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Abstract 

Tracking the evolution of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) through 
genomic surveillance programs is undoubtedly one of the key priorities in the current pandemic situation. 
Although the genome of SARS-CoV-2 acquires mutations at a slower rate compared with other RNA viruses, 
evolutionary pressures derived from the widespread circulation of SARS-CoV-2 in the human population have 
progressively favored the global emergence though natural selection of several variants of concern that carry 
multiple non-synonymous mutations in the spike glycoprotein. Such mutations are often placed in key sites 
within major antibody epitopes and may therefore confer resistance to neutralizing antibodies, leading to 
partial immune escape, or otherwise compensate minor infectivity deficits associated with other mutations. 
As previously shown by other authors, several emerging variants carry recurrent deletion regions (RDRs) that 
display a partial overlap with antibody epitopes located in the spike N-terminal domain. Comparatively, very 
little attention has been directed towards spike insertion mutations, which often go unnoticed due to the 
use of insertion-unaware bioinformatics analysis pipelines. This manuscript describe a single recurrent 
insertion region (RIR1) in the N-terminal domain of SARS-CoV-2 spike protein, characterized by the 
independent acquisition of 2-4 additional codons between Arg214 and Asp215 in different viral lineages. 
Even though RIR1 is unlikely to confer antibody escape, its progressive increase in frequency and its 
association with two distinct emerging lineages (A.2.5 and B.1.214.2) and with known VOCs warrant further 
investigation concerning its effects on spike structure and viral infectivity. 

 

Introduction 

Coronaviruses generally accumulate mutations at a much lower rate than other RNA viruses, thanks to the 
efficient proofreading exonuclease activity exerted by nsp14, in complex the activator protein nsp10 [1,2]. 
As a result, the rate of molecular evolution of SARS-CoV-2 is currently estimated (as of May 1st 2021, based 
on GISAID data [3]), to be close to 24 substitutions/year per genome, i.e. 8.25x10-4 substitutions/site/year, 
which is very close to previous estimates for human endemic coronaviruses [4]. Consistently with 
comparative genomics data obtained from other members of the Sarbecovirus subgenus, such mutations are 
not evenly distributed across the genome, but they are disproportionally located in the S gene, which 
encodes the spike glycoprotein. It is also worth noting that the S gene undergoes frequent recombination 
events, likely as a result of naturally occurring co-infections in the animal viral reservoirs [5], and that these 
events are theoretically possible also among different SARS-CoV-2 lineages [6]. The encoded transmembrane 
protein forms a homotrimer and plays a fundamental role in the interaction between the virus and host cells, 
promoting viral entry though the interaction with different membrane receptors [7], which, in the case of 
SARS-CoV-2 and of the closely related SARS-CoV responsible of the 2002-2004 outbreak, is represented by 
the angiotensin converting enzyme 2 (ACE2) [8,9].  
While most of these mutations have little or no phenotypic impact at all, some may significantly influence 
viral transmissibility and the ability of the virus to escape host immune response. The causes underpinning 
such phenotypic effects may either lie in an increased viral shedding, in the alteration of the binding affinity 
between the spike receptor binding domain (RBD) and the host ACE2 receptor, or in the modification of key 
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antibody epitopes. The most striking example of a non-synonymous mutations which had a dramatic impact 
on the dynamics of the pandemics is most certainly represented by S:D614G. This mutation, which was not 
present in the ancestral lineage that caused the Wuhan outbreak, emerged in the very early phases of the 
pandemics, quickly becoming dominant worldwide [10], most likely due to an increased packing of functional 
spike protein into the virion [11]. As of May 2021, D614G is associated with more than 99% of the SARS-CoV-
2 genomes sequenced daily and just a very limited number of lineages lacking this mutations have been 
linked with recent local outbreaks (e.g. A.23.1 in Uganda) [12]. 
Even though the mutation rate of the SARS-CoV-2 genome remained relatively stable throughout 2020, 
growing evidence soon started to point out the presence of shared mutations across multiple independent 
lineages, suggesting ongoing convergent evolution and possible signatures of host adaptation [13]. While 
early investigations failed to identify evidence of increased transmissibility associated with such recurrent 
mutations [14], the nearly contemporary emergence, in different geographical locations and on different 
genetic backgrounds, of three variants sharing the non-synonymous substitution S:N501Y started to raise 
serious concerns about the possible involvement of this mutation in increasing viral infectivity. While the 
functional role of N501Y still remains to be fully elucidated, structural modeling points towards a possible 
function in the stabilization of the spike protein in the open conformation, which may increase ACE2 binding, 
especially in combination with other mutations targeting the RBD [15–17].  
B.1.1.7, one of the three emerging lineages carrying N501Y, which originally spread in southeastern England, 
appears to be significantly more transmissible than wild-type genotypes [18], but is not associated with 
significant immune escape from the neutralizing activity of convalescent or vaccinated sera [19–22]. On the 
other hand, some point mutations present in the spike N-terminal domain (NTD), i.e. the deletion of a codon 
in position 144, lead to full escape from the activity of a few NTD-directed monoclonal antibodies [23]. 
The two other major variants of concerns (VOCs), B.1.351 and P.1 were linked with major outbreaks in 
geographical regions with very high estimated seroprevalence, i.e. in the Eastern Cape region (South Africa) 
[24] and in Manaus (Amazonas, Brazil) [25], respectively. Both variants are characterized by a constellation 
of non-synonymous mutations and accelerated rates of evolution, which suggests that their selection might 
have occurred in immunocompromised patients with persistent viral infection [26]. Among the many 
features shared by B.1.531 and P.1, the most remarkable one is the presence of two additional RBD 
mutations, i.e. E484K and K417N/K417T. The former one is now found in a number of other emerging lineages 
and it has been identified as a key player in antibody escape, due to its presence in a major epitope recognized 
by class II RBD-directed antibodies [27–29]. On the other hand, K417 is located in an epitope recognized by 
class I antibodies, and is thought to provide a minor contribution to polyclonal antibody response escape [27] 
and to possibly stabilize, together with E484K and N501Y, the interaction between the RBD and the ACE2 
receptor [15]. The trends of new infections connected with these VOCs and other emerging variants of 
interest (VOIs) are being closely monitored due to the possible negative impact they might have on massive 
vaccination campaigns [30,31]. More recently, the status of two additional closely related lineages, B.1.427 
and B.1.429, first described in California, was raised by the CDC from VOI to VOC [32]. Although these variants 
may be linked with a moderate increase in transmissibility, their spread in Northern America as of May 2021 
is rapidly declining, along with the rise of B.1.1.7 in the region. The two Californian lineages are characterized 
by the presence of S:L452R, which is located in a major class III RBD-directed antibody epitope [31]. While 
this mutation allows complete escape the neutralizing activity of several monoclonal antibodies (mAbs) [33], 
its contribution to escape from polyclonal sera only appears to be modest [34]. 
Among the five aforementioned VOCs, two (B.1.1.7 and B.1.351) carry spike deletions in the NTD. 
Concurrently with their global spread [18,35], as well as with the emergence of large local outbreaks linked 
with other VOIs, such as B.1.258 [36], B.1.525 [37] and B.1.526.1 [38], the overall frequency of observation 
of spike deletions dramatically increased over time. Such deletions were previously shown to specifically 
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occur in four distinct NTD sites, named Recurrent Deletion Regions (RDR) 1, 2, 3 and 4, arising in different 
geographical backgrounds, in independent viral lineages. The four RDR sites strikingly display a significant 
overlap with known immune epitopes, suggesting that they may drive antibody escape [39]. 
Comparatively, very little attention has been directed towards spike insertions, even though such events are 
known to have played a fundamental role in the past evolution of SARS-CoV-2 spike protein, allowing, among 
the other things, the acquisition of a furin-like cleavage site, which is an uncommon feature in bat 
coronaviruses. This short motif, which is thought to be a key pathogenicity determinant [40], is indeed 
completely absent in the closely related sarbecovirus RaTG13 [41] and only partly present in the recently 
described RmYN02 [42]. 
This work suggests that the impact of spike insertion mutations on SARS-CoV-2 genome evolution, albeit 
much lower than spike deletions, has been probably so far neglected. Several distinct insertion events (i.e. at 
least thirteen) have indeed repeatedly occurred at the very same NTD site, located between Arg214 and 
Asp215, which will hereafter be referred to as Recurrent Insertion Region 1 (RIR1). While the functional 
implications of such insertions presently remains unclear, the international spread of the A.2.5 and B.1.214.2 
lineages, which both carry a three-codon insertion at RIR1 combined with multiple other non-synonymous 
spike mutations, strongly suggest that more attention should be put in the near future towards the 
acquisition of similar insertions in known VOCs and VOIs. Moreover, several bioinformatics tools presently 
used for SARS-CoV-2 genome assembly and variant calling often mistakenly disregard true insertion 
mutations, considering them as sequencing errors, which highlight that more efforts should but put towards 
the development and use of insertion-aware algorithms for a more efficient monitoring of emerging SARS-
CoV-2 variants. 
 

Materials and methods 
 
All SARS-CoV-2 genome data used in this study were retrieved from GISAID (last access date May 1st 2021) 
[3]. In detail, all available sequenced genomes belonging to the lineages A.2.5 (and the related sublineages 
A.2.5.1 and A.2.5.2) and B.1.214.2 were downloaded, along with associated metadata. While all GISAID 
entries were considered for reporting observation frequencies, only high quality genomes (i.e. those listed 
as “complete” and “high coverage”) associated with a sampling date were taken into account for further 
analysis. Genomes containing long stretches of NNNs (i.e. comprising more than 25 consecutive 
undetermined amino acids) were discarded. Entries belonging to the sister lineages A.2.4, B.1.214, B.1.214.1, 
B.1.214.3 and B.1.214.4 were also retrieved and processed as mentioned above. The reference isolate 
Wuhan-Hu-1 was also included for tree rooting purposes. Note that several genome sequences from Panama 
with sampling date anterior to November 2021 were discarded due to the unreliability of associated 
metadata (i.e. the sampling dates appeared to be inconsistent with the very small genetic distances with 
recent isolates belonging to the same lineage). Overall, the A.2.5- and B.1.214.2-focused datasets included 
313 and 402 sequences, respectively. 
SARS-CoV-2 genomes were analyzed with the nextstrain augur pipeline 
(https://github.com/nextstrain/augur). Briefly, nucleotide sequences were aligned with MAFFT [43] and the 
resulting multiple sequence alignment was used as an input for a maximum likelihood phylogenetic inference 
analysis, carried out with FastTree [44] under a generalized time reversible (GTR) model of molecular 
evolution. The resulting tree was further refined in the augur environment with treetime v.0.8.1 [45] using 
sampling date metadata, generating a time-calibrated tree. Phylogenetic trees were rooted based on the 
oldest genotype available, which in this case was Wuhan-Hu-1, and graphically rendered using FigTree 
v.1.1.4. 
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The global frequency of insertion and deletion mutations mapped on the SARS-CoV-2 S gene was retrieved 
from https://mendel.bii.a-star.edu.sg/ (last accessed on May 1st, 2021; credit to Raphael Tze Chuen Lee). 
Disruptive insertion and deletion mutations (i.e. those that interrupted the open reading frame of the S gene) 
and insertions carrying undetermined amino acids were discarded. 
Root-to-tip genetic distance analyses were performed by plotting the sampling dates against the total 
number of nucleotide substitutions (excluding insertions and deletions) observed in A.2.5, B.1.214.2 and 
related lineages. These were calculated with MEGA X [46], compared with the reference genotype Wuhan-
Hu-1. The global average genome-wide mutation rate of SARS-CoV-2, roughly equivalent to 24 substitutions 
per year, was retrieved from GISAID (as of May 1st 2021,). 
The average number of non-synonymous mutations, insertions and deletions affecting the spike protein in 
recently sequenced genomes belonging to the A.2.5 and B.1.214.2 lineages (i.e. those with sampling date 
posterior to April 1st 2021) was calculated with MEGA X [46], compared with the reference genotype Wuhan-
Hu-1. The same metric was similarly computed for the variants of concern B.1.1.7, B.1.351.1, B.1.427, B.1.429 
and P.1, and for the variants of interest A.23.1, A.27, B.1.525, B.1.526, B.1.526.1, B.1.526.2, B.1.617.1, 
B.1.617.2, P.2, P.3 and R.1. The widespread European lineage B.1.177 was used as a control lineage with no 
evidence of increased transmissibility or immune evasion properties. 
 
Results and discussion 
 
Presence of a recurrent insertion region (RIR1) in the N-terminal domain of SARS-CoV-2 spike protein 
The analysis of the genomic data deposited in GISAID as of May 1st 2021 revealed that S gene insertions 
(excluding those that disrupted the open reading frame) were present in just a minor fraction of all 
sequenced SARS-CoV-2 genomes, i.e. roughly 0.1% of the total. The impact of insertion mutations in the S 
gene on viral evolution has been very limited compared with deletion mutations, which are currently found 
in several widespread lineages, such as B.1.1.7 and B.1.351. Overall, spike deletions have been observed with 
a frequency approximately 800 folds higher than insertions. As previously reported by other authors, most 
deletions occur in specific sites of the N-terminal domain, named Recurrent Deletion Region (RDR) 1, 2, 3 and 
4 (Figure 1) [39], which is consistent with the higher rate of mutation observed for the S1 region in human 
coronaviruses compared with the more slowly evolving S2 subunit [47]. 
Despite their lower frequency of occurrence, insertions do not occur randomly in the S gene. Here we show 
that the overwhelming majority of the insertion mutations mapped so far in SARS-CoV-2 target the NTD, 
being in most cases (i.e. ~1700 genomes) identified at a specific site, located between Arg214 and Asp215 
(Figure 1). Due to the convergent finding of such insertions in independent viral lineages (see below), this 
region will be hereafter named Recurrent Insertion Region 1 (RIR1). 
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Figure 1. Schematic representation of the SARS-CoV-2 protein, with indication of the two functional S1 and 
S2 subunits, which are separated by a furin-like proteolytic cleavage site, the N-terminal domain (NTD), the 
receptor binding domain (RBD) and receptor binding motif (RBM), the SD1 and SD2 subdomains. The absolute 
number of observations of insertion and deletion mutations found along the S-gene are reported in a Log10 
scale (https://mendel.bii.a-star.edu.sg/ was last accessed on May 1st 2021). The position of RDR1-RDR4 from 
a previous study [39], as well as the position of the newly identified RIR1 are reported. 
 
We found that RIR1 insertions were the result of thirteen independent events that occurred in different 
branches of the SARS-CoV-2 global phylogenetic tree, which strongly suggests convergent evolution (Table 
1). Even though the length of the insertion either spanned from two to six codons (Figure 2), the 
overwhelming majority of the genomes with RIR1 insertions (99.5% of the total) only included three codons 
(Table 1). Out of these, only two insertion events have led to a significant community spread, whereas in the 
other ten cases the small number of sequenced samples and the short timespan of detection points to 
isolated cases that likely did not lead to a significant number of secondary infections (Table 1).  
While the two major types of RIR1 insertions (i.e. those characterizing the A.2.5 and B.1.214.2 lineages) will 
be discussed in detail below, it is worth nothing that some of the other occasional events occurred in lineages 
that have been previously identified in VOCs. In detail, the S:ins214AQER mutation (Figure 2), reported in a 
single patient in California on January 15th 2021, occurred in a viral isolate with a B.1.429 genetic background 
[32]. On the other hand, S:ins214ANRN was found in four viral genomes belonging to the P.1 lineage, 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted May 7, 2021. ; https://doi.org/10.1101/2021.04.17.440288doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.17.440288


sequenced in Manaus (Amazonas, Brazil) between December 2020 and January 2021. As reported in a 
previous work [48], the four genomes belong to a monophyletic P.1-like clade that appears to be basal to 
P.1, which suggests that limited transmission in the community might have been present at the time of 
sampling. P.1 is currently considered one of the major VOCs and its worldwide prevalence is being constantly 
monitored due to the combination of three key RBD mutations (K417T, E484K and N501Y), which may 
jeopardize the efficiency of some vaccines by promoting antibody escape [25,49]. 
The highly transmissible B.1.1.7 lineage, which is now dominant in Europe and quickly spreading worldwide 
[50], was associated with at least three independent insertions at RIR1: (i) S:ins214KFH, documented in three 
patients in Scotland in February 2021; (ii) S:ins214ER, identified in a single patient in Illinois in March 2021; 
(iii) S:ins214APR, found in a single case in Greece in late March 2021. 
Curiously, one of the most recent insertion events at RIR1 occurred in an unclassified B.1 sublineage, 
associated with a small cluster of infections in New York and New Jersey. In this case, the S:ins214AQS 
insertion was paired with a high number of non-synonymous mutations in the S gene, including E484K, and 
by the deletions 69/70 (found in RDR1) and 144 at RDR1 (found in RDR2), shared by several VOCs and 
VOIs, which suggest that this particular variant may be endowed with immune escape properties. Genome 
sampling dates, as well as the detection of this novel variant in two neighboring states, suggests the presence 
of early community spread. 
Taking into account the limited efforts carried out by several countries in genomic surveillance, those 
reported in Table 1 may represent just a fraction of the SARS-CoV-2 variants carrying insertions at RIR1 that 
emerged during the course of the pandemics, either already extinct or currently part of ongoing 
undocumented community transmission. 
 

 
Table 1. Summary of the thirteen independent RIR1 insertions found in the SARS-CoV-2 genome, ordered by 
the earliest date of detection. The assessment of presence and absence of present community transmission 
was based on the date of the latest reported cases and on the quality of the molecular surveillance programs 
carried out by different countries. *A.2.5 was also linked with two single events where the inserted sequence 
was modified to ASG and AAGAAG, respectively. 
 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted May 7, 2021. ; https://doi.org/10.1101/2021.04.17.440288doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.17.440288


 
 
 

 
Figure 2. Multiple sequence alignment of the nucleotide (panel A) and translated protein (panel B) sequences 
of the SARS-CoV-2 S gene of the viral lineages characterized by an insertion at RIR1, compared with the 
reference sequence Wuhan Hu-1. The multiple sequence alignment only displays a small portion of the S 
gene and of the encoded spike protein, zoomed-in and centered on RIR1. 
 
Characterization of the lineage-defining mutations in A.2.5 and B.1.214 
The only two lineages with insertions at RIR1 with solid evidence of current community transmission are 
A.2.5 and B.1.214.2, whose context of emergence will be discussed in detail in the following sections. 
The insertion found in A.2.5 is S:ins214AAG, corresponding to the GCGGCAGGC nucleotide sequence, even 
though in two single cases the inserted sequence was duplicated (resulting in S:ins214AAGAAG) or contained 
a non-synonymous mutation (resulting in S:ins214ASG) (Figure 2). Remarkably, this is insertion is paired with 
a non-synonymous substitution of Asp215 to Tyr (as a result of a GAT->TAT codon replacement). Besides the 
insertion at RIR1, A.2.5 also displays the deletion of three codons (141-143) in RDR2 (Figure 1), sometimes 
extending to codon 144. This region has been previously implicated in antibody escape [39] and shows 
deletions in some relevant VOCs and VOIs, including B.1.1.7, B.1.525 and B.1.526.1. In particular, 144 
appears to largely explain the resistance towards several NTD-directed mAbs displayed by B.1.1.7 in vitro 
(Wang et al., 2021). Moreover, the insertion at RIR1 is also combined with L452R, a key mutation that confers 
resistance towards class III RDB-directed antibodies [27], including LY-CoV555, the basis for the the 
formulation of the commercial mAb bamlanivimab developed by Eli Lilly (Starr et al., 2021). L452R is also 
found in the VOCs B.1.427 and B.1.429, which are characterized by a moderate increase in transmissibility 
[51], as well as in other emerging VOIs, including A.27, B.1.617.1 and B.1.617.2 [52]. Like the overwhelming 
majority of the variants circulating in 2021, A.2.5 also characterized by the presence of the prevalent 
mutations D614G. The summary of the mutations found in A.2.5 is reported in Figure 3. 
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The typical insertion found in the lineage B.1.214.2 is S:ins214TDR, which corresponds to a ACAGATCGA 
nucleotide sequence. This is combined with four non-synonymous mutations (Figure 3): besides D614G, 
Q414K and N450K are found in the RBD and T716I, which is shared by B.1.1.7, is found in the S2 region. As 
far as the two RBD mutations are concerned, Q414K is located close to K417, a key site mutated in the VOCs 
P.1 (K417T) and B.1.351 (K417N). While it is unclear whether this residue is also part of an epitope recognized 
by class I antibodies, whose neutralizing activity is escaped by the two aforementioned VOCs [23,27], 
computational studies have suggested that Q414K may moderately increase RBD stability [53]. On the other 
hand, N450 falls within a class III neutralizing antibody epitope [54], and the S:N450K mutation in particular 
has been previously shown to be associated with immune escape both towards a few mAbs and towards 
convalescent sera [55]. Moreover, both deep mutational scanning experiments and computational 
simulations suggest that N450K may determine a mild increase in ACE2 binding affinity [29,56]. Currently, 
neither of the twoB.1.214.2-associated RBD mutations are associated with other widespread SARS-CoV-2 
variants. It is also worth noting that B.1.214.2 displays a large deletion (10 codons) in the N-terminal region 
of ORF3a, which is not found in other relevant SARS-CoV-2 lineages (Figure 3). 
 
 

 
Figure 3. Key mutations associated with the A.2.5 and B.1.214.2 lineages. Genes associated with mutations 
(compared with the reference strain Wuhan-Hu-1) are indicated. Note the AAG and TDR insertions at RIR1. 
Modified from https://outbreak.info/.  
 
Context for the emergence of A.2.5 
A.2.5 stems from A.2.4, the dominant lineage in the Panama pandemics during the first half of 2020 [57]. This 
lineage started spreading very early in the region, with the first detections in oropharyngeal swabs sampled 
in late February 2020. However, A.2.4 remained largely confined to Panama, with limited evidence of 
international exportation, as revealed by the fact that ~98% of the genomes belonging to this lineage 
deposited in GISAID are from this country. While the frequency of observation of A.2.4 significantly declined 
over time, this lineage likely continues to be responsible of a non-negligible fraction of covid-19 cases in 
Panama, according to molecular surveillance data from 2021 (8 out of 198 sequenced genomes, i.e. ~4%). 
The precise timing of the emergence of the A.2.5 lineage, along with the acquisition of the S:ins214AAG 
insertion and of the other associated mutations described in the previous section, is presently unclear due 
to the insufficient molecular surveillance carried out in Central America during 2020. Any inference 
concerning the timing of the emergence of a given lineage relies on the accuracy of the metadata associated 
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to each genome submission. With this respect, a few genomes belonging to the A.2.5 lineage, presumably 
sampled in Panama from April to August 2020, have been deposited in GISAID on April 8th 2021. 
Unfortunately, linear root-to-tip regression analysis (data not shown), as well as the high genetic relatedness 
with genotypes isolated in early 2021, strongly suggest that these samples might have been mistakenly 
assigned a wrong sampling date. Hence, the first reliable cases linked with A.2.5 in Panama can be traced 
back to late November 2020, all within a 100 km2 area around the capital city Panamá. To date, less than 900 
sequenced genomes out of over 350K reported covid-19 cases have been reported in this country, i.e. 0.25% 
of the total, far below of the threshold that would be sufficient to track emerging variants [58]. Nevertheless, 
A.2.5 underwent an evident expansion in Panama between December 2020 and February 2021, as revealed 
by the increase in estimated prevalence from ~60 to ~95%. 
Not surprisingly, the remarkable spread of SARS-CoV-2 in the country (as of May 2021, the incidence of 
infections surpassed 80,000 cases per million inhabitants) was connected with a significant number of 
exported cases, which have sometimes led to clusters of infection abroad. The A.2.5 lineage likely spread 
very early also in the neighboring Costa Rica, where multiple introductions can be inferred from the 
phylogenetic tree, in spite of the limited amount of genomic information available (Figure 4). One of this 
introductions led to a major cluster of infections, providing the epidemiological event for the definition of 
the A.2.5.1 sublineage in the most recent PANGO release (version: 2021-04-23). While earliest investigations 
failed to identify A.2.5 in Costa Rica in August 2020 [59], the most recent data deposited in GISAID indicate 
that it may be responsible of over 45% of the covid-19 cases documented in the country between March and 
April 2021. While the spread of A.2.5 to other geographically close countries (e.g. Nicaragua, El Salvador and 
Honduras) seems likely, the lack of molecular surveillance in these regions prevents drawing definitive 
conclusions. 
The first evidence of the detection of A.2.5 outside from Central America dates to December 1st 2020, in 
Ecuador. Reports in other Latin American countries remain sporadic, but it is worth noting that A.2.5 genomes 
have been so far sequenced in Suriname, Chile, Colombia, Mexico and Paraguay. A single imported cases has 
been also reported with similar timing in UAE (December 27th, 2020), and three were intercepted though 
border screening in Australia in January 2020. The first documented cases linked with A.2.5 in Europe were 
identified in Luxembourg, Portugal and Germany, but these are unlikely to have led to further community 
transmission. On the other hand, the significant number of cases reported in Campania in February-March 
2021 (i.e. 74, accounting for 1% of the genotypes sequenced in this period in the region), strongly hints the 
occurrence of transmission in the community. This observation led to the definition of the A.2.5.2 sublineage 
in the most recent PANGO release (version: 2021-04-23), even though this monophyletic cluster includes 
cases from multiple countries. Similarly, imported cases have most certainly led to local cluster of infections 
in different areas of the United States, with evidence of multiple independent introductions both in New York 
(Figure 4) and Florida, where A.2.5 and related sublineages only represent a minor fraction (i.e. <1%) of the 
total number of cases recorded between February and April, 2020. 
A.2.5 belongs to one of the very few surviving children lineages of the ancestral lineage A, which, after several 
months of limited global spread, have recently led to a few major clusters of infections. Such events, that 
occurred for example in Uganda (A.23.1) [12] and, most likely, also in Tanzania (A.VOI.V2) [12], are 
characterized by the acquisition of several spike mutations, often shared by other VOCs and VOIs.  
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Figure 4. Upper panel: circular time tree exemplifying the phylogeny of the A.2.5 lineage and of its 
sublineages A.2.5.1 and A.2.5.2. Only high quality, complete genomes have been included. Red, blue and 
green tip marks indicate samples from Panama, Costa Rica and New York, respectively. The Wuhan-Hu-1 
strain was used to root the tree. Lower panel: number of A.2.5 SARS-CoV-2 genomes sequenced in Panama 
or Costa Rica, Europe, North America and other locations, shown by date of sampling, starting from 
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November 1st 2020, shown by sampling date. Note that the numbers referred to recent dates are unreliable 
due to delays in data submission. 
 
Context for the emergence of B.1.214.2 
B.1.214.2 is linked with the parent lineage B.1.214, which spread in the early phases of the pandemics in the 
Democratic Republic of Congo [60] and possibly in other neighboring countries where limited genomic 
surveillance had been carried out in the first half of 2020. As a result of exportations, four distinct sister clades 
later spread, with different success, in Europe between December 2020 and the first months of 2021: 
B.1.214.1 led to a few cases in France. The few dozen genomes belonging to the B.1.214.3 lineage have been 
sequenced in England, France, Belgium, Luxembourg, Germany, Portugal, Switzerland, Spain, Angola and 
Mayotte. With the exception of a few cases in Portugal, B.1.214.4 spread in Denmark, where its frequency 
quickly declined when B.1.1.7 became dominant. 
Out of the four sister lineages, B.1.214.2 is, by far, the most widespread in Europe as of May 2021 (Figure 5). 
The very first cases of B.1.214.2 in the continent were detected in late November 2020 in Switzerland, and 
more specifically in the Basel-Landschaft. This introduction led to continued community transmission, as 
evidenced by the large monophyletic cluster of genotypes visible in the phylogenetic tree (Figure 5). The 
circulation of this variant continued to be significant in the Basel region in early 2021 (e.g. its estimated 
frequency reached 8.5% in March 2021) and subsequently dropped to lower levels, in parallel with the rapid 
spread of B.1.1.7. However, B.1.214.2 found its most significant spread in Belgium where, following the first 
detection by molecular surveillance dated January 3rd 2021 in Liège, it underwent a rapid increase in 
frequency, accounting for 5-6% of all the genomes sequenced between week 7 and week 9. This transient 
spread was followed by a moderate decline to 2-3% in the following weeks, which appears to be concomitant 
with the rise of B.1.1.7 (which, as of May 1st 2021 accounts for nearly 85% of all analyzed PCR-positive 
collected swabs). Phylogeny clearly indicates that the B.1.214.2 infections recorded in Belgium were linked 
with a higher genomic heterogeneity compared with Switzerland. Indeed, while most of the cases were part 
of a monophyletic clade (which also included several cases from abroad, likely exported), others were part 
of a distinct mixed Belgium/France cluster (Figure 5). 
The precise geographical origins of B.1.214.2 can be only speculated, and it is not possible to establish with 
certainty whether its early spread in some European countries was linked with an endogenous origin, or with 
importation from an unknown country where the variant might have been not detected due to insufficient 
surveillance. This hypothesis seems to be supported by the report of two genomes, sequenced in Congo in 
late February 2021, which display the S:ins214TDR insertion, but critically lack the two key RBD mutations 
Q414K and N450K. While these genomes were not included in the phylogenetic analysis due to their low 
quality, their presence in Congo along with other “canonical” genotypes (i.e. including the insertion at RIR1) 
belonging to the B.1.214.2 lineage suggest that these may belong to a surviving ancestral sublineage, which 
might have served as the genetic background for the two aforementioned RBD mutations. 
The major European clusters of community transmission clearly led to the exportation of cases abroad, either 
in neighboring regions (such as Rhineland-Palatinate in Germany or the Netherlands), or elsewhere. As of 
May 1st 2021, B.1.214.2 have been reported in France, Germany, Netherlands, Ireland, Portugal and United 
Kingdom. Based on these observations, this lineage has been recently identified as a variant under monitoring 
by both Public Health England [61] and ECDC (https://www.ecdc.europa.eu/en/covid-19/variants-concern). 
While both the cumulative number of known cases and the incidence of this viral lineages are still low, the 
genetic relatedness among the isolates from France (Figure 5) strongly suggest the presence of community 
transmission. 
Evidence of spread of this variant in other continents has been limited to date. In addition to the previously 
mentioned cases reported in Congo, some cases have been reported in other African countries (Togo and 
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Senegal), in Asia (one in the Philippines on January 3rd 2021, one in India on February 21st and five in 
Indonesia, starting February 25th 2021). Several B.1.215.2 genomes have been recently sequenced across the 
United States, mostly in Maryland and Virginia, indicating multiple introductions and possible early signs of 
ongoing community transmission. 

 
Figure 5. Upper panel: circular time tree exemplifying the phylogeny of the B.1.214.2 lineage, of the parental 
lineage B.1.214, and of the sister lineages B.1.214.1, B.1.214.3 and B.1.214.4. Only high quality, complete 
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genomes have been included. Red, blue and green tip marks indicate samples from Belgium, Switzerland and 
France, respectively. The Wuhan-Hu-1 strain was used to root the tree. Lower panel: number of B.1.214.2 
SARS-CoV-2 genomes sequenced in Belgium, other European countries, North America and other locations, 
shown by date of sampling, starting from November 1st 2020. Note that the numbers referred to recent dates 
are unreliable due to delays in data submission. 
 
Further evolutionary considerations 
RDR1 is located in a loop which connects the spike NTD β strands 15 and 16, a region which, unlike RDR1, 2, 
3 and 4, does not show any overlap with any known major NTD antigenic sites (Cerutti et al., 2021; McCallum 
et al., 2021). Hence, the involvement of the insertions reported in this manuscript in antibody escape is 
unlikely, even though the possibility that this modification may lead to paired structural alterations at 
distantly related sites, leading to a reduced surface accessibility of canonical antibody epitopes cannot be 
ruled out. Interestingly, previous comparative genomics investigations carried out in the Sarbecovirus 
subgenus revealed that the spike protein of RmYN02, the closest known relative to SARS-CoV-2 [42], 
comprises an insertion of four codons at RIR1 in comparison with other closely related viruses. This 
observation points out that RIR1 has been previously prone to structural alterations during the radiation of 
bat coronaviruses [64]. Most certainly, the spread of the A.2.5 and B.1.214.2 lineages in different 
geographical contexts suggests that RIR1 insertions are unlikely to have a detrimental impact on the three-
dimensional structure of the spike protein or to dramatically reduce the infectivity of these variants. At the 
same time, the well-defined length of the insertions (in the overwhelming majority of cases 3 or 4 codons) 
suggests that some critical structural constraints, that may prevent the selection of shorter insertions or limit 
their associated evolutionary benefits, might exist. 
Detailed structural modeling studies should be carried out to predict which consequences, if any, RIR1 
insertions have on the structural organization of the spike protein, on the stability of the interaction between 
the RBD and the ACE2 receptor, on the accessibility of distant sites to antibody recognition and on the 
efficiency of the proteolytic cleavage. For instance, the NTD 69/70 deletion, which, like RIR1, is found in 
multiple independent lineages, does not determine a significant antibody escape in vitro [23]. However, it is 
thought to have an important impact on the structure of the spike protein, by conferring increased cleavage 
at the S1/S2 site, thereby allowing higher incorporation in the virion (Kemp et al., 2021). In light of these 
observations, some NTD indels apparently not related with immune escape may act as permissive mutations, 
by compensating small infectivity deficits associated with other RBD mutations (i.e. L452R in A.2.5 and Q414K 
and N450K in B.1.214.2). The emergence of RIR1 insertions in multiple independent lineages is most certainly 
suggestive of convergent evolution, and their recent occurrence in some VOCs (B.1.1.7, B.1.429 and P.1) 
indicates that the observation of similar insertions are expected in other emerging VOIs the next few months. 
Root-to-tip genetic distance regression analyses indicate that A.2.5 (and sublineages A.2.5.1 and A.2.5.2) 
accumulated a number of nucleotide substitutions slightly higher that the majority of the other circulating 
SARS-CoV-2 strains, as well as of the sister lineage A.2.4. This was clearly evidenced by the deviation from 
average rate of genome-wide molecular evolution, estimated to be 8.25x10-4 substitutions/site/year (based 
on GISAID data, data retrieved on May 1st 2021). Unfortunately, the lack of genomic data from the second 
half of 2020 currently prevents to estimate whether this occurred in a progressive manner or abruptly, as 
previously evidenced for B.1.1.7 and P.1 [25] (Figure 6A). On the other hand, the overall rate of genomic 
evolution of B.1.214.2 was in line with the global evolutionary trends of SARS-CoV-2, and not significantly 
different from the sister lineages B.1.214.1, B.1.214.3 and B.1.214.4 (Figure 6B). 
Nevertheless, both lineages have disproportionately accumulated a relatively large number of non-
synonymous mutations in the S gene, which include, besides the insertions at RIR1, also a four-codon deletion 
in the case of A.2.5 (Figure 3). As a matter of fact, compared with the reference Wuhan Hu-1 genotype, both 
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major RIR1 variants display a total number of substituted, deleted or inserted amino acids in the spike protein 
which is in line and often superior to that of several other VOCs and VOIs. In detail, the average number of 
substitutions/insertions/deletions calculated for A.2.5 and related sublineages (i.e. 9.08, Figure 6, detailed in 
Table 1) is only second to the VOCs B.1.1.7, B.1.351 and P.1, and of the emerging lineages B.1.617.2 and P.3. 
Curiously, this rate of molecular evolution appears to be much higher than the VOCs B.1.427 and B.1.429 
[51], and also higher than other recently described emerging lineage A variants, such as A.23.1 and A.27 [12]. 
The average total number of substitutions/insertions/deletions found in B.1.214.2, albeit slightly inferior to 
A.2.5 (i.e. 7.08, see Table 1), was still relatively high, in line with most other emerging VOIs and higher than 
other widespread lineages which are not linked with increased transmissibility or immune evasion properties 
(exemplified by B.1.177 in Figure 6). 
 
 

 
Figure 6. Panels A and B: root-to-tip genetic distance (number of nucleotide substitutions) of the genomes 
belonging to the A.2.5 and B.1.214.2 lineages, respectively, compared with parent and sister lineages. The 
black line represents the average rate of mutation of all SARS-CoV-2 sequenced genomes, according to 
GISAID (i.e. 24 substitutions per genome per year, as of May 1st 2021). Note that insertions and deletions 
were excluded from this calculation. Panel C: average number of amino acid substitutions (full bars), 
insertions and deletions (empty bars) observed in the spike protein of the two major variants with insertions 
at RIR1, the five VOCs and a number of VOIs. The lineage B.1.177 has been included as a non-VOC/VOI 
reference. 
 
Technical issues in the detection of insertions in SARS-CoV-2 genomes 
Several different bioinformatics tools are routinely used for variant calling and SARS-CoV-2 genome 
assembly. The mostly depend on the sequencing method used and with the preference of different research 
groups with consolidated pipelines of analysis, whose performance is usually reliable over a broad range of 
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sequencing outputs. However, most of these methods are based on the mapping of sequencing reads to a 
reference genome, and rely on the analysis of mapping files for variant calling [66]. The management of gaps 
(i.e. insertions and deletions) may vary from algorithm to algorithm, and the management of insertions, in 
particular may be problematic, leading to laboratory-specific biases. As a matter of fact, the raw sequencing 
reads generated with the Oxford Nanopore technology (i.e. MinION, GridION or PromethION platforms) are 
expected to present a relatively high error rate, in particular for what concerns the presence of artificial indels 
in homopolymeric sequence stretches. Usually, the presence of such sequencing errors can be overcome 
thanks to the high sequencing coverage obtained, that allows a consensus-based variant calling [67]. Hence, 
some of the algorithms specifically designed and used to carry out such tasks are not insertion-aware, i.e. 
they explicitly disregard any insertion detected in the alignment between the reads and the reference 
genome as a probable sequencing error. 
This issue was particularly evident for both A.2.5 (and sublineages) and B.1.214.2, since of relevant number 
of GISAID entries lacked the expected lineage-defining insertions at RIR1, despite the shared ancestry of all 
genotypes (Figures 4 and 5). In detail, as of May 1st 2021, only 63% of the A.2.5 genomes carry S:ins214AAG, 
and only 76% of the B.1.214.2 genomes carry S:ins214TDR. These fraction of deposited genomes lacking 
insertions at RIR1 remains very high even if we only take into account complete, high quality genomes (i.e. 
15% and 34% for A.2.5 and B.1.214.2, respectively), indicating that these artefacts are not linked with low 
sequencing coverage. As a striking example, just 41 out of the 193 B.214.2 genomes sequenced in Switzerland 
correctly report the insertion at RIR1. These entries have been submitted to GISAID by the university hospitals 
of Basel and Geneva, which most likely use in their routine genome analyses insertion-aware tools. On the 
other hand, all the B.214.2 genomes sequenced in Switzerland that lack the insertion were deposited by the 
same institution, i.e. ETH Zürich, which uses V-pipe [68], a tool that in its current configuration for SARS-CoV-
2 variant calling disregards the possibility of insertions compared with the reference genome sequence. 
Clearly, similar issues may affect other SARS-CoV-2 lineages carrying insertion mutations. For example lineage 
AT.1, a variant carrying an unusual insertion of four codons, close to the polybasic furin-like cleavage site 
(position 679), has been recently reported in Russia, and it is presently considered as a variant under 
monitoring by the ECDC (https://www.ecdc.europa.eu/en/covid-19/variants-concern), due to the 
contemporary presence of E484K. 
Hence, taking into consideration the interantional spread of A.2.5 and B.1.214.2, as well as the insertions 
occurring at RIR1 here documented in other relevant widespread viral lineages, the use of insertion-aware 
genome analysis pipelines should be encouraged to allow an improved monitoring of novel insertion mutants 
that may otherwise go unnoticed. Similarly, existing tools that currently do not include insertion-aware 
variant calling, should be implemented by the developers to allow the discrimination between bona fide 
insertions and those linked with sequencing errors. While insertions have so far just occurred in a very limited 
subset of circulating genotypes, they may be linked with phenotypic alterations, both in terms of increase 
immune escape or virulence, as previously demonstrated for deletions [23,65]. In conclusion, it is the opinion 
of the author that more attention should be directed towards a close monitoring of the emergence of these 
still rare but puzzling mutations, especially whenever they are associated with lineages that have already 
been previously identified as VOCs or VOIs. 
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