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Abstract 

The Sars-CoV-2 is the causative agent of the current coronavirus disease pandemic. To effectively 

fight this pathogen, it is important to understand its evolution and the mechanism of adaptation to 

the host. A software workflow has been utilized to scan 26,016 Sars-CoV-2 genomes available in 

GISAID databank to analyse the distribution and frequency of mutations in the corresponding 

proteomes. A filtering procedure has been applied to remove data inconsistencies and redundancies. 

The number of observed mutations appears proportional to protein sequence length except for 

ORF3a, Nucleocapsid and Nsp2 that seem to accept more mutations than expected. The most 

pervasive mutations of the three proteins have been reported and the most variable and conservative 

regions mapped onto the respective sequences. The results suggest that these proteins may have a 

role in the adaptation of virus to new hosts and influence its pathogenicity and replication. These 

considerations prompt the experimental study and characterization of the three proteins. 
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1. Introduction 

 

Coronavirus Disease (COVID-19) became almost suddenly, but not unexpectedly, a serious threat to 

human health [1–3]. The etiological agent of the disease is a Coronavirus classified as Sars-CoV-2 

(Severe acute respiratory syndrome CoronaVirus 2) related to Sars-CoV. In 2002, Sars-CoV caused 

an outbreak of atypical and severe, often lethal, pneumonia in Guangdong province, China. This 

virus had a relatively low contagiousness and could be contained as to prevent worldwide spreading 

[4]. Coronaviruses are positive, single stranded RNA (+ssRNA) viruses that possess a genome of 27-

32 kb in size. Sars-CoV-2 genome shares about 79% nucleotide sequence identity to Sars-CoV [5]. 

The genome codes for two large overlapping polyproteins that are processed by intracellular 

proteolysis into nonstructural proteins involved in virus replication and assembly [6,7]. A set of 

structural accessory proteins are also coded in the genome [8]. 

The coronaviruses are intrinsically promiscuous and can be hosted by several species. Indeed, it is 

now accepted that the current pandemic has been ignited by a cross-species virus transmission from 

Pangolin and/or Bat to humans, at Wuhan, China [2,9–11]. 

Like many viruses, the CoV evolves and adapts to the host through accumulation of synonymous and 

non-synonymous mutations [12] generated by several mechanisms including fidelity of RNA-

dependent-RNA-polymerase [13]. Many initiatives are currently ongoing to develop effective 

diagnostic tools, vaccines and therapeutic strategies able to prevent and fight Sars-CoV-2 infections 

and diseases. In this context, it is important to understand the dynamics of evolution of the virus and 

to study how its proteome changes. Indeed, modification of specific virus proteins considered 

promising targets may put at risk the efficacy of drugs or vaccines. It is known that even single 

mutations in specific proteins can change pathogenicity or contagiousness of viruses [14,15]. 

In this work, a software workflow able to carry out a quick, systematic and repeatable screening of 

the Sars-CoV-2 genome isolates to scrutinize the frequency of specific mutations in each of the 

protein expressed by the virus, is reported. The workflow has been utilized to scan 26,016 Sars-CoV-

2 genomes available in GISAID databank [16]. Three proteins, ORF3a, Nucleocapsid and Nsp2 seem 

to be more prone to mutations than expected. The most pervasive mutations of the three proteins 

are described and the most variable/conservative regions mapped onto the sequences. 
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2. Materials and Methods 

 

The mutation screening of the proteins coded by different Sars-CoV-2 genome isolates has been 

carried out using the following computer workflow: 

a. Sars-CoV-2 genome sequences have been downloaded in the standard FASTA format from 

GISAID repository at www.gisaid.org [16]. Since the quality of the sequences is not uniform, only 

complete sequences deposited with a high degree of coverage has been downloaded using the 

filters provided by the GISAID server. 

b. The downloaded set of genomic sequences has been reformatted as a BLAST database using the 

“makeblastdb” tool in the BLAST suite [17].  

c. Tblastn, a BLAST tool able to search a protein sequence against a translated nucleotide sequence 

database, has been applied to extract all the corresponding coding segments in each variant 

isolate from the local Sars-CoV-2 BLAST genomic database. 

d. At the end of the process, each reference protein had a set of cognate variants. To avoid bias in 

statistics, all the retrieved sequences have been translated and further filtered: incomplete 

sequences or sequences containing ambiguous codons (resulting in undetermined residues) has 

been eliminated. This step relied on the tools available in the EMBOSS suite [18] along with Linux 

bash shell commands such as “grep”, “awk” and “sed”.  

e. At this stage, the data are intrinsically redundant because many copies of the same protein 

identical to the reference will be included in the data set while other copies will contain single or 

multiple mutations. The clustering algorithm implemented in “cd-hit” [19] has been used to 

group all the identical sequences linked to the same reference. At the end of the procedure, a set 

of clusters was obtained each one representing a variant of the reference protein. From each 

cluster, only one representing sequence has been considered and further processed.  

f. All the representative variants have been multiply aligned to the reference protein with the 

program MAFFT [20]. 

g. A script has been written in R language under the Rstudio environment for statistical analyses 

and graphical output. The R script utilized input and output functions from the bio3d package 

[21]. Plots have been drawn with the ggplot2 package. 

Transmembrane and secondary structure prediction utilized TMHMM [22], PsiPred [23] and Jpred 

[24]. Multiple sequence alignments display and editing relied on Jalview [25]. 

 

3. Results 

From the GISAID repository accessed on June 2020, 26,016 genome isolates were collected. RefSeq 

[26] sequences used as the reference Sars-CoV-2 proteins in this analysis are listed in Table 1. The 

complete list is reported in Supplementary File S1. Each one of these sequences has been used as 
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a Tblastn query to delimit the corresponding coding segment in every Sars-CoV-2 genome. Table 1 

reports the number of sequences remaining after filtering and removing the sequences containing 

undetermined residues or stop codons. Results of the “cd-hit” clustering applied to each set of 

reference proteins is also reported in Table 1. For each reference protein, identical variants have 

been assigned to the same cluster from which a representative sequence has been selected by “cd-

hit”. The number of sequences belonging to each cluster has been defined “cluster size”. The cluster 

size should approximate the pervasiveness of its variant. 

Fig. 1 reports number of variant clusters compared with the sequence length of the corresponding 

reference protein. The distribution suggests that the number of variants observed for each protein, 

reflecting the number of different sequence mutations, is directly proportional to the sequence length 

(correlation coefficient = 0.93). However, there are three notable exceptions: ORF3a, Nucleocapsid 

and Nsp2 which appears to be hit by an amount of mutations significantly higher than expected from 

their length. 

Variants of the three outliers have been studied in detail. Cluster size distribution, defined as the 

number of sequences belonging to each cluster of the same reference protein, has been calculated.. 

In all the cases, the most populated cluster corresponds to the reference sequence. Details on the 

mutations characterizing the clusters of each sequence are reported in Table 2. The cluster size 

distribution suggests that only the second peak is significantly populated and represents more than 

10% of the cluster population. The clusters of Orf3a are characterized by single sequence changes 

while Nucleocapsid and Nsp2 have one variant with two simultaneous mutations. Moreover, Nsp2 

variant number 4 is characterized by the deletion of the residue Asp268. 

3.1 ORF3a 

Fig. 2 reports the multiple sequence alignment among the reference sequence and the four most 

frequent variants. ORF3a is an integral membrane protein possessing three transmembrane helices 

located at the N-terminal side of the polypeptide chain [27,28]. The most frequent variant is 

represented by the substitution Q → H in position 57 of the multiple sequence alignment, occurring 

at the endoplasmic reticulum (ER) edge of the first transmembrane helix. This substitution 

conserves the hydrophilic character of the site although His has a side chain dissociable proton 

lacking in Gln. The second most frequent variant is G → V in position 251 (Fig. 2). This position is 

within the intra-ER portion of the chain and it is at the C-terminal side of a predicted β-strand. The 

site is also predicted to be exposed to the solvent. This substitution should change the local flexibility 

of the backbone while increasing hydrophobicity. The other two substitutions are G → V in position 

196 and V → L in position 13 (Fig. 2). The former substitution is in a loop between two predicted β-

strands in the intra-ER portion, exposed to the solvent. The replacement of a Gly residue with a Val 

should alter local backbone flexibility and increase hydrophobicity. At variance with the other 

mutations, V → L in position 13 is in the intra-cytoplasmic portion of the chain, before the first 
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transmembrane helix. The position is predicted to be partly buried within the polypeptide chain. 

Apparently, the substitution does not have significant effect on the local hydrophobicity. Overall, the 

most conserved portion of the protein appears to be in the ER domain (Supplementary Fig. S1). 

3.2 Nucleocapsid 

Fig. 3 reports the multiple sequence alignment among the reference sequence and the four most 

frequent variants. Nucleocapsid protein has been extensively studied in Sars-CoV and it has been 

demonstrated to be composed of two domains connected by a linker [29]. The N-terminal portion is 

the RNA binding domain while the C-terminal part implements the oligomerization function. Sars-

CoV-2 nucleoprotein has a similar organization. The crystallographic structures of the N- and C- 

terminal portions of the Sars-CoV-2 nucleoprotein are available in the PDB. The structure identified 

by the PDB code 6Yi3 covers the nucleoprotein N-terminal segment 43-180, while 6WZQ is the C-

terminal portion encompassed by sequence positions 247-364. The most frequent variant of this 

protein is characterized by the dyad KR replacing RG at positions 203-204 within the linker region. 

The replacement of a Gly with an Arg introduces a positively charged residue often involved in the 

interaction with nucleic acids in nucleic acid binding proteins. This region is predicted to be exposed 

and in loop conformation (Fig. 3). The mutations characterizing the other variants introduce a Leu 

residue in place or Ser or Pro. Ser is replaced at positions 194 and 197 close to the N-terminal domain 

in a region predicted to be a loop. The substituted Pro is found at position 13 in the N-terminal 

segment of the sequence. This region also is predicted to be in a loop. Overall, the most conserved 

regions of this protein correspond to the two functional domains (Supplementary Fig. S2). 

3.3 Nsp2 

Fig. 4 displays the multiple sequence alignment among the reference sequence and the four most 

frequent variants of the Nsp2 protein. The most frequent mutation is T → I in position 85 at a 

predicted exposed site within a loop. The other most frequent variant possesses two mutations 

located in the C-terminal domain of the Nsp2 sequence. The mutations are I → V in position 559 at 

the beginning of a predicted β-strand and P → S at position 585 in a loop. The other two variants 

have a deletion of Asp at position 268 and G → D substitution at position 212, respectively, both at 

the beginning of predicted α-helices. Overall, the conserved regions appear homogeneously 

distributed over the sequence (Supplementary Fig. S3). 

4. Discussion 

Sars-CoV-2 virus is seriously threatening global health and it is claiming many lives. To effectively 

fight this pathogen, it is important to understand its evolution and the mechanism of adaptation to 

the host. This information will also contribute to create a knowledge-base to face the future 

epidemics of zoonotic origin. In this work, the proteomes of the genome isolates of Sars-CoV-2 virus 

deposited in the repository GISAID have been scrutinized for mutations. For each protein coded by 
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the virus genome, all the variants available, namely all the unique mutant forms, have been collected 

with the aid of a computer workflow. Proteins are the effectors of virus biological functions and 

endure the selective pressure due to the process of adaptation to various hosts and environmental 

conditions [13,30]. The number of different variants observed for each protein is proportional to the 

sequence length: this may suggest that each residue has an approximately similar probability of 

being hit by a mutation. This is apparently not true for the three proteins ORF3a, Nucleocapsid and 

Nsp2 where a fraction of mutations higher than expected has been observed. This fact prompts for a 

detailed consideration of the three proteins and of their role in virus pathogenesis. 

ORF3a is an integral membrane and in Sars-CoV it has been demonstrated that it activates 

the NLRP3 inflammasome and it is a potent stimulator of pro–IL-1β gene transcription [27]. A recent 

study suggested that the Sars-CoV-2 protein is linked to virulence, infectivity, ion channel formation, 

and virus release [28]. A link between the mutability of this protein and the process of virus 

adaptation to the new human host can be hypothesized. The mutated sites are in the intra ER region 

and may be subject to functional constraints reflected by the local sequence conservation. However, 

it should be noted that the C-terminal segment is rather variable (Supplementary Fig. S1). 

Nucleoprotein has been studied and characterized in Sars-CoV [29,31]. Several 

crystallographic structures from Sars-Cov and Sars-CoV-2 are now deposited and available in the 

PDB. The major function of this protein is the packaging of the viral genome into a helical 

ribonucleocapsid. Therefore, it plays a fundamental role during viral self-assembly. However, 

nucleoprotein is also a multifaceted protein. Indeed, the SARS-CoV nucleoprotein has been shown 

to modulate the host cellular machinery and to play regulatory roles during viral life cycle [32,33]. 

The map of distribution of mutations along the sequence (Supplementary Fig. S2) suggests that 

the N- and C-terminal domains tend to be more conserved while the linker region is more receptive 

to mutations. The N- and C-terminal extremities also appear more prone to mutate. Linkers are often 

considered passive modules within a multidomain protein. However, it has been suggested that they 

may play important roles [34–37]. In the case of Nucleocapsid protein, the most frequent mutations 

change the physico-chemical properties of the sites except for the substitution R203 → K. This may 

suggest that the substitution has an impact on the role of the linker region in virus assembly and 

pathogenesis.  

The role of Nsp2 is still elusive. It has been suggested [38] that the Sars and Mers Nsp2 is not 

essential for virus replication. However, an interaction with two host proteins, prohibitin 1 (PHB1) 

and PHB2 has been identified. This may indicate that Nsp2 is involved in the alteration of 

intracellular host signalling during SARS-CoV infections [38,39]. Overall the distribution of mutated 

sites within the sequence appears rather homogeneous (Supplementary Fig. S3) even though the 

C-terminal portion is highly variable. The most frequent mutations change the physico-chemical 

properties of the sites in which they occur. Nsp2 displays also a variant possessing a deletion at the 

beginning of an α-helix in position 268 which has been initially observed in Europe [40].  
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The striking ability of viruses to adapt to new hosts and environments is reflected by their 

capacity to generate variations in a short time. In general, ssRNA viruses mutate faster than other 

viruses. In this case, three Sars-CoV-2 proteins appear to have accumulated a number of mutations 

higher than expected. The prevalence of these mutations in the genome isolates suggests also that 

the observed changes are related to the process of virus adaptation to the host possibly conferring 

advantages in terms of protein stability and/or replication efficiency. These considerations prompt 

for further experimental investigations to test the role of these proteins in virus pathogenicity. 

Finally, the workflow here described can be easily utilized to constantly monitor the evolution and 

modification of this and other viruses.  
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Table 1 

Data set utilized 

 

Reference 
RefSeq code 

Protein 
denomination 

No. of GISAID 
sequencesa 

No. of 
variantsb 

Sequence 
length 

Yp_009724390 Spike glycoprotein 21,321 864 1273 

Yp_009724391 ORF3a  25,381 488 275 

Yp_009724392 Envelope protein 25,870 55 83 

Yp_009724393 Membrane glycoprotein 25,664 127 222 

Yp_009724394 ORF6 25,861 50 61 

Yp_009724395 ORF7a 25,195 130 121 

Yp_009724396 ORF8 25,750 143 121 

Yp_009724397 Nucleocapsid 25,210 606 419 

Yp_009725255 ORF10 25,767 39 38 

Yp_009725296 ORF7b 25,467 45 43 

Yp_009725297 Leader 25,585 168 180 

Yp_009725298 Nsp2 24,949 637 638 

Yp_009725299 Nsp3 23,722 1199 1945 

Yp_009725300 Nsp4 25,253 266 500 

Yp_009725301 3C-like protease 25,692 157 306 

Yp_009725302 Nsp6 25,461 182 290 

Yp_009725303 Nsp7 25,946 47 83 

Yp_009725304 Nsp8 25,811 95 198 

Yp_009725305 Nsp9 25,890 65 113 

Yp_009725306 Nsp10 25,639 55 139 

Yp_009725307 RdRp 25,143 504 932 

Yp_009725308 Helicase 25,123 322 601 

Yp_009725309 3’-to-5’ exonuclease 21,302 264 527 

Yp_009725310 endoRNAse 25,142 222 346 

Yp_009725311 2’-O-ribose MT 25,113 156 298 

Yp_009725312 Nsp11 25,725 8 13 

 

a Number of sequences after filtering 

b Number of clusters found by cd-hit 
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Table 2 

Top four most frequent variants of ORF3a, Nucleocapsid and Nsp2 

 

Protein 
denomination 

Clustera Alignment 
positionb 

Mutationsc Cluster 
fractional 

sized 

Representative 
isolate 

(EPI_ISL)e 
ORF3a ref   58.5 458798 

 2 57 Q →H 24.9 456153 

 3 252 G →V 7.0 458794 

 4 13 V→L 2.0 444164 

 5 196 G→V 1.2 422803 

Nucleocapsid ref   63.3 458797 

 2 203,204 R→K, G→R 21.5 458798 

 3 194 S→L 1.7 444175 

 4 13 P→L 1.3 456197 

 5 197 S→L 1.2 422803 

Nsp2 ref     65.3 429802 

 2 85 T→I 18.3 424238 

 3 559,585 I→V, P→S 2.4 444153 

 4 268 D → ∆ 2.2 430016 

 5 212 G→D 1.4 417412 

 

a “ref” indicates the cluster corresponding to the reference protein 

b positions refer to the alignments in Figures 2, 3 and 4 

c “∆” indicates deletion 

d Fractional cluster size relative to the entire data set 

e GISAID genome codes 
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Figure legends 

 

Figure 1 

Distribution of cluster size versus sequence length for each protein. The linear regression fit is 

displayed. Grey band around the line marks the 95% confidence interval. Outliers are labelled 

according to corresponding protein denotation. 

Figure 2 

Alignment of the representative sequences of the top five populated clusters of ORF3a protein. 

Sequence are labelled with RefSeq or GISAID codes. Column colour intensity is proportional to the 

sequence conservation. Lines labelled with Jpred, TM2 and TM report the secondary structure 

prediction according to Jpred, and the transmembrane helix predictions from TMHMM and Psipred, 

respectively. Red bars denote helices while blue arrows are β-strands. Grey line are loop regions. Blu 

and orange boxes denote the segments predicted to be exposed in the cytoplasm (Cyt) and in the ER, 

respectively. 

Figure 3 

Alignment of the representative sequences of the top five populated clusters of Nucleocapsid protein. 

Sequence are labelled with RefSeq or GISAID codes. Column colour intensity is proportional to the 

sequence conservation. Line labelled with Jpred, reports the secondary structure prediction 

according to Jpred except within the transparent boxes. Red bars denote helices while blue arrows 

are β-strands. Grey line are loop regions. Transparent grey and red boxes mark the portions of the 

protein corresponding to the RNA binding and dimerization domains, respectively, solved by X-ray 

crystallography. Secondary structures within these regions were derived from the crystallographic 

data. 

Figure 4 

Alignment of the representative sequences of the top five populated clusters of Nsp2 protein. 

Sequence are labelled with RefSeq or GISAID codes. Column colour intensity is proportional to the 

sequence conservation. Line labelled with Jpred, reports the secondary structure prediction 

according to Jpred. Red bars denote helices while blue arrows are β-strands. Grey line are loop 

regions. 
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Figure 3 
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Figure 4 
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Figure S1 

Number of different residues observed in all the variants at each sequence position of ORF3a 

protein. Number of residue equal to one indicates conservation of the site.  
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Figure S2 

Map of the conserved sites in Nucleocapsid protein. Interpretation of the figure is as described in 

Figure S1. 
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Figure S3 

Map of the conserved sites in Nsp2 protein. Interpretation of the figure is as described in Figure S1. 
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