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The inserts are highlighted in wheat for MERS, orange for SARS-CoV, and purple for SARS-CoV-2, and the 
proline-cysteine doublets and disulfide bonds are shown. Bottom panel: Interactions between the 
inserts in the RBM of the spike glycoproteins of SARS-CoV, SARS-CoV-2 and MERS, and the 
corresponding human receptors. Residues shown with stick models are within a 5Å distance from the 
interacting residues in the inserts. The salt bridge is highlighted in red with a thick red border (in MERS), 
charge interaction is highlighted in red with a thin blue border (SARS2), and H-bond network is 
highlighted in yellow (Y473, T27, S19). 
 
SARS-CoV-2 has led to the most devastating pandemic since the 1918 Spanish flu, prompting an urgent 
need to elucidate the evolutionary history and genomic features that led to the increased pathogenicity 
and rampant spread of this virus as well as those coronaviruses that caused previous deadly outbreaks.  
A better understanding of viral pathogenicity and zoonotic transmission is crucial for prediction and 
prevention of future outbreaks. Here, using an integrated approach that included machine-learning and 
comparative genomics, we identified three previously undetected likely determinants of pathogenicity 
and zoonotic transmission. The enhancement of the NLS in the high-CFR CoV nucleocapsids implies an 
important role of the subcellular localization of the nucleocapsid protein in the CoV pathogenicity.  
Strikingly, insertions in the spike protein appear to have been acquired independently by the SARS and 
MERS clades of the high-CFR CoV, in both the domain involved in virus-cell fusion and the domain 
mediating receptor recognition. These insertions, most likely, enhance the pathogenicity of high-CFR 
viruses and contribute to their ability to zoonotically transmit to humans. All these features are shared 
by the high-CFR CoV and their animal (in particular, bat) infecting relatives in the same clade, which is 
compatible with the possibility of future zoonotic transmission of additional highly pathogenic strains to 
humans. The predictions made through this analysis unveil critical features in the mechanism of SARS-
CoV-2 virulence and evolutionary history, are amenable to straightforward experimental validation and 
could serve as predictors of strains pathogenic to humans.  
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Methods  
 
Data 

The complete nucleotide sequences of 3001 coronavirus genomes were obtained from NCBI 
(Supplementary File 2). Of these, 944 genomes belong to viruses that infect humans, including both 
viruses with low case fatality rates (CFR), NL63, 229E, OC43 and HKU1, and those with high CFR, namely, 
MERS, SARS-CoV-1 and SARS-CoV-2. The protein sequences that are encoded in the genomes of all 
human coronaviruses and closely related viruses from animals were obtained from NCBI, including the 
two polyproteins (1ab and 1a), spike glycoprotein, envelope, membrane glycoprotein, and nucleocapsid 
phosphoprotein.  
 
Identification of genomic determinants of high-CFR coronaviruses 

To identify genomic determinants of coronaviruses associated with high CFR, comparative genome 
analysis was combined with machine learning techniques. First, the 944 human coronavirus genomes 
were aligned using Mafft22 v7.407 . Then, we identified high confidence alignment blocks within the 
multiple sequence alignment (MSA), which were defined as regions longer than 15 bp, containing less 
than 10% of gaps in each position. We searched for regions containing deletions or insertions that 
separate high-CFR from low-CFR viruses and are surrounded by high confidence alignment blocks 
because these are most likely to contain relevant differences within conserved genomic regions. To this 
end, the aligned sequences were recoded such that each nucleotide was coded as ‘1’ and each gap as 
‘0’. We then applied Support Vector Machines (using the Python library scikit-learn23 with a linear Kernel 
function) to a 5bp sliding window in the identified high-confidence alignment regions, with a leave-one-
out cross validation (where all samples of one of the 7 coronaviruses were left out in each round of the 
cross validation, for a total of 7 rounds). Finally, we selected regions that predicted the high-CFR viruses 
with high confidence (greater than 80% accuracy) for further evaluation.  
 
From the 11 regions identified, 4 were in the polyprotein 1AB, 3 in the spike glycoprotein, 1 in the 
membrane glycoprotein and 3 in the nucleocapsid phosphoprotein. To evaluate the significance of these 
finding, we computed a hyper-geometric enrichment P-value, using the sizes of the identified regions 
and the lengths of the coding regions of each protein within the MSA. We found that the nucleocapsid 
phosphoprotein was most enriched with genomic differences that predict CFR (P-value = 4e-16), 
followed by the Spike glycoprotein (P-value = 0.036) and that the polyprotein 1AB and membrane 
glycoprotein were not significantly enriched with such differences. We further examined the effects of 
this set of genomic differences on the resulting protein sequences, and found that only 4 of the 11 
differences identified were reflected in the protein alignment, of which 3 occurred in the nucleocapsid 
phosphoprotein and one in the spike glycoprotein.   
 
Non-human proximal coronavirus strains 

To compile a list of human and proximal non-human coronavirus strains, we first constructed a multiple 
sequence alignment of all 3001 collected strains using Mafft v7.407. From that alignment, we build a 
phylogenetic tree using FastTree24 2.1.10 with the “-nt” parameter, and extracted the distances 
between leaves  of each strain from each of the reference genomes of the 7 human coronaviruses 
(Supplementary File 3). We then extracted the proximal strains of each human coronavirus, which were 
within a distance less than 1.0 to one of the human coronaviruses. To obtain a unique set of strains, we 
removed highly similar strains by randomly sampling one strain from each group of strains with more 
than 98% pairwise sequence identity (the resulting strains are provided in Supplementary File 4). 
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Amino acid charge calculations 

To evaluate the strength of the identified NLS and NES motifs within the nucleocapsid phosphoprotein, 
we calculated the amino acid cumulative charge within the alignment region of each motif, and of the 
complete protein, for each of the selected human and proximal non-human coronavirus strains 
(Supplementary File 4). The charge of each region was evaluated by the number of positively charged 
amino acids (lysine and arginine) minus the number of negatively charged amino acids in that region 
(aspartic acid and glutamic acid). To evaluate the significance of the association between CFR and the 
charge of specific motifs within the nucleocapsid phosphoprotein, we first calculated the rank-sum P-
value comparing the charges of regions in high-CFR versus low-CFR strains. Then, we applied a 
permutation test, by counting the fraction of similarly or more significant charge differentials values 
between high-CFR and low-CFR viruses within 1,000 randomly selected motifs with similar length from 
the alignment of the nucleocapsid phosphoprotein. 
 
Genomic determinants of the interspecies jump  

To identify genomic determinants that discriminate high-CFR viruses that made the zoonotic 
transmission to humans, we used the nucleotide MSA of MERS, SARS-CoV-1 and SARS-CoV-2 and the 
selected proximal non-human coronaviruses of each of these.  
 
We searched regions that maximize the following function: 
 
���, �� � �	


��:� �� �
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� is a position within the encoded MSA (‘1’ for a nucleotide and ‘0’ for a gap), and � is the set of strains 
selected for either MERS, SARS-CoV-1 or SARS-CoV-2. �� is the distance of non-human strain �  from the 
human strain of group �,  �
 is position � of non-human strain �, and �� is position � of the human strain 

in group �. 
 
Thus, this function aims to find, for each position, within each of the three groups of strains, the non-
human strain � with the minimal distance from the human strain, such that all non-human strains that 
are more distant are more different than the human strain in that position (i.e. a genomic change that 
occurred as close as possible to the human strain). We searched for regions in which over 50% of the 
strains in the alignment differed from the human strain, and for which the differing strains were 
explicitly the most distant from human. We identified only one such location, across all three high-CFR 
virus groups. 
 
Structural analysis of the spike glycoproteins-receptor complexes  

Crystal structures of the RBD spike glycoproteins of SARS-CoV (pdb: 2ajf25), SARS-CoV-2 (pdb: 6m0j26) 
and MERS (pdb: 4l72)27 complexed with their respective receptors, and the full cryoelectron microscopy 
structure of the SARS-CoV-2 (PDB: 6vxx)28 were downloaded from the Protein Data Bank29. Structural 
analyses including residues interactions and structural alignments were performed using the PyMOL 
computational framework30.  
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