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signature trends for virus fitness and adaptation
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ABSTRACT Coronaviruses are large RNA viruses that can infect and spread among 
humans and animals. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), 
responsible for coronavirus disease 2019, has evolved since its first detection in 
December 2019. Deletions are a common occurrence in SARS-CoV-2 evolution, 
particularly in specific genomic sites, and may be associated with the emergence of 
highly competent lineages. While deletions typically have a negative impact on viral 
fitness, some persist and become fixed in viral populations, indicating that they may 
confer advantageous benefits for the virus’s adaptive evolution. This work presents a 
literature review and data analysis on structural losses in the SARS-CoV-2 genome and 
the potential relevance of specific signatures for enhanced viral fitness and spread.

KEYWORDS evolutionary mechanisms, structural mutations, SARS-CoV-2, viral 
adaptation, deletions

S evere acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the viral agent 
responsible for causing the coronavirus disease 2019 (COVID-19), and it was first 

identified in Wuhan (Hubei Province, China) (1). COVID-19 was officially declared a 
pandemic in March 2020 by the World Health Organization, and it became the deadliest 
pandemic of the 21st Century, accounting for over 765 million cases and 6.9 million 
deaths worldwide (2).

Coronaviruses are a family of RNA viruses with a potential to infect and spread in 
various bodily systems, including respiratory and gastrointestinal tracts, as exemplified 
by certain coronaviruses like porcine epidemic diarrhea virus, which primarily affects 
the gastrointestinal tract. Coronaviruses are positive-sense single-stranded RNA viruses 
(+ssRNA) belonging to the Coronaviridae family, which includes some of the RNA viruses 
with the largest genomes, ranging from 27 to 31 Kbp (3). This family is divided into two 
subfamilies, the Coronavirinae and the Torovirinae. The Coronavirinae subfamily contains 
four genera, i.e., Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and Deltacoro
navirus, with SARS-CoV-2 belonging to the Betacoronavirus genus (4).

Over time, evolutionary mutations accrued by the SARS-CoV-2 genome resulted in 
enhanced levels of transmission. Successive cycles of virus transmission and disease 
recurrence led to the emergence of highly competent lineages, namely variants of 
concern (VOCs) (5). Most of these mutations correspond to base exchanges, in func
tional terms amino acid substitutions, due to their higher probability to emerge and 
more predictable impact on the virus function. Conversely, deletions are comparatively 
less frequent since they are more likely to result in loss of function events, including 
erroneous translation of proteins, unless no codon frameshifts are introduced in the 
reading frames. One such event relates to the almost simultaneous emergence of VOCs 
Alpha, Beta, and Gamma, all of them possessing a characteristic 9-bp deletion at position 
11,288–11,296 in the NSP6 gene within the polyprotein ORF1a (6), which then became 
widespread amongst all variants except VOC Delta. Moreover, since its emergence in 
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late 2019, SARS-CoV-2 evolution has shown a tendency toward genome size reduction, 
with deletions being a notable occurrence, as seen for other RNA viruses (7, 8), as 
opposed to insertion events. These deletions, including in other SARS-related viruses, 
have been reported to occur more often within particular genomic sites, indicating this 
phenomenon is a result of the selective pressure in the evolutionary process, possibly 
influenced by specific gene locations, avoiding key motifs of structural proteins, and by 
changing host-virus protein interactions. (9). In most cases, deletions negatively affect 
viral fitness, while a fraction of them persist and eventually fix within viral populations, 
suggesting either a neutral or a selective advantage. Mahmoudabadi and collaborators 
proposed a simple strategy to measure the number of ATP and ATP-related molecules (P) 
needed to “build” a virus. They used the T4 phage and influenza as examples to estimate 
the number of 50 P per nucleotide in RNA or DNA synthesis and 36 P per amino acid in 
protein synthesis. Furthermore, they conclude that the burst size, the number of virion 
particles that emerge from each infected cell, is a function of the needed energy for 
virus infection (10). Indeed, it has been suggested that the reduction in the genome size 
might potentially influence adaptative evolution by decreasing the energy required for 
viral replication and increasing the efficiency of mutants (11). Evolutionary trends may 
be objectively studied over time and space through comparative analysis of structural 
changes and base exchanges from representative genomes, thus providing new insights 
into the evolutionary patterns of SARS-CoV-2 with respect to its sustained transmission 
and ability to infect/reinfect the host (12).

Evolution, particularly of RNA viruses, is a very dynamic process, often leading to 
rapid changes over relatively short periods. Recurrent infections coupled with constant 
virus introduction to previously immunized hosts and the increasing use of antivirals, 
despite their pharmacological benefits, further drive the co-evolution of the virus. The 
diminishing effectiveness of vaccines may, at least in part, account for this stochastic 
yet orderly process (13). Specific genomic signatures that become fixed as part of a 
continuous process, or a convergence of independent events, are net products of a 
complex seesaw interaction between pathogens and the host. SARS-CoV-2 mutations, 
such as S:D614G, are a clear example where variants with specific alterations conferring 
selective advantage, rapidly increase their frequency and become dominant (13).

This work presents a comprehensive literature review on structural losses accrued by 
the SARS-CoV-2 genome, coupled with a pattern and cause-effect investigative analysis 
supported by data available from GISAID EpiCoV (Table S1), a large repository data 
set maintained by the scientific community. Here, we data mined and analyzed over 
5,116,266 sequences to comparatively assess the patterns of deletion events throughout 
the virus genome, at the same time determining the potential relevance of specific 
signatures accounting for enhanced viral fitness and the spread of VOCs, while depicting 
their trajectory from uprise to decline.

SARS-CoV-2 MUTATION RATES AND GENOME SIZE REDUCTION TREND

In any given biological being, mutations within a genome are predominantly substitu
tions, due to an intrinsic error associated with their replication apparatus. In the case of 
RNA viruses, mutation rates can be over a million times greater than their corresponding 
hosts since they have limited ability to correct replication errors as reviewed by Lauring 
et al. (14). Hence, under selective pressure, their survival and adaptability are reliant 
on their ability to overcome alterations of detrimental nature and give rise to mutants 
possessing competitive advantage to enhance their fitness. Unlike small DNA viruses, 
RNA viruses encode their own replication machinery and are thus able to optimize the 
mutation rate for their fitness (15). The size of the RNA genome influences directly 
on the mutation susceptibility as during the replication process of a large genome, its 
polymerase has a greater probability of misplacing a nucleotide, making larger RNA 
viruses likely to have evolved to exhibit a proofreading activity (3). On the other hand, 
genome size would be limited as verified by the error catastrophe hypothesis (16). The 
error catastrophe hypothesis suggests that the genome size of a virus may be limited 
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due to accumulated errors during viral replication. In other words, as the genome size 
of a virus increases, the probability of errors in the replication of genetic material also 
increases, leading to loss of viability and decreased replication capacity, resulting in an 
“error catastrophe.” This hypothesis proposes that viruses face an evolutionary limitation 
in terms of genome size due to the detrimental effects of accumulated errors in genetic 
replication. Indeed, genome size has been shown to have a negative correlation with 
mutation rate in viruses regardless of the type of genome or replication proofreading 
capacity (17).

The intense mutation rate of RNA viruses in a single host results in a population of 
variant genomes, called quasispecies, that are susceptible to competition and selection, 
as mutations that result in the increase of replicative capacity are more likely to outgrow 
others and contaminate new hosts (18–20). In the context of specific viral lineage, 
the acquisition of mutations is a phenomenon that affects the entire population. In 
simpler terms, all viruses within this lineage undergo mutations, which contribute to 
the overall genetic diversity. Furthermore, this statement emphasizes a crucial concept: 
viral genomes that have mutations enabling them to thrive within hosts and, subse
quently, infect new hosts have already experienced a selective pressure known as 
“adaptive pressure.” This indicates that these specific viral variants have undergone 
genetic changes that provide advantages for their survival and replication within their 
host environments. In essence, the viruses that successfully spread have already been 
influenced by natural selection to better adapt to their host organisms (20). In this way, 
although some deletions affect large extensions of genes as a result of frameshift, the 
main lineage that infects a patient is frequently, to some extent, a strain with enough 
fitness to overcome others and infect new hosts (20).

SARS-CoV-2 genome encodes a nonstructural protein (nsp) with 3′ → 5′ exoribonu
clease activity, the nsp14, which ensures high-fidelity replication, as observed for other 
coronaviruses like SARS-CoV and MERS-CoV (21). Even though the nsp14 proofreading 
activity enables the expansion of the viral genome in the order Nidovirales (22), it does 
not appear to be able to protect the genome from loss of material associated with 
the discontinuous transcription process, common in ssRNA viruses and responsible for 
increase in deletion occurrence (23). Proofreading activity alone cannot fix deletions, and 
this may lead to adaptive evolution in SARS-CoV-2 (24). In fact, the large genome of 
coronaviruses tolerates numerous amount of mutations, including structural changes, 
evidencing its high plasticity (25). This fact can be observed from the size of the 
SARS-CoV-2 genomes deposited in the GISAID EpiCoV database. According to Outbreak 
lineage Covid using GISAID EpiCoV database, deletions are significantly involved in the 
constitution of new variants and have contributed to the emergence of Alpha, Beta, 
Gamma, Delta, and Omicron (BA.1) variants, which are, respectively, 18, 18, 5, 12, and 39 
nucleotides shorter than the SARS-CoV-2 reference genome from Wuhan (Fig. 1).

To generate a data set for further analysis, high-quality sequences deposited in the 
GISAID EpiCov database, accessed on 21 August 2022 (n = 5,116,266), were filtered using 
the parameter “QC status = good” by command line of the Nextclade CLI v.2.4.0 program. 
A gradual decrease in their size as a function of time is shown in Fig. 2, evidencing the 
loss of elements as part of the natural evolution of SARS-CoV-2. The Spearman rank 
correlation coefficient [ρ (rho)] shows a weak and negative correlation −0.31 [95% 
confidence interval (CI): −0.31; −0.31] at a 95% significance level. The plot shows the 
correlation of the nucleotide variation (subtraction between inserted and deleted 
nucleotides in a given sample) over time.

Deletions can cause frameshifts and are thus likely to be deleterious and rapidly 
disappear from a lineage, generating changes that extend into the genome, and 
affecting genes after the frameshift. For this reason, larger structural deletions in SARS-
CoV-2 genomes have been observed in accessory proteins (i.e., ORF3, ORF6, ORF7a, 
ORF7b, ORF8a, and ORF8b), in part owing to the lower selection pressures on these 
respective genes as these are deemed as not essential for viral replication (23, 26).
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A study conducted by Nguyen and colleagues about genomic mutations of SARS-
CoV-2 indicated that among more than 5,500 sequences, no structural alterations (either 
insertions or deletions) were found within the genes encoding structural protein E 
(envelope) or M (membrane). This leads to the conclusion that these genes are relatively 
stable and probably more tolerant to deletion; hence, they could be targeted for vaccine 
and drug development (27).

Even though it is unusual to reconstruct the evolutionary pathway of deletions, it was 
first reported on an accessory gene by Panzera and collaborators, where they detected a 
single (Δ12) and a double deletion (Δ12 + Δ68) variant of SARS-CoV-2 within the N.7 
lineage derived from the Brazilian B.1.1.33 lineage (12). Both deletions were restricted to 
a small region of the ORF7a gene and instead of generating a new ORF, it maintained the 
functionality of both ORF7a and ORF7b proteins, implying that the loss of genetic 
material may not always impair virus viability. This discovery underscores the significance 
of deletion events in adding the genetic variability of SARS-CoV-2 as it spreads and 
transmits within the human population. Moreover, this pattern of loss being more 
frequent than incorporation of genomic material is not exclusive to SARS-CoV-2 but is 
also present in other Betacoronavirus, including SARS-CoV and SARS-like viruses and 
other RNA viruses (7–9).

FIG 1 Loss of elements in VOCs of SARS-CoV-2 over time. The schemes represent the different VOCs and their deletion events at the peak of sequenced cases. 

The left-hand side of each scheme shows the nucleotide acquisition and loss scores, while the bottom bar plot summarizes the scores over time.
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POTENTIAL FACTORS UNDERPINNING DELETION OCCURRENCE WITHIN SARS-
CoV-2 GENOME

Apart from replication errors, viral mutations can occur as a result of editing the genetic 
material through host-enzymatic modification, spontaneous events, such as chemical 
reactions, or in favor of specialized viral genomic elements, such as recombinations or 
genetic shifts (28). Chrisman and collaborators suggested that deletions in the SARS-
CoV-2 genome occur as an artifact during the viral replication, in which the RNA-depend
ent RNA polymerase dissociates from its template and re-associates in a different locus 
(29). Pereira also suggested that deletions may occur in hairpin regions formed in the 
RNA secondary structure (30). These hypotheses are supported by other studies, which 
indicate that the RNA secondary structure, respectively, in retrovirus and Cucumber 
mosaic virus, can modulate the pace and kinetics of the RNA polymerase, increasing the 
chance of slippages leading to reading errors (31, 32). Kemp and colleagues demonstra
ted that the loss of two amino acids (H69 and V70) as well as other reported N-terminal 
domain deletions within the Spike protein, in addition to increasing its infectivity, occurs 
at a critical position in overlapping loop structures, in which RNA polymerase activity is 
often compromised (28). Similar to most viruses from the Nidovirales order, SARS-CoV-2 is 
prone to a common characteristic, which is the discontinuous viral transcription process 
(23). Hence, the frequency of structural gaps can be incremented by the discontinuous 
RNA synthesis of the polymerase machinery, which will likely remain uncorrected by the 
nsp14-exoribonuclease proofreading activity (12).

McCarthy and collaborators identified the incorporation of gaps in the N-terminal 
domain of the S glycoprotein as an evolutionary pattern defined by recurrent deletions 
that alter defined antibody epitopes (24). These deletions may converge, and their 
combined properties result in greater resistance against antibodies elicited by previous 
exposure. Panzera and collaborators reported cases of immunocompromised patients 
with long-term infections displaying recurrent deletions in the N-terminal domain of the 
S glycoprotein (12). This clinical course reinforces the ability of SARS-CoV-2 to evolve 
through persistent infections, especially in immunocompromised patients.

FIG 2 SARS-CoV-2 genome shrinkage over time. This figure illustrates the reduction in nucleotide variation (subtraction of insertion and deletion events) in the 

SARS-CoV-2 genome over time. The central figure displays the worldwide nucleotide variation over time, with the dotted red line representing no nucleotide 

variation and the blue line representing the Spearman linear regression. The histograms on the margins show the frequency of dots in the scatter plot.
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FROM RANDOM DELETIONS TO EVOLUTIONARY EVENTS

The SARS-CoV-2 genome has experienced numerous mutations during the ongoing 
pandemic, with many initially considered as random events. However, not all mutations 
are created equal. Structural variations, particularly deletions within coding regions, 
often lead to more profound alterations in the amino acid sequences, potentially 
impacting the resultant protein’s function. These deletions can enhance viral fitness 
and facilitate escape from host immune responses, as illustrated in references (33–35) 
(Table S2). Some of these seemingly random deletions have become fixed within viral 
populations, indicating a shift from randomness to functional relevance.

Moreover, the virus has a mechanism to potentially recover information lost to 
deletions. The recombination process, enhanced by the activity of the NSP-14-ExoN 
protein (36), serves as a recovery method for SARS-CoV-2 strains that have undergone 
extensive deletion events.

This section aims to elucidate the journey of deletions from random occurrences to 
potentially functional and evolutionary significant events, setting the stage for a deeper 
understanding of the virus’s adaptive strategies amidst a pandemic.

Impact of deletions on structural proteins

Deletions occurring within key proteins accounting for cell invasion, such as the Spike 
protein from SARS-CoV-2, could alter host-pathogen interaction by enabling pathogene
sis to occur at additional sites of the body, as seen for feline coronavirus and porcine 
respiratory coronavirus, thus resulting in increased infection competence and potentially 
a more severe course of disease (37, 38). This is possible because viral tropism is 
influenced by the tissue expression of target receptors (23). Dolskiy and collaborators 
produced transgenic mice with the expression of the human ACE2 receptor in different 
tissues and reported the presence of significant viral load in the lung, brain, heart, 
and intestine (39). Interestingly, virus transmission ability/infectivity can be increased 
by critical deletions of the non-RBD S1 domain of the Spike protein, at the same time 
promoting immune evasion as demonstrated by decreased performance of neutraliz
ing assays based on antibodies elicited by wild-type variants (40). Deletion such as 
S:del69/70, although does not account for immune evasion, increases cleaved S2 and 
spike infectivity (41). The S:del156/157 deletion and the S:del144 map to the same 
surface of the spike protein, the NTD domain. The deletion of these regions is hypothe
sized to be involved in disrupting the binding of monoclonal antibodies in neutralization 
assays (24, 42, 43). For the other structural proteins, E, M, and N, there is minimal 
to no experimental influence of deletion in these regions. Multiple deletions in the 
nucleocapsid protein have been reported by Rahman and colleagues in samples from 
several countries worldwide between March and May 2020(44). The authors predicted, 
with an in silico approach, that the changes on the surface exposed near the C-terminal 
domain of the encoding gene can have a significant impact on the virus pathogenesis 
and nucleocapsid-RNA interaction (45). Furthermore, a 12-bp deletion in the E protein 
accounts for both increased S protein content and upregulation, mainly, of IL-6, CSF2, 
and CXCL10 cytokines, and a higher level of E-selectin and PTX3 when compared to the 
wild-type strain (46, 47). For the M protein, however, no experimental or in silico data 
about the influence of deletions were found.

Effects of deletions on accessory and non-structural genes

Studies, on specific deletions of the NSP1 gene, suggest modifications in the protein 
tridimensional structure (secondary and tertiary structures) and lower viral load and 
serum IFN-β (48, 49). NSP2, which is suggested to be responsible for binding to RNA 
and linking viral transcription to viral translation, also presented a deletion of three 
nucleotides at the genomic position 1,607, without a predicted functional effect in the 
viral fitness (50). This deletion was frequent in the first months of the pandemic and 
circulated in SARS-CoV-2 sequences found in population clusters from the Netherlands 
and China (51).
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Silvas et al. (51) generated recombinant SARS-CoV-2 constructs by a reverse-genetic 
system’s approach to provide insights into the contribution of accessory proteins to virus 
competence (52). Each of the constructs had a deletion in either, ORF3a, ORF6, ORF7a, 
ORF7b, or ORF8 genes. The study found that ORF proteins contribute to early dissemina
tion and formation of detectable viral plaques, in which viruses lacking particular ORFs 
(ORFΔ), namely ORFΔ3a, ORFΔ7a, ORFΔ7b, and ORFΔ8 produced significantly smaller 
plaques than their corresponding wild-type forms. The strong correlation between 
variations in plaque morphology and size indicates that ORF deletions affect essential 
virus function and have an impact on its dissemination, transmission, and fitness. For 
example, the deletion of ORF3a decreases SARS-CoV-2 virulence, indicating that this 
ORF is a major contributor to viral pathogenesis, with an association with lung phys
iopathology (52). Similarly, nucleotide deletions within ORF8 genomic regions have 
been linked with milder infection or yet a lower post-infection inflammation, suggest
ing its translation is relevant for disease severity (53). Conversely, recent studies have 
shown that the removal of the ORF8 gene found in some SARS-CoV-2 lineages does 
not significantly affect mortality rates, with a death rate like the one observed with 
wild-type variants (52). Furthermore, a previous in vitro study showed that the deletion 
of the ORF8 gene impaired the replication potential of SARS-CoV (54). By contrast, an 
independent work on SARS-CoV-2 reported a distinctive finding, where they showed a 
higher replicative fitness in vitro associated with a 382-nucleotide deletion comprising 
both the 3′ end of the ORF7b gene and the transcription regulatory sequence of the 
ORF8 gene, which resulted in obliteration of its transcription start site (55). Furthermore, 
a study reported that subjects with this reported 382-nucleotide deletion displayed 
milder disease manifestation compared to the ones infected by SARS-CoV-2 wild-type 
variants (56).

During the SARS-CoV epidemics in 2003, a 29-nucleotide deletion in ORF8 resulted in 
two truncated smaller proteins, namely ORF8a and ORF8b (54). This pattern might result 
in new proteins that retain their natural function or that can interact with other host cell 
molecules.

Quéromès and colleagues (56) identified two deletions in ORF6 (a 34-base and 
a 26-base deletion), resulting in frameshift alterations (57). The sequences with the 
34-nucleotide deletion were found to be associated with nosocomial transmission. 
Interestingly, despite these deletions, no differences in clinical presentation were 
observed, and the replication kinetics in vitro were similar to those of the reference 
strain. These findings suggest that ORF6 may not be essential for viral replication and 
transmission, and the SARS-CoV-2 genome may be adapting to new selective pressures 
without significant implications for current strain transmission.

ORF7a gene, on the other hand, has been subject to some of the largest deletion 
events within the SARS-CoV-2 genome. One of these deletions refers to a 227-base 
deletion, resulting in the fusion of the ORF7a with the ORF8 with consequent loss 
of its function (58). Another one was reported to be as extensive as 892 bases, thus 
excluding entirely the gene cluster encoding for ORF7a, ORF7b, and ORF8, though the 
authors observed that the resulting lineages predicted similar viral load compared to 
the data observed from samples infected with the wild-type variant (59). These findings 
are supported by other studies indicating that these genes are not essential for viral 
replication (23, 26), although more recent studies have increasingly shown the impor
tance of this group of genes, particularly ORF7a, for immune evasion and the modulation 
of host response, particularly inflammation and cell immunity (60).

EXPLORATORY GLOBAL ANALYSIS OF DELETIONS IN SARS-CoV-2 GENOMES

Deletion events across the genome are shown in Fig. 3. These data allow us to identify 
that ORF1ab, S, ORF7a, ORF8, and N are the genes that have the highest absolute 
frequency of deleted nucleotides. The high frequency of some regions is expected for 
different reasons. Among them, independent fixation in multiple VOCs, such as deletion 
11,288–11,296 initially present in VOC Alpha and reemerging in VOC Omicron, present 
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in NSP6, within ORF1ab; and deletions 21,765–21,770 and 21,992–21,994 in VOC Alpha 
and deletion 22,029–22,034 in VOC Delta, all in the Spike protein gene. This bias favors 
the prevalence of these regions, disappearing and reappearing when one VOC overtakes 
another, and so they end up being sequenced more frequently.

Figure 3 also shows a reduction in diversity of deletions in ORF1ab and S for VOC 
Omicron, as of January 2022. Furthermore, the histogram on the right of Fig. 3 shows 
three peaks with different compositions of regions, which correspond to the signatures 
of deletions of the most sequenced VOCs in each period: Alpha, Delta, and Omicron. 
Nevertheless, it is noteworthy that deletions that are recurrent but not fixed result 
in greater diversity of deletion types, which in turn affects genes where the adaptive 
cost is relatively lower than in proteins such as Spike. This phenomenon took place in 
SARS-CoV-2 ORF7 and ORF8 accessory genes, as can be seen in Fig. 4 and 5.

It is readily apparent that in non-accessory proteins such as Spike (Fig. 6), deletions 
are short and extremely targeted within a specific region (N-terminal domain), whereas 
in ORF7a, for example, deletions are larger and can be seen over almost the entire length 
of the gene, although they are also present in a specific domain (ectodomain).

In addition, evaluating the profile of mutations present in ORF1ab that impact 
the RNA-dependent RNA polymerase (NSP12), NSP7, and NSP8 proteins, it was found 
that, while for VOC Omicron (n = 370,623) there is no mutation in NSP12 with a 
frequency greater than 1%, mutations NSP12:G671S (nonpolar to polar amino acid) 
and NSP12:P323L (nonpolar to nonpolar amino acid) were found in approximately 99% 
and 100% of Delta (n = 2,938,828) and Alpha (n = 887,403), respectively (Table S3). 
The existing body of literature presents a notable divergence of viewpoints concerning 
the ramifications of mutations within NSP12 on its activity. In the pursuit of elucidat
ing this matter, Kannan and colleagues (60) proposed a compelling notion that the 
NSP12:P323L mutation potentially augments the affinity between NSP12 and NSP8. 
This proposed enhancement, in turn, holds the potential to reinforce NSP12’s proces
sivity. Contrarily, Pachetti and collaborators (61) postulated an alternative perspective 
that the NSP12:P323L mutation, localized within the interface subdomain, could cause 

FIG 3 Deleted nucleotides throughout high-quality SARS-CoV-2 genome submitted in GISAID until 21 August 2022. The central scatter plot shows the 

distribution of deletions across the genome. The marginal histograms display the absolute counting of nucleotide deletions in a given gene and at a specific 

moment in time, in prevalence at Alpha, Delta, and Omicron VOCs. The plots located in the upper-right corner offer more detailed information about genes 

across the genome, as well as the deletions that occur most frequently (ORF1a:del3,675/3,677; S:del141/144 and ORF8:del119/120).
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disruptions in protein-protein interactions, consequently exacerbating the mutation 
rate. Similarly intricate is the discourse surrounding the NSP12:G671S mutation. Kim 
and colleagues (62) propound the intriguing hypothesis that this mutation serves a 

FIG 4 Deleted nucleotides throughout high-quality SARS-CoV-2 gene ORF7a submitted in GISAID until 21 August 2022. The central scatter plot shows the 

distribution of deletions across the regions of the gene. The marginal histograms display the absolute counting of nucleotide deletions in a given gene and at a 

specific moment in time, in prevalence at VOC Delta. The plots located in the upper-right corner offer more detailed information about regions across the gene, 

as well as the large region of deletions occurring most frequently.

FIG 5 Deleted nucleotides throughout high-quality SARS-CoV-2 gene ORF8 submitted in GISAID until 21 August 2022. The 

central scatter plot shows the distribution of deletions across the regions of the gene. The marginal histograms display the 

absolute counting of nucleotide deletions in a given gene and at a specific moment in time, in prevalence at VOC Delta. The 

plots located in the upper-right corner offer more detailed information about regions across the gene, as well as the region of 

deletions occurring most frequently (ORF8:del119/120).
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stabilizing role within the replication complex. This perspective is countered by Wang 
and collaborators (63), who advocate for an opposing interpretation. They argue that 
the NSP12:G671S mutation potentially poses a destabilizing influence on the replication 
complex (64). Consequently, there arises a compelling need for empirical investigations 
aimed at understanding whether these mutations also bear the capacity to influence 
the incidence of nucleotide deletions. Deletions have been present since January 2020, 
appearing independently and periodically in different sublines, and, when occurring 
in the protein responsible for cell entry, the Spike protein, could alter the relationship 
between the virus and the host by causing more severe disease, acting in a different site 
of the body (37, 38).

Conclusion

Deletions represent a mechanism of genetic diversity little explored in the literature, 
but it has the potential to help understand the function of genes considered at first to 
be non-essential for virus replication. Deletions in a viral genome can result in multi
ple effects. Accessory proteins, such as ORF3a and ORF8, have been linked to lower 
virulence and milder infections in SARS-CoV-2. Although not essential for virus replica
tion, accessory genes are reported to play a role in virus spread and infectivity. These 
regions are characterized by highly flexible evolutionary processes, indirectly indicating 
the plasticity of the virus to continue adapting and acquiring new functions. Conversely, 
fixed deletions in structural proteins, such as the Spike protein, are typically found in 
specific regions, such as the non-RBD S1 domain, and are often associated with greater 
transmission capability and outbreaks. In SARS-CoV-2, this type of mutation is recurrent 
and appears to be related to the ability of the RNA-dependent RNA polymerase to 
remain coupled to the genetic material. In this case, deletions in accessory genes are 
more evident due to the lower associated adaptive cost. Punctual deletion patterns are 
part of the evolutionary history of SARS-CoV-2 and influenced the generation of the main 
variants of concern, which reinforces the need for more comprehensive studies on the 
tendency of viral proteins to lose elements, maintaining or improving their function.

FIG 6 Deleted nucleotides throughout high-quality SARS-CoV-2 gene S submitted in GISAID until 21 August 2022. The central 

scatter plot shows the distribution of deletions across the regions of the gene. The marginal histograms display the absolute 

counting of nucleotide deletions in a given gene and at a specific moment in time, in prevalence at Alpha, Delta, and Omicron 

VOCs. The plots located in the upper-right corner offer more detailed information about regions across the gene, as well as the 

region of deletions occurring most frequently (S:del24/26, S:del69/70, and S:del141/144).
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