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Background: Italy has been the first European Country dealing with SARS-CoV-2, whose diffusion on the
territory has not been homogeneous. Among Italian regions, Sardinia represented one of the lowest in-
cidence areas, likely due to its insular nature. Despite this, the impact of insularity on SARS-CoV-2 genetic
diversity has not been comprehensively described.

Methods: In the present study, we performed the high throughput sequencing of 888 SARS-CoV-2 genomes

I;?Qg?égi}_z collected in Sardinia during the first 23 months of pandemics. In addition, 1439 high-coverage SARS-CoV-2
COVID-19 genomes circulating in Sardinia along three years (December 2019 - January 2023) were downloaded from
Sardinia GISAID, for a total of 2327 viral sequences that were characterized in terms of phylogeny and genomic
Insularity diversity.

Genomic diversity Results: Overall, COVID-19 pandemic in Sardinia showed substantial differences with respect to the national
panorama, with additional peaks of infections and uncommon lineages that reflects the national and re-
gional policies of re-opening and the subsequent touristic arrivals. Sardinia has been interested by the
circulation of at least 87 SARS-CoV-2 lineages, including some that were poorly represented at national and
European level, likely linked to multiple importation events. The relative frequency of Sardinian SARS-CoV-
2 lineages has been compared to other Mediterranean Islands, revealing a unique composition.
Conclusions: The genomic diversity of SARS-CoV-2 in Sardinia has been shaped by a complex interplay of
insular geography, low population density, and touristic arrivals, leading on the one side to the importation
of lineages remaining rare at the national level, and resulting on the other side in the delayed entry of
otherwise common variants.

© 2024 Published by Elsevier Ltd on behalf of King Saud Bin Abdulaziz University for Health Sciences. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

SARS-CoV-2 is the second severe acute respiratory syndrome
coronavirus, responsible for COVID-19 pandemic. The first European
Country reached by SARS-CoV-2 has been Italy, with the imported
cases of a tourists couple from Wuhan (January 2020) followed by
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the earliest autochthonous diagnosis (February 2020) [1]. The rapid
increase of cases led to restrictive measures culminated in a national
lockdown (March 9-May 3, 2020). To date, Italy registered > 26,4
million cases on ~59 million inhabitants, with a 0,7 % lethality rate
(Italian National Institute of Health, https://www.iss.it/coronavirus,
accessed on 3rd November 2023). COVID-19 diffusion in the Italian
territory showed a clear gradient from highly-affected Northern re-
gions to lower-incidence Southern areas [2,3] that included Sicily
and Sardinia major Mediterranean islands. Sardinia has a higher
geographic isolation as compared to Sicily, presenting also limited
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internal connectivity and low population density [4,5]. Moreover,
Sardinian population is among the elderest in Italy, with 26 % of
over-65 inhabitants of which 677 over-100, (Italian National In-
stitute of Statistics, 2023) as a peculiar risk-factor for severe COVID-
19 forms. The first COVID-19 case in Sardinia dates back to March
2nd 2020 in Cagliari main city [6]. Following the national lockdown,
from March 14th, the region ordered the closure of air and marine
connections [6], also to counteract the arrival of Sardinian citizens
and northern Italian inhabitants from highly affected regions [3]. The
subsequent day, after few isolated cases (n = 77), the first COVID-19
outbreak was officially declared in North Sardinia (n = 35) and the
infection progressively spread in the whole Island [6]. In this sce-
nario, few studies analyzed the impact of insularity on SARS-CoV-2
genetic variability in Italy [5,7,8] and other Countries [9-18].

The present study aimed to provide a comprehensive description
of the dynamics of diffusion and genetic diversity of SARS-CoV-2 in
Sardinia island across the pandemic, to evaluate the impact of in-
sularity with respect to mainland Italy and compare it with other
Mediterranean islands. To this purpose, we took into account a total
of 2327 SARS-CoV-2 genome sequences circulating in Sardinia along
38 out of 42 months of COVID-19 pandemic.

2. Materials and methods
2.1. Sampling and viral RNA extraction

Between February 2020 and January 2022, 888 SARS-CoV-2 po-
sitive nasopharyngeal swabs were selected by three clinical centers
(Supplementary Fig. 1) based on CT values < 32 and temporal-geo-
graphic distribution. Viral RNA was extracted (Seegene Nimbus
system, STARMag Universal Cartridge kit), validated (RealStar SARS-
CoV-2 RT-PCR Kit 1.0), and sent to NGS Core for sequencing.

2.2. Next generation sequencing

Viral RNA was mixed with Random Hexamer Primer Mix, dNTPs
and nuclease-free water (Thermo Fisher Scientific, total volume =
10,5 pL) and incubated at 65 °C for 5’ followed by 1’ in ice. We then
added 5 xSSIV buffer, DTT, RNaseOUT, SSIV enzyme and nuclease-
free water (Thermo Fisher Scientific, total volume=20 pL) and heated
to 23 °C-10’, 52 °C-10’, and 80 °C-10" to obtain cDNA, processed
using ARTIC nCoV-2019 V3 amplicon panel. Libraries were prepared
from 90 ng amplicons (Illumina DNA Prep), analyzed on Agilent
Bioanalyzer 2100, quantified using Qubit dsDNA BR Assay kit, and
pooled at equimolar concentrations. Pools were size-selected to
obtain ~450 bp fragments that were sequenced on HiSeq3000
(Illumina) to generate ~3-4 millions 150 bp paired-end reads, pro-
cessed with DRAGEN pipeline (BaseSpace Sequence Hub, Illumina).

2.3. External resources

1439 SARS-CoV-2 sequences circulating in Sardinia (December
2019 to January 2023, low coverage excluded) were downloaded
from GISAID (https://gisaid.org, Supplementary Tab. S1) and classi-
fied with Nextclade (https://clades.nextstrain.org). The distribution
and characteristic mutations of SARS-CoV-2 lineages were inferred
with CoVe Tracker [19] and GISAID.

2.4. Phylogenetic analyses

Maximum likelihood tree was inferred with FastTree applying a
generalized time-reversible model [20], local support values were
computed with the Shimodaira- Hasegawa test and analyzed with
Dendroscope, v.3.7.2 [21].
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3. Results
3.1. COVID-19 trend in Sardinia island

Between January 2020 and March 2023, Sardinia registered
527.670 cases for 1.587.413 inhabitants (prevalence=33 %) while a
severely affected area such as Lombardy counted 4.125.708 cases for
9.943.004 inhabitants (prevalence=41 %) (inhabitants source: latest
report of National institute for Statistics). Also, the temporal dis-
tribution of COVID-19 cases in Sardinia showed substantial differ-
ences as compared to the individual Italian regions and the overall
national trend (Figs. 1 and 2). The first pandemic phase (February -
May 2020) had a slightly delayed start in Sardinia, with the first
imported case at the beginning of March and local cases increasing
from mid-month. In this period, Sardinia and Sicily islands were
among the 5 Italian administrative areas with the lowest COVID-19
cumulative incidence, according to an evident decreasing North-to-
South gradient (Fig. 1). The second phase (October 2020 - January
2021) had instead an earlier start in Sardinia, with an additional
peak in the second half of summer 2020 and an expanded fall-winter
peak (Fig. 2). Accordingly, SARS-CoV-2 cumulative incidence had a
slight increase, still remaining the second lowest one (Fig. 1). The
third phase (February-May 2021) looks more similar to the national
panorama, likely due to the positive impact of the vaccination
campaign: during this period Sardinia had the lowest case incidence
in Italy (Figs. 1 and 2). As for 2020, the summer period June-October
2021 (fourth phase) in Sardinia was associated to an additional peak
of cases, in contrast to an almost flat epidemiological curve in Italy
and Lombardy, with a slight increase in cumulative incidence that
returned the second lowest one (Figs. 1 and 2). Finally, the fifth
phase (November 2021 - February 2022) was associated to Omicron
VoC, which had a lower virulence but a very high transmissibility
and led to a pronounced increase in COVID-19 cases, becoming ra-
pidly dominant [22]. Accordingly, in Italy and Lombardy the peak
was reached in ~1 month, while Sardinian trend showed a corre-
spondent initial peak followed by a temporary slowdown, with a
plateau of cases that started to increase again in February 2022
(Fig. 2). After the end of the fifth phase, two subsequent peaks were
observed until the end of summer 2022, reaching only in Sardinia a
comparable height to the previous.

3.2. SARS-CoV-2 genomes in the study

To investigate the diversity of SARS-CoV-2 in Sardinia, within
CarGen4CoV collaborative project we sequenced 888 SARS-CoV-2
genomes (“CarGen dataset”) from nasopharyngeal swabs collected
between February 2020 and December 2021 (23 months) by three
clinical centers (Supplementary Fig. 1) that were strategically located
to assure a good coverage of SARS-CoV-2 genomes since the begin-
ning of COVID-19 diffusion, i.e before than the regional and national
surveillance made epidemiological data publically available. In ad-
dition, we downloaded from GISAID all 1439 high-coverage SARS-
CoV-2 genomes collected in Sardinia along 38 months of pandemic
(December 2019-January 2023, “GISAID dataset”) (Supplementary
Table 1).

Hence, considering both datasets, a total of 2327 complete SARS-
CoV-2 genomes were included (Table 1). Noteworthy, for some
clades, the sequences from CarGen dataset represent the majority of
the reported SARS-CoV-2 genomes, with a major contribution to
their characterization in Sardinia (Table 1). For example, the major
European clade 20E included 581 genomes, of which 457 (79 %) were
sequenced during the present study. Indeed, the clades not found
among CarGen genomes were either rarely found in Sardinia (e.g
20H/p VoC, 21D/n, 21 F[y, and 21 H/pu) or occurred after the end of
CarGen4CoV sampling period (as for o VoC clades subsequent to
21K) (Supplementary Table 2).
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Fig. 1. Cumulative incidence of COVID-19 cases during the considered pandemic phases. The cumulative incidence (for 100.000 inhabitants) of reported COVID-19 cases in the
different Italian regions is plotted in the map with a color gradient (pink-high to ciano-low) according to the 5 pandemic phases considered in the study (as defined in Fig. 1) (A).
The correspondent data are also reported and were used to sort the Italian regions according to the increasing cumulative incidence (B).
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Fig. 2. Epidemiological trend of COVID-19 pandemics The bar plots depict the dynamics of COVID-19 cases as reported in Italy (A) and in two Italian regions (B) including a highly
affected one (Lombardy, 4.125.708 cases) and Sardinia (527.670 cases). The overall time period considered in the present study is indicated in the top of the figure, while the
different pandemic phases are highlighted with blue brackets and colored boxes. The main differences of Sardinian epidemiological curve as compared to the national and
Lombardy ones are indicated with red arrows. All plots are adapted from the ones provided by the Italian Institute for Public Health website https://www.epicentro.iss.it/,

accessed on 23/03/2023.
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Table 1
Number and clades of the SARS-CoV-2 genomes circulating in Sardinia, as generated
in this study and retrieved from Gisaid database.

clade” pandemic This study  GISAID - Total n° of
wave " (Feb2020-  Sardinia sequences
Dec 2021, (Dec 19 -
23 Jan 23,
months) 38
months)
19A First 1(50%) 1 2
19B First 6 (40%) 9 15
20A First 22 (46 %) 26 48
20B First 29 (57 %) 22 51
20C Second 7 (87 %) 1 8
20D Second 13 (81%) 3 16
20E Second 457 (79%) 124 581
201 (Alpha) Third 113 (14 %) 694 807
20H (Beta) Third - 16 16
20]J (Gamma) Fourth 1(8%) 12 13
21A,211and 21]  Fourth 199 (37 %) 345 541
(Delta)
21D (Eta) Fourth - 1 1
21F (lota) Fourth - 2 2
21 H (Mu) Fourth - 5 5
21K, 21L, 224, Fifth 40° (33%) 80 120
22B, 22E
(Omicron)
CRF - - 101 101
TOTAL 888 (38%) 1439 2327

°includes only 21 K (sampling ended in December 2021)
For the SARS-CoV-2 genomes generated in this study, the percentage as referred to the
total number of sequences in Sardinia (this study + Gisaid) is reported between
brackets

" as assigned with Nextclade

™ as defined in the present study. First: February - May 2020; second: October 2020
- January 2021; third: February - May 2021; fourth: June - October 2021; fifth:
November 2021 - February 2022; sixth: from March 2022

3.3. Phylogeny of SARS-CoV-2 genomes in Sardinia

To define the phylogeny of SARS-CoV-2 genomes, we built a
Maximum Likelihood tree including CarGen and GISAID datasets,
identifying 64 supported clusters, (Fig. 3, Supplementary Fig. 2).

We found only 17 sequences from 19 A and 19B haplotypes (1 %,
cluster 37), responsible for the beginning of SARS-CoV-2 diffusion in
December 2019, in line with the low incidence of the infection in
Sardinia during the first pandemic wave. An analogous situation was
observed for clade 20 A (2 %, subcluster 41a), whose origin broadly
corresponds to the northern Italy outbreak in early 2020, and clade
20B (2 %, subcluster 38a), characterized by the onset of three single
nucleotide substitutions (G28881A, G28882A, G28883GC() (Table 1,
Fig. 3). Similarly, in the second wave, a minority of sequences be-
longed to clades 20 C (0,3 %, subcluster 41c¢), which led to the differ-
entiation of the beta, iota and epsi variants; and 20D (0,6 %, subcluster
38b), spread mostly in England (Fig. 3). Clusters 38 and 41 also in-
cludes some minor lineages derived from the above clades and mainly
found in Northern Europe, such as B.1.160 and B.1.389 (41a with 20 A)
and B.1.1.232 (38a with 20B) (Fig. 3). The fact that different lineages
form shared clusters likely depends on the fact that most spike mu-
tations appeared later on, increasing inter-lineage diversity.

The major European clade 20E formed the second supercluster in
terms of members, with 581 SARS-CoV-2 genomes divided in 21
clusters (16 to 36) (Table 1, Fig. 3). The size of this cluster reflects the
impact of summer 2020, when the reopening and relaxation of social
isolation measures drastically changed the pandemic trend of the
island, which until that moment was only marginally affected
(Fig. 2). In particular, sequences belonging to the main lineage B.1.177
(n=363) were distributed in 9 clusters, while the descendent Italian
lineages B.1.177.75 (n=122) and B.1.177.83 (n =93) - circulating from
August - September 2020 - were grouped in 8 (24-31) and 3 (21-23)
clusters, respectively (Fig. 3).

Journal of Infection and Public Health 17 (2024) 102496

The alpha VoC (201/B.1.1.7) was firstly reported in England in
September 2020 and resulted the most spread in Sardinia, in line
with the increase of infections in fall 2020 third wave (Fig. 2), in-
cluding 807 genomes (Table 1). These sequences are divided in 24
clusters, sharing similar times of diffusion (January-June
2021) (Fig. 3).

Contrarily, in the fourth wave, beta and gamma VoCs showed a
minor presence in Sardinia, in line with their low diffusion in the
whole Country (Table 1) [23]. The delta VoC is indeed the second
most represented VoC in Sardinia, forming a supercluster that in-
cludes 11 supported clusters with 544 genomes, classified into 3
clades (21 A, 211, 21]) and 46 lineages (Fig. 3). The delta VoC was
identified in India from spring 2021 and rapidly spred due to mul-
tiple spike mutations. Its prevalence on the territory is in line with
the increase in COVID-19 cases in Sardinia in spring-summer
2021 (Fig. 2).

Finally, in the fifth wave, omicron VoC has been associated with
the highest contagiousness, showing in turn a lower virulence that
contributed to its massive spread in Europe and Italy from autumn-
winter 2021. In this case, its minority presence in CarGen population
is because its spread began in South-Africa at the end of CarGen
sampling period (November 24th 2021) that included hence only the
first sub-lineage (BA.1.14, clade 21K) (Table 1). Nevertheless, it re-
presents the 5% of the Sardinian sequences (120 sequences, clades
21K, 211L, 22 A, 22B, and 22E), confirming a wide diffusion on the
territory (Table 1).

3.4. Relative frequency

To gain more insights about SARS-CoV-2 diversity, we generated
frequency plots showing the relative percentage of each lineage and
clade from February 2020 to December 2021 (Fig. 4). Moreover,
given the hypotesis that such distribution could be influenced by
insularity, we performed the same analysis for the other major Ita-
lian island (Sicily) and a highly affected non-insular region (Lom-
bardy) (Fig. 4). Finally, we generated frequency plots for other 4
major Mediterranenan Islands: Corse (France), Crete (Greece), Mal-
lorca (Spain), and Malta (Supplementary Fig. 3). While Sardinian plot
included both CarGen and GISAID datasets, the others were based on
GISAID data only, and present some missing period during which no
sequences were uploaded.

Interestingly, Sardinia plots shows a peculiar distribution of cir-
culating lineages and clades. First, certain lineages were found here
but not in the other areas: B.1.22, B.1.36, and B.1.558 (clade 20 A);
B.1.1.25, B.1.1.198, and B.1.1.294 (20B); C.16 (20D); B.1.177.83 and
B.1.177.87 (20E); AY.34.1.1, AY.78, and AY.90 (21], delta VoC); and
BA.1.14 (21 ], omicron VoC) (Fig. 4, Supplementary Fig. 3). The global
presence of these lineages was assessed in GISAID (December 2019 -
January 2023) and some were even not reported in Italy (B.1.22 and
B.1.1.198, mostly in Netherlands and UK, respectively) or confirmed
to be present in Sardinia region only (B.1.558 and C.16, diffused in
North America/Africa and France, respectively) (Table 2). Im-
portantly, various lineages were not present in Sardinia according to
GISAID data, and were hence firstly reported thanks to CarGen da-
taset (B.1.22, B.1.36, B.1.1.198, B.1.1.294, AY.34.1.1, and BA.1.14)
(Table 2). On the counterpart, entire clades were not present in
Sardinia, including 20F (in Sicily, lineage D.2) as well as 20 G and
21G/lambda (in Lombardy, lineages B.1.2 and C.37/C37.1, respec-
tively) (Fig. 4). The search of such clades in GISAID confirmed their
low circulation in Italy - with only 1 (20 F-D.2), 3 (20 G-B.1.2), and 19
(21 G-C37/C.37.1) enties (data not shown) - and in the analyzed
Mediterranean Islands, except for a single 20 G-B.1.2 entry in Mal-
lorca (Supplementary Fig. 3).

Second, Sardinia showed lineages with higher prevalence that in
some months made up almost the totality of sequences, with a less
heterogeneous composition as compared to Sicily and Lombardy:
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192:52 (46, 8.1.177 - Oct 20-Feb 21, CA)
19b:6 (4,8.1,177 — Jan-Feb 21, CAWNU)

cluster 20: 5 (5, 8.1.177 = Sep-Nov 20, CA+NU)
cluster 21:21 (11, 5.1.177.83 ~ Aug 20-Jan 21, CA+NU+5S)

lcluster 22: 36 (29)
222:31(24,8.1.177.83

Sep 20-1an 21, CAINUASS)

lcluster 23: 35 (27)

23023 (20, B.1.177.83 - Sep 20.Jan 21, CASNUSSS)
235:8(3,8.1.177.83 - Nov 20,NU)
[cluster 24: 9 (2, 8.1.177.75 - Dec 20-Jan 21, CA+NU)
[cluster 25: 5 (3, 8.1.177.75 - Jan 21, 55)
(cluster 26: 10 10, B.1.177.75 - Jan 21, 55)

[cluster 28: 9 (8, 8.1.177.75 - Oct 20-Jan 21, 55)
[cluster 29: 5 (4, 8.1.177.75 - Oct 20-Jan 21, 55)

[cluster 31: 23 (9, B.1.177.75 - Dec 20-Jan 21, 55)

(cluster 32: 22 (12, B.1.177 — Oct 20-Jan 21, CA+NU+SS)
[cluster 33: 9 (6, 8.1.177 - Dec 20, 55)

[cluster 34: 112 (90)
'342:11 (11, .1.177 - Sep-Dec 20,CA)
34b: 6 (61, B.1.177 - Aug-Dec 20, CAANUSSS)
34¢:7 (5, B.1.177 - Oct-Nov 20, CAWNUSSS)

cluster 35:9 (8, 8.1,177 - Oct 20-Feb 21, CAsS)

cluster 367 (6, 8.1.177 and B. 1.177.87 - Sep 20-Jan 21, NU+55)
cluster 37: 19 (6, A.27 and B - Sep 20 and Feb-Apr 21, CA+ NU)
cluster 38: 64 (38)

38 (208): 40 (23, .1.13nd B.1,1.252 - Aug 20-Jan 21, CAWNUSSS)

cluster 39: 13 (1, P.1.1- Apr 21, NU)

cluster 40: 75 (40)
52 (40, BA.1 and descendants - Dec 21-Jan 22 CA¥NU)

cluster 41: 38 (8)

412 (208): 10 (7, 8.1.160 and B.1.389 - Aug 20-Jan 21, CANUASS)

41b (20H - beta): 19 (1, 8.1, - Jul 20,55)

41¢(200): 52 (5,5.1.367 - Aug-Sep 20 CAISS)

luster 42 (20A): 17 (8, B.1and 8.1.221 - Mar-Sep 20, CA+NU+SS)

cluster 43: 33 (11, 8.1.1.7 ~ Feb-Apr 21, CA*NU#S5)

cluster 45: 30 (4)
45115 (3, B.1.1.7 - May-Jun 21, CA)
| asbiia(E117-un21,CR)

cluster 46: 67 (12)
6337 (5, B.1.1.7 - Mar-May 21, CA)
465:30(7,B.1.1.7 - May-Jun 21, CA)

cluster 49: 31 (12)
492:22(3, B1.1.7 - Feb-Apr 21, CA)
96:9(1,5.1.17 - May 21, CA)

cluster 50: 82 (1, 8.1.1.7 - Apr 21, CA)

cluster 51: 16 (3, 8.1.1.7 ~ Apr-May 21, CA)
cluster 52:9 (3, B.1.17 - Jun 21, CA)

eluster 53: 129 (12)
534:40 (2,117 - Apr 21,C)
536120 (2, B.1.17 - Jan-Feb 21, CAISS)
53g:24 (3,8.1.17 - Jan-Feb 21, CAssS)
53h:24(5,B.1.1.7 - May-Jun 21 CA]

cluster 54: 45 (2)
542:15 (2, 81,17 - Apr 21, CASNU]

cluster 57: 19 (5, 8.1.1.7 ~ Mar-Apr 21, CA)

cluster 59:5 (1, 8.1.1.7 — Mar 21, NU)
cluster 60: 21 (2, B.1.1.7 - Feb-Apr 21, CA*NU)
cluster 61: 15 (8, 8.1.1.7 - Feb-Mar 21, CA)

cluster 62: 52 (12, 8.1.1.7 - Mar-May 21, CA)

cluster 64: 6 (4, 8.1.1.7 - Mar-Apr 21, CA)
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2265 (5,8.1.177.83 - Aug:Sep 20, CASS) 190]

2]

38b (20D): 24 (15, 8.1.1.1~ Aug 20 55, C16.- Jan 21 NU, and €36.3 - Apr 21 NU)

(caption on next page)
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Fig. 3. Phylogenetic tree of SARS-CoV-2 genomes circulating in Sardinia The full-length nucleotide sequences of the 888 SARS-CoV-2_CarGen genomes plus all the sequences
reported in Gisaid for Sardinia since the beginning of the pandemics (December 2019 - January 2023, 38 months) were used to generate a neighbor joining phylogenetic tree. The
latter is presented here in a condensed version and is provided as full-length figure in Supplementary Material (Fig. S2). The percentage of replicate trees in which the associated
taxa clustered together in the bootstrap test (100 replicates) are shown next to the branches. The evolutionary distances were computed using the p-distance method and are in
the units of the number of nucleotide differences per site. Reference SARS-CoV-2 genomes for the original haplotype and the variants of concerns (VoCs) are also included.
Phylogenetic groups corresponding to the different VoC clades are highlighted with colored boxes, and their bootstrap support is reported between squared brackets. Cluster and
subclusters including sequences from this study are marked with filled and unfilled red dots, respectively, and are annotated with progressive numbers and a brief description
reporting the number of total members and, between round brackets, the number of sequences from our study along with the corresponding lineages, time and site of sampling.
Clusters and subclusters formed exclusively by sequences from the present study are underlined. Criteria used to define a cluster or subcluster were a threshold of bootstrap
support of at least 70 and a minimum number of members of 5 sequences.

B.1.177 (clade 20E) during Summer-Fall 2020 and the alpha VoC
(B.1.1.7, 201) in Winter-Spring 2020-2021 (Fig. 4). Then, the delta VoC
arrival fastly led to the prevalence of 21 A, 211, and 21 ] clades from
Summer 2021, albeit showing a lower heterogenicity of circulating
lineages in Sardinia (n=45) as compared to Sicily (n=63) and
Lombardy (n=93) (Fig. 5, Supplementary Table 3). Most of such

lineages had a relative frequency < 1%: in Sardinia, 11 lineages ac-
counted for the 89% of all delta sequences, while in Sicily and
Lombardy 12 and 14 lineages made up the 88 % and 83 % of the total
delta members, respectively (Supplementary Table 3). Six of these
were shared by the three regions: while the founder B.1.617.2 lineage
showed a comparable presence (10 % in Sardinia and Sicily, 15% in

Sardinia

Lineage

Fucanooe
§

Lineage
~ ]

Peccrtage

Lombardy

Lineage
m o

Fig. 4. Frequency plots of SARS-CoV-2 lineages The relative frequency of the SARS-CoV-2 lineages circulating in Sardinia, Sicily, and Lombardy regions have been plotted along 23
months of pandemics, corresponding to the sampling period of the CarGen4CoVstudy (February 2020 - December 2022). Frequencies are expressed as percentage among the total
of cases, as retrieved from GISAID database and from our dataset in the case of Sardinia. For Lombardy, lineages being not present in the two main islands have been represented in
grey, to facilitate the comparison.
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Table 2
SARS-CoV-2 lineages found only in Sardinia.
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clade wave " Lineage Sardinia Italy and rest of the World
This study®  GISAID”  First Main diffusion n° of sequences (Italy) n°of
report sequences
(global)
20A 1st B.1.22 1 - 03/2020 Netherlands (698) 0 851
B.1.36 1 - 02/2020 India (4438), 5 (Lazio, Apulia) 9258
North America (2435)
B.1.558 - 7 04/2020 North America (336) 7 (Sardinia) 343
20B 1st B.1.1.198 1 - 03/2020 UK (461) 0 626
B.1.1.25 - 1 04/2020 Bangladesh (1230), 26 (Lazio, Emilia- 2350
North America (755) Romagna, Apulia,
Campania)
B.11294 1 - 03/2020 Russia (235), Denmark (148), Germany (148) 5 (Emilia-Romagna, 906
Veneto)
20D 2nd C.16 5 2 11/2020 Africa (278), France (167), North America (128), PortugalX {3didinia) 1067
20E 2nd B.1.177.83 68 25 07/2020 Italy (542), Germany (129), 542 (Campania, 792
Croatia (73) Abruzzo, Lazio,
Sardinia, Emilia-
Romagna, Apulia)
B.1.177.87 2 1 08/2020 UK (1281) 5 (Campania, 1373
Sardinia, Apulia,
Emilia-Romagna)
21J(A) 4th AY.3411 1 - 06/2021  South America (2555) 8 (Apulia) 2667
AY.78 - 9 06/2021 Turkey (238), Germany (151) 1 (Emilia-Romagna) 487
AY.90 - 1 05/2021 UK (1838) 2 (Sardinia, Lazio) 1875
21K (0) 5th BA.1.14 7 - 10/2021 Belgium (2446), UK (1258), Denmark (920), Germany (75382 (Lazio, Veneto, 11621

Campania, Lombardy,
Piedemont, Trentino)

" as assigned with Nextclade

" as defined in the present study. 1st: February - May 2020; 2nd: October 2020 - January 2021; 3rd: February - May 2021; 4th: June - October 2021; 5th: November 2021 -

February 2022; 6th: from March 2022
2 sampling period: February 2020 - December 2021, 23 months

b search period: December 2019 - January 2023, 38 months

Lombardy), the prevalent delta lineage was AY.43 in Sardinia and
Lombardy (34 % and 32 %, respectively, vs < 12 % in Sicily) and AY.122
in Sicily (30 % vs 10 % and 8 % in Sardinia and Lombardy, respectively)
(Fig. 5). The remaining lineages were instead specifically found in
one or two regions. Whereas in Lombardy they all showed individual
percentages < 2,5%, in Sardinia AY.126 was the second most abun-
dant (15% vs 1% and 0,9% in Lombardy and Sicily, respectively),
while in Sicily lineage AY.58 was the fourth in prevalence (8% vs
0,1% in Lombardy, not reported in Sardinia) (Fig. 5).

4. Discussion

Viral spread is influenced by several variables, including fitness
and socio-geographical factors. Islands are interesting sites to study
viral evolution, as their geography reduces the complexity of popu-
lation connections, especially in the presence of restrictive measures.
Here we explored SARS-CoV-2 diversity in sardinia island along 38
out of 42 months of pandemics (December 2029- January 2023).
Some previous studies provided a snapshot of SARS-CoV-2 genetic
diversity in Sardinia, including 13 (March-May 2020, central inner
Sardinia [3]); 92 (March 2020-May 2021, central inner Sardinia [5]);
and 55 (March 2020-January 2021, North Sardinia [4]) SARS-CoV-2
genomes. Our study considered instead a total of 2327 SARS-CoV-2
genome sequences circulating in the different Sardinia areas, as ob-
tained through the sequencing of clinical samples from three main
clinical centres of the island (located in Cagliari, Sassari, and Nuoro) as
well as from GISAID repository. The study however has some limita-
tions: despite the high number of SARS-CoV-2 genomes analysed (of
which the ones sequenced in this study represent the 38 %), the ob-
tained dataset does not cover all the viral sequences that circulated in
Sardinia, and especially the lineages with a low prevalence, that re-
main underrepresented or even undetected. Similarly, the sampling
period ended at the beginning of the omicron variant spread, and is
hence poorly representative of this variant’s diversity, being

accounted only by the GISAID sequences. About the latter, it is difficult
to obtain specific information on the composition of the different
clusters of infection within the territory, and hence to track the mo-
ment of entry and the dynamics of diffusion of the various viral
clades. Nevertheless, our study represents the most updated and
comprehensive description of SARS-CoV-2 diversity in Sardinia, and
provides useful information about its diffusion in an insular territory.

In general, SARS-CoV-2 incidence in Sardinia has been lower as
compared to the regional and national panorama, likely due to in-
sular geography and other socio-geographic features, including large
rural areas, limited connectivity between major cities and low po-
pulation density [4,5]. This trend is particularly evident in the first
months, coincident with the national lockdown: the contenitive
measures in Sardinia were strengthened by the natural isolation,
with a lower and delayed peak of infections sustained by the original
haplotype 19 A. Then, the progressive re-opening policy caused two
additional peaks in Summer seasons 2020 and 2021, plus an ex-
panded peak in Fall-Winter 2020. These summer peaks were linked
to the high amount of turistic arrivals from Italy and Europe, as also
suggested by the epidemiology of COVID-19 cases.

Particularly, the main European clade 20E/EU1 (Summer 2020)
had a key role in increasing Sardinian cumulative incidence, and
forms the major cluster in SARS-CoV-2 phylogeny, as previously
reported for the central-inner and northern part of the Island [4,5].
This outbreak was claimed to be responsible for the start of the
second wave in Italy through tourists returning from the Island, but
previous works found such hypotesis unlikely [4]. Accordingly i) two
of the three main lineages found in Sardinia (B.1.177 and B.1.177.75)
circulated in mainland prior to reach the Island, making more likely
their importation through national touristic arrival, and ii) some
lineages present in Sardinia were absent in Italy, including B.1.22 and
B.1.558 (clade 20 A, Netherlands and North America, respectively)
and B.1.1.198 (clade 20B, UK and Luxembourg). Also other lineages
occasionally found in Sardinia had a very low circulation in the rest
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Fig. 5. Delta lineage composition The plots show the composition of the Delta VoC in Sardinia, Sicily, Lombardy and at the national level, indicating the percentage of the different
lineages along 23 months of pandemics, corresponding to the sampling period of the study (February 2020 - December 2022). The names of lineages that were found in all the
three Italian regions are underlined and in bold, the ones shared between two regions are in bold. Lineages representing less than the 1 % are grouped under the category “others”.

of Italy, further suggesting their independent introduction by the
resumption of European travels from June 2020 [24,25].

The increase in infections in winter 2020 was associated to the
alpha VoC, rapidly became prevalent thanks to its increased trans-
missibility [26], costituting ~35% of Sardinian sequences. The corre-
sponding phylogenetic clusters are splitted in the upper (clusters 1
and 2) and lower (clusters 43-64) parts of the tree based on the
presence of 3 nucleotide substitutions in all members of the two
upper clusters. While one is a synonymous mutation in nsp15/en-
doRNAse (C20148T), two non-synonymous substitutions (C16468T/
P78S and T17009G/1258S) were found in nsp13/helicase. P78S was
reported in USA in March 2020, but had a major diffusion in Italy in
March-May 2021 [19], in line with the date of CarGen sampling; while
1258S was firstly described in Saudi Arabia in April 2020, and reported
in Italy in March- May 2021 [19]. Interestingly, when we searched the
above mutations in GISAID (accessed on August 24th 2023), the 60 %
of entries harboring P78S mutation were from Sardinia (93/154), with
the remaining distributed in other 12 Italian regions; while 1258S was
found in 107 Italian sequences, of which 96 % from Sardinia, with only
4 sequences in 3 other regions (data not shown). This mutation was
confirmed to be specifically found in Sardinia also at the global level,
with only 85 sequences in the rest of the Countries, being likely arose
from the intensive circulation of apha VoC during summer-fall 2020.
Another lineage strictly associated to the Island was A.27 (19B): arose
in Spain, it was firstly observed in Italy in a Sardinian family in

January 2021 [27], and its subsequent diffusion was limited to Sar-
dinia and Sicily (data not shown).

Summer 2021 peak was linked too to the numerous tourist en-
trances, favoring the spread of the highly-infectious delta VoC, i.e.
the third cluster in terms of numbers and the most complex for
phylogenetic composition.

Beside the major deviations from the national curve, Sardinia
also showed a peculiar frequency of SARS-CoV-2 lineages. The pre-
vious works reported 10 to 15 lineages in Sardinia [4,5]: according to
our study, a total of 21 clades and 87 lineages were circulating in the
Island between December 2019 and January 2023, including some
clades that would have been otherwise underestimated or even not
reported based on the sole GISAID dataset. The completeness of the
study dataset allowed to generate frequency plots depicting the re-
lative percentages of lineages and clades, and compare it to a highly
affected region (Lombardy) and the other major island (Sicily). Sar-
dinia showed again a peculiar trend, with the complete replacement
of one clade by the subsequent, indicating a low co-circulation of
different clades. The first major replacement occurred between co-
circulating clades 2°A-2°B and clade 20E (July 2020), then replaced
by the alpha VoC (January 2021) that was itself cleared by the Delta
clades (June 2021). A comparable sweep between lineages was re-
ported for some oceanic islands [9] and observed in the other
Mediterranean islands, despite the presence of whole months with
no sequences available, further suggesting that SARS-CoV-2 lineage
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composition in isular territories presents common signatures,
especially during the months of turistic arrivals, but also maintains a
certain degree of specificity, being likely influenced by the respective
mainlands.

The delta variant showed a complex phylogeny due to the pro-
gressive accumulation of substitutions [28]. The lower eterogenicity
was observed in Sardinia, with 45 lineages against 93 in Lombardy;
while Sicily showed an intermediate situation, likely reflecting its
partial isolation. In fact, Sicily has hystorically more exchanges with
the nearby peninsula and, importantly, is a main point of arrival for
African migratory routes, representing a costant movement of
people despite travel restrictions [8,29]. Finally, our data suggest
that insular geography allowed the expansion of imported lineages
that remained rare at the national level, as reported for other is-
lands [9].

5. Conclusions

Our results demonstrates that the genomic diversity of SARS-
CoV-2 in Sardinia has been shaped by a complex interplay of insular
geography, low population density, and touristic arrivals, as seen for
other islands [12,17,18]. Insular areas, above all the ones with tour-
istic vocation, are on the one side an hotspot for the import of
lineages that remain rare or absent in mainland, with a potential key
role in their evolution [9]. On the other side, especially with re-
strictive measures, islands can constitute bottlenecks resulting in the
delayed entry of otherwise common variants [12,30].
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