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Abstract: SARS-CoV-2 is constantly evolving leading to new variants. We analysed data from 4,400
SARS-CoV-2-positive samples in order to continue variant surveillance in Italy to evaluate their ep-
idemiological and relative impact on public health in the period April-December 2021.

The main circulating strain (76.2%) was Delta followed by Alpha (13.3%), Omicron (5.3%) and
Gamma variants (2.9%). B.1.1 lineages, Eta, Beta, Iota, Mu and Kappa variants represented around
1% of cases. Overall, 48.2% of subjects were not vaccinated with a lower median age compared to
vaccinated subjects (47 vs. 61 years). An increasing number of infections in vaccinated subjects was
observed overtime, with the highest proportion in November (85.2%). Variants correlated with clin-
ical status; the largest proportion of symptomatic patients (59.6%) was observed among Delta vari-
ant, while subjects harboring Gamma variant showed the highest proportion of asymptomatics
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(21.6%), albeit also of deaths (5.4%). The Omicron variant was only found in vaccinated subjects, of
which 47% were hospitalized.

Diffusivity and pathogenicity associated with the different SARS-CoV-2 variants are likely to have
relevant public health implications, both at national and international level. Our study provides data
on the rapid changes in the epidemiological landscape of SARS-CoV-2 variants in Italy.

Keywords: variants circulation; SARS-CoV-2; Italy; epidemiology
1. Introduction

The ongoing global Coronavirus disease 2019 (COVID-19) pandemic has caused sig-
nificant mortality and morbidity [1], requiring unprecedented efforts to develop novel
vaccines and strategies for treating COVID-19. Despite its limited intrinsic genetic varia-
bility, the huge number of infections led to SARS-CoV-2 evolution in an expanding array
of new variants. While the driver of this evolution is certainly immune escape, the new
emerging variants may differ from those previously circulating also in terms of increased
transmissibility and virulence. These variations can affect diagnostic detection, available
treatments and vaccine efficacy [2, 3]. Currently, the spike (S) protein is the region mostly
affected by mutation, and the circulating SARS-CoV-2 variants are classified on the basis
of variations in S protein, compared to ancestral strain [4]. Among the growing number
of SARS-CoV-2 variants documented worldwide during the pandemic, previously classi-
fied variants of concern (VOCs) such as Alpha (B.1.1.7/20I), Beta (B.1.351/20H), Gamma
(B.1.1.28/P1) and Delta (B.1.617.2) were associated with increased transmissibility, mortal-
ity, or decreased susceptibility to neutralising antibodies induced by vaccination or pre-
vious infection [2, 3, 5-8].

Among these, the Beta variant resulted significantly more resistant to neutralization
by sera of convalescent or vaccinated person, mainly because the presence of E484K mu-
tation [9]. The P.1 and Delta variants were related to increase transmissibility, virulence,
and reduced sensibility to neutralizing antibodies [10-13]. The Delta variant showed ad-
ditional mutations in the spike protein such as P681R, E484Q), and L452R, with the last
two associated to immune escape [14]. Different sub-lineages previously classified as var-
iants of interest (VOI), i.e. Kappa (B.1.617.1/21B), Iota (B.1.526/21F), Lambda (C.37/21G)
and Mu (B.1.621/21H), and also previous prevalent VOCs were de-escalated as they be-
came “extinct” and ceased to impact on the overall epidemiological situation
(https://www.who.int/activities/tracking-SARS-CoV-2-variants).

Currently, Omicron is the only present VOC representing the predominant world-
wide circulating variant (www.gisaid.com) largely causing breakthrough infections [15].

In light of the its widespread transmission worldwide and its observed viral diver-
sity, WHO added a new category to the variant tracking system, termed “Omicron sub-
variants under monitoring" (VUM) in order to alert public health authorities globally, on
which of them may require prioritized attention and monitoring (BA.4, BA.5, BA.2.12.1,
BA29.1, BA.211, BA213 and BA.Z2.75). Currently there are no VUMs
(https://www.who.int/activities/tracking-SARS-CoV-2-variants).

Our previous analysis [16], reported data obtained in several Italian regions involved
in the SARS-CoV-2 variant monitoring in the period October 2020-March 2021. The aim
of the present study is to continue the surveillance in Italy by evaluating COVID-19 epi-
demiology and clinical data of subjects in the subsequent period, ranging from April to
December 2021.

2. Materials and Methods

2.1 Sample collection and study design

This retrospective observational study included 4,400 SARS-CoV-2-positive naso-
pharyngeal-swabs obtained from COVID-19 positive patients referred to Italian Centers
participating to the SCIRE (SARS-CoV-2 Italian Research Enterprise) collaborative group
during the period of April 1¢t to December 31+, 2021. Distribution of samples through the
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different months was as follow: 357 (April), 267 (May), 184 (June), 304 (July), 443 (August),
409 (September), 323 (October), 764 (November) and 1,349 (December).

All the genotypic data, demographic, epidemiological and clinical data used for the
analyses were collected at each center as part of routine variant surveillance or for research
purpose.

This study was conducted in accordance with the principles of the 1964 Declaration
of Helsinki and approved by the ethic committee of the Sacco Hospital (prot. n. 47866, 09-
09-2020).

2.2 Virus amplification and sequencing

Genotypic data were obtained by using different methods: RT-PCR variant screening
assays (n=2,535), spike Sanger (n=938) and Next Generation Sequencing (NGS, n=46), and
Whole Genome Sequencing (WGS, n=881). These data, stratified according to different
methodologies used for the variant monitoring and months of sampling collection, are
shown in Table 1.

Table 1. Description of analysed data.

April May June July August September October November December  Total
(n=357) (n=267) (n=184) (n=304) (n=443) (n=409) (n=323) (n=764)  (1,349)  (n=4,400)

RT-PCR 162 57 25 118 248 219 211 514 981 2,535
NGS WG 134 149 81 59 109 77 32 76 164 881
NGS Spike 42 1 0 0 0 0 0 0 3 46
Sanger Spike 19 60 78 127 86 113 80 174 201 938

RT-PCR: Real-Time PCR
NGS: Next Generation Sequencing
WGS: Whole Genome Sequencing

SARS-CoV-2 swabs were collected from the respiratory tract of individuals who
were either hospitalized or tested in screening programs. Viral RNA was extracted using
different commercial kits such as the Kit QIAsymphony DSP Virus/Pathogen Midi kit on
the QIAsymphony automated platform (QIAGEN, Hilden, Germany), the NucleoMag 96
Virus (Macherey-Nagel, Dueren, Germany) on automated KingFisherTM ml Magnetic
Particle Processors (Thermo Fisher Scientific, Waltham, MA, USA) and manually with QI-
Aamp Viral RNA Mini Kit (QIAGEN, Hilden, Germany). RT-PCR genotyping assays were
performed using TaqPath COVID-19 test (Thermo Fisher Scientific, USA), COVID-19 Ul-
tra Variant Catcher (Clonit srl, Milan, Italy), Allplex SARS-CoV-2 Variants (Arrow Diag-
nostics srl, Genoa, Italy), multiplexed RT-qPCR developed by English consortium (https://
www. proto cols. io/ view/multi plexed- rt- qpcr- to- screen- for- sars- cov-2- b-1- 1-br9vm
966? versi on_ warni ng=no) or home-made protocols. Spike sequences were obtained
using home-made protocols. Full genome sequences were obtained with different proto-
cols, by a modified version of Artic Protocol (https://artic.netwo rk/ ncov- 2019) using II-
lumina DNA Prep and IDT ILMN DNA/RNA Index kit (Illumina), or by CleanPlex®
SARS-CoV-2 Panel (Paragon Genomics Inc, Hayward, CA, USA). Sequencing was per-
formed on Illumina iSeq (n=99), Miseq (n=644) and Nextseq (n=138) platforms for all sam-
ples. The results were mapped and aligned to the reference genome obtained from
GISAID, (https://www.gisaid.org/, accession ID: EPI_ISL_406800) using Geneious Prime
software v. 11.1 (http://www.geneious.com, Biomatters, Auckland, New Zealand) or
BWA-mem and rescued using Samtools alignment/Map (Hinxton, UK) (v. 1.9).

SARS-CoV-2 lineage was attributed to all sequences using the Pangolin COVID-19
Lineage Assigner v. 4.1.1 (https://pango lin. cog- uk. io/) and Nextclade v. 2.4.1
(https://clades. nexts train. org/). Mutations were identified using Nextclade.

2.3 Statistical analysis
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Descriptive analyses of demographic and clinical data are presented as median and
Inter-Quartile Range (IQR) when continuous and as frequency and proportion (%) when
categorical. To compare normally distributed, non-normally distributed continuous, and
categorical variables, parametric tests (t test and ANOVA), nonparametric tests (Mann—
Whitney and Kruskal-Wallis) and the Pearson x2 test (or Fisher exact test, when neces-
sary) were used, respectively. Significance was established at p < 0.05. A data analysis
was performed using the IBM SPSS Statistics version 25.

3. Results
3.1 Characteristics of the study population

Samples were collected from several Italian centers located in Apulia (n=85), Liguria
(n=375), Campania (n=56), Calabria (n=25), Lombardy (n=1,145), Basilicata (n=13), Umbria
(n=144), Marche (n=2,311), Lazio (n=192), Veneto (n=53) and also Republic of San Marino
(n=1). Females were a slight majority (51.4%, 1,582/3,078) and the median age was 47 years
(IQR: 29-63). Significant differences were observed in the median age over different
months (p<.001), with the lowest median age reported in July (35 yo, IQR: 22-55) and the
highest in April (57 yo, IQR: 35-72).

Among subjects with available data, 51.9% (n=507/979) received at least one dose of
COVID-19 vaccine and 2.3% (n=12/532) reported previous exposure to SARS-CoV-2.

At the time of testing, mild infections were the most prevalent (2,330/2,965, 78.6%),
followed by moderate/severe infections requiring hospitalization (474/2,965, 16%). Only
4.7% (138/2,965) of patients were asymptomatic. Deaths were reported in 23 patients
among subjects with known outcome (0.8%).

Among patients with different age ranges, statistically significant differences in clin-
ical status, were observed between subjects aged < and > 60. Globally, proportions of hos-
pitalized (44.2% vs. 55.7%; p<.001) and deaths subjects (14.4% vs. 85.7%; p<.001) resulted
higher in aged patients compared to youngest. Of note, asymptomatic status was preva-
lent in subjects under the age of 60 while deaths were observed only in patients aged over
60, with the exception of 2 unvaccinated patients and 1 patients vaccinated with one dose
in September and November, respectively.

3.2 Lineages and clades

Overall, the main circulating variant, representing more than 76.2% of total se-
quences (3,333/4,375), was Delta, B.1.617.2 lineage (60.5%, n= 2,648) together with its de-
scendants (15.7%,n=685, including AY.4, AY.4.1, AYA4.2, AY421, AY423, AYA43
AY.4.6, AYA7, AYA49, AY5, AY.5.4, AY9, AY 9.1, AY.9.2, AY.10, AY.20, AY.23, AY.25,
AY.26, AY.33, AY.34, AY.34.1, AY.36, AY.39, AY.42, AY.43, AY.44, AY.46.4, AY.46.6,
AY.46.6.1, AY.48, AY.51, AY.53, AY.54, AY.58, AY.61, AY.68, AY.71, AY.73, AY.75, AY.82,
AY.92, AYI91.1, AY98, AY98.1, AY.102, AY.103, AY.106, AY.112, AY.112.2, AY.118,
AY.116, AY.119.2, AY.120, AY.122, AY.122.2, AY.122.3, AY.124, AY.124.1, AY.125, AY.126,
AY.127 and AY.129) followed by Alpha variant (B.1.1.7 lineage, 13.3%, n=583) and Omi-
cron (B.1.1.529 lineage, 5.3%, n=230) with its sub-lineages BA.1 (n=219), BA.1.1 (n=3) and
BA.1.17.2 (n=8).

A proportion of 2.9% (n=127) of samples were Gamma variant including P.1 (n=79),
P.1.1 (n=36), P.1.15 (n=2) and P.1.6 (n=10). About 1% of samples were of lineage B.1.1 and
its descendant (n=47), Eta variant (n=10, B.1.525), Beta variant (n=12, B.1.351), Iota variant
(n=8, B.1.526), Mu variant (n=10, B.1.621) and Kappa variant (n=1, B.1.617.1). Five cases of
XF recombinants were also observed.

Considering clade classification (n=2,109), the most prevalent were 21]J (n=756, 35.8%)
and 201 (n=583, 27.6%) followed by 21A (n=267, 12.7%) and 21K (n=235, 11.1%). Clade 211
showed a prevalence of 2.4% (n=51) while clades 20A (n=8), 20B (n=16), 20D (n=16),
20E.EU1 (n=9), 20H (n=12), 21B (n=1), 21D (n=10), 21F (n=8) and 21H (n=10) had a preva-
lence of less than 1%.

3.3 Lineages and clades over time
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During the study period, the prevalence of the Alpha variant (B.1.1.7/20I) signifi-
cantly (p<.001) decreased from 77.8% (n=273) in April 2021 to 0.7% (n=3) in August 2021
until its disappearance. Only 1 isolated case was reported in November 2021 in Lombardy.

Gamma variant (P.1 and it descendant/20]) remained stable in the first three months
with a prevalence of 12.5% (n=44), 17.1% (n=45) and 19% (n=35), in April, May and June,
respectively. The last cases were observed in July (n=3), one of these (lineage P.1.15) was
identified in a 25 years old hospitalized patient, traveling from Argentina to Apulia.

Previously circulating lineages B.1.1 and its descendants were present at low preva-
lence only until August 2021, decreasing from 6.8% in April (n=24) to 0.7% (n=2) in July.
One case of B.1.177 (20E.EU1) was observed in August in Lombardy.

The last case of Beta variant (B.1.351/20H) was identified in August, never reaching
a prevalence above 2%.

Only few cases of Eta variant (B.1.525/21D) were reported until June in Marche when
it reached the highest prevalence (2.7%, n=5). Two cases of lota variant (B.1.526/21F) were
detected in April in Marche and Liguria, with additional 6 cases in May and June in Ligu-
ria.

Mu variant (B.1.621/21H) was firstly detected in Marche (n=1) in April; a limited
number of cases was reported until July reaching the highest proportion in June (3.2%;
n=6) in Marche. A single case of Kappa variant (B.1.617.1/21B) was observed in May in
Liguria in a young (25 years old) asymptomatic subject.

Starting from the middle of June, Delta variant (B.1.617.2) was firstly observed in the
following Regions: Liguria, Lazio, Veneto and Marche (9.7%; n=18) together with 19
(10.3%) sub-lineages (AY.42, AY.61, AY.106 and AY.122) identified in Liguria, Apulia,
Campania and Marche. Among these, a hospitalized subject reported a recent trip to Af-
ghanistan. The prevalence of Delta variant and its sub-lineages rapidly increased reaching
the totality of cases in September and October. However, while in June and July clades
21A and 21] showed similar proportions (8.2% vs. 10.9% in June and 44% vs. 32.7% in July),
in the following months clade 21] became prevalent. The prevalence of clade 21] signifi-
cantly increased overtime (p<.001), remaining around 70% from August (74.1%, 140/189)
to November (72.5%; 140/193), while decreasing in December (45.6%; 239/524). Otherwise,
clade 211 maintained low prevalence over time, with a higher proportion (9.5%; n=16) re-
ported in July.

The first cases of Omicron variant (B.1.1.529/21K) were detected in Lombardy (n=4),
with the first sequence reported in the city of Cremona (Lombardy) on November 5t, 2021.
Its prevalence reached 16.8% of cases in December 2021.

Of note, its prevalence during the month of December increased steadily: 0.4% (No-
vember 29- December 5), 0.5% (December 6-12), 5% (December 13-19), 16.8% (December
20-26) to 61.7% (December 27-31). In this month, in addition to the BA.1 lineage (n=215),
we observed the presence of sub-lineages BA.1.1 (n=3) and BA.1.17.2 (n=8).

Five cases of XF recombinants were identified in December in the Marche Region
predominantly in vaccinated and hospitalized subjects (80%). Figure 1 shows the main
viral variants and clades overtime.
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Figure 1. Dynamics of the SARS-CoV-2 epidemic in Italy. (a) Variants prevalence in terms of clades;
(b) Variants prevalence in terms of lineages.

3.4 Vaccinated vs. unvaccinated

We observed a significantly (p<.001) increased proportion of subjects receiving at
least one dose of COVID-19 vaccine from 15.8% to 73.2% over the study period, with the
highest proportion reached in November (85.2%, 115/135) (Figure 2).
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Figure 2. Proportion of unvaccinated and vaccinated subjects overtime.
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Overall, 48.2% (472/979) of infected subjects were not vaccinated with a lower me-
dian age compared to vaccinated subjects (47 vs. 61 years). Most vaccinated subjects re-
ported to have received 2 doses (78.4%, 366/467) of which 50.7% with BNT162b2 vaccine,
followed by 17.4% (n=80) of vaccinated with a single dose (60% with BNT162b2 vaccine).
Only 21 subjects (4.5%) had received 3 doses (42.8% of which with the BNT162b2 vaccine),
and their proportion increased from October (n=2, 0.4%) to December (n=15, 3.2%). The
median time from vaccination to SARS-CoV-2 infection was 28 (IQR: 12-120), 150 (IQR:
120-180) and 13,5 days (IQR: 6-41.2) for subjects who had received one, two and three
doses of vaccine, respectively.

The median age of patients who had received three doses of vaccine resulted signif-
icantly (p=.018) higher compared to that of those who had received one and two doses (70,
IQR: 57.5-82 vs. 60, IQR: 45-77 and 59 years, IQR: 39-69).

Twelve patients experienced a documented re-infection, 11 were diagnosed among
unvaccinated subjects while the remaining one occurred in a subjects who received a sin-
gle dose of vaccine. They had a median age of 54 years (IQR: 41-63) and three of them
were hospitalized. Re-infections were distributed as follow: 3, 3, 1, 2, 1, 1, 1 in April, May,
June, July, August, September and December, respectively. Until June, all patients were
re-infected with Alpha variant while from August Delta variant (21]) re-infections were
reported.

Among subjects with known vaccination status (n=881), no differences were ob-
served between vaccinated and unvaccinated concerning clinical status (Figure 3) (12.7%
vs. 11.8%, 53.3% vs. 49.7%, 31.6% vs. 35.9% and 0.2% vs. 0.3% for asymptomatic, sympto-
matic, hospitalized and dead subjects, respectively).

(a) ) (b) )
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80% 100%
0% 0%
80%
60%.
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50% 60%
a0% 50%
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20%
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Figure 3. Clinical status/outcome in (a) subjects vaccinated with one dose, (b) subjects vaccinated
with two or three doses and (c) unvaccinated subjects during the study period.

Stratifying patients according to age, a statistically significant higher proportions of
hospitalizations and deaths were observed in vaccinated subjects over 60 years (76.5% and
88.9%, p<.001) while only deaths were significantly higher in unvaccinated (81.8%, p<.001).
Of note, at the end of data collection (April 2022), 91% (n=429) of unvaccinated subjects
had not received any dose yet.

3.5 Clinical status and vaccination according to variants
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The median age of subjects carrying different viral variants significantly differed
(p<.001) resulting lower in those infected by Omicron variant (40 years, IQR:24-58) com-
pared to all others lineages and sub-lineages (Alpha: 51 years, IQR: 32-67; Gamma: 51
years, IQR: 40-64; Delta: 46 years, IQR: 29-61; Delta descendants: 49 years, IQR: 29-68).

Viral variants resulted also significantly correlated to clinical status in the total co-
hort (p=.001). Symptomatic patients were observed more frequently (59.5%) amongst
those infected by Delta variant. Subjects harboring Gamma variant showed the highest
frequency of asymptomatic status (21.6%) but, oddly also of death (5.4%).

In the subset with known vaccination and clinical status, significant differences were
observed only among vaccinated (p<.001) subjects according to viral variant. Vaccinated
symptomatic patients were more prevalent (61.1%) among those with Delta variant infec-
tion while the hospitalized subjects were more prevalent in those infected with the Alpha
variant (55.6%). As already observed in the whole cohort, vaccinated subjects with
Gamma variant presented the highest proportion of asymptomatic status (41.7%) but also
of death (8.3%). No deaths were observed in vaccinated subjects carrying Alpha and Omi-
cron variants (Figure 4).
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Figure 4. Proportion of clinical status in vaccinated and unvaccinated subjects infected with differ-
ent variants.

The Omicron variant was only observed in vaccinated subjects, of which 47% were
hospitalized.

Concerning vaccination status, the majority of subjects (63%) with Alpha variant
were vaccinated with one dose, while 58.3%, 76.5% and 83.5% of those with Gamma, Omi-
cron and Delta variants, respectively, had received two doses. Only 11.8% and 3.7% of
subjects carrying Omicron and Delta variants, respectively, reported a booster dose. A
similar proportion of deaths was associated to Alpha and Gamma variants (4.9% and 4%).

4. Discussion

In this study, based on the characterization of the SARS-CoV-2 strains circulating in
Italy, complemented by demographics and, partially, by clinical information, we provided
a clear view of the spread of SARS-CoV-2 variants in the Italian territory, highlighting
how the replacement of the previously dominant variants of concern has dictated the sub-
sequent epidemic waves in the country.

The timing of this study mostly overlaps the emergence and spread of the Delta var-
iant and its descendants throughout Italy at the beginning of summer 2021 and offers a
unique and well characterised cohort of hospitalised and non-hospitalised patients cover-
ing all the Italian territory with the exclusion of the islands.

Among the variants rapidly causing concern, B.1.1.7 (Alpha clade) and B.1.351 (Beta
clade)/P.1 (Gamma clade) emerged in our country in December 2020 and January 2021
[16], respectively, while first cases of B.1.617.2 (Delta clade) were described in June 2021
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reaching a prevalence of 20.1% in this same month, as also reported in a national survey
[17].

All these variants were clearly characterised by an increased transmissibility com-
pared with the preceding lineages, starting with the original lineage which was detected
at very low levels (<1% of total sequences) in the study period. As a consequence, B.1.617.2
+ AY was the most prevalent variant in our population followed by B.1.1.7 (76.2% and
13.3%). Most of the epidemiological success of these new variants can be attributed to their
ability to overcame previous natural or vaccine-induced herd immunity, in addition to an
intrinsic increase in their transmissibility.

The SARS-CoV-2 most recent VOC Omicron has rapidly replaced SARS-CoV-2 Delta
variant in most European countries including Italy starting from December 2021. Omi-
cron, with its potential to evade the host's immune response stimulated by previous in-
fections or vaccination, is considered more adapted and transmissible than its predeces-
sors. Immunity acquired after previous infection or vaccination is less effective against
Omicron than against other variants, but the risk of severe COVID-19 remains low [18].

Despite our study interrupted its analysis at the end of December when only the first
sub-lineage of Omicron (BA.1) was present, such lineage was only observed in vaccinated
subjects mostly with asymptomatic or mild disease (53%).

The first detection of Omicron variant in our country dated at the beginning of No-
vember 2021 in Lombardy followed by its rapid wide diffusion in December (from 0.4%
to 61.7% in 4 weeks).

On December 20t 2021, data of the institutional “flash survey” conducted in Italy
showed that the Delta variant was still predominant, and the prevalence of the Omicron
variant was 21.0% (18), in line with our data indicating a prevalence of 16.8%.

Our data confirmed that old aged increased the risk of sever COVID-19 clinical
course and death, also in vaccinate individuals, as reported in several studies [19, 20].

Surprisingly, our results did not reveal differences between vaccinated and unvac-
cinated subjects concerning their clinical status. This is certainly due to the fact that the
population was not randomly selected among infected subjects, but most subjects were
included as patients referring to hospitals (and therefore with some kind of clinical prob-
lem that needed attention), which excluded most mild/asymptomatic infections. In fact,
the study population showed a low proportion of mild/asymptomatic infections (12% in
our data). By contrast, a significant association was found between SARS-CoV-2 lineages
and COVID-19 presentation, even if for some variants a low number of cases was consid-
ered.

Significant associations were found only in vaccinated subjects: specifically, hospi-
talization and death displayed a higher incidence in those aged over 60 and in subjects
with Alpha and Gamma variant, respectively.

This could probably be explained by the fact that when these variants circulated most
of vaccinated patients had received only a single dose.

This study presents some limitations. Our study does not analyse the course and the
outcome of the infections, and does not consider the Ct (cycle threshold of real time PCR)
levels at diagnosis. Albeit a large number of samples were included in the study, these are
not proportionally distributed among regions in relation to their total populations and
related number of confirmed cases. Moreover, data were missing for many subjects, par-
ticularly concerning vaccination.

The COVID-19 pandemic continues to represent a global health crisis. Analyses of
the characteristics and clinical outcomes associated with SARS-CoV-2 variants are likely
to have important public health implications, both nationally and internationally. Our re-
port complements previous analyses by providing further data on the rapid change in the
epidemiological landscape of SARS-CoV-2 variants in Italy revealing that, in addition to
known variants of concern, other minor variants circulate and contribute to the epidemics.

Our study provides strong evidence consolidating the notion that since the begin-
ning of the epidemic sustained local lineage replacements is associated to new local epi-
demic waves [16, 21].
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Our data also reveal that, during each main variant epidemic wave, the expansion of
minor variants (descendant lineages) contributes significantly to the epidemics, creating
“sub-waves” that probably extend the epidemic course of their parent lineage, and, inde-
pendently of where they were generated, may lead to other geographical areas with a
potential to reverberate globally. In this context, the role of a continuous SARS-CoV-2 ge-
nomic monitoring to follow local viral evolution in real time appears of the utmost im-
portance.

In addition, the association between genomic and clinical data allowed us to evaluate
the role of viral variants in vaccinated people with respect to severity of disease.

Author Contributions: Conceptualization, A.L., Alessia Lai, A.B.; methodology, E.S., 1.V, L.S., Lo-
lita Sasset, S.C., B.C.,S.I, C.A, VD.P, LL, M.CB, G.G, RF, AL, Antonella Lagioia, M.L.C,, S.L.,
M.O, MR.C, ML, ER, CRS, CF, L.C, T.R,; formal analysis, A.L., Alessia Lai, A.B., C.D.V.; in-
vestigation, SM., B.B,, F.CS., AW, N.C, GB, D.F, ST, AS, AC, M.C, LS., Loredana Sarmati,
AR, S.A; resources, F.C.S., A.R., G.Z.; data curation, A.L., Alessia Lai, A.B.,, C.D.V,,B.B,,F.S,, N.C.,
G.B., LV, LS, Loredana Sarmati, S.C., V.D.P, M.C.B,, G.G,, D.F,, F.R.; writing —original draft prep-
aration, A.L., Alessia Lai, A.B., C.D.V., S.M.; writing—review and editing, SM., F.C.S,, N.C, L.V,
AR, LS., Loredana Sarmati, S.A., G.Z.; visualization, all the authors; supervision, SM., G.Z., AL,
Alessia Lai, A.B. All authors have read and agreed to the published version of the manuscript.

Funding: This project has received funding from the European Union’s Horizon Europe Research
and Innovation Actions under grant No. 101046041 and No. 101046016, and from the Ministero
dell’Universita e della Ricerca (PRIN 202022GZEHE_01).

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

Data Availability Statement: Whole genome sequences were submitted to GISAID.

Acknowledgments: This study was accomplished with the cooperation of other members belonging
to the SARS-CoV-2 ITALIAN RESEARCH ENTERPRISE - (SCIRE) collaborative group: Claudia
Balotta!, Massimo Galli!, Chiara Resnati!, Mario Corbellino!, Alessandro Occhionero?, Katia
Marinelli2, Valentina Ricucci?, Alexander Domnich3, Andrea Orsi®, Federica Stefanelli®, Nadia
Randazzo?, Giada Garzillo?, Lorenzo Piermatteo®, Leonardo Duca’, Stefano D’Anna’ Greta
Marchegiani®, Nicasio Mancini’, Sofia Sisti”, Maurizio Zazzi’, Lia Fiaschi®, Lucrezia Calandrino'®,
Massimo Andreoni'®, Laura Campogiani'3, Mirko Compagno®®, Luigi Coppola’®, Angela Maria
Antonia Crea', Giuseppe De Simone'?, Andrea Di Lorenzo'®, Ludovica Ferrari'®, Vincenzo
Malagnino®®, Tiziana Mulas'?, Benedetta Rossi'?, Ilaria Spalliera'®, Simona Tedde'?, Elisabetta Teti'?,
Pietro Vitale!?, Marta Zordan?3.

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

References

1. Velavan, T. P.; Meyer, C. G., The COVID-19 epidemic. Tropical medicine & international health : TM & IH 2020, 25, 278-280.
2. Bal, A, Destras, G.; Gaymard, A,; Stefic, K.; Marlet, J.; Eymieux, S.; Regue, H.; Semanas, Q.; d'Aubarede, C.; Billaud, G,;
Laurent, F.; Gonzalez, C.; Mekki, Y.; Valette, M.; Bouscambert, M.; Gaudy-Graffin, C.; Lina, B.; Morfin, F.; Josset, L., Two-
step strategy for the identification of SARS-CoV-2 variant of concern 202012/01 and other variants with spike deletion H69-
V70, France, August to December 2020. Euro surveillance : bulletin Europeen sur les maladies transmissibles = European
communicable disease bulletin 2021, 26.

3. Gaymard, A.; Bosetti, P.; Feri, A.; Destras, G.; Enouf, V.; Andronico, A.; Burrel, S.; Behillil, S.; Sauvage, C.; Bal, A.; Morfin,
F.; Van Der Werf, S,; Josset, L.; Blanquart, F.; Coignard, B.; Cauchemez, S.; Lina, B., Early assessment of diffusion and
possible expansion of SARS-CoV-2 Lineage 20I/501Y.V1 (B.1.1.7, variant of concern 202012/01) in France, January to March
2021. Euro surveillance : bulletin Europeen sur les maladies transmissibles = European communicable disease bulletin 2021, 26.

4. Mehta, P.; Ravi, V.; Devi, P.; Maurya, R.; Parveen, S.; Mishra, P.; Yadav, A.; Swaminathan, A.; Saifi, S.; Khare, K.;
Chattopadhyay, P.; Yadav, M.; Chauhan, N. S,; Tarai, B.; Budhiraja, S.; Shamim, U.; Pandey, R., Mutational dynamics across
VOCs in International travellers and Community transmission underscores importance of Spike-ACE2 interaction.
Microbiological research 2022, 262, 127099.

5. Challen, R.; Brooks-Pollock, E.; Read, J. M.; Dyson, L.; Tsaneva-Atanasova, K.; Danon, L., Risk of mortality in patients
infected with SARS-CoV-2 variant of concern 202012/1: matched cohort study. BMJ 2021, 372, n579.

6. Davies, N. G.; Abbott, S.; Barnard, R. C.; Jarvis, C. I; Kucharski, A. ]J.; Munday, J. D.; Pearson, C. A. B.; Russell, T. W,;
Tully, D. C.; Washburne, A. D.; Wenseleers, T.; Gimma, A.; Waites, W.; Wong, K. L. M.; van Zandvoort, K,; Silverman, J. D.;


https://doi.org/10.20944/preprints202209.0241.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 September 2022 doi:10.20944/preprints202209.0241.v1

Diaz-Ordaz, K.; Keogh, R.; Eggo, R. M.; Funk, S.; Jit, M.; Atkins, K. E.; Edmunds, W.]., Estimated transmissibility and impact
of SARS-CoV-2 lineage B.1.1.7 in England. Science (New York, N.Y.) 2021, 372.

7. Twohig, K. A.; Nyberg, T.; Zaidi, A.; Thelwall, S.; Sinnathamby, M. A.; Aliabadi, S.; Seaman, S. R.; Harris, R. J.; Hope,
R.; Lopez-Bernal, J.; Gallagher, E.; Charlett, A.; De Angelis, D.; Presanis, A. M.; Dabrera, G., Hospital admission and
emergency care attendance risk for SARS-CoV-2 delta (B.1.617.2) compared with alpha (B.1.1.7) variants of concern: a cohort
study. The Lancet. Infectious diseases 2022, 22, 35-42.

8. Caucdi, S.; Corvaro, B.; Tiano, S. M. L.; Valenza, A.; Longo, R.; Marinelli, K.; Ferreri, M. L.; Spiridigliozzi, P.; Salvoni, G.;
Bagnarelli, P.; Menzo, S., Weak Cross-Lineage Neutralization by Anti SARS-CoV-2 Spike Antibodies after Natural Infection
or Vaccination Is Rescued by Repeated Immunological Stimulation. Vaccines 2021, 9.

9. Wang, P; Nair, M. S;; Liu, L.; Iketani, S.; Luo, Y.; Guo, Y.; Wang, M,; Yu, J.; Zhang, B.; Kwong, P. D.; Graham, B. S,;
Mascola, J. R.; Chang, J. Y.; Yin, M. T.; Sobieszczyk, M.; Kyratsous, C. A.; Shapiro, L.; Sheng, Z.; Huang, Y.; Ho, D. D,
Antibody resistance of SARS-CoV-2 variants B.1.351 and B.1.1.7. Nature 2021, 593, 130-135.

10. Voloch, C. M.; da Silva Francisco, R., Jr.; de Almeida, L. G. P.; Brustolini, O. J.; Cardoso, C. C.; Gerber, A. L.; Guimaraes,
A.P. C,; Leitdo, I. C,; Mariani, D.; Ota, V. A.; Lima, C. X,; Teixeira, M. M.; Dias, A. C. F.; Galliez, R. M.; Faffe, D. S.; Porto, L.
C.; Aguiar, R. S,; Castifieira, T.; Ferreira, O. C.; Tanuri, A.; de Vasconcelos, A. T. R., Intra-host evolution during SARS-CoV-
2 prolonged infection. Virus evolution 2021, 7, veab078.

11. Naveca, F. G.; Nascimento, V.; Souza, V.; Corado, A. L.; Nascimento, F.; Silva, G.; Mejia, M. C.; Brandao, M. J.; Costa, A
Duarte, D.; Pessoa, K.; Jesus, M.; Gongalves, L.; Fernandes, C.; Mattos, T.; Abdalla, L.; Santos, J. H.; Martins, A.; Chui, F. M.;
Val, F. F.; de Melo, G. C,; Xavier, M. S.; Sampaio, V. S.; Mourao, M. P.; Lacerda, M. V; Batista E,L.R; Magalhaes, A.; Dabilla,
N.; Pereira, L. C. G.; Vinhal, F.; Miyajima, F.; Dias, F. B. S.; Dos Santos, E. R.; Coélho, D.; Ferraz, M.; Lins, R.; Wallau, G. L.;
Delatorre, E.; Graf, T.; Siqueira, M. M.; Resende, P. C.; Bello, G., Spread of Gamma (P.1) Sub-Lineages Carrying Spike
Mutations Close to the Furin Cleavage Site and Deletions in the N-Terminal Domain Drives Ongoing Transmission of SARS-
CoV-2 in Amazonas, Brazil. Microbiology spectrum 2022, 10, e0236621.

12. Garcia-Beltran, W. F.; Lam, E. C.; St Denis, K.; Nitido, A. D.; Garcia, Z. H.; Hauser, B. M.; Feldman, J.; Pavlovic, M. N.;
Gregory, D. ].; Poznansky, M. C,; Sigal, A.; Schmidt, A. G.; Iafrate, A.].; Naranbhai, V.; Balazs, A. B., Multiple SARS-CoV-2
variants escape neutralization by vaccine-induced humoral immunity. Cell 2021, 184, 2372-2383 9.

13. Voloch, C. M.; da Silva Francisco, R., Jr.; de Almeida, L. G. P.; Cardoso, C. C.; Brustolini, O. J.; Gerber, A. L.; Guimaraes,
A.P. C,; Mariani, D.; da Costa, R. M.; Ferreira, O. C,, Jr.; Frauches, T. S.; de Mello, C. M. B; Leitao, I. C.; Galliez, R. M.; Faffe,
D. S.; Castifieiras, T.; Tanuri, A.; de Vasconcelos, A. T. R., Genomic characterization of a novel SARS-CoV-2 lineage from
Rio de Janeiro, Brazil. Journal of virology 2021, 95.

14. Focosi, D.; Maggi, F., Neutralising antibody escape of SARS-CoV-2 spike protein: Risk assessment for antibody-based
Covid-19 therapeutics and vaccines. Reviews in medical virology 2021, 31, e2231.

15. Riemersma, K. K.; Haddock, L. A.; Wilson, N. A.; Minor, N.; Eickhoff, ].; Grogan, B. E.; Kita-Yarbro, A.; Halfmann, P. J;
Segaloff, H. E.; Kocharian, A.; Florek, K. R.; Westergaard, R.; Bateman, A.; Jeppson, G. E.; Kawaoka, Y.; O’Connor, D. H.;
Friedrich, T. C.; Grande, K. M., Shedding of Infectious SARS-CoV-2 Despite Vaccination. medRxiv 2022, 2021.07.31.21261387.
16. Lai, A.; Bergna, A.; Menzo, S.; Zehender, G.; Caucdi, S.; Ghisetti, V.; Rizzo, F.; Maggi, F.; Cerutti, F.; Giurato, G.; Weisz,
A.; Turchi, C.; Bruzzone, B.; Ceccherini Silberstein, F.; Clementi, N.; Callegaro, A.; Sagradi, F.; Francisci, D.; Venanzi Rullo,
E.; Vicenti, I; Clementi, M.; Galli, M., Circulating SARS-CoV-2 variants in Italy, October 2020-March 2021. Virology journal
2021, 18, 168.

17. EpiCentro, Bollettino n.3 25.6.2021. 2021.

18. Bowen, ]. E.; Addetia, A.; Dang, H. V.; Stewart, C.; Brown, ]J. T.; Sharkey, W. K.; Sprouse, K. R.; Walls, A. C.; Mazzitelli,
I. G.; Logue, J. K.; Franko, N. M.; Czudnochowski, N.; Powell, A. E.; Dellota, E., Jr.; Ahmed, K.; Ansari, A. S.; Cameroni, E.;
Gori, A.; Bandera, A.; Posavad, C. M.; Dan, J. M.; Zhang, Z.; Weiskopf, D.; Sette, A.; Crotty, S.; Igbal, N. T.; Corti, D.; Geffner,
J.; Snell, G.; Grifantini, R.; Chu, H. Y.; Veesler, D., Omicron spike function and neutralizing activity elicited by a
comprehensive panel of vaccines. Science (New York, N.Y.) 2022, 377, 890-894.

19. Lynch, S. M,; Guo, G.; Gibson, D. S.; Bjourson, A. J.; Rai, T. S., Role of Senescence and Aging in SARS-CoV-2 Infection
and COVID-19 Disease. Cells 2021, 10.

20. Romero Starke, K.; Reissig, D.; Petereit-Haack, G.; Schmauder, S.; Nienhaus, A.; Seidler, A., The isolated effect of age on
the risk of COVID-19 severe outcomes: a systematic review with meta-analysis. BM] global health 2021, 6.

21. Lai, A.; Bergna, A.; Toppo, S.; Morganti, M.; Menzo, S.; Ghisetti, V.; Bruzzone, B.; Codeluppi, M.; Fiore, V.; Rullo, E. V.;
Antonelli, G.; Sarmati, L.; Brindicci, G.; Callegaro, A.; Sagnelli, C.; Francisci, D.; Vicenti, I.; Miola, A.; Tonon, G.; Cirillo, D.;
Menozzi, I.; Caucdi, S.; Cerutti, F.; Orsi, A.; Schiavo, R.; Babudieri, S.; Nunnari, G.; Mastroianni, C. M.; Andreoni, M.; Monno,
L.; Guarneri, D.; Coppola, N.; Crisanti, A.; Galli, M.; Zehender, G., Phylogeography and genomic epidemiology of SARS-
CoV-2 in Italy and Europe with newly characterized Italian genomes between February-June 2020. Scientific reports 2022, 12,
5736.


https://doi.org/10.20944/preprints202209.0241.v1

