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Abstract: We investigated the evolution of SARS-CoV-2 spread in Calabria, Southern Italy, in 2022. A
total of 272 RNA isolates from nasopharyngeal swabs of individuals infected with SARS-CoV-2 were
sequenced by whole genome sequencing (N = 172) and/or Sanger sequencing (N = 100). Analysis
of diffusion of Omicron variants in Calabria revealed the prevalence of 10 different sub-lineages
(recombinant BA.1/BA.2, BA.1, BA.1.1, BA.2, BA.29, BA.2.10, BA.2.12.1, BA.4, BA5, BE.1). We
observed that Omicron spread in Calabria presented a similar trend as in Italy, with some notable
exceptions: BA.1 disappeared in April in Calabria but not in the rest of Italy; recombinant BA.1/BA.2
showed higher frequency in Calabria (13%) than in the rest of Italy (0.02%); BA.2.9, BA.4 and BA.5
emerged in Calabria later than in other Italian regions. In addition, Calabria Omicron presented
16 non-canonical mutations in the S protein and 151 non-canonical mutations in non-structural
proteins. Most non-canonical mutations in the S protein occurred mainly in BA.5 whereas non-
canonical mutations in non-structural or accessory proteins (ORFlab, ORF3a, ORF8 and N) were
identified in BA.2 and BA.5 sub-lineages. In conclusion, the data reported here underscore the
importance of monitoring the entire SARS-CoV-2 genome.

Keywords: SARS-CoV-2; variants; surveillance; NGS; viral genomics; Italy

1. Introduction

In December 2019, a novel coronavirus, severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) [1] caused an outbreak of atypical pneumonia in Wuhan, China [2], desig-
nated by the World Health Organization (WHO) as Coronavirus Disease 2019 (COVID -19).
The Wuhan strain of SARS-CoV-2 (NC_045512.2) was rapidly replaced in late January 2020
by a variant called B.1, characterized by mutation D614G in the spike protein (S protein)
gene, which increases the transmissibility of SARS-CoV-2 [3]. The B.1 lineage spread world-
wide in March 2020 [4]. The rapid spread of SARS-CoV-2 was triggered by the increase in
mutations in the S protein that enhanced binding to the ACE2 receptor [5], counteracted
the neutralizing effect of natural antibodies [6,7], and/or increase the transmissibility of the
virus to other species [8-11]. In November 2020, the variant of concern (VOC) designated
Alpha (B.1.1.7, according to Pango nomenclature [12]) emerged in the United Kingdom.
The Alpha variant had nine mutations in the S protein, including the N501Y mutation that
promotes infection and transmission of SARS-CoV-2 [13]. In late 2020, two additional VOCs
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named Beta (B.1.351, according to Pango nomenclature [12]) and Gamma (P.1, according to
Pango nomenclature [12]) emerged in South Africa and Brazil, respectively. The beta vari-
ant had nine mutations in the S protein, including mutations K417N and E484K, which play
an important role in bypassing monoclonal antibodies and increasing transmissibility [14].
The Gamma variant was also characterized by higher transmissibility and by the ability to
evade the immune system [15]. The Gamma variant presented 17 mutations of the S protein,
including H655Y, K417N, and E484K [16]. In May 2021, the Delta variant (B.1.617.2, accord-
ing to Pango nomenclature [12]) emerged in India. Compared to the previous VOCs, the
Delta variant was found to be even more transmissible [17] and infectious [18] due to muta-
tions L452R, T478K, and P681R. The Omicron variant (B.1.1.529, according to the Pango
nomenclature [12]) SARS-CoV-2 occurred in South Africa and Botswana on 24 November
2021 [19]. Despite the high immunity of the global population, the Omicron variant rapidly
spread around the world, triggering new COVID-19 outbreaks in late 2021 [20-22]. The
Weekly Epidemiological Update published by WHO (11 January 2022), showed that in
the first 7 days of 2022, the number of new cases increased by 100% worldwide. After the
discovery of the first case of an Omicron patient in Italy in early December 2021, the Italian
Integrated Surveillance System found that the Omicron variant became dominant in Italy
in less than a month [23]. In early 2022, mutations that led to the emergence of Omicron
were used to define dozens of phylogenetical sub-lineages, including BA.2, BA.3, BA 4,
BA.5[24,25], and many others that are continuously emerging worldwide. Compared to
other VOCs, Omicron sub-lineages are more easily transmissible and escape neutraliz-
ing antibodies produced by previous infections or vaccinations, resulting in an increased
number of infections and/or breakthroughs [22,26-28]. Omicron represents the variant
that has accumulated the greatest number of missense mutations along the viral genome
(range, 49-57) compared to all the previous VOCs [29,30]. Overall, the Omicron genome
was affected by mutations in a minimum of six viral genes (such as in the BA.1 sub-lineage)
to a maximum of nine viral genes (such as in the BA.4 sub-lineage). The highest number
of mutations in the Omicron genome was observed in the gene encoding the S protein
(range, 29-34). Many of the mutations observed in the gene encoding the S protein of the
Omicron variant were common to previous VOCs [31,32]. For example, del69/70 appeared
for the first time in the Alpha variant and is present in Omicron sub-lineages BA.1, BA 4,
and BA.5; N501Y is typical of Alpha, Beta, Gamma, and of all Omicron sub-lineages; L452R,
a characteristic mutation of Delta, reappeared in Omicron sub-lineages BA.4 and BA.5.
Notably, several mutations present in viral proteins different from S (ORFlab, ORF3a,
M, ORF6, ORF7a/b, N) of Omicron are conserved. For example, deletion del3675/3677
in ORFlab has evolved in Alpha, Beta, Gamma, and Omicron whereas the combination
of R203K and G204R in the N protein is typical of Alpha, Gamma, and Omicron. As a
consequence of the emergence of Omicron sub-lineages, the European Medicines Agency
(EMA) recently approved the administration of an adapted version of the mRNA vaccine
COVID-19 Comirnaty (Pfizer/BioNTech) for Omicron sub-lineages BA.4 and BA.5 [33] and
WHO updated public health surveillance guidelines for COVID-19 [19], which includes
monitoring the circulation of VOCs by genomic surveillance. In the present study, we
report on the monitoring of circulating Omicron sub-lineages during 2022 in Calabria,
Southern Italy.

2. Materials and Methods
2.1. Patients

All the data used in this study were previously anonymized as required by the Italian
Data Protection Code (Legislative Decree 196/2003) and the general authorizations issued
by the Data Protection Authority. The project was approved by the Ethical Committee
of Regione Calabria in the Meeting no. 434 held on 16 December 2021. We collected na-
sopharyngeal swab specimens from 272 SARS-CoV-2-positive patients in 4 Calabria areas:
Catanzaro, Vibo Valentia, Crotone, and Reggio Calabria. RNAs from 172 swabs were sub-
jected to whole genome sequencing (WGS), while RNAs from 100 patients were sequenced
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by the Sanger method. The complete list of patients with demographic information and
sequencing methods is reported in Table S1.

2.2. Sequencing of Viral Genome

The SARS-CoV-2 nasopharyngeal positive swabs were collected in the hospitals of
the Catanzaro area, Southern Calabria, Italy. The diagnosis was carried out by the follow-
ing assays: Allplex SARS-CoV-2 Variants (Arrow Diagnostics Srl, Genoa, Italy), Applied
Biosystems TaqPath COVID-19 high throughput combo (ThermoFisher Scientific, Waltham,
MA, USA), Xpert® Xpress SARS-CoV-2 (Cepheid, Sunnyvale, CA, USA) and/or cobas®
SARS-CoV-2 Test (Roche Diagnostics, Indianapolis, IN, USA). Viral RNA was extracted
using the NUCLISENS® easyMAG® (bioMérieux, Florence, Italy). The RNA samples were
subjected to retro-transcription through the InvitrogenTM SuperScript IV VILO Master
Mix (ThermoFisher Scientific) and then S gene regions were amplified with the primer list
reported in Table S2 and using PCR products obtained through the BigDye Direct Cycle
Sequencing Kit (Applied Biosystems, Waltham, MA, USA) were then purified according
to the instructions of the BigDye Terminator Purification Kit (Applied Biosystems) and
sequenced through the Genetic Analyzer 3500 Dx (Applied Biosystems). Electrophero-
grams were analyzed by SeqScape Software, v.4 (Applied Biosystems), and compared to the
SARS-CoV-2 reference genome (NC_045512.2). In brief, 7 uL of viral RNA were retrotran-
scribed by using InvitrogenTM SuperScriptTM VILO cDNA Synthesis Kit (ThermoFisher
Scientific). Libraries were prepared using the Ion AmpliSeq SARS-CoV-2 Research Panel
(ThermoFisher Scientific), which consists of 237 amplicons ranging from 125 to 275 bp
in length across the SARS-CoV-2 genome. Libraries preparation was performed either
manually according to the Ion AmpliSeq Library Kit Plus or on the automatic Ion ChefTM
Instrument by using the Ion AmpliSeq Kit for Chef DL8 (ThermoFisher Scientific). The final
concentration of manually prepared cDNA libraries was determined on the Agilent 2200
System by the Agilent High Sensitivity DNA Assay (Agilent Technologies, Santa Clara,
CA, USA), following manufacturer’s recommendations. The concentration of automati-
cally prepared cDNA libraries was determined by Ion Library TagMan Quantitation Kit
(ThermoFisher Scientific). Barcoded libraries were diluted to 30 pM and then loaded onto
the Ion ChefTM Instrument (ThermoFisher Scientific) for emulsion PCR, enrichment, and
loading onto the Ion S5 520 chip. Post-sequencing run analysis was performed by the Ion
Torrent Suite Software with the following plugins: The SARS-CoV- 2_coverageAnalysis,
COVID19AnnotateSnpEff for variant annotation, and generateConsesus to obtain consen-
sus sequence for each barcode. Variant classification was performed on whole-genome
sequences using the Pangolin tool 4.1.1 [34].

2.3. Phylogenetic Analysis
Phylogenetic analysis was performed using the full FASTA dataset via NGPhylogeny

web tool [35] on FastTree [36] default parameters (bootstrap = 100). Visualization of the
phylogenetic tree was performed by Interactive Tree of Life (iTOL) v6 software [37].

2.4. Analysis of Viral Strains

Distribution of Omicron sub-lineages in Italy was extracted from GISAID database
(data extraction 30 September 2022) using the filters human, VOC Omicron GRA, Italy,
complete and low coverage excluded. A total of 48,453 sequences were extracted (Table S3).
The frequency of non-canonical mutations in S protein in the viral isolates in Italy was
extracted from GISAID database using the filters human, VOC Omicron GRA, complete,
low coverage excluded (Table S3).

3. Results
3.1. Evolution of Omicron Sub-Lineages

The total number of COVID-19 patients in the Calabria region in 2022 was 324,138 [38]
distributed as follows: 18,935 in January, 24,347 in February, 51,961 in March, 50,305 in
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April, 38,756 in May, 21,281 in June, 59,969 in July, 35,410 in August and 23,174 in September
(Table 54). From January 2022 the highest number of infections was registered in the Reggio
Calabria province (N = 135,090 cases), followed by Catanzaro province (N = 68,421 cases),
Crotone province (N = 44,896 cases) and Vibo Valentia province (N = 34,227 cases). The
percentage of positive swabs per month in the specific regional area was on average 44%
(range 22-85%) for Reggio Calabria, 22% (range 8-28%) for Catanzaro, 14% (range 8-25%)
for Crotone and 11% (range 6-24%) for Vibo Valentia, (Table S4). The percentage of
sequenced samples compared to positive swabs in the Calabria area was on average 0.4%
(range 0.1-0.8%). As previously reported [39], Calabria Omicron arose in January 2022
and became the prevalent variant in February 2022. To investigate the evolution of the
Omicron variant in Calabria, in this study we have analyzed SARS-CoV-2 swabs obtained
during 2022, including previously published data that referred to January and February
2022. Viral RNA was extracted from 272 nasopharyngeal swabs that were positive between
March and September 2022, of which 172 were subjected to whole genome sequencing
while 100 were sequenced by targeted Sanger sequencing of specific regions of S, M, and
N genes (see Section 2). As previously indicated SARS-CoV-2 NGS sequences relative to
January and February 2022 were already published [39] and available in the GenBank [40]
under accession No. SUB11466277. As to the swabs sequenced in this study, the median
depth of sequencing was 4200 (range, 790-11,169), with genome coverage > 99% in 97%
of the viral genome. A median number of 613,908 reads (range 110,033-1,618,768) was
generated for each sample (Table S5). For data relative to sequences of swabs collected in
January and February 2022, see De Marco et al., 2022 [39]. From January 2022, Omicron
was the prevalent variant in the Calabria region. Phylogenetic tree analysis of the complete
genomes of Omicron isolates is shown in Figure 1.

Through this analysis, we have identified five Omicron lineages that were further
divided into different sub-lineages. The five Omicron lineages identified in this study were:
recombinant BA.1/BA.2, BA.1.” (sub-lineages BA.1, BA.1.1), BA.2.” (sub-lineages BA.2,
BA.2.9, BA.2.10, BA.2.12.1,), BA4." (sub-lineage BA.4), BA.5." (sub-lineages BA.5, BE.1)
(Figure 2a). In total, from January 2022 we have identified four recombinant BA.1/BA.2
isolates (1%), 81 BA.1 (22%), 78 BA.1.1 (21%), 76 BA.2 (21%), 24 BA.2.9 (6.5%), 1 BA.2.10
(0.3%), 2 BA.2.12.1 (0.5%), 9 BA.4 (2%), 91 BA.5 (25%) and 2 BE.1 (0.5%) (Figure 2b).

Subsequently, we compared the distribution of the 10 Omicron sub-lineages in Italy
(data extracted from the GISAID database) (Figure 3a) with the prevalence of Omicron sub-
lineages present in Calabria (Figure 3b) as observed in this study (Table 1). The comparison
of Omicron spread in Calabria and Italy showed a similar trend as to the emergence of
Omicron sub-lineages, with few exceptions. BA.1 showed persistence in Italy mainly during
April and May different from what occurred in Calabria where BA.1 disappeared in April.
Recombinant BA.1/BA.2 showed increased frequency in Calabria in April (13%) compared
to Italy, where its frequency was negligible (0.02% between April and June). BA.2.9 emerged
in Italy already in February whereas this sub-lineage was detected in Calabria for the first
time in April. Finally, BA.4 and BA.5 spread to Italy in May whereas the first cases in
Calabria were detected in June. The distribution of the different sub-lineages in the four
Calabria areas (Catanzaro, Vibo Valentia, Crotone, Reggio Calabria) is shown in Figure S1
and Table S4. The distribution of the 10 Omicron sub-lineages present in the GISAID
database (on 30 September 2022) showed, as a whole, a similar behavior throughout all
Italian regions, though with some notable exceptions. The highest frequency of BA.1 in Italy
occurred in Lazio, Piemonte, and Trentino-Alto Adige (31%, 37%, and 31%, respectively),
whereas the lowest frequency was observed in Marche (4%). Conversely, Calabria was the
Italian region with the highest frequency of BA.2.9 variant (12%). As described, BA.2.9
appeared in Calabria in April 2022 and remained until July 2022 with a frequency higher
than that observed in Italy (1%). In addition, from the analysis of the Gisaid database
Calabria, Emilia-Romagna, and Marche showed a frequency of 7% for BA.4, which is the
highest frequency of this sub-lineage observed in Italy during 2022 (Figure 3c).
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Figure 1. Omicron lineages isolated in Calabria during 2022: phylogenetic analysis. The phylogenetic
tree shows the genetic relationship between the 208 Omicron isolates included in the study. Bootstrap
equal to 100 was used. The genetic distance is reported within the graph.
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Figure 2. Frequency of Omicron lineages (a) and sub-lineages (b) in the cohort under analysis
observed in Calabria during 2022 (legend: rec, recombinant).
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Figure 3. Distribution of Omicron sub-lineages during 2022. (a) Monthly distribution of Omicron
sub-lineages in Italy during 2022 (N = 48,453). (b) Monthly distribution of Omicron sub-lineages in
Calabria during 2022 (N = 368). (¢) Omicron sub-lineages distribution in Italian regions. Data were
extracted from the GISAID database on 30 September 2022 (legend: rec, recombinant).
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Table 1. Omicron sub-lineages observed in Calabria and in Italy during 2022.

Percentage (%)

Recombinant
BA.1/BA.2 BA.1 BA.1.1 BA.2 BA.2Y9 BA.2.10 BA.2.12.1 BA4 BA.5 BE.1 Other
Calabria 0 78 22 0 0 0 0 0 0 0 0
January
Italy 0 66 33 1 0 0 0 0 0 0 0
Calabria 0 49 51 0 0 0 0 0 0 0 0
February
Italy 0 42 44 11 1 3 0 0 0 0 0
Calabria 0 22 49 29 0 0 0 0 0 0 0
March
Italy 0 13 22 53 11 1 0 0 0 0 0
) Calabria 13 0 13 66 6 3 0 0 0 0 0
April
Italy 0 2 7 74 16 1 0 0 0 0 0
Calabria 0 0 0 45 55 0 0 0 0 0 0
May
Italy 0 1 1 78 14 1 1 2 2 0 0
Calabria 0 0 0 59 29 0 0 6 6 0 0
June
Italy 0 0 0 34 5 0 4 13 37 5 2
Calabria 0 0 0 14 2 0 4 9 71 0 0
July
Italy 0 0 0 5 1 0 1 11 71 9 2
Calabria 0 0 0 0 0 0 0 13 88 0 0
August
Italy 0 0 0 1 0 0 0 7 79 7 5
Calabria 0 0 0 0 0 0 0 94 6 0
September
Italy 0 0 0 1 0 0 0 78 7 9

In this study, mutations that allowed the identification of a specific VOC were indicated
as canonical, whereas mutations that appeared sporadically in one or more isolates were
indicated as non-canonical. Both canonical and non-canonical mutations were present in
the S gene, in the genes encoding both structural (E, M, and N) and non-structural viral
proteins (ORFlab, ORF3a, ORF6, ORF7a, ORFS) [41].

3.2. Mutations in the S Protein

Omicron lineages (recombinant BA.1/BA.2, BA.1.", BA.2.", BA.4.", BA.5.") were char-
acterized by 29-34 canonical mutations in the gene encoding S protein as listed in Table
S6 [41]. The first Omicron lineage that appeared in South Africa was BA.1.", a variant
that presents 34 canonical mutations in the S protein. BA.1." also presented the H69/V70
deletion that initially characterized the Alpha variant. H69/V70del was conserved in BA.4."
and BA.5.” lineages [41]. Interestingly, two additional mutations in the S protein that were
characteristic of the Alpha variant, N501Y, and P681H, but not in the Delta variant, reap-
peared in all Omicron lineages [41]. Similarly, all Omicron lineages showed the canonical
mutation H655Y that appeared for the first time in Gamma.

Recombinant BA.1/BA.2 described in this study shared all canonical mutations of S
protein (N = 29) with BA.2.” lineage.

Among the 29 canonical mutations, one (deletion P25/A27del) was present also in
lineages BA.4." and BA.5.". BA.4." and BA.5." shared 31 canonical mutations in S protein,
including L452R, a mutation that appeared for the first time during the wave of Delta
variant. Additional canonical mutations in the S protein common to all Omicron lineages,
identified in this study, were G339D, S371F, S373P, S375F, K417N, N440K, 5477N, T478K,
Q498R, Y505H, N679K, Q954H, N969K.
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Notably, canonical mutations of the S protein prevalently occurred in the Receptor
Binding Domain (RBD). The mutations in the RBD domain were distributed as follows: 16
canonical mutations in recombinant BA.1/BA.2, BA.1." and BA.2.”; 17 in BA.4.” and BA.5.".

Concerning other domains, the N-terminal domain (NTD) was characterized by five
mutations in recombinant BA.1/BA.2 and BA.2.", eight in BA.1."; 6 in BA.4." and BA.5.%;
C-terminal 1- C-terminal 2 domain (CT1/CT2) showed four canonical mutations in all
lineages; 51/S2 cleavage site domain presented two canonical mutations in all lineages;
Hepta repeat 1 (HR1) domain showed two canonical mutations in recombinant BA.1/BA.2,
BA.2.", BA.4." and BA.5." and 3 in BA.1.". Notably, only lineage BA.1." showed N856K in
the Fusion peptide (FP).

We have also observed that the S protein of Omicron lineages presented 16 non-
canonical mutations (L5F, V61, P9T, S12F, T221, M1531, D178N, G181V /A, P209L, 1624M,
N658S, A701V, A713S, P862S, E1144V). The most frequent non-canonical mutations in the
cohort under analysis were L5F and A701V (2.5% and 2.7%, respectively), with N658S
and A713S showing lower frequencies (0.8% and 0.5%, respectively). All the remaining
non-canonical mutations (V6I, P9T, S12F, T22I, M153I, D178N, G181V /A, P209L, 1624M,
P862S, E1144V) appeared in only one isolate. L5F was the only non-canonical mutation
that appeared in two lineages (BA.2.", and BA.5.").

Notably, the lineages that presented the highest percentage of isolates with non-
canonical mutations were BA.1" (4.8%), BA.5." (3.9%), and BA.2.” (2.9%). Concerning the
lineages with a greater number of non-canonical mutations, BA.5.” showed nine different
non-canonical mutations (L5F, S12F, M1531, G181V /A, P209L, A713S, P862S, E1144V). In
total, 36 isolates (10%) had only 1 non-canonical mutation in the S protein. Details are
reported in Table 2 and Figure 4.

Table 2. Frequency of non-canonical mutations identified in S protein in Omicron isolates from
Calabria during 2022.

Isolates with Isolates with
Non-Canonical Non-Canonical Non-Canonical Omicron
Mutations Mutations Mutations Lineages
N/368 %

L5F 9 2.5 BA.2; BA5"”
Vel 1 0.3 BA.2"
P9T 1 0.3 BA.1"
S12F 1 0.3 BA.5"
T221 1 0.3 BA.1"
M1531 1 0.3 BA.5"
D178N 1 0.3 BA4"
G181V 1 0.3 BA.5."
G181A 1 0.3 BA.5."
P209L 1 0.3 BA.5"
1624M 1 0.3 BA.2"
N658S 3 0.8 BA4."
A701V 10 2.7 BA.1"
A713S 2 0.5 BA.5."
P862S 1 0.3 BA.5."
E1144V 1 0.3 BA.5"

" include all sub-lineages.



Viruses 2023, 15, 408

90f17

40-
rec BA.1/BA.2
I BA1A
30-
BA.2A
[ BA4A
20— B BAS5A
" .
Q
k=
[}
2
‘s
< -
104
0- T T T = T I |J'
N

ORF1ab ORF3a S M ORF6 ORF7a ORF8
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Concerning the timing of the emergence of non-canonical mutations, we have observed
that A701V was first detected in nine patients in January, P9T and T22I appeared each
in one patient in March, L5F was detected in three patients in April, 1624M was detected
in one patient in May, V6I, M153], N658S were detected in five patients in June, S12F,
D178N, G181A, P209L, and A713S were detected in six patients in July, G181V and P862S
were detected in one patient in August, and finally, E1144V was detected in one patient in
September. Notably, the highest frequency of occurrence of non-canonical mutations in the
S protein was observed in July (31%). Interestingly, most non-canonical mutations were in
the NTD, CT1-CT2, S1/S2 cleavage site, and FP domains of the S protein [42] but not in the
RBD domain (Table 3).

Table 3. Mutation density observed in the different domains of the S protein detected in isolates
from Calabria during 2022. Legend: NTD, N-terminal domain; RBD, receptor binding domain;
CT1-CT2, C-terminal 1-C-terminal 2; S1/S2, cleavage site; FP, fusion peptide; HR1, hepta repeat 1;
CD1, connector domain 1.

Subdomain of S

Number of Non-Canonical Mutations Observed

Protein Size of Subdomain in Subdomain Mutation Density (%)
NTD 291 aa 10 3.4
(1in BA.1.";2in BA.2."; 1in BA.4."; 7in BA.5.") ’
RBD 196 aa 0 0.0
2
CTI-CT2 157 aa (1in BA.2.%; 1in BA4.) 13
2
S1/52 cleavage 129 aa (1in BA.1; 1in BA5.) 1.6
FP 95 aa 1in BA5.” 1.1
HR1 65 aa 0 0.0
CD1 76 aa 1in BA5.” 1.3
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Some mutations are apparently of particular interest since they are located within
(M153I) or near (P9T, S12F and T22I) the antigenic supersite of the NTD domain, which
represents the main target of antibodies produced by memory B cells after administration of
mRNA vaccine [43,44]. Three additional non-canonical mutations (N658S, A701V, A713S)
were located between CT1/CT2 and S1/S2 cleavage site and may be involved in the
increase in cleavage capability of the S protein [16]. Finally, N658S, identified in three BA.4
isolates, is implicated in resistance to antibody neutralization [45].

P862S is a mutation that falls in the FP domain. It showed a frequency of 0.3% in the
cohort under analysis. Notably, during the Omicron wave, P862S mutation occurred with a
very low frequency in Europe (0.0008%) whereas it was detected in a single patient from
the Italian region, Trentino-Alto Adige, in April 2022 (GISAID database). This may be due
to the observation that residue P862 in the FP domain may impair viral entry because it
is necessary to initiate viral fusion with the host cell membrane [46,47]. Accordingly, only
a small number of mutations in the FP domain have been described during the pandemic,
possibly because this domain is highly conserved among (3-coronaviruses [48,49]. The only
mutation in this domain described worldwide is N856K with an overall frequency of 43% [41].

The mutation density per domain defined as the number of mutations divided by
the amino acidic size of the domain was calculated and reported in Table 3. The highest
mutation density was shown by the NTD domain (3.4%) followed by the CT1-CT2 (1.3%),
51/52 cleavage site (1.6%), and FP (1.1%) domains (Table 3). Among the different Omicron
lineages, BA.5." and BA.2.” presented the highest number of mutations in the NTD domain
(N =7and N =2, respectively), compared to BA.1."and BA.4." (N = 1). It is of note that BA.5.”
also showed the major number of mutated domains compared to other lineages (N = 4).
See Table 3.

3.3. Mutations in Structural Proteins

Structural proteins E, M, and N play crucial roles in viral replication, assembly, and
release [50]. Mutations identified so far in the above-mentioned proteins are listed in
Table S7 and are described in File S1. E protein shows only one canonical mutation (T9I)
which is present in all lineages. M protein shows two canonical mutations (Q19E and A63T)
that are present in all lineages. Only the BA.5.” lineage presents an additional mutation
(D3N) in the M protein. Mutations R203K and G204R in N protein are common to all
lineages whereas mutation P151S has been identified only in BA.4.".

In this study, we have identified five non-canonical mutations in the M protein (54F,
T71, L34F, A85V, H125R) and fourteen non-canonical mutations in the N protein (D3V,
T491, H59R, D103N, P162H, N181L, S5194L, A220T, G275C, T362I, P365S, T3661, T379I,
A414S). Details are provided in Table 4. Several isolates in this study (8%) showed non-
canonical mutations in N while a more limited number of isolates showed non-canonical
mutations in M (3%). Among the identified Omicron lineages, BA.2." and BA.5.” had the
highest percentage of isolates with non-canonical mutations in N (5% and 2%, respectively).
Conversely, non-canonical mutations in the gene encoding the M protein were identified
exclusively in BA.1." and BA.2.” (2% and 1% of isolates, respectively) (Figure 4). These
data are in agreement with previous reports showing a higher frequency of mutations in
N protein compared to M in the Omicron variant compared to variants such as Alpha,
Gamma, and Delta [51-53]. It is of note that N genomic region along with the S gene is
widely used in clinical practice to diagnose SARS-CoV-2 positivity [54].

3.4. Mutations in Non-Structural Proteins

Mutations identified in non-structural proteins are listed in Table S7 and are described
in Supplementary File S1. A total of 115 non-canonical mutations were identified in the
ORF1lab gene; 10 non-canonical mutations and 1 deletion were identified in ORF3a; 1
non-canonical mutation was identified in ORF6; 2 non-canonical mutations were identified
in ORF7a; 4 non-canonical mutations were identified in ORF8.
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Table 4. Mutations identified in genes different from S in Omicron isolates from Calabria during 2022.

Isolates with

Gene Pr((;t:)m Non-Canonical Mutations Non-Canonical
Mutations
141-143 del
82-86 del
nspl 27 (13%)
(1-180) 85 del
V38F, G82C/D, L92V, L107F, V111M, K120N, R124H, N'178S
52 L642F, G392C, S318L, G519S, L624F, G697R, R207C, A566V, A486V, H417Y,
a 81_%18) S302F, A239V, P361T, P309L, P626L, R545Q, H374Y, A498V, P361S, A690V, 37; (18%)
T8141, V559A, L204F, A599V, L454F, Q556K 1431M, A801V
T15971, V1211F, S15341, P1803S, S1612L, T17601, K1929R, A1473V, L2146F,
nsp3 M10831, S1188L, H1160Y, A1997V, A1631V, T14961, G1073V, P1220L, A1809T, 31, (15%)
(819-2763) T12421, T1444A, V2116L, Y1465CM, H1545Y, L1450F, D1507N, P2046L, PARe
D2037N, A1204T
nsp4 S2797F, P2929L, A2784V, W2769R, T28231, N2272S, A2828V 8; (4%)
nsp6 13758V, T37501, P3767S, L3796F, L3829F 10; (6%)
ORF1ab
nsp12 14498V + E4661N o, (4%)
(4393-5324) L5141M, H4474Y, G4436V, N4473E, K4483R, 14563M, R4565C, T51311
S5362P
nspl3 S5360P + D5693G . (50
(5325-5925) 10; (5%)
A5703V, S5360P, $5560C, S5398P, M55571, P5853L, Y5601H
A6532V + V6579F
P6128L + G6013S
nspl4 13; (6%)
(5926-6452) H6208Q + T65641
P6128L, T59411, G6621R, A6612V, L6082F, L6614F, V64921, V61071, V64741, R6590L
nspl5 A Eo
(6453-6798) H6789Y 1; (0.5%)
256-259 del
ORF3a 8?21:;’53) L52F + F207L 15; (7%)
V13A, A54V, R68G, L106F, L108F, R1221, S171L, E239D
Membrane o
M (1-22) S4F, L34F, T71, A85V, H125R 6; (3%)
ORF6 o
ORFé6 (1-61) S41C 1; (0.5%)
ORF7a o
ORF7a (1-121) L9M, F101fs 2; (1%)
ORFS8 ORF8 Q27 *, A65D, S67F, E64G 12; (6%)
(1-121)
N Nucleocapsid D3V, T491, H59R, D103N, P162H, N181L, S194L, A220T, G275C, T3621, P365S, 17, (8%)
(1-419) T3661, T3791, A414S rA7e

* stop codon.

Most non-canonical mutations in ORFlab were identified in nsp2, nsp3, and nsp1l
(18%, 15%, and 13%, respectively), in ORF3a (7% of isolates), in ORF8 (6% of isolates) and
in Orf7a (3%). Only one isolate showed a non-canonical mutation in ORF6.

ORFlab showed 10 canonical mutations in BA.1.” and 13 canonical mutations in BA.2.”
and BA.4.". However, only T3255I and 15967V were common to all Omicron lineages.
OREF3a showed only one canonical mutation (T223I) common to BA.2.", BA.4." and BA.5.".
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Mutation D61L in ORF6 was present in BA.2.” and BA.4.". L11F in ORF7b was present
only in BA.4.". Among the identified Omicron lineages, BA.2.” and BA.5.” presented the
highest percentage of isolates with non-canonical mutations in ORFlab (30% and 17%,
respectively), and ORF3a (5% and 2%, respectively).

With respect to other non-structural proteins, no mutations were identified in nsp5,
nsp7, nsp8, nsp9, nsp10, or nsp11 while, remarkably, we detected mutations in the catalytic
subunit of RARp polymerase (nsp12) which may have a negative impact on remdesivir
efficacy as previously demonstrated [55-57]. Within non-structural proteins, nsp1 plays an
important role in the evolution of Omicron variants. Nsp1 inhibits host gene expression
and suppresses the innate immune response [58,59].

We found that nsp1 is one of the genes with the highest frequency of non-canonical
mutations. In fact, 27 isolates (13%, N = 27/208) presented 9 non-canonical mutations (V38F,
G82C/D, L92V, L107E, V111M, K120N, R124H, N178S) and 3 deletions (82-86 del, 85 del,
141-143 del) in nsp1 (see Table S7). Mutations and deletions of nspl were distributed as
follows: 50% in BA.2.” (N = 14), 32% in BA.5." (N =9), and 18% in BA.1." (N = 4) and were
mutually exclusive.

In the present study, we also identified three deletions in nsp1: 141-143 del, 82-86 del,
and 85 del. Four isolates showed the 141-143 del; eight isolates presented the 82-86 del
and five isolates presented the 85 del. Of note, the 141-143 del was described as a canonical
alteration of nspl in BA.4.” lineage and as a non-canonical alteration in four isolates of
BA.2.". Deletion 79-89 del is known to be associated with a lower viral load [60]. However,
when we compared the Ct values of isolates with or without the deletions in nsp1, we
observed that the mean Ct values of isolates carrying the deletions 82-86 del (21.88 £ 3.08,
N =17) or 141-143 del (23.25 £ 3.30, N = 4) were not significantly higher than the Ct values
presented by the isolates without deletions (19.98 £ 2.96, N = 185).

ORF3a protein plays a key role in viral genome replication and virion assembly, inhibi-
tion of host mRNA export and translation, and escape from the host immune system [61].

We identified 9% of isolates with non-canonical mutations in the gene encoding ORF3a.
OREF3a is a viral potassium ion channel (viroporin) that inhibits autophagy and activates
the inflammasome and apoptosis [62,63]. We found 11 non-canonical mutations that, to our
knowledge, have been poorly characterized so far, except for the L108F and F207L mutations.
Although extremely rare, these mutations have been predicted to exert a destabilizing effect
on the stability of the protein structure [64].

Conversely, ORF8 impairs host cell-mediated immune responses by downregulating
MHC-1 molecules [65,66]. ORFS is poorly conserved among related coronaviruses, likely
because of its key role in the pathogenicity of SARS-CoV-2. Many mutations and deletions
of ORF8 have been identified [67]. All reports conclude that SARS-CoV-2 can survive
without a functional ORF8 though the accuracy of serological tests may be compromised
in such cases [68,69]. In this study, we found four non-canonical mutations (Q27%, E64G,
A65D, S67F) of the ORFS8 protein in 8% of isolates.

4. Discussion

The present manuscript provides data regarding the evolution of SARS-CoV-2 spread
in Calabria, Southern Italy.

The first key finding of this study includes the analysis of the diffusion of Omicron
variants in Calabria. Omicron spread during 2022 presented a similar trend in Italy and
Calabria, with some notable exceptions: (i) recombinant BA.1/BA.2 showed higher frequency
in Calabria (13%) than in the rest of Italy (0.02%), and presented all canonical mutations of S
protein of BA.2.” lineage; (ii) BA.2.9, BA.4 and BA.5 emerged in Calabria later than other Italian
regions; (iii) BA.1 sub-lineage disappeared in April in Calabria but not in the rest of Italy.

As observed in this study, the recombinant BA.1/BA.2 increased in Calabria in April
(13%) while its frequency was negligible in the rest of Italy (mean frequency 0.02%), with
the highest frequency in Friuli Venezia Giulia (0.4%) and the lowest in Lazio (0.02%).
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BA.2.9 occurred for the first time in February in Umbria (0.07%) while in Calabria this
sub-lineage was detected for the first time in April.

BA .4 appeared for the first time in May in Lombardia (0.03%) and BA.5 appeared for
the first time in May in Umbria, Lazio, and Puglia (0.09%, 0.04%, and 0.02%, respectively),
while the first cases in Calabria were detected in June.

Finally, unlike what was observed in Calabria where BA.1 disappeared in April, it was
still present in Italy until May with cases in Lombardia (0.04%) and Campania (0.002%).
In Italy in 2022 COVID-19 showed three peaks of infection associated with the spread of
Omicron lineages BA.1, BA.2, BA.4, and BA.5 [38]. In particular, the spread of the BA.1
lineage, from late December 2021 to mid-January 2022, led to an exponential increase in
COVID-19 cases, characterized by a 55% increase in the number of diagnosed cases.

A second peak of infection began in late March with the emergence of the BA.2 lineage.
The third peak of infections was registered in June during the transition from the BA.2
lineage to the BA.4 and BA.5 lineages. At the same time, Calabria recorded the same trend
of COVID-19 infections as the rest of Italy.

The second finding of this study was the identification of 10 different sub-lineages
of Omicron in Calabria (recombinant BA.1/BA.2, BA.1, BA.1.1, BA.2, BA.2.9, BA.2.10,
BA.2.12.1, BA.4, BA.5, BE.1), characterized by the presence of 29-34 canonical mutations.

The third point was the discovery of 16 non-canonical mutations identified in the
S protein as well as 151 non-canonical mutations in the non-structural and accessory
proteins of the SARS-CoV-2 genome. The mutations identified in ORFlab, ORF3a, M, ORFS,
and N were not common to all Omicron sub-lineages but showed a specific distribution
among variants.

Non-canonical mutations in the gene encoding S protein occurred preferentially in
BA.5 such as, for example, M1531, G181V /A, P209L, A713S, and P862S. Non-canonical
mutations in other genes were identified preferentially in BA.2 and BA.5 sub-lineages. For
example: BA.2 sub-lineage presented the non-canonical mutations V38F, L107F, G519S,
T17601, G4436V in ORFlab, L106F and F207L in ORF3a, P365S in N; BA.5 sub-lineage
showed the non-canonical mutations H417Y, V559A, T18401, N4473E, K4483R in ORF1lab,
L108F and A54V in ORF3a, T362I in N.

5. Conclusions

This study provides a detailed description of the genome evolution of the Omicron
variant in the Calabria region of Southern Italy. This analysis allowed the identification of
non-canonical mutations in most genes (ORFlab, S, ORF3a, M, ORFS8, N) of the SARS-CoV-2
genome. The non-canonical mutations identified in this study occurred in viral proteins
involved in viral replication, assembly and release, viral fusion with cellular membranes,
escape from the immune system, resistance to neutralization by antibodies, and resistance
to antiviral therapies. The mutations highlighted here show a specific distribution among
Omicron sub-lineages allowing discrimination among them.

In summary, sequencing of the entire SARS-CoV-2 genome allows not only the iden-
tification of the exact viral variant with which humans are infected but also real-time
monitoring of the emergence of novel mutations that could impact viral transmissibility
and the efficacy of therapies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/v15020408 /s1. Table S1: Patients” demographic information and
sequencing method; Table S2: Primers list; Table S3: GISAID IDs; Table S4: Omicron distribution
in Calabria; Table S5: NGS metrics; Table S6: Omicron canonical mutations; Table S7: Omicron
non-canonical mutations found in this study. File S1: Non-canonical mutations details; Figure S1:
The distribution of the different sub-lineages in the 4 Calabria areas.


https://www.mdpi.com/article/10.3390/v15020408/s1
https://www.mdpi.com/article/10.3390/v15020408/s1

Viruses 2023, 15, 408 14 of 17

Author Contributions: Conceptualization, C.V., C.D.M. and G.V.; methodology, C.D.M., C.V.,, N.M,,
EB. and G.S,; formal analysis, C.V. and C.D.M.; investigation, C.V. and C.D.M.; resources, N.M., A.Q.
(Angela Quirino), B.Q. and EIM.T;; data curation, C.V., C.D.M., N.M.,, EB. and G.S.; writing—original
draft preparation, C.V. and C.D.M.; writing—review and editing, C.V., C.D.M., and G.V,; visualization,
C.V,C.D.M, N.M,, EB. and G.S,; supervision, D.T., A.Q. (Aldo Quattrone), C.T., GM., C.D.F, ES.C.
and G.V,; project administration, D.T., A.Q. (Aldo Quattrone), C.T., GM., C.D.E, ES.C. and G.V,;
funding acquisition, D.T., A.Q. (Aldo Quattrone), C.T., GM., C.D.E, FS.C,, and G.V. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received specific financial support from University Magna Graecia, Depart-
ment of Experimental and Clinical Medicine (COVID19-DMSC) and Interdepartmental Center of
Services (CIS), Molecular Genomics and Pathology, Magna Graecia University of Catanzaro, Italy.
This work was also supported by Regione Calabria (noCOVID19@UMG POR Calabria-FESR /FSE
2014-2020 D.D.R.C. n. 4584 del 4/5/2021-Azione 10.5.12).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by Ethics Committee of Regione Calabria in the Meeting no. 434 held on 16
December 2021.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are openly available in GenBank at
accession number SUB12473075.

Acknowledgments: IDTM UMG COVID-19 Group: Alessandro Russo, Francesca Serapide, Bruno
Tassone, Paolo Fusco, Vincenzo Scaglione, Chiara Davoli, Rosaria Lionello, Valentina La Gamba,
Marco Ricchio, Salvatore Rotundo, Helen Morrone, Maria Teresa Tassone, Vincenzo Olivadese, Chiara
Costa, Francesco Saverio Costanzo, Daniela Patrizia Foti, Giovanni Matera, Carlo Torti, Federico
Longhini, Andrea Bruni, Eugenio Garofalo, Eugenio Biamonte, Domenico Lagana, Maria Petulla,
Bernardo Bertucci, Angela Quirino, Giorgio Settimo Barreca, Aida Giancotti, Luigia Gallo, Angelo
Lamberti, Maria Carla Liberto, Nadia Marascio, and Adele Emanuela De Francesco. Staff of Calabria
Region’s Hospital: Pasquale Minchella, Rossana Tallerico, and Cinzia Peronace (Pugliese-Ciaccio
Hospital of Catanzaro).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

Coronaviridae Study Group. The species Severe acute respiratory syndrome-related coronavirus: Classifying 2019-nCoV and
naming it SARS-CoV-2. Nat. Microbiol. 2020, 5, 536-544. [CrossRef]

Zhou, P; Yang, X.L.; Wang, X.G.; Hu, B.; Zhang, L.; Zhang, W.; Si, H.R.; Zhu, Y,; Li, B.; Huang, C.L.; et al. A pneumonia outbreak
associated with a new coronavirus of probable bat origin. Nature 2020, 579, 270-273. [CrossRef] [PubMed]

Hou, YJ.; Okuda, K.; Edwards, C.E.; Martinez, D.R.; Asakura, T.; Dinnon, K.H., 3rd; Kato, T.; Lee, R.E.; Yount, B.L.; Mascenik, T.M.;
et al. SARS-CoV-2 Reverse Genetics Reveals a Variable Infection Gradient in the Respiratory Tract. Cell 2020, 182, 429-446.e414.
[CrossRef] [PubMed]

Volz, E.; Mishra, S.; Chand, M.; Barrett, ].C.; Johnson, R.; Geidelberg, L.; Hinsley, W.R.; Laydon, D.]J.; Dabrera, G.; O'Toole, A_; et al.
Assessing transmissibility of SARS-CoV-2 lineage B.1.1.7 in England. Nature 2021, 593, 266-269. [CrossRef] [PubMed]

Lan,].; Ge, J.; Yu, ]J.; Shan, S.; Zhou, H.; Fan, S.; Zhang, Q.; Shi, X.; Wang, Q.; Zhang, L.; et al. Structure of the SARS-CoV-2 spike
receptor-binding domain bound to the ACE2 receptor. Nature 2020, 581, 215-220. [CrossRef] [PubMed]

Piccoli, L.; Park, Y.J.; Tortorici, M.A.; Czudnochowski, N.; Walls, A.C.; Beltramello, M.; Silacci-Fregni, C.; Pinto, D.; Rosen, L.E.;
Bowen, ].E.; et al. Mapping Neutralizing and Immunodominant Sites on the SARS-CoV-2 Spike Receptor-Binding Domain by
Structure-Guided High-Resolution Serology. Cell 2020, 183, 1024-1042.1021. [CrossRef]

Hirabara, S.M.; Serdan, T.D.A.; Gorjao, R.; Masi, L.N.; Pithon-Curi, T.C.; Covas, D.T.; Curi, R.; Durigon, E.L. SARS-COV-2 Variants:
Differences and Potential of Immune Evasion. Front. Cell Infect. Microbiol. 2021, 11, 781429. [CrossRef] [PubMed]

Helmy, Y.A.; Fawzy, M.; Elaswad, A.; Sobieh, A.; Kenney, S.P.; Shehata, A.A. The COVID-19 Pandemic: A Comprehensive Review
of Taxonomy, Genetics, Epidemiology, Diagnosis, Treatment, and Control. J. Clin. Med. 2020, 9, 1225. [CrossRef] [PubMed]
Rodrigues, J.; Barrera-Vilarmau, S.; Teixeira, ].M.C.; Sorokina, M.; Seckel, E.; Kastritis, P.L.; Levitt, M. Insights on cross-species
transmission of SARS-CoV-2 from structural modeling. PLoS Comput. Biol. 2020, 16, €1008449. [CrossRef] [PubMed]

Luan, B.Q.; Huynh, T. Insights into SARS-CoV-2's Mutations for Evading Human Antibodies: Sacrifice and Survival. J. Med.
Chem. 2022, 65, 2820-2826. [CrossRef]


http://doi.org/10.1038/s41564-020-0695-z
http://doi.org/10.1038/s41586-020-2012-7
http://www.ncbi.nlm.nih.gov/pubmed/32015507
http://doi.org/10.1016/j.cell.2020.05.042
http://www.ncbi.nlm.nih.gov/pubmed/32526206
http://doi.org/10.1038/s41586-021-03470-x
http://www.ncbi.nlm.nih.gov/pubmed/33767447
http://doi.org/10.1038/s41586-020-2180-5
http://www.ncbi.nlm.nih.gov/pubmed/32225176
http://doi.org/10.1016/j.cell.2020.09.037
http://doi.org/10.3389/fcimb.2021.781429
http://www.ncbi.nlm.nih.gov/pubmed/35118007
http://doi.org/10.3390/jcm9041225
http://www.ncbi.nlm.nih.gov/pubmed/32344679
http://doi.org/10.1371/journal.pcbi.1008449
http://www.ncbi.nlm.nih.gov/pubmed/33270653
http://doi.org/10.1021/acs.jmedchem.1c00311

Viruses 2023, 15, 408 15 0f 17

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.
34.
35.

36.

37.
38.

Noureddine, FY.; Chakkour, M.; El1 Roz, A.; Reda, J.; Al Sahily, R.; Assi, A.; Joma, M.; Salami, H.; Hashem, S.J.; Harb, B.; et al. The
Emergence of SARS-CoV-2 Variant(s) and Its Impact on the Prevalence of COVID-19 Cases in the Nabatieh Region, Lebanon.
Med. Sci. 2021, 9, 40. [CrossRef]

Rambaut, A.; Holmes, E.C.; O'Toole, A.; Hill, V.; McCrone, ].T.; Ruis, C.; du Plessis, L.; Pybus, O.G. A dynamic nomenclature
proposal for SARS-CoV-2 lineages to assist genomic epidemiology. Nat. Microbiol. 2020, 5, 1403-1407. [CrossRef] [PubMed]
Lupala, C.S.; Ye, Y.; Chen, H.; Su, X.D.; Liu, H. Mutations on RBD of SARS-CoV-2 Omicron variant result in stronger binding to
human ACE2 receptor. Biochem. Biophys. Res. Commun. 2022, 590, 34—41. [CrossRef] [PubMed]

Cox, M.; Peacock, T.P; Harvey, W.T.; Hughes, J.; Wright, D.W.; Consortium, C.-G.U.; Willett, B.J.; Thomson, E.; Gupta, RK,;
Peacock, S.J.; et al. SARS-CoV-2 variant evasion of monoclonal antibodies based on in vitro studies. Nat. Rev. Microbiol. 2023, 21,
112-124. [CrossRef] [PubMed]

Banho, C.A.; Sacchetto, L.; Campos, G.R.E; Bittar, C.; Possebon, ES.; Ullmann, L.S.; Marques, B.C.; da Silva, G.C.D.; Moraes,
M.M.,; Parra, M.C.P; et al. Impact of SARS-CoV-2 Gamma lineage introduction and COVID-19 vaccination on the epidemiological
landscape of a Brazilian city. Commun. Med. 2022, 2, 41. [CrossRef] [PubMed]

Escalera, A.; Gonzalez-Reiche, A.S.; Aslam, S.; Mena, I.; Laporte, M.; Pearl, R.L.; Fossati, A.; Rathnasinghe, R.; Alshammary, H.;
van de Guchte, A.; et al. Mutations in SARS-CoV-2 variants of concern link to increased spike cleavage and virus transmission.
Cell Host Microbe 2022, 30, 373-387.€377. [CrossRef] [PubMed]

Campbell, E; Archer, B.; Laurenson-Schafer, H.; Jinnai, Y.; Konings, F.; Batra, N.; Pavlin, B.; Vandemaele, K.; Van Kerkhove, M.D;
Jombart, T.; et al. Increased transmissibility and global spread of SARS-CoV-2 variants of concern as at June 2021. Eurosuroveillance
2021, 26, 2100509. [CrossRef]

Fisman, D.N.; Tuite, A.R. Evaluation of the relative virulence of novel SARS-CoV-2 variants: A retrospective cohort study in
Ontario, Canada. Can. Med. Assoc. J. 2021, 193, E1619-E1625. [CrossRef]

Available online: https:/ /www.who.int/ (accessed on 30 September 2022).

Gao, S.J.; Guo, H.T,; Luo, G.X. Omicron variant (B.1.1.529) of SARS-CoV-2, a global urgent public health alert! ]. Med. Virol. 2022,
94, 1255-1256. [CrossRef]

Viana, R.; Moyo, S.; Amoako, D.G.; Tegally, H.; Scheepers, C.; Althaus, C.L.; Anyaneji, U.J.; Bester, P.A.; Boni, M.F,; Chand, M;
et al. Rapid epidemic expansion of the SARS-CoV-2 Omicron variant in southern Africa. Nature 2022, 603, 679—-686. [CrossRef]
Xia, S.; Wang, L.]J.; Zhu, Y.; Lu, L.; Jiang, S.B. Origin, virological features, immune evasion and intervention of SARS-CoV-2
Omicron sublineages. Signal Transduct. Target. Ther. 2022, 7, 241. [CrossRef] [PubMed]

Stefanelli, P.; Trentini, F.; Petrone, D.; Mammone, A.; Ambrosio, L.; Manica, M.; Guzzetta, G.; d’Andrea, V.; Marziano, V.;
Zardini, A.; et al. Tracking the progressive spread of the SARS-CoV-2 Omicron variant in Italy, December 2021—January 2022.
Eurosurveillance 2022, 27, 2200125. [CrossRef] [PubMed]

Tegally, H.; Moir, M.; Everatt, J.; Giovanetti, M.; Scheepers, C.; Wilkinson, E.; Subramoney, K.; Makatini, Z.; Moyo, S.; Amoako,
D.G,; et al. Emergence of SARS-CoV-2 Omicron lineages BA.4 and BA.5 in South Africa. Nat. Med. 2022, 28, 1785-1790. [CrossRef]
[PubMed]

Li, J.; Lai, S.; Gao, G.F; Shi, W. The emergence, genomic diversity and global spread of SARS-CoV-2. Nature 2021, 600, 408—418.
[CrossRef] [PubMed]

Cao, Y.L, Yisimayi, A.; Jian, EC.; Song, W.L.; Xiao, TH.; Wang, L.; Du, S.; Wang, J.; Li, Q.Q.; Chen, X.S,; et al. BA.2.12.1, BA4 and
BA.5 escape antibodies elicited by Omicron infection. Nature 2022, 608, 593. [CrossRef] [PubMed]

Qu, PK,; Faraone, J.; Evans, J.P,; Zou, X.; Zheng, YM.; Carlin, C.; Bednash, J.S.; Lozanski, G.; Mallampalli, R K; Saif, L.J.; et al.
Neutralization of the SARS-CoV-2 Omicron BA.4/5 and BA.2.12.1 Subvariants. N. Engl. ]. Med. 2022, 386, 2526-2528. [CrossRef]
Yuan, S.E; Ye, ZW,; Liang, RH.; Tang, KM.; Zhang, AJ.; Lu, G.; Ong, C.P; Poon, VK.M.; Chan, C.C.S.; Mok, BW.Y,; et al.
Pathogenicity, transmissibility, and fitness of SARS-CoV-2 Omicron in Syrian hamsters. Science 2022, 377, 428-432. [CrossRef]
Kupferschmidt, K. Where did ‘weird” Omicron come from? Science 2021, 374, 1179. [CrossRef]

Kandeel, M.; Mohamed, M.E.M.; Abd El-Lateef, H.M.; Venugopala, K.N.; El-Beltagi, H.S. Omicron variant genome evolution and
phylogenetics. J. Med. Virol. 2022, 94, 1627-1632. [CrossRef]

Harvey, W.T.; Carabelli, A.M.; Jackson, B.; Gupta, RK.; Thomson, E.C.; Harrison, E.M.; Ludden, C.; Reeve, R.; Rambaut, A;
Consortium, C.-G.U.; et al. SARS-CoV-2 variants, spike mutations and immune escape. Nat. Rev. Microbiol. 2021, 19, 409-424.
[CrossRef]

Ou, J.; Lan, W.; Wu, X.; Zhao, T.; Duan, B.; Yang, P.; Ren, Y.; Quan, L.; Zhao, W.; Seto, D.; et al. Tracking SARS-CoV-2 Omicron
diverse spike gene mutations identifies multiple inter-variant recombination events. Signal Transduct. Target. Ther. 2022, 7, 138.
[CrossRef] [PubMed]

Available online: https://www.ema.europa.eu/ (accessed on 30 September 2022).

Available online: https://cov-lineages.org/ (accessed on 30 September 2022).

Lemoine, E; Correia, D.; Lefort, V.; Doppelt-Azeroual, O.; Mareuil, E.; Cohen-Boulakia, S.; Gascuel, O. NGPhylogeny.fr: New
generation phylogenetic services for non-specialists. Nucleic Acids Res. 2019, 47, W260-W265. [CrossRef] [PubMed]

Price, M.N.; Dehal, P.S.; Arkin, A.P. FastTree 2—approximately maximum-likelihood trees for large alignments. PLoS ONE 2010,
5,€9490. [CrossRef] [PubMed]

Available online: https:/ /itol.embl.de (accessed on 30 September 2022).

Available online: https://www.epicentro.iss.it (accessed on 30 September 2022).


http://doi.org/10.3390/medsci9020040
http://doi.org/10.1038/s41564-020-0770-5
http://www.ncbi.nlm.nih.gov/pubmed/32669681
http://doi.org/10.1016/j.bbrc.2021.12.079
http://www.ncbi.nlm.nih.gov/pubmed/34968782
http://doi.org/10.1038/s41579-022-00809-7
http://www.ncbi.nlm.nih.gov/pubmed/36307535
http://doi.org/10.1038/s43856-022-00108-5
http://www.ncbi.nlm.nih.gov/pubmed/35603276
http://doi.org/10.1016/j.chom.2022.01.006
http://www.ncbi.nlm.nih.gov/pubmed/35150638
http://doi.org/10.2807/1560-7917.ES.2021.26.24.2100509
http://doi.org/10.1503/cmaj.211248
https://www.who.int/
http://doi.org/10.1002/jmv.27491
http://doi.org/10.1038/s41586-022-04411-y
http://doi.org/10.1038/s41392-022-01105-9
http://www.ncbi.nlm.nih.gov/pubmed/35853878
http://doi.org/10.2807/1560-7917.ES.2022.27.45.2200125
http://www.ncbi.nlm.nih.gov/pubmed/36367013
http://doi.org/10.1038/s41591-022-01911-2
http://www.ncbi.nlm.nih.gov/pubmed/35760080
http://doi.org/10.1038/s41586-021-04188-6
http://www.ncbi.nlm.nih.gov/pubmed/34880490
http://doi.org/10.1038/s41586-022-04980-y
http://www.ncbi.nlm.nih.gov/pubmed/35714668
http://doi.org/10.1056/NEJMc2206725
http://doi.org/10.1126/science.abn8939
http://doi.org/10.1126/science.acx9738
http://doi.org/10.1002/jmv.27515
http://doi.org/10.1038/s41579-021-00573-0
http://doi.org/10.1038/s41392-022-00992-2
http://www.ncbi.nlm.nih.gov/pubmed/35474215
https://www.ema.europa.eu/
https://cov-lineages.org/
http://doi.org/10.1093/nar/gkz303
http://www.ncbi.nlm.nih.gov/pubmed/31028399
http://doi.org/10.1371/journal.pone.0009490
http://www.ncbi.nlm.nih.gov/pubmed/20224823
https://itol.embl.de
https://www.epicentro.iss.it

Viruses 2023, 15, 408 16 of 17

39.

40.
41.
42.
43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

De Marco, C.; Veneziano, C.; Massacci, A.; Pallocca, M.; Marascio, N.; Quirino, A.; Barreca, G.S.; Giancotti, A.; Gallo, L.; Lamberti,
A.G; et al. Dynamics of Viral Infection and Evolution of SARS-CoV-2 Variants in the Calabria Area of Southern Italy. Front.
Microbiol. 2022, 13, 934993. [CrossRef]

Available online: www.ncbi.nlm.nih.gov (accessed on 30 September 2022).

Available online: https://outbreak.info/ (accessed on 30 September 2022).

Mansbach, R.A.; Chakraborty, S.; Nguyen, K.; Montefiori, D.C.; Korber, B.; Gnanakaran, S. The SARS-CoV-2 Spike variant D614G
favors an open conformational state. Sci. Adv. 2021, 7, eabf3671. [CrossRef]

McCallum, M.; De Marco, A.; Lempp, E; Tortorici, M.A.; Pinto, D.; Walls, A.C.; Beltramello, M.; Chen, A.; Liu, Z.M.; Zatta, F; et al.
N-terminal domain antigenic mapping reveals a site of vulnerability for SARS-CoV-2. Cell 2021, 184, 2332. [CrossRef]

Wang, Z.].; Muecksch, E; Cho, A.; Gaebler, C.; Hoffmann, H.H.; Ramos, V.; Zong, S.; Cipolla, M.; Johnson, B.; Schmidt, F.; et al.
Analysis of memory B cells identifies conserved neutralizing epitopes on the N-terminal domain of variant SARS-CoV-2 spike
proteins. Immunity 2022, 55, 998. [CrossRef]

Wang, Q.; Li, Z.; Ho, J.; Guo, Y.; Yeh, A.Y.; Mohri, H.; Liu, M.,; Wang, M.; Yu, J.; Shah, J.G; et al. Resistance of SARS-CoV-2 omicron
subvariant BA.4.6 to antibody neutralisation. Lancet Infect Dis 2022, 22, 1666-1668. [CrossRef]

Henderson, R.; Edwards, R.J.; Mansouri, K.; Janowska, K.; Stalls, V.; Gobeil, S.M.C.; Kopp, M.; Li, D.; Parks, R.; Hsu, A.L.; et al.
Controlling the SARS-CoV-2 spike glycoprotein conformation. Nat. Struct. Mol. Biol. 2020, 27, 925-933. [CrossRef]

Huang, Y.; Yang, C.; Xu, X.E; Xu, W,; Liu, S.W. Structural and functional properties of SARS-CoV-2 spike protein: Potential
antivirus drug development for COVID-19. Acta Pharmacol. Sin. 2020, 41, 1141-1149. [CrossRef]

Tang, T.; Bidon, M.; Jaimes, J.A.; Whittaker, G.R.; Daniel, S. Coronavirus membrane fusion mechanism offers a potential target for
antiviral development. Antivir. Res. 2020, 178, 104792. [CrossRef] [PubMed]

Gorgun, D.; Lihan, M.; Kapoor, K.; Tajkhorshid, E. Binding mode of SARS-CoV-2 fusion peptide to human cellular membrane.
Biophys. ]. 2021, 120, 2914-2926. [CrossRef] [PubMed]

Satarker, S.; Nampoothiri, M. Structural Proteins in Severe Acute Respiratory Syndrome Coronavirus-2. Arch. Med. Res. 2020, 51,
482-491. [CrossRef] [PubMed]

Khan, K.; Karim, E; Ganga, Y.; Bernstein, M.; Jule, Z.; Reedoy, K.; Cele, S.; Lustig, G.; Amoako, D.; Wolter, N.; et al. Omicron
BA.4/BA.5 escape neutralizing immunity elicited by BA.1 infection. Nat. Commun. 2022, 13, 4686. [CrossRef]

Jian, M.J.; Chung, H.Y.; Chang, C.K,; Lin, ]J.C.; Yeh, K.M.; Chen, CW.; Lin, D.Y.; Chang, EY.; Hung, K.S.; Perng, C.L.; et al.
SARS-CoV-2 variants with T135I nucleocapsid mutations may affect antigen test performance. Int. J. Infect. Dis. 2022, 114, 112-114.
[CrossRef]

Mourier, T.; Shuaib, M.; Hala, S.; Mfarrej, S.; Alofi, F.; Naeem, R.; Alsomali, A.; Jorgensen, D.; Subudhi, A.K.; Ben Rached, F;
et al. SARS-CoV-2 genomes from Saudi Arabia implicate nucleocapsid mutations in host response and increased viral load. Nat.
Commun. 2022, 13, 601. [CrossRef]

Russo, A.; Serapide, F; Quirino, A.; Tarsitano, M.G.; Marascio, N.; Serraino, R.; Rotundo, S.; Matera, G.; Trecarichi, E.M.; Torti,
C. Microbiological and Clinical Findings of SARS-CoV-2 Infection after 2 Years of Pandemic: From Lung to Gut Microbiota.
Diagnostics 2022, 12, 2143. [CrossRef]

Shannon, A.; Le, N.T.T,; Selisko, B.; Eydoux, C.; Alvarez, K.; Guillemot, ]J.C.; Decroly, E.; Peersen, O.; Ferron, F; Canard, B.
Remdesivir and SARS-CoV-2: Structural requirements at both nsp12 RdRp and nsp14 Exonuclease active-sites. Antivir. Res. 2020,
178, 104793. [CrossRef]

Badua, C.L.D.C.; Baldo, K.A.T.; Medina, PM.B. Genomic and proteomic mutation landscapes of SARS-CoV-2. ]. Med. Virol. 2021,
93, 1702-1721. [CrossRef]

Gao, Y,; Yan, L.M,; Huang, Y.C,; Liu, FJ.; Zhao, Y.; Cao, L.; Wang, T.; Sun, Q.Q.; Ming, Z.H.; Zhang, L.Q.; et al. Structure of the
RNA-dependent RNA polymerase from COVID-19 virus. Science 2020, 368, 779. [CrossRef]

Yuan, S.; Balaji, S.; Lomakin, I.B.; Xiong, Y. Coronavirus Nsp1l: Inmune Response Suppression and Protein Expression Inhibition.
Front. Microbiol. 2021, 12, 752214. [CrossRef] [PubMed]

Nakagawa, K.; Makino, S. Mechanisms of Coronavirus Nspl-Mediated Control of Host and Viral Gene Expression. Cells 2021, 10,
300. [CrossRef] [PubMed]

Lin, J.W,; Tang, C.; Wei, H.C.; Du, BW.; Chen, C.; Wang, M.].; Zhou, Y.Z.; Yu, M.X,; Cheng, L.; Kuivanen, S.; et al. Genomic
monitoring of SARS-CoV-2 uncovers an Nsp1 deletion variant that modulates type I interferon response. Cell Host Microbe 2021,
29, 489. [CrossRef] [PubMed]

Sk, S.H.A; Pabitra, P.C.B.; Guy, W.D.I.C.; Aljabali, A.A.A.; Uhal, B.D.; Lundstrom, K.; Rezaei, N.; Pizzol, D.; Adadi, P; Lal, A,;
et al. The importance of accessory protein variants in the pathogenicity of SARS-CoV-2. Arch. Biochem. Biophys. 2022, 717, 109124.
[CrossRef]

Giri, R.; Bhardwaj, T.; Shegane, M.; Gehi, B.R.; Kumar, P.; Gadhave, K.; Oldfield, C.J.; Uversky, V.N. Understanding COVID-19 via
comparative analysis of dark proteomes of SARS-CoV-2, human SARS and bat SARS-like coronaviruses. Cell. Mol. Life Sci. 2021,
78, 1655-1688. [CrossRef]

Kern, D.M.; Sorum, B.; Malj, S.S.; Hoel, C.M.; Sridharan, S.; Remis, J.P.; Toso, D.B.; Kotecha, A.; Bautista, D.M.; Brohawn, S.G.
Cryo-EM structure of SARS-CoV-2 ORF3a in lipid nanodiscs. Nat. Struct. Mol. Biol. 2021, 28, 702. [CrossRef] [PubMed]

Bianchi, M.; Borsetti, A.; Ciccozzi, M.; Pascarella, S. SARS-Cov-2 ORF3a: Mutability and function. Int. ]. Biol. Macromol. 2021, 170,
820-826. [CrossRef] [PubMed]


http://doi.org/10.3389/fmicb.2022.934993
www.ncbi.nlm.nih.gov
https://outbreak.info/
http://doi.org/10.1126/sciadv.abf3671
http://doi.org/10.1016/j.cell.2021.03.028
http://doi.org/10.1016/j.immuni.2022.04.003
http://doi.org/10.1016/S1473-3099(22)00694-6
http://doi.org/10.1038/s41594-020-0479-4
http://doi.org/10.1038/s41401-020-0485-4
http://doi.org/10.1016/j.antiviral.2020.104792
http://www.ncbi.nlm.nih.gov/pubmed/32272173
http://doi.org/10.1016/j.bpj.2021.02.041
http://www.ncbi.nlm.nih.gov/pubmed/33675757
http://doi.org/10.1016/j.arcmed.2020.05.012
http://www.ncbi.nlm.nih.gov/pubmed/32493627
http://doi.org/10.1038/s41467-022-32396-9
http://doi.org/10.1016/j.ijid.2021.11.006
http://doi.org/10.1038/s41467-022-28287-8
http://doi.org/10.3390/diagnostics12092143
http://doi.org/10.1016/j.antiviral.2020.104793
http://doi.org/10.1002/jmv.26548
http://doi.org/10.1126/science.abb7498
http://doi.org/10.3389/fmicb.2021.752214
http://www.ncbi.nlm.nih.gov/pubmed/34659188
http://doi.org/10.3390/cells10020300
http://www.ncbi.nlm.nih.gov/pubmed/33540583
http://doi.org/10.1016/j.chom.2021.01.015
http://www.ncbi.nlm.nih.gov/pubmed/33548198
http://doi.org/10.1016/j.abb.2022.109124
http://doi.org/10.1007/s00018-020-03603-x
http://doi.org/10.1038/s41594-021-00642-1
http://www.ncbi.nlm.nih.gov/pubmed/34285420
http://doi.org/10.1016/j.ijbiomac.2020.12.142
http://www.ncbi.nlm.nih.gov/pubmed/33359807

Viruses 2023, 15, 408 17 of 17

65. Flower, T.G.; Buffalo, C.Z.; Hooy, RM.; Allaire, M.; Ren, X.E,; Hurley, ].H. Structure of SARS-CoV-2 ORFS, a rapidly evolving
immune evasion protein. Proc. Natl. Acad. Sci. USA 2021, 118, e2021785118. [CrossRef]

66. Hassan, S.S.; Aljabali, A.A.A.; Panda, PK.; Ghosh, S.; Attrish, D.; Choudhury, PP; Seyran, M.; Pizzol, D.; Adadi, P.; Abd El-Aziz,
T.M.; et al. A unique view of SARS-CoV-2 through the lens of ORFS8 protein. Comput. Biol. Med. 2021, 133, 104380. [CrossRef]

67. Pereira, F. Evolutionary dynamics of the SARS-CoV-2 ORF8 accessory gene. Infect. Genet. Evol. 2020, 85, 104525. [CrossRef]

68. Gong, F; Wei, HX,; Li, Q; Liu, L.; Li, B. Evaluation and Comparison of Serological Methods for COVID-19 Diagnosis. Front. Mol.
Biosci. 2021, 8, 682405. [CrossRef] [PubMed]

69. Su, Y.C.F; Anderson, D.E,; Young, B.E; Linster, M.; Zhu, E; Jayakumar, J.; Zhuang, Y.; Kalimuddin, S.; Low, ].G.H.; Tan, C.W,;
et al. Discovery and Genomic Characterization of a 382-Nucleotide Deletion in ORF7b and ORF8 during the Early Evolution of
SARS-CoV-2. mBio 2020, 11, €01610-20. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1073/pnas.2021785118
http://doi.org/10.1016/j.compbiomed.2021.104380
http://doi.org/10.1016/j.meegid.2020.104525
http://doi.org/10.3389/fmolb.2021.682405
http://www.ncbi.nlm.nih.gov/pubmed/34368226
http://doi.org/10.1128/mBio.01610-20
http://www.ncbi.nlm.nih.gov/pubmed/32694143

	Introduction 
	Materials and Methods 
	Patients 
	Sequencing of Viral Genome 
	Phylogenetic Analysis 
	Analysis of Viral Strains 

	Results 
	Evolution of Omicron Sub-Lineages 
	Mutations in the S Protein 
	Mutations in Structural Proteins 
	Mutations in Non-Structural Proteins 

	Discussion 
	Conclusions 
	References

