 3(0.8%) - - - - - - - -
P461S* 1(0.3%) - - - - N - - -
M4631* 2(0.6%) - - - - - - - -
\Zyping -

KA478N* - - - - - - - - -
D481A* - - - - - - - - -
V587L+ - - - - - - - - -
V605F* - - - - - - - - -
D608G* 1(0.3%) - - - - N - - -
H613Y* -
D6151* 1(0.3%) - - - - - - - -
V6371* - - - - - - - - -
T644M* - - - - - - - - -
R651C* - - - - - - - - -
AB56V* - - - - - - - - -
G671S*° 80 (22%) 17 (5.8%) - - - - 2(3.2%) 1(1%) -
ABB5S* - - )

C697F* - - - - - - - - -
L707Vv* - - - - - - - - -
AT16V" - - - - - - - . .
H725Y* - - - - - - - - -
D738Y° - - 1(1.9%) - - - - - -
E744D* - 2(0.7%) - - - - - - -
H752D° 1(0.3%) - - - - . . .
M7561* - - - - - - - - -
ST72F* - - - - - - - - -
S795F* - - - - - N - - -
T8031* - - - - - - - - -
D804N* - - - - - - - - -
T806A° - - - - - - - - -
H810R - - - - 1(1.6%) - -
Q822H* - - - - - - -

D824Y* - - - - - - - - -
P830S - - - - - - - - 1(4.3%)
Y831C - - 1(1.9%) - - - - - -
S835P° 1(0.3%) - - - - - - - -
T853P° - 1(0.3%) - - - - - - -
L838I* 23 (6.3%) 1(0.3%) - -
Q875R° 2(0.6%) 9(3.1%) 8(15.4%) 1(2.9%) - - - - -
Y877C* - - - - - - - - -
ABT8V* - - - - - N - - -
H892N* - - - - - - - - -
M899I* - - - - - - - - -
L900F* - - - - - - - - -
V905A* - - - - - - - - -
del T908* - - - - - - R R _
E922R - - - - - - - 1(1%) -

#B.1.1.7; *B.1.617.2 and parent lineages; TP.3; §P.1; ¢B.1.525; £B.1.351; °B.1.1.529
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Table 3a. Mutations in nsp7 from April 2021 to December 2021.

Months (n.)

) April (n.18) May (n.70) June (n.127) July (n.335) August (n.698)  September (n.550) October (n.358) November (n.508)
Mutations (%)

December (n.560)

SIF~ B - B B B B 1(0.3%)
S1Y* - - - - - 1(0.3%)
M3I* - - - - 1(0.1%) -
K7R°® - - - - - -
A30V* - - - - - - 1(0.3%)
V33G° - - - -
V33A°

E47D# - - - -
L56F* - - - 1(0.3%)
L60F* - - - 1(0.3%)
M621* - -
Q63H* - - - - - 2 (0.4%)
L71F*+ - - - 1(0.3%) - 1(0.2%)
Cr28* - - - 1(0.3%) -

1(0.1%) -
- 11 (2.2%)

1(0.3%)

5 (0.9%)

1(0.2%)

#B.1.1.7; *B.1.617.2 and parent lineages; 1P.3; §P.1; ¢B.1.525; £B.1.351; °B.1.1.529

Table 3b. Mutations in nsp7 from January 2022 to October 2022.

Months (n.)

Mutations (%) January (n.363) February (n.292) March (n.52) April (n.34) May (n.8) June (n.24) July (n.39) August (n.96)

October (n.23)

S1F*

S1y*

M3I* - - - - - - -
K7R® - - - 1(2.9%) - - 1(2.6%)
A30V* - - - -
V33G° - - - - - - 1(2.6%)
V33A° -
E47D#

L56F*

L60F*

Mmé21*

QB3H*

L71F*f

C725*

2(2.1%)

#B.1.1.7; *B.1.617.2 and parent lineages; 1P.3; §P.1; ¢B.1.525; $B.1.351; °B.1.1.529
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Table 4a. Mutations in nsp8 from April 2021 to December 2021.

Mutations (%) Months (n.) April (n.18) May (n.70) June (n.127) July (n.335) August (n.698)  September (n.550) October (n.358) November (n.508) December (n.560)
o)

N28S* - - - - - - - 7 HVALORE! 1(0.2%)
D30G* - - - . 1(0.1%) - - - -
E30D° - - - -

V34FH - - 2(1.6%) - -
A45S* - - - . 1(0.1%) - - - -
R51C* - - - - - - - - 1(0.2%)
B - - - - - - - 26 (5.1%) 8(1.4%)
Q73R* - - - . 2(0.3%) - - - -
A74V§ 1(5.6%) - - - - - - - -
T841° - - - -
To3I* - - - 1(0.3%) - - - - -
N105S# - - 1(0.8%) - - -
T1231* - - - - 1(0.1%) 6(1.1%) - - 1(0.2%)
T123A* - - - . - - 1(0.3%) - -
N140D* - - - - - - 1(0.3%) - -
T1451° - - - - - - - - 1(0.2%)
T1481% - - 2(1.6%) 4(1.2%) 8(1.1%) 1(0.2%) - 2(0.4%) 14 (2.5%)
E155A# - - - . 1(0.1%) - .

Q158H* - - - - - - 2(0.6%) - -
V159F* - - - 1(0.3%) - - -

V167A° - - - -

L169F* - - - - 3(0.4%) - - - -
S1701# - - - - 1(0.1%) - -
1185V* - - - - - 1(0.2%) - - -

#B.1.1.7; *B.1.617.2 and parent lineages; {P.3; §P.1; ¢B.1.525; £B.1.351; °B.1.1.529

Table 4b. Mutations in nsp8 from January 2022 to October 2022.

Months (n.) .
Mutations (%6) January (n.363) February (n.292) March (n.52) April (n.34) May (n.8) June (n.24) July (n.39) August (n.96) October (n.23)

N28S* 1(0.3%) - - - - R B . _
D30G* - - - . - - - . B
E30D° - - - - - 1(4.2%) - - -
V34F# - - - - - - - - -
A45S* - - - . - - - . -
R51C* - - - . - - - . .
M551* - - - - - - - - .
Q73R* - - - . - - - . .
A74V§ - - . .
T841° - 1(0.3%) - - - - . . B
T931* - - - . - - - . .
N1055# - - - - - - - - .
T1231* - - - . - - - . B
T123A* - - - . - - - . .
N140D* - - - - - - - . .
T1451° - - - . - - - . .
T1481%" 2(0.6%) - - - - - - R R
E155A# - . .

Q158H* - - - . - - - . -
V159F* - - - . - - - . .
V167A° 1(0.3%) - - - - - . . .
L169F* - - - . - - - . B
S1701# - - - - - - - . .
1185V* - - - . - - - . B

#B.1.1.7; *B.1.617.2 and parent lineages; 1P.3; §P.1; ¢B.1.525; £B.1.351; °B.1.1.529
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Table 5a. Mutations in nsp5 from April 2021 to December 2021.

Mutations (%)

Months (n.)

April (n.18) May (n.70)

June (n.127)

July (n.335)

August (n.698)

September (n.550)

October (n.358)

November (n.508)

December (n.560)

G158"
ML71%#
M17V#
N655*
K9OR*#°
T93I*
A94T*
A94Vi
P96S*
POET*
P108S°
V114L*
P132H°
V186F*
AL91V*
TI96M°
1213M*
L2321*
L232F*
A234V*
Y239C*
A260V*#
M2641*
M264V*
N274H*
T280N*
T2801*
E288D*

2(1.6%)
1(0.8%)
1(1.4%) -

1(0.8%)

1(1.4%)

5(3.9%)

2(0.6%)
6 (1.8%)

3(0.4%)
3(0.4%)

11 (1.6%)

6(0.9%)

1(0.1%)

2(0.3%)

10 (1.8%)

6(1.1%)
8
4(0.7%)

3(0.5%)

122 (22.2%)

28(7.8%)
1(0.3%)

4(1.1%)

1(0,2%)
46 (9.1%)

8(1.4%)

6(1.1%)

10 (1,8%)

64 (11.4%)

4(0.7%)
1(0,2%)

1(0,2%)
3(0,5%)

8(1.4%)
1(0,2%)

14 (2.5%)

#B.1.1.7;

*B.1.617.2 and parent lineages; P.3; §P.1; ¢B.1.525; £B.1.351; °B.1.1.529

Table 5b. Mutations in nsp5 from January 2022 to October 2022.

Mutations (%)

Months (n.)

January/22 (n.363)ebruary/22 (n.292 March/22 (n.52) April/22 (n.34)

May/22 (n.8)

June/22 (n.24)

July/22 (n.39)

August/22 (n.96)

October/22 (n.23)

G15s"
ML71%#
M17V#
N655*
K9OR*#°
T93I*
AQ4T*
A4V
P96S*
POET*
P108S°
V114L*
P132H°
V186F*
AL91V*
T196M°
1213M*
L2321*
L232F*
A234V*
Y239C*
A260V*#
M2641*
M264V*
N274H*
T280N*
T2801*
E288D*

4(1.1%)

1(0.3%)
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63 (65.6%)
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Figures
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lineages

B.1.1.7

B.1.617.2 and parent
lineages

Figure 1. Schematic representation of SARS-CoV-2 lineages prevalence in 4,155 nasopharyngeal
swabs from subjects with a first-time positive SARS-CoV-2 PCR test analyzed from April 2021 to
October 2022.
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Figure 2. Representation of prevalence of SARS-CoV-2 variants detected between April 2021 and
October 2022. This image shows the rapid evolution of SARS-CoV-2 during the year and the
emergence of new variants.
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Figure 3. Schematic representation of the most frequent amino acid substitutions identified in nsp5,
nsp7, nsp8, and nsp12.
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Figure 4. Phylogenetic tree of nspl2 showing evolutionary relationship between the samples
analyzed and the reference sequence. The evolutionary history was inferred by using the Maximum
Likelihood method and Tamura-Nei model.
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Figure 5. Phylogenetic tree of nsp7 showing evolutionary relationship between the samples
analyzed and the reference sequence. The evolutionary history was inferred by using the Maximum
Likelihood method and Tamura-Nei model.
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Figure 6. Phylogenetic tree of nsp8 showing evolutionary relationship between the samples
analyzed and the reference sequence. The evolutionary history was inferred by using the Maximum
Likelihood method and Tamura-Nei model.
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Figure 7. Phylogenetic tree of nsp5 showing evolutionary relationship between the samples
analyzed and the reference sequence. The evolutionary history was inferred by using the Maximum
Likelihood method and Tamura-Nei model.

29





