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Molecular analyses of over hundred sixty clinical isolates of SARS-CoV-2: Insights on 

likely origin, evolution and spread, and possible intervention  
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Abstract 

We are witnessing the severe third outbreak mediated by coronaviruses affecting global 

public health with unprecedented economic consequences. A better understanding of its 

phylogenetics, exploration of sequence features and mutational changes could unveil its 

genealogy to gain insights into the mechanism of transmission and development of possible 

interventions. Our comparative genomic analyses of  >160 isolates of SARS-CoV-2 reveal 

phylogenetic kinship with other coronaviruses and emergence of evolutionary divergence in 

clinical isolates. t-SNE-based clustering revealed different clades but no continent specific 

clusters. Amino acid substitutions at RBD of spike protein provide possible reasons for rapid 

transmission. Few proteins specific to SARS-CoV-2 were identified which could have 

implications as therapeutic targets and diagnostic biomarkers. Virtual screening identified  

repurposed drugs, known nutraceuticals, for specific interventions. These phylogenetic 

observations reveal the ancestry and computational studies reveal the emergency measures to 

interject this emerging pathogen that pose threat to whole of mankind. 
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Introduction  

We are currently going through a pandemic caused by a novel coronavirus causing severe 

respiratory illness and pneumonia-like disease, renamed as COVID-19 1,2. The etiological 

agent, SARS-CoV-2 (Severe Acute Respiratory Syndrome-CoronaVirus-2), was presumably 

so termed due to phylogenetic similarity to SARS-CoV, the causative agent of SARS that 

caused an epidemic in Guangdong, China in 2003 3,4. More than 1.9 lakh infections and 7804 

fatalities (as of March 18, 2020) have been reported in >160 countries, within a short span 

since initial reports 5. The human to human transmission is rapidly disseminating due to 

higher population density in some regions of China, the worst affected area 6. China has a 

great deal of transport links to major cities around the world that led to various other outbreak 

epicentres, further complicating the transmission scenario 7. This third coronavirus outbreak 

in the last two decades is more transmissible than SARS-CoV 8 and MERS-CoV 9 (Middle 

East Respiratory Syndrome Coronavirus epidemic in 2012, Saudi Arabia) however, fatal only 

in patients with underlying illness 10,11. These characteristics make it a perfect pathogen for a 

looming pandemic that could have serious public health and economic implications. 

Coronaviruses infections have a wide range of symptoms from a mild cold to severe ARDS 

(Acute Respiratory Distress Syndrome). The uncontrolled virus replication eventually leads 

to cytokine storm and severe inflammatory disease of lungs that then spread across to other 

organs. Though the mechanism of this selective severity is unknown but genetic and 

environmental factors do play a role with data now suggesting gender disparity in fatalities 12.  

The latest reports of disease outbreak with significant fatalities in many other countries, Italy, 

South Korea, Iran, France and USA being the latest, is likely to have global health 

consequences 13. This burgeoning crisis globally suggests that the focus now need to be on 

reducing the outbreaks as containment may not necessarily be a useful measure. The real test 

will be the introduction of systems to control and reduce the speed of transmission in 

countries with poor health care infrastructure 14. Measures like travel bans, suspending public 

transport and banning public gathering, though effective in China would unlikely affect other 

countries 15 given the latest evidence of low risk of transmission of this virus from China to 

Africa and South America 16. 

The in-depth molecular phylogenetic analyses is expected to reconstruct the evolutionary 

history of the pathogen. Along with epidemiological data, these analyses could unveil the 

event(s) of zoonotic transmission and the evolutionary changes thereafter during human to 
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human transmission. This information could be exploited to prevent future inter-species spill 

over of viruses as well as unveil plethora of targets to develop interventions and diagnostics. 

 

Methodology 

 

Phylogenetic Analysis 

Genomes of clinical isolates for available coronavirus sequences (n=220) were retrieved from 

GISAID (https://www.gisaid.org) database as on 6th Mar 2020. These were manually curated 

to remove redundancy (100% identical sequences were removed using mmseq2 software 17). 

Non-redundant (n=167) were retained for analysis. Genomes of other coronaviruses (Bat, 

SARS-CoV and MERS-CoV) were obtained from NCBI viral genome database 

(https://www.ncbi.nlm.nih.gov/). Whole-genome multiple sequence alignments (MSA) of all 

coronavirus genomes were performed by using MUSCLE 18 and MAFFT 19 software as part 

of the in-house pipeline at BioInception and EMBL-EBI. Phylogenetic analysis of all clinical 

isolates and other coronavirus genomes was carried out using FigTree 

(http://tree.bio.ed.ac.uk/software/figtree/) and iTOL (https://itol.embl.de) 20 software based on 

the neighbour-joining method. To find conserved and variable regions in SARS-CoV-2 CDS, 

protein similarity (cut-off = 0.3) based clustering was done among all samples using in-house 

protocols. Coding ORF’s were predicted by Glimmer 21 and mmseq2 17 was used to perform 

homology search. These similarity and identity scores were used to generate a similarity 

matrix for clustering. The unique proteins/signatures were identified on the basis of binary 

matrix projected using cluster analysis employing R (https://cran.r-project.org/) software 

(hclust library, ward.D2 clustering method). The protein sequences of the Spike protein of 

SARS-COV-2 and RaTG13 were retrieved from the NCBI database and their 3D structures 

were generated using SWISS MODEL 22. The crystal structure of host Angiotensin 

converting enzyme 2 (ACE2) receptor was downloaded from Protein Data Bank (PDB). 

Tertiary structural alignment of models was done using PyMol. Mutations among the clinical 

isolates and w.r.t. RaTG13 were mapped using sequence alignment of spike proteins using 

SeaView 23. 
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Modelling Spike-ACE2 interaction and drug repurposing 

The data mediated flexible docking of Spike proteins (SARS-COV-2 and RaTG13) and host 

ACE2 receptor was executed using HADDOCK 24 web server. The docked protein-protein 

complexes (SARS-CoV-2+ACE2 and RaTG13+ACE2) were subjected to molecular 

dynamics (MD) simulations so as to explore the physical movement of their atoms with 

respect to time. The complexes were placed in a cubic box filled with simple point charge 

water model and Na+ and Cl- ions were included to neutralize the total charge of the system. 

Further energy minimization was performed on the solvated system followed by NVT and 

NPT equilibration and 10ns MD simulations were run using GROMACS 25.  

In addition to this, using a library of FDA approved drugs, virtual screening was carried out 

against receptor binding domain (RBD) of spike protein of SARS-CoV-2 to identify probable 

drugs that can be repurposed against COVID-19. The crystal structure of SARS-CoV-2 RBD 

complexed with host ACE2 receptor was obtained from PDB (PDB ID: 6VW1). FDA 

approved library of drugs was retrieved from DrugBank 26 database. Prior to the screening, 

the protein and ligands were pre-processed followed by grid generation centred on the RBD-

ACE2 interacting residues and molecular docking was performed using Schrodinger suite.    

 

Transmission mechanism 

To gain insights into possible transmission mechanisms of SARS-CoV-2 compared to SARS-

CoV and MERS-CoV putatively mediated through spike surface protein, trimer models were 

simulated in water (0.1 M NaCl) for ~20 ns. Protein-protein docking of spike proteins of 

SARS-CoV, MERS-CoV and SARS-CoV-2 was done using ClusPro.	Comparative changes 

in surface hydrophobicity and surface-water contacts of spike proteins were used as primary 

parameters to gain insights into transmission mechanisms. Data were plotted using Origin 

V8.5.		

 

Amino acid conservation analyses 

In-house pipeline was used for mapping conserved amino acid residues in envelope proteins 

and spike proteins of all bat coronaviruses and COVID-19 clinical isolates by using multiple 

sequence alignment files. Two conservation score schemes, KABAT27 and VALDAR28 were 

used (https://www.compbio.dundee.ac.uk/aacon/), the former calculates conservation based 

on antibody response whereas the latter extracts information from the residue environment. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 March 2020                   doi:10.20944/preprints202003.0320.v1

https://doi.org/10.20944/preprints202003.0320.v1


	 6	

These were used to construct the relative evolutionary conservation for each site in the 

envelope protein and spike protein, ranging from 0 to 1, where 1 is total conservation and 0 is 

no conservation. 

 

Results 

 

Phylogenetic Analysis of SARS-CoV-2 Clinical Isolates 

Phylogenetic analysis by various groups initially revealed that this novel clade has the highest 

similarity (82.3%) to already published SARS-CoV 29. Our phylogenetic analyses involving 

167 clinical isolates obtained globally, corroborated by others, depict that SARS-CoV-2 has 

much higher similarity (96.1%) with the bat coronavirus genome RaTG13. The sequence of 

bat RaTG13 virus isolated by the Wuhan Institute of Virology back in 2013 from a faecal 

swab of Rhinolophus affinis (reported in 2), appeared in the public domain 2 after the COVID-

19 epidemic. SARS-CoV-2 remarkably is evolutionarily distant from MERS and other known 

bat coronaviruses hence unlikely to have originated from them. Genomes of all these clinical 

isolates are highly similar (>99 %) and fall in the same clade, with the exception of the 

France and Finland, isolate which was distinct from both RaTG13 and other SARS-CoV-2 

clinical isolates, an observation which is difficult to explain (possibly a sequencing error) in 

the absence of any epidemiological information (Figure S1).  t-SNE based clustering 30 again 

shows that RATG13 and SARS-CoV-2 are very close to each other when compared to other 

coronavirus genomes (Figure S2) as observed in dendrogram based clustering. Further 

phylogenetic analyses of protein sequences (functional similarity) also are in line with the 

above observations (Figure 1A). The t-SNE based analysis revealed interesting transmission 

dynamics as there was no specific cluster in any of the continents which could be correlated 

to demographic features (Figure 1B). Continent based clades showed diverse phenotype 

possibly related to rapid transmission possibly via intercontinental travel in this globalised 

era. Moreover, molecular phylogenetics also revealed two separate clades in clinical isolates 

that denotes the emergence of evolutionary diversity. It is clear from the strain diversity 

between COVID-19 genomes that the virus is evolving as we see two distinct clades (Figure 

1C). This would mean that there are specific mutations in the ORF regions which might 

impact the function of proteins and virulence of these strains - something to consider for 

interventions when it comes to diagnostic biomarkers, vaccines and drugs.  
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Comparative genomics of all the clinical isolates of SARS-CoV-2, reference coronavirus 

genomes and RaTG13 genome revealed conservation of ORF1ab, Spike (S), ORF3a, ORF5, 

ORF7a and ORF8 in all coronaviruses. At the same time, ORF4, ORF6, and ORF7b were 

found to be specific to SARS-CoV-2 clinical isolates, RaTG13, SARS-CoV and very few 

other bat and pangolin coronaviruses (Figure 2, figure S3 and table S1). In addition to clinical 

isolates in each cluster, ORF 4 was present in SARS-CoV and bat coronaviruses; ORF 6 was 

present SARS-CoV and pangolin coronaviruses, and ORF 7b was present in RaTG13 and 

pangolin coronaviruses. 

Role of amino acid substitutions in spike protein in enhancing SARS-CoV-2 infectivity 

MSA of genomes reveals an active Furin cleavage site ‘PRRAR’ in SARS-CoV-2 isolates 

that were absent in RaTG13 genome despite a high degree of identity among amino acids on 

both the sides of this insertion (Figure S4). Considering the evolutionary proximity to 

RaTG13 and a high degree of sequence similarity in clinical isolates of SARS-CoV-2, 

exploring this gain of function could reveal the mechanism of inter-species transmission 

crossover. Taking clues from SARS-CoV and MERS-CoV, it can be safely assumed that 

inheritance of this gene segment will enhance the infectivity, as this spike glycoprotein would 

be possibly cleaved during virus entry/exit and thereby infect neighbouring cells 31. Apart 

from this Furin cleavage site, we observed a mutational cluster at the receptor binding site of 

spike protein in SARS-CoV-2 (Figure 3). MD simulations revealed that the substituted amino 

acids enhanced the interaction with ACE2 receptor thus impacting pathogenicity, as also 

confirmed now by surface plasmon resonance (SPR) data 32 (Figure S5, table S2 and 

S3). Insights from MD simulations corroborate that SARS-CoV-2 spike proteins have higher 

propensity to form a hydrophobic collapse than MERS-CoV and SARS-CoV 33 (Figure S6). 

 

Repurposed Drugs as an Emergency Measure 

Virtual screening using FDA approved drug library targeting the RBD domain of SARS-

CoV-2 spike protein led to the identification of NADH (DB00157) and Rutin (DB01698) that 

can be likely inhibitors against SARS-CoV-2 (Table S4). NADH formed hydrogen bond 

interactions with Asp30 and Ala387 of ACE2 receptor and Lys403, Arg408, Gln409, Gly496 

and Tyr505 of SARS-CoV-2 RBD. The hydrophobic network forming residues include 

Asn33, His34, Glu37, Lys353, Pro389 of ACE2 and Asp405 and Tyr495 of RBD.  

Rutin formed hydrogen bonds with Asn33, His34 and Gln388 of ACE2 and Lys403, Asp405, 

Gln409 of RBD of SARS-CoV-2. Asp30, Glu37, Ala387, Pro389, Phe390, Arg393 of ACE2 
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and Asp406, Arg408, Val417, Ile41, Tyr453 spike RBD formed hydrophobic interactions. 

The binding of drugs with the residues which have been identified as key residues for 

interaction with ACE2, point towards the strong inhibitory potential of these FDA approved 

drugs (Figure 4).  

 

Amino Acid Conservation Profiling  

In light of the functional importance of envelope and spike protein, we performed an amino 

acid conservation analysis of all the bat coronaviruses and SARS-CoV-2 using KABAT 27 

(based on antibody response)  and VALDAR 28 (based on the properties of neighbouring 

amino acid residues) scoring schemes. Amino acid conservation analyses of envelope protein, 

specific to SARS-CoV-2, reveal that in comparison to other Bat coronavirus genomes, 

envelope sequences are highly conserved in SARS-CoV-2 (Figure S7 A). We see two 

specific mutations in the envelope proteins of the clinical isolates in BetaCoV_Canada (S6L) 

and BetaCoV_SouthKorea (L37H) (Figure S7 B). 

A variable N-terminal domain and a comparatively conserved C-terminal domain is in line 

with our earlier observation that there are significant amino acid substitutions in N-terminal 

of spike protein and more specifically in the region 350-650 which encompasses RBD 

(Figure S7 C). Comparison of a representative clinical isolate (Wuhan) with other bat 

coronaviruses reveals thorough low-grade loss of conservation in amino acids, more so in the 

N-terminal region with a sharp spike around 680 residue pointing to Furin cleavage 

insertion/deletion (Figure 5A). Some recent reports have suggested pangolins to be 

intermediate hosts, however, our analysis reveals that there is a sharp distinction at several 

critical amino acids (Furin cleavage site; 681-684) refuting the possibility of pangolin 

coronaviruses as immediate ancestors of SARS-CoV-2 (Figure 5B). A highly conserved 

SYLTPGDSSS stretch present only in pangolins, SARS-CoV-2 and RaTG13 and absent in 

all bat coronaviruses was observed. This stretch forms a conformation cluster at solvent 

exposed disordered region in the N-terminal domain of spike proteins, previously shown to 

confer extended host range for murine coronaviruses 34 (Figure S8). Interestingly, on 

comparing all clinical isolates with RaTG13, the loss of conservation is consistent at specific 

positions, notably in the RBD (Figure 5C). The sequence similarity among clinical isolates is 

evident from the very few substitutions observed in the comparative profile of all clinical 

isolates (Figure 5D, figure S7 D). 
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Discussions 

MSA based phylogenetic analyses of clinical isolates (n=167) from COVID-19 patients 

unravel a typical betacoronavirus like genomic organisation. Phylogenetic divergence from 

SARS-CoV and MERS-CoV suggests that it is unlikely that SARS-CoV-2 has emerged from 

any of them. Though, bat coronavirus RaTG13 emerges as potential immediate ancestor 

owing to its genetic similarity, it seems unlikely due to significant amino acid substitutions 

that exceeds the divergence expected from an immediate ancestor during the course of natural 

evolution. Moreover, it is well known that amino acid conservation is an indicator of a 

sequence being preserved by natural selection. The uniform high-grade loss of conservation 

at specific amino acids depicts that RaTG13 is unlikely an immediate predecessor of SARS-

CoV-2. These amino acid conservation profiles reveal interesting distinctions between 

evolutionarily conserved strains that need to be further explored. Further, the extraordinary 

high sequence similarity in ALL (n=167) the clinical isolates is also suggestive of its origin 

from a single incident. This observation is corroborated by the epidemiological demographics 

of COVID-19 patients 35,36  and transmission chain thereof by familial clusters 6  or people 

that have been termed as super spreaders. Moreover, the continued human to human 

transmission now depicts two distinct types circulating in the population 37. The ancestral ‘S’ 

type seems to be less virulent as compared to alternate ‘L’ type. The selection pressure is 

expected to limit the spread of ‘L’ type, even though it is currently the prevalent form present 

in COVID-19 patients. The emerging genomic data from clinical isolates along with 

symptomatic data is expected to reveal the evolutionary track of SARS-CoV-2 and the 

possible implications of these SNP’s in disease pathogenesis.   

Amino acid level clustering analyses revealed ORFs, 4, 6 and 7b of SARS-CoV-2 have 

diverged from other bat coronaviruses as compared to other ORFs that are conserved 

throughout beta coronavirus family. This unanticipated observation points to likely functional 

importance of these ORFs in the pathogenesis of SARS-CoV-2. Interestingly indeed, the 

ORF4 turned out to be very unique in SARS-CoV-2 clinical isolates, with all isolates 

clustering together along with SARS-CoV and RaTG13. This specificity of SARS-CoV-2 

ORF4 could have profound implications in the pathogenesis of COVID-19 as ORF4 

corresponds to envelope protein of the coronaviruses and is an indispensable structural 

protein. This protein, though scarce in virions, is abundantly expressed in ER and Golgi 

compartments of infected cells where it participates in virus assembly and intracellular 
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trafficking 38,39. It consists of a single α-helical transmembrane domain that forms pentameric 

ion channels important for virus-host interaction 40. Removal of this protein is deleterious to 

coronaviruses as SARS-CoV and MERS-CoV deficient in this protein are attenuated 41,42 and 

being tested as potential vaccines43. This protein has an established role in inflammasome 

activation, which translates into the observed cytokine storm in diseased individuals and thus 

the causal factor for lung pathology and oedema 44. Interestingly, the envelope protein of 

SARS-CoV has a PDZ-binding motif (PBM). PDZ domains being a common structural 

domain of signal transduction complexes, PBM may allow them to bind over 400 host 

proteins and thus modulate a range of cellular processes. The envelope protein of infectious 

bronchitis coronavirus has been reported to play a role in the regulation of ER stress through 

ion channel activity, modulate release of viruses, induce apoptosis and play role in 

pathogenesis 45. It also neutralizes pH of Golgi which in turn modulates secretory pathway of 

host and helps in evading premature cleavage of Spike protein and thus helps in the efficient 

release of infectious viruses 46 47. These important pathological functions of envelope protein 

make it an important drug target and the gain or loss by the altered sequence in SARS-CoV-2 

would be instrumental in exploring the viral fitness of this pathogen. ORF6 homologs are 

involved in virulence by increasing viral replication 48 and also impact immunity by 

inhibiting STAT1 induced activation of antiviral response 49. ORF7b is a highly hydrophobic 

43 amino acid protein which is homologous to an accessory but structural component of 

SARS-CoV virion 50. ORF7b possesses a transmembrane helical domain (between 9-29AA), 

and its homologue has Golgi complex retention signal within this domain 51. Though 

silencing of SARS-ORF 7a and 7b cumulatively has been correlated with reduced in-vitro 

progeny virus yield 52, in-vivo deletion studies have not shown significant variation in 

replication, host tropism, mortality or morbidity 50. Feline-CoV ORF7b is maintained in 

natural strains but is readily lost upon cell culture adaptation of virus 53. Effectively, the 

specific role of ORF7b in viral life-cycle and pathogenesis is undefined and warrants further 

investigation. Collectively, while these data majorly point to the critical roles of the ORFs 4, 

6, and 7b in SARS-CoV-2 pathogenicity, further experimental evidence using COVID-19 

patient samples will delineate the possible evolutionary significance of these specific ORFs. 

The data so far are also suggestive of immune system dysregulation in the shape of aberrant 

cytokine storm in COVID-19 patients that causes pathology and likely enhances the mortality 
54. Whether these clinical features can be attributed to these ORFs, 4, 6 and 7b remains to be 

seen with possible therapeutic and diagnostic implications.  
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An essential feature of coronaviruses is a trimeric transmembrane protein (spike) that forms a 

trademark crown-like structure, which is critical for entry of the virus into host 55. This 

protein contains two distinct domains, RBD and a fusion domain. The cryo-EM structure (3.5 

Å-resolution) precisely depicts the pre-fusion and post-fusion conformations of RBD 32. 

These domains need to be separated in order for the fusion domain to function for virus entry 

which is triggered by binding of RBD to host cell receptor ACE2. This binding leads to 

destabilisation of pre-fusion trimer and separation of domains followed by stabilisation of 

post-fusion confirmation 32,56.  

Various host proteases cleave these sites in coronaviruses that regulate the infectivity and 

host tropism as typified by highly pathogenic avian influenza virus 57,58. There is a variation 

in the cleavage sites in viruses associated with previous epidemics: MERS-CoV has two 

Furin cleavage sites and SARS-CoV has a replacement of these with cleavage site for 

alternative proteases 59. This evolutionary adaptation is attributed to either selection pressure 

in intermediate hosts or random recombination events. These amino acid 

adaptations/substitutions also increase the hydrophobicity of the spike protein which is a 

major surface protein and thus likely to induce viral aggregation via hydrophobic collapse 

which may promote its aerial transmission and likely confer a fitness advantage 60. These 

potential adaptations could be the reason for enhanced R0 values (a measure of viral 

transmissibility indicating how contagious an infectious disease is) compared to SARS-CoV 

and MERS-CoV. 

Being an important mediator at host pathogen interface, the structural and functional 

attributes of spike protein in coronaviruses can be exploited as a key target for developing 

possible interventions 61. Apart from RBD of spike protein, ‘Furin cleavage site’, that seems 

to impart pathogenicity to SARS-CoV-2, can be possibly modulated. The functional 

significance of Furin cleavage site presence in SARS-CoV-2 can be assessed by reverse 

genetics approach. The mutant SARS-CoV-2 with knocked of Furin motif should have 

possibly reduced pathogenicity and altered host tropism. Apart from these molecular 

approaches, an exigent approach to curb the epidemic is a promising area of drug repurposing 

FDA approved drugs. Virtual screening revealed, known nutraceuticals, ‘NADH’ and ‘Rutin’ 

as potential inhibitors of RBD-ACE2 interaction, a fundamental step for cell entry. NADH is 

an oxidative cofactor involved in energy production in the cells and has been suggested to be 

used as a medication for chronic fatigue syndrome, Alzheimer's disease and Parkinson's. 

Rutin is a bioflavonoid with a multitude of pharmacological activities and an impeccable 
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safety profile. Considering the strong binding of these drug molecules to RBD-ACE2 

interface, we propose them as potential therapeutic candidates that could be introduced into 

clinical testing along with other potential antivirals 62. Apart from disrupting the interaction 

between RBD and ACE-2, the Furin site in SARS-CoV-2 could also act as a potential drug 

target, though with caution as these enzymes are involved in a multitude of functions 63-65. 

Despite intense efforts, we are yet to comprehend the coronavirus epidemic and host 

transmission mechanism fully. The close evolutionary relationship with bat coronavirus 

RaTG13 and divergence from SARS-CoV and MERS-CoV need a more critical evaluation to 

better understand the coronavirus genealogy. Our in-depth phylogenetic and sequence 

diversity analyses of all coronaviruses will help design effective interventions that can be 

accelerated by involving AI & ML based approaches 66. The use of PDZ domain as target for 

blocking SARS-CoV-2 induced cellular pathologies could be an interesting strategy for 

controlling post infection complications. The information about amino acid substitutions in 

RBD of spike protein of SARS-CoV-2 could be employed to design specific neutralizing 

antibodies aided by machine learning algorithms 67. The COVID-19 epidemic is rapidly 

spreading which can be possibly explained by the increased hydrophobicity of spike protein 

of SARS-CoV-2. It is therefore tempting to hypothesize that the rapid transmission of SARS-

CoV-2 may be difficult to control. The conservation profile of amino acids reveals a missing 

link in the ancestry and the identification of the ancestor of SARS-CoV-2 will also throw 

some light on human-animal-environment disease interface that drives cross-species viral 

transmission 68. The apparent absence of recent large scale recombination events that could 

have otherwise explained the origin of SARS-CoV-2 seems very intriguing 69. Efforts to 

identify the precursor will also put an end to ‘infodemics’ of rumours regarding origin of 

SARS-CoV-2. It is very important not to jeopardize international endeavours to control this 

epidemic but continue with concerted undertakings by medical practitioners, health care 

workers and researchers to contain this global threat 70,71. As the death toll keeps on 

increasing, there is an urgent need for interventions and various host-directed therapies could 

be a rescue measure 54. At the same time, there is a need to tone down the hype and keep 

hope alive 44.  
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Figures 

Figure 1 

 
Figure 1. Comparative genomics and t-SNE based clustering of SARS-CoV-2, RaTG13, 

SARS-CoV, MERS-CoV and other coronaviruses. (A) Global similarity between genomes 

(n=167) based on amino acid (ORF) identity scores highlights strong diversity of COVID-19 

strains when compared to other coronavirus strains. It is closer to RaTG13 and less similar to 

SARS-CoV and MERS-CoV at ORF level (function) (B) The t-SNE plot for COVID-19 

strains (based on the global ORF similarity between genomes) shows no genomic correlation 

of the strains across continents - an indication of the effects of human migration in the 

modern population. It is difficult to correlate virulence rates of strains due to lack of strain-

specific data.  (C) Diversity in clinical isolates indicate that SARS-CoV-2 has divulged into 

at least two different clades. The purple coloured strains (n=42) are closer to RATG13 than 

the other red coloured strains (n=117). 
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Figure 2 

 
Figure 2. ORF based phylogenetic relationship of COVID-2019 clinical isolates with 

RaTG13, SARS-CoV, MERS and other coronaviruses. The left panel is the 

superimposition of proteins, (A) ORF4, (B) ORF6 and (C) ORF7b, of SARS-CoV-2, 

reference coronavirus genomes and RaTG13. Mutations among the clinical isolates are seen 

only in ORF 4 (shown in red). The right panel is clustering which shows sequence-based 

specificity of some of the ORF's (A) ORF4, (B) ORF6 and (C) ORF7b in SARS-CoV-2 

clinical isolates.  
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Figure 3 

 
Figure 3. Comparative mutations in spike glycoprotein among RaTG13, SARS-COV 

and SARS CoV-2 clinical isolates (n=167). Single point amino acid mutations upon a 

comparison of RaTG13 and SARS-CoV with SARS-CoV-2 are shown in cyan green and 

light pink spheres, respectively. Mutations among the clinical isolates are shown in red. 

Comparative structural analysis between and RaTG13 and SARS-CoV-2 highlights crucial 

mutations restricted to ACE-2 receptor binding domain. However, compared to SARS-CoV 

mutations in both N-terminal and receptor binding domains were observed. These could lead 

to the differential binding affinity of the new coronavirus compared to the closely related 

pathogenic SARS-CoV-2.  
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Figure 4 

 
Figure 4. Proteins (spike-ACE2)-drug (A) NADH (B) Rutin interactions. NADH forms eight 
hydrogen bonds while Rutin forms six hydrogen bonds (shown as black dashed lines) with 
spike protein of SARS-CoV-2 and host ACE2 receptor suggesting its strong binding affinity 
and inhibitory potential against COVID-2019. NADH and Rutin are shown in dark green 
colour, RBD is in cyan and ACE2 is shown in pink colour. Hydrogen bonding residues are 
shown in yellow colour and hydrophobic network forming residues are shown in dark purple 
colour.  
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Figure 5 

 
Figure 5. Amino acid conservation analysis of Spike proteins using an average of KABAT 

and VALDAR score. (A) Comparison of bat coronavirus genomes to one of the 

representative SARS-CoV-2 clinical isolate. (B) Comparison of pangolin coronaviruses to 

one of the representative SARS-CoV-2 clinical isolate. (C) Comparison of all clinical isolates 

with RaTG13. (D) Comparative profile of all clinical isolates of SARS-CoV-2. Low level 

conservation of N-terminal domain comparable to C-terminal domain in spike protein is 

evident. However, in comparison to other bat coronavirus genomes this sequence is highly 

conserved in SARS-CoV-2.  
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