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A B S T R A C T   

A high-quality dataset of 3289 complete SARS-CoV-2 genomes collected in Europe and European Economic Area 
(EAA) in the early phase of the first wave of the pandemic was analyzed. Among all single nucleotide mutations, 
41 had a frequency ≥ 1%, and the phylogenetic analysis showed at least 6 clusters with a specific mutational 
profile. These clusters were differentially distributed in the EU/EEA, showing a statistically significant associ-
ation with the geographic origin. The analysis highlighted that the mutations C14408T and C14805T played an 
important role in clusters selection and further virus spread. Moreover, the molecular analysis suggests that the 
SARS-CoV-2 strain responsible for the first Italian confirmed COVID-19 case was already circulating outside the 
country.   

1. Introduction 

SARS-CoV-2 is an enveloped single stranded RNA virus with a 
genome of about 29.8 kilobases (kb). The current map of SARS-CoV-2 
coding capacity is based on computational predictions and relies on 
homology with other coronaviruses. The reference sequence (an. 
NC_045512) has been annotated with 14 ORFs encoding 16 nonstruc-
tural proteins, 4 structural proteins and at least 7 accessory proteins (Wu 
et al., 2020). However, further studies have revealed additional ORFs in 
the SARS-CoV-2 genome, highlighting that the coding capacity has not 
yet been fully established (Michel et al., 2020; Finkel et al., 2021). 
Previous studies of SARS-CoV-2 genomes estimated the time of its 
emergence in China at the end of November 2020 (25th and 28th) 
(Benvenuto et al., 2020; Liu et al., 2020), approximately one month 
before the first confirmed cases. Since then, a huge number of genomes 
have been analyzed worldwide (Mercatelli and Giorgi, 2020). As pre-
viously reported (Mercatelli and Giorgi, 2020), amino acid changes 

through Single Nucleotide Variants (SNVs) are the predominant muta-
tional events. Moreover, discontinuous transcription events have been 
described as a route to influence the translation process (Kim et al., 
2020). 

The primary goal of this study was to analyze SARS-CoV-2 genomes 
collected in Europe and in the European Economic Area (EAA) in the 
early phase of the pandemic in order to identify and characterize the 
main viral clusters. The data were collected until the second half of 
March 2020, a couple of weeks after the introduction of the first 
containment measures in Italy. To this end, a high-quality dataset of 
3289 complete SARS-CoV-2 genomes available on GISAID, including 46 
newly sequenced Italian SARS-CoV-2 genomes, was analyzed. 
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2. Methods 

2.1. Whole genome analysis 

In this study, 46 naso/oropharyngeal swabs provided by Scientific 
Department of Army Medical Center (Rome, Italy) and by the Istituto 
Superiore di Sanità (ISS, Rome, Italy), collected from February 5th, 2020 
until March 22nd, 2020, were completely sequenced. All samples were 
confirmed positives as SARS-CoV-2 by the National Reference Labora-
tory (NRL) of the ISS in Rome. Samples were selected in accordance with 
the resulting of Real-Time PCR cycle threshold (Ct) value (Ct ranging 
from 16 to 22 cycles). 

The viral RNA was extracted using the QIAMP VIRAL RNA Mini Kit 
or RNeasy Mini Kit. (Qiagen, Hilden, Germany). Genomic RNAs were 
retro-transcribed using the SuperScript III Reverse Transcriptase kit 
(Invitrogen, Carlsbad, CA, USA) and double-stranded DNAs were ob-
tained by Klenow enzyme (Roche, Basel, Switzerland) according to the 
manufacturer’s instructions. The Nextera XT kit was used for library 
preparations and whole genome sequencing was performed using the 
Illumina Miseq Reagent V2 (2 × 150 cycles) or the Illumina NextSeq 500 
High Output Kit V 2.5 (2 × 150) (Illumina, San Diego, CA, USA) on the 
Illumina MiSeq or NextSeq 500 instruments, respectively. The reads 
were trimmed for quality (q score ≥ 20) and minimum length (= 100) 
using BBDuk trimmer (sourceforge.net/projects/bbmap/). High quality 
reads were assembled by mapping to the reference genome from Wuhan, 
China (GenBank an. NC_045512.2) with Bowtie2 mapping (Langmead 
and Salzberg, 2012). BBDuk and Bowtie2 algorithms were integrated in 
Geneious Prime software (www.geneious.com). Viral sequences were 
deposited in the Global Initiative on Sharing All Influenza Data (GISAID; 
https://www.gisaid.org). All European high-coverage SARS-CoV-2 
complete genomes available on GISAID until March 22nd, 2020 were 
retrieved. The starting raw data-set consisted of 4428 complete ge-
nomes. The raw dataset was aligned to the reference genome (an. 
NC_045512) by using MAFFT v7.450 with default settings (Katoh et al., 
2019). The flanking regions of the aligned sequences were trimmed to 
the consensus range 54 bps to 29,783 bps according to the reference 
genome. Sequences containing >0.1% of ambiguous nucleotides (N) 
were detected with an ad hoc script and removed from the dataset. 

Single Nucleotide Variants (SNVs) and deletions were first identified 
by means of Geneious Prime software. The genomic locations and fre-
quency of SNVs were then extracted using a custom script. To compare 
the SNVs frequency and distribution in each European country, the 
dataset was split to obtain a single subset for each nation, then the 
analysis was performed again for each dataset. 

2.2. Phylogenetic trees and estimation of mutation rate 

All the phylogenetic trees were obtained by using the maximum 
likelihood (ML) method using PhyML v3.3 (Guindon et al., 2010) with 
HKY + Γ 4 substitution model. Phylogenetic trees were constructed for 
the complete dataset as well as for each analyzed country. Due to the low 
number of genomes available from Bosnia, Hungary, Poland, Croatia, 
Slovakia, Latvia, Czech Republic, Slovenia and Lithuania, these genomes 
were merged into one dataset named “East Europe” to obtain a single 
phylogenetic tree. 

Branch support values were estimated with the aRLT SH-like 
implemented in PhyML and/or with bootstrap analysis (bootstrap 200). 

Each tree was manually inspected and relevant SNVs were assigned 
to each cluster. Mutation rate of the virus was first estimated on the 
entire dataset. Additionally, mutation rate was estimated in the subset of 
genomes which acquired the C14408T mutation in SS4 cluster and in the 
subset of genomes which acquired the C14805T mutation in the SS1 and 
SS2B clusters. 

The graphical editing of the phylogenetic trees was performed using 
Megax (www.megasoftware.net) and Inkscape (https://inkscape.org). 

2.3. Clusters analysis 

To investigate the genetic diversity of SARS-CoV-2 among the EU/ 
EEA countries, the mutation profile of each dataset was studied by 
means of the clusters scheme proposed by Yang et al. (2020). 

2.4. Statistical analysis 

Contingency tables among different categories (e.g., clusters and 
countries) were evaluated for unexpected frequencies with the Chi- 
square test. The collection date of the first cluster-representative 
genome, which had to fall within the month of February, was used as 
the selection criterion. 

3. Results 

3.1. SNVs analysis 

The final high-quality dataset consisted of 3289 genomic sequences 
of which 525 were from the UK, 352 from Iceland, 343 from the 
Netherlands, 265 from Spain, 260 from Denmark, 238 from Sweden, 225 
from France, 173 from Belgium, 166 from Portugal, 165 from Austria, 
110 from Italy, 99 from Germany, 78 from Switzerland, 70 from Greece, 
68 from Luxembourg, 38 from Russia, 21 from Norway, 20 from Finland, 
10 from Ireland, 15 from Turkey, and 48 from East Europe. Genome 
codes of the entire dataset together with 46 newly identified Italian 
genomes are listed in Supplementary Table S1. A total of 1897 SNVs, 
including 1199 (63%) rare mutations, were detected. Fig. 1 shows 41 
mutations with frequency ≥ 1%, consisting of 16 silent and 25 missense 
mutations. These SNVs were distributed over the entire length of the 
genome, except for Env, Orf6, Orf7a, Orf7b, and Orf10 genes, where 
only sporadic mutations were detected. 

A total of 10 deletions were also identified, 8 of which were previ-
ously described (Islam et al., 2020; Benedetti et al., 2020; Koyama et al., 
2020). Two new deletions were detected, the first located in the 5’UTR 
region from position 185 to 218 (EPI_ISL_441377), and the second in the 
ORF1ab gene from position 19298 to 19551 (EPI_ISL_415435). The 
latter deletion involved 324 bps resulting in a stop codon in the nsp14 
protein. Both sequences were from the UK. 

3.2. Phylogenetic trees 

The ML trees resulting from the entire dataset (Fig. 2, full resolution 
image Supplementary Fig. S1) and from each country (Supplementary 
Fig. S2-S22), showed distinct clusters characterized by specific muta-
tional profiles. The tree topology resulting from the entire dataset was 
fully supported by the aLRT SH-like analysis as well as in all the trees 
resulting from each specific geographic location, with the exception of 
Russia, Luxembourg, Portugal, Denmark and East Europe. The trees 
resulting from these dataset were not supported by the aLRT-SH-like 
most likely due to the absence of informative genomes, these datasets 
were mainly represented by genomes belonging to the SS4 cluster only. 
The topology of these trees was further evaluated by the bootstrap 
analysis (bootstrap = 200), which showed a value greater than 80% in 
the root branch of these clusters while minor values were obtained in the 
subclusters. 

3.3. Clusters analysis 

As shown in Fig. 2, the two most used nomenclatures for SARS-CoV-2 
classification, the Pangolin (Rambaut et al., 2020) and the Nexstrain 
(Hadfield et al., 2018), do not unequivocally describe the clusters 
resulting from the ML analysis. This is not surprising, because such 
nomenclatures were mainly conceived for fast detection and classifica-
tion of new mutations. The classification of Yang et al. (2020) better fit 
to the ML analysis, therefore it has been adopted in this study. This 
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classification identifies four main clusters defined as super-spreader 1 
(SS1), 2 (SS2), 3 (SS3), and 4 (SS4), each one carrying a specific 
signature mutation. The ML analysis detected additional clusters. One 
cluster, here named as “SS2B,” originated by the merging of two clusters 
(SS2 and SS3) while others, here named as “unclassified,” included a 
subset of small clusters lacking the SS signature motif. The genomes 
which showed a mixed presence of SS signature mutations were defined 
as “ambiguous.” 

Fig. 3 shows the clusters distribution in EU/EEA for the study period. 

3.3.1. SS1 
SS1 carried the signature mutations C8782T and T28144C, the last 

resulting in the amino acid (AA) change L > S in the ORF8 protein. A 
total of 164 genomes from 12 EU countries belonged to SS1 cluster. This 
cluster was rarely identified in 10 out of the 12 countries. A high fre-
quency was found in Spain where 113 genomes out of 265 (42,6%) 
belonged to SS1 cluster. The Spanish SS1 cluster has evolved in two sub- 
clusters (Supplementary Fig. S18). The first included 16 genomes and 
carried the C26088T mutation and the second comprised 88 genomes 
which carried five mutations (T9477A, C14805T, C28657T, C28863T and 
G25979T). In this sub-cluster two mutations resulted in AA changes, the 
C28863T transition resulting in S > L substitution in the nucleocapsid 
protein, and the G25979T transversion resulting in G > V substitution in 
the ORF3a protein. 

SS1 genomes from Iceland showed a different profile carrying mainly 
the C17747T, A17858G, T17531C, C18060T and A24694T mutations (Supple-
mentary Fig. S10). The first three transitions resulted in the AA sub-
stitutions P > L, Y > C and I > T, respectively, all affecting the nsp13 
protein. 

In Table 1, the main mutations belonging to the SS1 clusters are 
reported. 

3.3.2. SS2 
The SS2 cluster was characterized by the signature mutation G26144T 

which resulted in the AA change G > V in the ORF3a protein. This cluster 
was found in 8 genomes collected in 4 European countries (Sweden, 

Belgium, Iceland and France). Genomes from Belgium (EPI_ISL_417025) 
and from Iceland (EPI_ISL_417672) carried the C14805T mutation asso-
ciated with T17247C mutation. The phylogenetic analysis suggested that 
the SS2 cluster evolved in the SS2B cluster through the acquisition of 
G11083T mutation (Supplementary Fig. S1). 

In Table 2, the main mutations belonging to the SS2 cluster are 
reported. 

3.3.3. SS3 
The SS3 cluster carried the signature mutation G11083T resulting in 

the AA substitution L > F in the nsp4 protein. It was identified in 22 
genomes in 9 countries. With the exception of some genomes, the SS3 
cluster in EU/EAA has been found always associated with the mutation 
G1397A, which resulted in the AA change V > I in the nsp2 protein, and 
with the silent mutations T28688C and G29742T. The same profile was 
detected in Turkey where the SS3 cluster was the predominant in our 
dataset. Additional mutations were found mainly in Turkey and to a 
lesser extent in France. In Turkey, this cluster spread efficiently with a 
mutation rate of 9.7 × 10− 3 sub/site/year. 

In Table 3, the main mutations belonging to the SS3 cluster are 
reported. 

3.3.4. SS2B 
The G26144T (SS2) and G11083T (SS3) mutations were found associ-

ated in 276 genomes throughout 18 European countries. The cluster that 
harbored this mutational profile was named SS2B. It was not detected in 
Turkey, Russia, Denmark and East Europe, with the exception of Bosnia 
& Herzegovina and Slovenia. 

The C14805T mutation, a silent transition detected also in SS1 and SS2 
clusters, was found in 253 genomes out of 276. The mutation T17247C 
was found in 151 out of 276 genomes, always linked to the C14805T. The 
C2558T and A2480G mutations were found in 85 and 77 genomes 
respectively, mainly from UK and central Europe. The two mutations, 
which resulted in the AA change P > S and I > V in the nsp2 protein 
respectively, were associated with the C14805T. In France, the G24095T 
resulting in the AA substitution A > S in the spike protein, was found 

Orf1ab S Orf3a E M Orf6Orf7aOrf7b Orf8 N Orf10
3’UTR5’ UTR

NC_045512

1
2

3
4

5
6

Fr
eq

ue
nc

ie
s 

%

Fig. 1. Single nucleotide variants analysis (SNVs). A total of 41 SNVs detected on the high-quality dataset with a frequency > 1% are shown. The frequency of each 
mutation is represented by the bar height. At the bottom, the genomic organization of SARS-CoV-2 and the relative mutation localization. Blue bars = silent mu-
tations; green bars = missense mutations; 1) = nucleotide position; 2) = ancestral nucleotide; 3) = variant nucleotide; 4) = CDS position; 5) = AA change; 6) codon 
number. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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associated with the C14805T. 
The C2558T/A2480G and the T17247C mutations were mutually 

exclusive in all SS2B clusters. 
The mutation C5142T resulting in the AA change T > I in the nsp3 

protein was detected exclusively in Iceland in more than 50% of the 
SS2B genomes. 

The main mutations belonging to the SS2B cluster are reported in 
Table 4. 

3.3.5. SS4 
The SS4 cluster carried the signature mutation C241T, C3037T and 

A23403G. The first two mutations were silent mutations harbored in the 

Fig. 2. Phylogenetic tree of the entire dataset in collapsed form 
(rooted). The picture shows the phylogram of the entire dataset 
resulting from the ML analysis in collapsed form (full resolution 
image in Supplementary Fig. S1). The six main clusters are shown 
in different colors: black = unclassified; yellow = SS3; blue =
SS2; violet = SS2B; red = SS1; green = SS4 (olive green SS4B, 
emerald green SS4C, dark green SS4A). The branch representing 
the central node at the root of the SS4 cluster is labeled by a filled 
yellow circle (see discussion and Fig. 4). The numbers next to the 
main nodes represent the output of the aRLT-SH-like analysis. On 
the right, the main mutations hosted by each cluster and the 
corresponding classifications according to Yang et al. (2020), 
Pangolin and Nexstrain nomenclatures are shown. (For inter-
pretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)   
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5’UTR region and the ORF1ab gene respectively, while the last resulted 
in the AA substitution D > G in the spike protein (Becerra-Flores and 
Cardozo, 2020). 

This cluster was found in all EU/EAA (Fig. 3) with different fre-
quencies, and included 2425 genomes out of 3289 (75%). 

The first detection of the SS4 profile in Europe dates back to January 
28th, 2020 in Bavaria, Germany (EPI_ISL_406862) (Rothe et al., 2020). 
This genome was found in a small cluster (Wölfel et al., 2020) from 
which arose a further sub-cluster that harbored the missense mutation 
G6446A (AA change V > I, nsp3 protein) (Supplementary Fig. S8, S1). The 
ML analysis revealed that these German clusters arose from an inferred 
node from which the virus evolved mainly in a different direction 
through the acquisition of the missense mutation C14408T (AA change P 
> L, nsp12 protein). This epidemiological scenario is depicted in Fig. 4 
which represents the European phylogenetic tree in radial form 
(unrooted). 

The SS4 cluster with the acquired C14408T mutation only was found 
in 81 genomes gathered in a central node of the phylogenetic tree. These 
genomes were mainly from UK (n = 16), Italy (n = 14), Belgium (n = 10) 
and Sweden (n = 9). From the central node the virus evolved in three 
main groups, here named as SS4A, SS4B and SS4C (Fig. 4). Overall, the 
mutation C14408T was found in 2405 genomes out of 2425 of the SS4 
profile. 

SS4A included 905 genomes and comprised at least five groups, each 
one characterized by the following mutations: the silent C15324T, mainly 
harbored in western Europe; the silent A20268G, relevant in Spain and 
Iceland, (it is noteworthy that this mutation, with the exception of two 
genomes, was partially associated with the A10323G which resulted in the 
AA change K > R in the nsp5 protein, and exclusively detected in Ice-
land); the A26530G (AA change D > G, membrane protein) detected 
mainly in Belgium, Iceland, Sweden and Italy; the A24077G (AA change 
D > Y, spike protein) mostly identified in Portugal; the A187G (5’UTR) 
mostly identified in Luxembourg. The two associated mutations A12790G 
and C13568T, the latter resulting in the AA change A > V (nsp12 protein), 
were detected only in Sweden. 

The SS4B group consisted of two subgroups widely distributed in 
Europe with the exception of western Europe and Ireland. The first sub- 
group included 83 genomes (SS4B1) of which 77 harbored the missense 
mutation G25563T (AA change Q > H, ORF3a protein). The silent C2416T 
mutation was found associated with this subgroup. The second sub- 
group (SS4B2) included 537 genomes and, with the exception of 6, 
evolved from the first by the acquisition of C1059T mutation, which 
resulted in the AA change T > I in the nsp2 protein. This second sub- 
group in Denmark represented the 72% of the dataset. 

SS4C consisted of 814 genomes, of which 801 harbored the three 
variations A28881G, A28882G and G28883C. These three associated muta-
tions resulted in two AA substitutions (RG > KR in the nucleocapsid 
protein). The missense mutation C27046 T (AA change T > M, membrane 
protein), with the exception of one genome, was fully associated with 
the triplet. Another associated mutation was the G12832A, detected 
exclusively in genomes from Austria. 

Table 5 reports all the relevant mutations belonging to the SS4 
cluster. 

3.3.6. Unclassified and ambiguous genomes 
Those genomes that did not fall within the adopted classification 

were allocated into two groups named “unclassified” and “ambiguous”. 
In the phylogenetic trees, genomes with mixed signature motifs 
(ambiguous n = 72) were located in blind evolutive tips. 

The genomes lacking the signature motif (unclassified n = 312) lie in 
the phylogenetic trees in several small clusters close to the reference 
sequence (an. NC_045512). These clusters were mainly represented by 
four mutations. The silent T514C mutation was mostly represented in 
genomes from the Netherlands (20%) and found partially associated 
with the missense mutation C17410T (AA change R > C, nsp13 protein). 

The missense mutations G1440A (AA change G > D, nsp2 protein) and 
G2891A (AA change A > T, nsp3 protein) were found fully associated 
with the exception of five genomes. In Denmark and in Sweden the two 
latter mutations were found fully associated with the missense mutation 
C7011T (A > V, nsp3 protein). 

Fig. 3. Clusters distribution in EU/EEA area. The distributions and the relative frequencies of the six main clusters in the EU/EAA along with the ambiguous se-
quences are shown in different colors. The absolute genomes number for each country is reported. 
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In Table 6, the main mutations belonging to the unclassified cluster 
are reported. 

3.4. Estimates of average mutation rates in SS clusters 

The average mutation rate in the entire dataset has been estimated 
including a period of 126 days, from the time of the inferred appearance 
of SARS-CoV-2 (November 25th–28th, 2019) (Liu et al., 2020; Benve-
nuto et al., 2020) until March 22nd, 2020. 

The average mutation rate was determined to be 6.3 × 10− 4 (sub/ 
site/year), (SE 5.7 × 10− 5) in agreement to that already reported (6-8 ×
10− 4 sub/site/year) (Liu et al., 2020; van Dorp et al., 2020). 

The mutation rate was also estimated in the subset of genomes which 
acquired the C14408T mutation in the SS4 cluster and in the subset of 
genomes which acquired the C14805T mutation in SS1 and SS2B clusters. 
Relating to the appearance of C14408T mutation in SS4 cluster (February 
20th, 2020), the average mutation rate was 1.2 × 10− 3 (SE 2.7 × 10− 4) 
sub/site/year. Relating to the appearance of C14805T in SS1 (February 
25th, 2020) and SS2B clusters (February 27th, 2020) the average mu-
tation rates were 1.5 × 10− 3 (SE 6 × 10− 4) and 1.2 × 10− 3 (SE 3.4 ×
10− 4) sub/site/year, respectively. 

3.5. Statistical analysis 

Table 7A, 7B and 7C show the results of the Chi-square test per-
formed to evaluate the frequency distribution of clusters in the different 
EU/EEA countries Table 7. The SS1 cluster was found positively asso-
ciated to Spain (p < 0.00001) and negatively correlated to the UK (p <
0.00001) and France (p < 0.00001). The SS2B cluster was found posi-
tively associated to the UK (p < 0.00001) and Norway (p < 0.05) and 
negatively associated to France (p < 0.002) and Switzerland (p < 0.05). 
The SS4 cluster was found positively associated to Denmark (p < 0.02) 
and negatively correlated to the UK (p < 0.0005) and Spain (p < 0.01). 

4. Discussion 

The aim of the study was to describe the mutational spectrum of 
SARS-CoV-2 virus during the first phase of the pandemic. Sequence 
alignment detected 41 mutations with a frequency ≥ 1%. The mutations 
were distributed over the entire length of the viral genome, with the 
exception of the coding genes for the Envelope, the ORF6, ORF7a, 
ORF7b, and the ORF10. The genetic conservation of these loci, with the 
exception of ORF10, is likely due to the important role of the encoded 
products in the life cycle of SARS-CoV-2 and, in particular, in the early 
phase of infection, when they act as immunosuppressors, contributing to 
escape the immune response (Yuen et al., 2020; Addetia et al., 2020; 
Gordon et al., 2020). Taking into account the short dimensions of these 
ORFs, however, the low number of mutations due to chance cannot be 
ruled out. Two new deletions were detected in two genomes from the 
UK, one of which involved 324 bps, resulting in a stop codon in the 
nsp14 protein. 

Maximum likelihood analysis revealed six main clusters, of which 
four have been already described (SS1, SS2, SS3, SS4) (Yang et al., 
2020). The phylogenetic trees suggest that one additional cluster, here 
named SS2B, arose from the fusion of two clusters, SS2 and SS3. An 
additional set of small clusters that did not fall in the adopted classifi-
cation (unclassified) were also identified. Genomes carrying mixed 
mutation profiles were defined as “ambiguous.” 

The inspection of the phylogenetic trees highlights that in some 
countries, such as the UK, France and Iceland, several genomes were 
identical to the Chinese reference genome (an. NC_045512). Further-
more, the unclassified clusters originated from these strains. The mu-
tation rate in some nodes of these clusters (3 × 10− 5 sub/site/year, 
Supplementary Fig. S1) suggests that they originated from an in-situ 
evolution. Noteworthy, important mutations contributing to the evolu-
tionary success to some strains (i.e., with A23403G) were not present in Ta
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these unclassified clusters. 
The SS1 cluster was detected in several European countries. The 

dataset reveals its occurrence on January 29th 2020 in the UK (EPI_-
ISL_407071, EPI_ISL_407073). The small number of descendants in-
dicates an evolutionary failure of this cluster in Europe (Fig. 3), with the 
exception of Spain and Iceland. In Spain, a high frequency of SS1 ge-
nomes was found (Table 1, Supplementary Fig. S18). This cluster 
accounted for about 43% of the entire Spanish dataset and evolved in 
two distinct subclusters. In Iceland, a SS1 cluster which harbored a 
different mutational profile from the Spanish cluster was identified 
(Table 1, Supplementary Fig. S10). 

As already reported (Yang et al., 2020), the SS2 cluster did not spread 
successfully in the EU/EEA; however, the phylogenetic analysis suggests 
that this cluster evolved in the SS2B through the acquisition of the 
G11083T mutation (Supplementary Fig. S1). 

The SS2B cluster spread efficiently through the EU/EEA, with the 
exception of Turkey, Russia, Denmark, and East Europe. It was first 
detected in Italy on January 29th, 2020 (EPI_ISL_412974, EPI_-
ISL_410546). Interestingly, the two samples were collected from two 
Chinese tourists at the end of January (Albarello et al., 2020), suggesting 
that the SS2B cluster evolved in China. Moreover, these two samples 
were already analyzed in other phylogenetic studies and did not show 
descendants (Giovanetti et al., 2020; Stefanelli et al., 2020; Lai et al., 
2020). The phylogenetic analysis showed that these two genomes are at 
the root of the SS2B cluster that represented the origin of all the Euro-
pean genomes belonging to this cluster (Supplementary Fig. S1). 

With only one exception, SS3 was not recovered in the EU/EEA. The 
exception was Turkey, where the SS3 cluster was predominant, repre-
senting 40% of the dataset. 

Following its first detection in Europe (EPI_ISL_406862) (Rothe et al., 
2020; Wölfel et al., 2020), the SS4 cluster evolved early, acquiring the 
mutation C14408T (Lai et al., 2020; Stefanelli et al., 2020). The SS4 ge-
nomes carrying this mutation only were found gathered in a central 
node of the phylogenetic tree and the first genome was detected on 
February 20th, in Italy (EPI_ISL_412973). From this node, the virus 
spread throughout the EU/EEA, evolving in three main groups, here 
named SS4A, SS4B and SS4C (Fig. 4). 

On February 21st, 2020, two genomes collected in France that 
harbored the C14408T, already carried two additional mutations, the 
C1059T and the G25563T (EPI_ISL_418218, EPI_ISL_429968). These two 
genomes lie in the SS4B group and represent evolved strains arising from 
the central node (Fig. 4). On February 26th, 2020, additional genomes 
from France, carrying the same profile, were detected (EPI_ISL_414625, 
EPI_ISL_416502). 

Taking into account the mutational rate of the SS4 cluster (1.,2 ×
10–3, sub/site/year), the first appearance of C14408T mutation may be 
estimated at molecular level, to February 1st, 2020 (IC95 ± 9). 

This hypothesis is further supported by the analysis of the SS4C 
cluster. This cluster harbored the triple A28881G, A28882G and G28883C 
mutations and, as well as the SS4B, it represents a further step in the 
evolution of the SS4 cluster. The first SS4C genome was detected in 
Austria on February 24th, 2020 (EPI_ISL_437932), then in Germany on 

Table 2 
SS2 clusters and additional mutations. On the bottom left column, the absolute harbored SS2 genomes number by countries are shown. On the top, additional mu-
tations, their genomic positions, the effect on protein translation and the affected codons are reported.  

SS2 signature G26144T 

Additional mutations bps 
position 

22661 14805 17247 1515 2668 2717 9223 9274 9438 13225 13226 17376 23952 

ancestal/mutate G /T C /T T/C A/G C/T G/A C/T A/G C/T C/G T/C A/G T/G 
AA change V > F / / H > R / G > S / / T > I / F > L / F > C 
Gene S ORF1ab ORF1ab ORF1ab ORF1ab ORF1ab ORF1ab ORF1ab ORF1ab ORF1ab ORF1ab ORF1ab S 
Product Spike / / nsp2 / nsp2 / / nsp4 / nsp10 / Spike 
Codon number 367 / / 417 / 818 / / 3058 / 4321 / 797 
Country SS2              
BE 1 0 1 1 1 0 0 1 0 1 0 0 0 0 
FR 5 5 0 0 0 0 0 0 0 0 0 0 0 0 
IS 1 0 1 1 0 1 0 0 0 0 0 0 0 0 
SE 1 0 0 0 0 0 1 0 1 0 1 1 1 1 
Tot 8 5 2 2 1 1 1 1 1 1 1 1 1   

Table 3 
SS3 clusters and additional mutations. On the bottom left column, the absolute harbored SS3 genomes number by countries are shown. On the top, additional mu-
tations, their genomic positions, the effect on protein translation and the affected codons are reported.  

SS3 signature G11083T 

Additional mutations bps 
position 

1397 29742 28688 9479 9514 28835 26549 1190 9438 26720 228 1440 7011 

ancestal/mutate G /A G/T T/C G/T A/G T/C C/T C/T C/T G/C C/T G/A C/T 
AA change V > I / / G > C / S > P / P > S T > I / / G > D A > V 
Gene ORF1ab 3’UTR N ORF1ab ORF1ab N M ORF1ab ORF1ab M 5’UTR ORF1ab ORF1ab 
Product nsp2 / / nsp4 / nucleocaps. / nsp2 nsp4 / / nsp2 nsp3 
Codon number 378 / / 3072 / 188 / 309 3058 / / 392 2249 
Country SS3              
AT 2 0 0 0 0 0 0 0 0 0 0 0 1 1 
DK 1 1 1 1 0 0 0 0 0 0 0 0 0 0 
FR 4 0 0 0 0 0 0 0 3 3 0 0 0 0 
DE 1 1 1 1 1 1 0 0 0 0 0 0 0 0 
NL 3 3 3 3 0 0 1 0 0 0 0 0 0 0 
NO 1 1 1 1 0 0 0 0 0 0 0 0 0 0 
SE 2 1 1 1 0 0 0 0 0 0 0 0 1 1 
TR 6 6 6 6 3 3 3 4 0 0 3 3 0 0 
UK 2 2 2 1 0 0 0 0 0 0 0 0 0 0 
Tot 22 15 15 14 4 4 4 4 3 3 3 3 2 2  
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February 25th (EPI_ISL_412912) and again in Austria and Denmark on 
February 26th, 2020. 

It is therefore possible to hypothesize that, relative to the first 
detection in Europe, the SS4 cluster was already evolving in a different 
direction (inferred node, Fig. 4) through the acquisition of the C14408T 
mutation. It is not possible to assess where this happened. At the 
beginning of February, the virus, with this mutation, was present in 

several European countries; this is supported by the high number of SS4 
genomes detected in several European countries that carried the addi-
tional C14408T mutation only (Fig. 4, central node). Then the virus 
evolved into two directions: the first one, through the acquisition of the 
C1059T and later of G25563T (SS4B), and another one with the triplet 
A28881G, A28882G and G28883C (SS4C). Other mutations occurred later, 
making up the SS4A group. 

Table 4 
SS2B clusters and additional mutations. On the bottom left column, the absolute harbored SS2B genomes number by countries are shown. On the top, additional 
mutations, their genomic positions, the effect on protein translation and the affected codons are reported.  

SS2B signature G26144T, G11083T 

Additional mutations bps position 14805 17247 2558 2480 5142 1321 24095 

ancestal/mutate C/T T/C C/T A/G C/T A/C G/T 
AA change / / P > S I > V T > I E > D A > S 
Gene ORF1ab ORF1ab ORF1ab ORF1ab ORF1ab ORF1ab S 
Product / / nsp2 nsp2 nsp3 nsp2 spike 
Codon number / / 765 739 1626 352 845 
Country SS2B        
AT 3 3 2 0 0 0 0 0 
BE 7 7 7 0 0 0 0 0 
BA 1 1 1 0 0 0 0 0 
FI 1 1 0 0 0 0 0 0 
FR 10 8 1 7 7 0 0 7 
DE 2 2 0 2 2 0 0 0 
GR 7 7 3 3 3 0 0 0 
IS 57 57 54 3 3 33 12 0 
IE 2 2 1 1 1 0 0 0 
IT 7 0 0 0 0 0 0 0 
LU 2 2 2 0 0 0 0 0 
NL 30 30 26 2 2 0 0 0 
NO 6 1 0 0 0 0 0 0 
PT 13 12 2 9 9 0 0 3 
SI 1 1 0 0 0 0 0 0 
ES 10 2 1 0 0 0 0 0 
SE 1 1 0 1 1 0 0 0 
CH 1 1 1 0 0 0 0 0 
UK 115 115 50 57 49 0 0 0 
Tot 276 253 151 85 77 33 12 1  

NC_045512

C14408T

SS1

SS2B

SS3 SS2SS3

SS4 C

SS4 A

SS4

SS4 B2

unclassified

EPI_ISL_418218
EPI_ISL_429968

Inferred node

Fig. 4. Phylogenetic tree of the entire dataset in radial/collapsed form (unrooted). The picture shows the unrooted tree resulting from the ML analysis built from the 
entire dataset visualized in radial form. The main clusters (SS) are shown in different colors. The relative entry point of the C14805T and C14408T mutations in the tree, 
their area of influence (shaded area), the inferred node from which evolved the SS4 cluster and the central node at the root of the SS4 cluster (filled yellow circle) are 
shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Table 5 
SS4 clusters and additional mutations. On the bottom left column, the absolute harbored SS4 genomes number by countries are shown. On the top, additional mutations, their genomic positions, the effect on protein 
translation and the affected codons are reported.  

SS4 signature C241T, C3037T, A23403G 

Additional mutations bp position 14408 28881 28882 28883 25563 1059 27046 20268 15324 26530 10323 29734 24862 2416 12832 23731 187 24077 10097 25688 6446 12790 13568 

ancestral/mutate C/T G/A G/A G/C G/T C/T C/T A/G C/T A/G A/G G/C A/G C/T G/A C/T A/G G/T G/A C/T G/A A/G C/T 
AA change P > L RG > KR Q > H T > I T > M / / D > G K > R / / / / / / D > Y G > S A > V V > I / A > V 
gene ORF1ab N ORF3a ORF1ab M ORF1ab ORF1ab M ORF1ab 3’utr S ORF1ab ORF1ab S 5’utr S ORF1ab ORF3a ORF1ab ORF1ab ORF1ab 
product nsp12 nucleocaps. orf3a nsp2 memb / / memb nsp5a / / / / / / spike nsp5 orf3a nsp3 nsp9 nsp12 
Codon number 4715 203–204 57 265 175 / / 3 3353 / / / / / / 839 3278 99 2061 / 4435 
Country SS4                        
AT 150 150 70 70 70 50 49 19 14 1 0 0 5 3 0 41 1 1 0 1 0 0 0 0 
BE 151 151 62 62 62 19 12 17 1 28 16 0 0 1 1 0 0 0 0 0 4 0 0 0 
BA 10 10 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
HR 3 3 1 1 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 2 0 0 0 0 
CZ 2 2 1 1 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
DK 241 240 21 21 21 190 188 8 7 0 0 0 3 4 0 0 3 1 0 3 0 0 0 0 
FI 17 17 3 3 3 8 2 3 2 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 
FR 180 180 11 11 11 101 65 2 1 61 0 1 0 0 28 0 0 2 0 0 7 0 0 0 
DE 78 63 29 29 29 25 25 11 0 2 0 0 0 2 0 0 0 2 0 0 0 10 0 0 
GR 54 53 44 44 44 6 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
HU 12 12 6 6 6 2 2 0 4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
IS 256 256 76 76 76 53 52 42 68 5 15 58 3 8 1 0 6 5 4 6 3 0 0 0 
IE 7 7 5 5 5 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
IT 100 100 40 40 40 1 0 3 5 0 12 0 0 0 0 0 0 6 1 0 0 0 0 0 
LV 3 3 2 2 2 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
LT 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 
LU 64 64 2 2 2 25 25 0 2 17 1 0 1 0 0 0 0 9 0 0 12 0 0 0 
NL 217 217 79 79 79 35 33 62 15 1 5 0 13 28 0 0 2 5 5 2 8 0 0 0 
NO 13 13 2 2 2 5 5 0 1 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0 
PL 6 6 1 1 1 1 1 0 1 0 2 0 1 0 0 0 0 0 0 0 0 0 0 0 
PT 143 143 77 77 77 7 3 3 11 1 3 1 3 0 2 0 4 0 25 4 1 0 0 0 
RU 35 35 17 17 17 7 6 6 1 1 4 0 0 0 1 0 3 1 0 3 0 0 0 0 
SK 3 3 0 0 0 2 0 0 0 0 1 0 0 0 2 0 0 0 0 0 0 0 0 0 
SI 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
ES 121 118 15 15 15 5 5 0 84 0 0 0 25 0 0 0 0 0 0 0 0 0 0 0 
SE 223 223 106 106 106 37 33 42 1 0 10 0 0 0 4 0 1 1 0 1 0 0 18 18 
CH 75 75 31 31 31 5 5 0 5 25 1 0 0 0 0 0 1 1 0 0 0 0 0 0 
TR 3 3 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
UK 256 256 100 100 100 21 19 20 15 2 4 0 4 0 5 0 18 5 4 16 0 0 0 0 
Tot 2425 2405 801 801 801 608 531 241 239 146 81 60 58 47 45 41 40 39 39 38 35 10 18 18  
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Most likely, in the initial stage, the virus was not detected due to mild 
or non-specific COVID-19 clinical signs. 

The C14408T and the C14805T mutations could have played an 
important role in the evolution of SARS-CoV-2. The success of the SS4 
cluster is linked to the acquisition of the C14408T (Mercatelli and Giorgi, 
2020; Yuan et al., 2020); moreover, about 56% of SNVs with frequency 
≥ 1% were related to this cluster, suggesting an acceleration of the 
mutation rate. 

Similarly, the successful spread of the SS1 cluster in Spain appears to 
be linked to the acquisition of the C14805T mutation. The role of this 
mutation is also confirmed by the acquisition and positive selection 
encountered in different clusters. Indeed, C14805T mutation was found in 
SS2 cluster as well as in almost all the genomes belonging to the SS2B 
cluster. 

The mutation rate of SARS-CoV-2 was estimated to be 6.2 × 10− 4 

sub/site/year; after the acquisition of C14408T and C14805T mutations, 
the mutation rates in SS4, SS1, and SS2B clusters were estimated to be 
double, with rates of 1.24 × 10− 3, 1.48 × 10− 3 and 1.25 × 10− 3 sub/ 
site/year values, respectively. 

The C14408T and C14805T mutations fall in a region of the ORF1ab 
gene whose product is the nsp12 protein, the RNA-dependent RNA po-
lymerase (RdRp). The exact role of these two mutations is difficult to 
explain. The C14805T is a silent mutation that could act to enhance the 
role of a cis-domain or to act specifically as a cis-site. Conversely, the 
C14408T resulted in the amino acid substitution P > L in the RdRp. This 
substitution falls in the interface domain that links the NiRAN domain to 
a subdomain of the RdRp. Such substitution might change the in-
teractions between the two domains of RdRp and/or determine different 
interactions with the nsp8 or nsp14 (Peng et al., 2020; Romano et al., 
2020). 

The estimated mutation rate in each SS cluster was the resulting 
average from a highly heterogeneous group of samples. In each cluster, 
several samples carrying the specific mutations showed a very high 
mutation rate, highlighting a differential virus-host interaction. 

The SS1 cluster included genomes more commonly detected in Spain, 
while a reverse correlation was found with the UK and France. Similarly, 
the SS2B cluster was found associated to UK and Norway while it was 
negatively correlated to France and Switzerland. The SS4 cluster 

evolved in a mutational profile that spread widely in all Europe. How-
ever, data analysis found a positive association to Denmark while 
negative correlations to the UK and Spain. Furthermore, several muta-
tions in this cluster were restricted to specific countries (e.g., A12790G/ 
C13568T found in genomes from Sweden, G12832A from Austria). The SS3 
cluster did not meet the criteria for inclusion in the statistical analysis, 
however, a visual inspection of data immediately highlights a failure of 
the SS3 cluster in Europe while it was the predominant cluster in Turkey. 
Similarly, the SS1 cluster has spread with some success in Iceland, but 
there the cluster hosted a mutational profile completely different from 
that seen in Spain (Table 1). 

A different frequency of missense mutations as well as the tendency 
to host different mutations among SARS-CoV-2 strains circulating in 
different continents has been already described (Islam et al., 2020). 
Recently, a significant association between SARS-CoV-2 mutations and 
their geographic origin has been reported (Goyal et al., 2021). In 
agreement with these studies, our data supports the hypothesis that an 
important contribution to clusters distribution is related to the 
geographic location of the outbreak. Anthropological studies suggest 
different susceptibility among the European population (Sanchez-Mazas 
et al., 2013). Geographical clines were mainly observed for HLA-A, B 
and C haplotypes along the European South-Southeast to North- 
Northwest axes, with the greatest difference found at geographic 
boundaries. Furthermore, a recent study showed a haplotypic HLA di-
versity in the Spanish population compared to the Northern European 
population (Montero-Martín et al., 2019). Overall, the data suggest that 
the mechanism underlying clusters distribution could be secondary to 
viral infection and related to the virus’s ability to select a specific 
mutational profile compared to different HLA haplotypes. Therefore, as 
already observed in SARS-infected subjects in 2003 (Lin et al., 2003), it 
is possible to hypothesize that the immune escape strategy of SARS-CoV- 
2 might be to impair the antigen presentation by HLA class I molecules. 
This phenomenon was recently suggested to explain the different disease 
outcome following SARS-CoV-2 infection (Tomita et al., 2020). 

Possible limits of this study could be due to the incompleteness of the 
dataset obtained from the genome available in GISAID. For this reason, a 
new high-quality dataset, obtained by retrieving the genomes available 
on GenBank that met the criteria used for the GISAID dataset, has been 

Table 6 
Unclassified clusters and additional mutations. On the bottom left column, the absolute harbored unclassified genomes number by countries are shown. On the top, 
additional mutations, their genomic positions, the effect on protein translation and the affected codons are reported.  

SS Unclassified 

Additional mutations bps position 1440 514 2891 17410 7011 28851 20270 6696 11001 29683 

ancestal/mutate G/A T/C G/A C/T C/T G/T C/T C/T C/T A/T 
AA change G > D / A > T R > C A > V S > I A > V P > L T > I / 
Gene ORF1ab ORF1ab ORF1ab ORF1ab ORF1ab N ORF1ab ORF1ab ORF1ab 3’utr 
Product nsp2 nsp1 nsp3 nsp13 nsp3 Nucleocap nsp15 nsp3 nsp6 / 
Codon number 392 / 876 5716 2249 193 6669 2144 3579 / 
Country Unclassified           
AT 6 3 2 1 2 2 0 0 0 0 0 
BE 9 9 0 9 0 0 0 0 0 0 0 
DK 16 13 2 13 1 13 0 0 0 0 0 
FI 2 1 1 1 1 1 0 0 0 0 0 
FR 11 0 0 0 0 0 0 0 0 0 0 
DE 14 10 0 10 1 0 0 0 0 0 0 
GR 4 2 0 2 0 0 0 0 0 0 0 
IS 19 7 1 7 0 1 0 4 0 0 2 
IE 1 0 0 0 0 0 0 0 0 0 0 
NL 81 6 69 6 38 1 0 0 0 0 0 
NO 1 0 0 0 0 0 0 0 0 0 0 
PL 1 1 0 1 0 0 0 0 0 0 0 
PT 4 2 1 2 0 0 0 1 0 0 1 
RU 1 0 1 0 1 0 0 0 0 0 0 
SK 1 0 1 0 1 0 0 0 0 0 0 
ES 3 0 1 0 1 0 0 0 0 0 0 
SE 9 7 0 7 0 7 0 0 0 0 0 
UK 129 32 13 30 2 1 24 15 17 17 8 
Tot 312 93 92 89 48 26 24 20 17 17 11  
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built. Cluster distribution and the relative frequencies were similar in 
both of the datasets (data not shown). Nevertheless, the limited number 
of genomes from some countries may not be adequately representative; 
furthermore, the sequence genomes uploaded into the databases repre-
sent a selection of those strains. 

The authors of this article do believe that this molecular and epide-
miological picture provides additional information that may be useful to 
help better characterize the first phase of the ongoing pandemic. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.meegid.2021.105108. 
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A. Contingency table for SS1 cluster by countries 
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Total  122 893 1015  
χ2test       

Value df p Cramer’s V  
χ2 318 2 <0.00001 0.560    
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Contingency Tables 7A, B, C for SS clusters by countries. At the bottom of each 
table, the Chi-square analysis related to the specific cluster. On the right column, 
the single country contribution to the Chi square value. S.R., = standardized 
residual; (+) = positive association; (− ) = negative association; n.s = not 
significant. 
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