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Abstract   12 
 Defining the unique protein features of SARS-CoV-2, the viral agent causing Coronavirus 13 
Disease 2019, may guide efforts to control this pathogen. We examined proteins encoded by the 14 
Sarbecoviruses closest to SARS-CoV-2 using profile Hidden Markov Model similarities to identify 15 
features unique to SARS-CoV-2. Consistent with previous reports, a small set of bat and pangolin-16 
derived Sarbecoviruses show the greatest similarity to SARS-CoV-2. The analysis provided a measure 17 
of total proteome similarity and showed that a small subset of bat Sarbecoviruses are closely related 18 
but unlikely to be the direct source of SARS-CoV-2. Spike analysis reveals that the current SARS-CoV-19 
2 variants of concern have sampled only 36% of the possible spikes changes which have occurred 20 
historically in Sarbecovirus evolution. It is likely that new SARS-CoV-2 variants with changes in these 21 
regions are compatible with virus replication and are to be expected in the coming months, unless global 22 
viral replication is severely reduced.  23 
 24 
Introduction 25 

Since the first report of Coronavirus Disease 2019 (COVID-19) caused by SARS-CoV-2 in 26 
December 2019 in Wuhan city, China(1)(2) and the World Health Organisation declaring COVID-19 a 27 
global pandemic in March 2020, the disease has continued to affect every part of the world. The SARS-28 
CoV-2 virus belongs to the Coronaviridae family of enveloped positive-sense single-stranded RNA 29 
viruses, Betacoronavirus genus, Sarbecovirus subgenus. Other Sarbecoviruses include SARS-CoV 30 
(the coronavirus causing the SARS outbreak in 2002-2004) and a large number of SARS-like bat 31 
viruses that have been identified. The genomes of Sarbecoviruses are 30kb in length, encoding >14 32 
open reading frames (ORFs). Among the structural proteins, the spike protein plays a crucial role in the 33 
virus cell tropism, host range, cell entrance and infectivity and is considered the main protein target for 34 
the host immune response. Other ORFs encode for accessory proteins, many of which modulate host 35 
responses to infection. Investigation of the evolutionary history of SARS-CoV-2 show a clear link to 36 
Sarbecoviruses from bats although no direct animal precursor for SARS-CoV-2 has been identified (3) 37 
(4) (5) (6) (7). We sought to identify unique peptide regions of SARS-CoV-2 compared to all available 38 
Sarbecoviruses to determine the features that might have allowed SARS-CoV-2 to replicate and 39 
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transmit efficiently in humans. Comparative analyses of viral proteins would aid in better understanding 40 
of virus biology and pathology, providing insights into the origin of the virus and the conditions that led 41 
to its zoonosis to humans, efficient spread without the need for adaptation, as well as providing leads 42 
for drug and immune targets for effective treatments. 43 
 44 
Results and Discussion 45 
 Protein domains and profile hidden Markov models. We have explored the genomes across 46 
the Sarbecovirus subgenus using profile hidden Markov models (pHMMs) based on viral proteins 47 
which provide a statistical description of the properties of amino acid sequences of viral proteins. The 48 
differences in pHMMs between virus genomes can reveal differences among viral proteins (8) (9). 49 
Efficient tools for preparing and comparing pHMMs are available with HMMER-3 (10) and the method 50 
is useful for comparing large or difficult to align genomes and for identifying changes in functional 51 
regions of the genomes. We have recently used these methods to identify and classify diverse 52 
coronaviruses in the Coronaviridae family (11) and to explore large and unwieldy genomes such as 53 
those from the African Swine Fever Virus (12). These methods were employed here to explore the 54 
relationship between SARS-CoV-2 and the other known Sarbecoviruses to gain understanding of their 55 
evolutionary history.   56 

 57 
Figure 1. Analysis scheme. (A) Profile Hidden Markov Model (pHMM) domains were generated from 58 
a set of 35 early lineage B SARS-CoV-2 genome sequences. All open reading frames were translated 59 
and then sliced into either 44 amino acid peptides with a step size of 22 amino acids or 15 amino acid 60 
peptides with a step size of 8 amino acid. The peptides were clustered using Uclust (13), aligned with 61 
MAFFT (14) and then each alignment was built into a pHMM using HMMER-3 (10). (B) The set of 62 
pHMMs were used to query Sarbecovirus genome sequences, bit scores were collected as a 63 
measure of similarity between each pHMM and the query sequence. (C) Bit-scores were gathered an 64 
analyzed to detect regions that differ between early SARS-CoV-2 genomes and query genomes.  65 
 66 

 Genome scans using custom pHMM domains. We generated overlapping 44 or 15 amino 67 
acid (aa) alignments of all SARS-CoV-2 encoded proteins derived from a set of 35 lineage B SARS-68 
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CoV-2 genomes from early in the pandemic and then prepared pHMMs from each alignment (see Figure 69 
1). The resulting libraries of pHMMs were then used to survey variations across all Sarbecoviruses 70 
relative to the initial SARS-CoV-2 found in human cases in late 2019/early 2020. 71 
 Using this method, ten early SARS-CoV-2 genomes were compared to a representative subset 72 
of 29 Sarbecovirus genomes obtained from humans, bats, civet cats and pangolins (Figure 2) selected 73 
after applying the same analysis to all available Betacoronavirus genomes to ensure that we were not 74 
missing any unexpectedly close viral genome regions (results not shown). For each query genome, the 75 
bit-score from the corresponding pHMM from early B lineage SARS-CoV-2 were accumulated and 76 
hierarchical clustering based on the normalized domain bits-scores was performed. The bit-score 77 
describes the similarity between the 44aa (or 15aa) query sequence and the related sequence from 78 
early SARS-CoV-2. The central region of the Sarbecovirus genome is  conserved across the genome 79 
set with all domains  marked as dark or light grey in the Figure 2A clustermap indicating normalized bit-80 
scores close to 1. This is not unexpected as this central genomic region spans nsp5 to nsp16 proteins 81 
encoding the viral polymerase, other enzymes and non-surface exposed structural proteins of the virus, 82 
which are presumably more constrained and less likely to change than other regions of the virus. In 83 
contrast, the domains displayed in yellow, orange and red in Figure 2A indicate more increasingly 84 
divergent regions between SARS-CoV-2 and the query Sarbecovirus genomes (much lower normalized 85 
bit scores). For each domain across the proteome, a measure of the difference between the query and 86 
SARS-CoV-2 domain (1-mean bit-score) was plotted to identify regions that differed extensively across 87 
the Sarbecoviruses genome set (Figure 2B). Further details on the relationship between amino acid 88 
changes across a genome or gene set and the metric 1-mean bit-score are found in the  Supplemental 89 
Figure 1. The higher 1-mean bit-score  values (≥0.3) were found in nsp2, nsp3, nsp4, spike and orf8 90 
and orf9N (Figure 2B), indicating that these proteins differ in the set of SARS-CoV-2 and closely related 91 
Sarbecoviruses. These regions may be dispensable, flexible and can tolerate change and may be 92 
products of neutral evolution they may differ because selective pressure has resulted in new functional 93 
roles or immune escape.  94 
  95 
 96 
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 97 
Figure 2. Proteome differences in SARS-CoV-2 vs close Bat, Human and Civet cat 98 
Sarbecoviruses. All forward open reading frames from the 35 early lineage B SARS-CoV-2 genomes 99 
were translated, and processed into 44 aa peptides (with 22 aa overlap), clustered at 0.65 identity using 100 
Uclust (11), aligned with MAAFT (12) and converted into pHMMs using HMMER-3 (10). The presence 101 
of these domains was sought in a set of Sarbecovirus genomes plus the SARS-CoV-2 genomes and 102 
genomes were then clustered using hierarchical clustering based on the normalized domain bit-scores 103 
(e.g. the similarity of the identified query domain to the reference lineage B SARS-CoV-2 domain). Each 104 
row represents a genome, each column represents a domain. Domains are displayed in their order 105 
across the SARS-CoV-2 genome, Red = low normalized domain bit-score (lower similarity to lineage B 106 
SARS-CoV-2) = distant from SARS-CoV-2, Darkest grey = normalized domain bit-score = 1 = highly 107 
similar to lineage B SARS-CoV-2. Groups of coronaviruses were indicated to the right of the figure. (A) 108 
Domain differences across the Sarbecovirus subgenus. (B) For each domain the mean bit-score was 109 
calculated across the entire set of Sarbecovirus genomes  and the value 1-mean bit-score was plotted 110 
for each domain. Domains are coloured by the proteins from which they were derived with the colour 111 
code indicated below the figure. 112 
 113 
  114 
 The role of pangolins as an amplifying intermediate host of SARS-CoV-2 is important to 115 
document securely, to guide efforts to prevent or prepare for future zoonotic events. A small number of 116 
Sarbecoviruses have been identified in samples from trafficked pangolins in China (15) (7) (16), yet 117 
there is no direct evidence that pangolins host the virus in their natural environment. It remains possible 118 
that the positive pangolins identified in China were infected by viruses encountered after transport to 119 
China. Five CoV sequences from pangolins were included in this analysis (Figure 2), including four 120 
(EPI_ISL_410538,-39,-40,-42) generated by Lam et al. (7) after sequencing the original samples 121 
described by Liu et al.(15); a 5th genome (Guandong_1_2019_EPI_ISL_410721_2019) deposited by 122 
Xiao et al. (16) was included despite unclear progeny for this sequence (17). Four additional CoV 123 
sequences from pangolins from GISAID were excluded due to excessive gaps in the sequence which 124 
precluded the domain analysis. Overall, the pangolin CoVs show many genomic regions of very close 125 
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domain homology although the overall similarity across the entire genome is not close enough to 126 
support of direct pangolin-human jump as the source of SARS-CoV-2 (see below).  127 
 A number of closely related Sarbecoviruses have been reported in bats (18) (19). We focused 128 
on the four bat Sarbecoviruses with closest similarity to SARS-CoV-2 (close bats: RaTG13, RmYn02, 129 
MG772933,34). The clustermap and variance analysis (Figure 2A) showed higher similarity across most 130 
of the genome (dark grey sectors) with three proteins (nsp3, spike and orf9) displaying high reduced 131 
bit-scores from the SARS-CoV-2 sequences (Figure 2A, close bats, yellow/red domains). These limited 132 
regions that differ between the 4 closely related bat Sarbecoviruses and SARS-CoV-2 indicate virus 133 
elements that needed to adjust to human transmission. The spike differences have been explored in 134 
detail (refs and see below) however it may be important to consider nsp3 and orf9 changes in the 135 
complete analysis. 136 
 Spike changes with 15 amino acid domains. To provide more detailed resolution, 15 amino 137 
acid pHMMs across the early lineage B spike protein were prepared and used to examine changes 138 
across the set of close Sarbecoviruses and SARS-CoV-2 (Figure 3). The regions of change observed 139 
in the spike protein show an expanded version of the total proteome pattern observed in Figure 2 plus 140 
additional details. Adding the current knowledge of SARS-CoV-2 spike evolution reveals some 141 
important patterns. The S1 domain of spike (the amino-terminal half of the protein) tolerates at large 142 
amount of change with most of the low score domains (red) concentrated here (Figure 3A), consistent 143 
with the surface exposure of the S1 region, and driven by pressure to avoid immune responses which 144 
in turn require the virus to maintain a malleable structure in the exposed S1. Except for the 145 
Guangdong_1 pangolin and RatG13 spikes, the central ACE2 receptor binding region is very different 146 
between the close Sarbecoviruses and SARS-CoV-2. The furin cleavage site at the junction between 147 
the S1 and S2 domains is also a region showing a lot of malleability in the Sarbecovirus spikes (Figure 148 
3A) and is completely unique to SARS-CoV-2. This has been discussed in detail (20) and is also a site 149 
of frequent change in the current SARS-CoV-2 Variant of Concern (VOC) spike sequence with Q677, 150 
P681 and T717 flanking the furin site showing changes (Figure 3B).  151 
 Thirdly, the amino acid changes that have accumulated in the VOC spike protein are marked 152 
in color (Figure 3B) and cluster in regions with high variation (1-mean bit-score > 0.3) suggesting that 153 
Sarbecoviruses have made changes in these regions in previous evolutionary periods and are 154 
continuing to change in SARS-CoV-2 evolution. If all domains with 1-mean bit-score of 0.3 and above 155 
tolerate change in the current SARS-CoV-2 spike protein, this suggests that SARS-CoV-2 has many 156 
additional changes available for future immune evasion. Important regions that show high levels of 157 
historical change are RBD, the furin cleavage site and flanking regions and the NTD.  158 
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 159 

 160 
Figure 3. Spike differences in SARS-CoV-2 vs close Bat, Human and Civet cat Sarbecoviruses. 161 
All forward spike open reading frames from the 35 early lineage B SARS-CoV-2 genomes were 162 
translated, and processed into 15 aa peptides (with 8 aa overlap) and processed into an pHMM library 163 
as described in Figure 2. (A) shows a hierarchical clustering of 15 amino acid domain bit-scores. (B) 164 
shows the 1-mean of each domain bit-scores across the genome set, domain values, individual 165 
domains that span known amino acid changes in the 5 VOC are colored (see key below panel B). (C) 166 
The locations of important spike protein features are indicated. NTD: N-terminal domain, RBD: receptor-167 
binding domain, S1: spike 1, S1: Spike 2, TM: transmembrane domain, HR1: helical repeat 1, HR2: 168 
helical repeat 2, NTD super: N-terminal domain supersite.  169 
 170 
 Global proteome similarities. A measure of the total protein distance between the SARS-171 
CoV-2 and any query Sarbecovirus can be obtained by summing the normalized bit-scores (SNBS) 172 
across the entire query proteome. The encoded proteomes from more distant viruses will show lower 173 
SNBS values. We examined SNBSs grouped by virus host for both the 44 amino acid total genome 174 
analysis as well as the 15 amino acid spike gene analysis. Overall, the patterns showed that the 175 
similarity to SARS-CoV-2 follows the order Pangolin > Bat > human=civet cat (Figure 4) although the 176 
small set of close bat Sarbecoviruses show some exceptions. Of special interest, the bat coronavirus 177 
genome RaTG13 (GenBank MN996532.1) was identified as closely related to the SARS-CoV-2 lineage 178 
{Citation} and supports a bat coronavirus being the zoonotic source of the epidemic, although the 179 
genetic distance is too far for RaTG13 itself to be a direct source of the pandemic SARS-CoV-2 virus 180 
(21)(3). Another close bat coronavirus RmYN02, shows some regions of close identity to SARS-CoV-2 181 
(6), yet overall it is more distant from SARS-CoV-2 than the strain RaTG13 (Figure 4A) due its possible 182 
recombinant nature. A single pangolin derived SARS-CoV-2 (Guangdong_1) showed an SNBS value 183 
that was also elevated but not as high as the RaTG13 (Figure 4a), the 15 aa spike analysis showed 184 
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similar patterns except that only the RaTG13 spike displayed the high similarity to SARS-CoV-2 (Figure 185 
4b). 186 
 187 

 188 
 189 

Figure 4. Total domain distances between virus groups. Normalized bit-score sums (NBSS) grouped 190 
into SARS-CoV-2 and Sarbecoviruses from pangolin, bat, human and civet cat NBSS for all domains 191 
for each genome were summed. The boxplot shows individual values marked in orange, median values 192 
indicated by horizontal black lines, 1st interquartile ranges marked with a box. The identities of several 193 
high scoring bat and pangolin genomes are indicated. (A) NBSS for 44 aa domains across the entire 194 
coronavirus genome. (B) NBSS for 15 aa domains across the spike protein. 195 
 196 
Conclusions 197 
 What is special about SARS-CoV-2? Spike changes in SARS-CoV-2 compared to  a large set 198 
of known Sarbecovirus indicate that the immediate zoonotic source of SARS-CoV-2 is yet to be 199 
identified and reinforces the unique nature of the SARS-CoV-2 genome. The more global analysis of 200 
spike regions in SARS-CoV-2 genomes (Figure 3) revealed the changes that have occurred across the 201 
Sarbecovirues.  Combined with the current VOC spike changes, the patterns suggest that SARS-CoV-202 
2 has a great deal of evolutionary possibilities to avoid immune pressure. This suggests that genomic 203 
variant surveillance should continue and vaccine producers should be prepared to accommodate such 204 
spike changes in the next generation of vaccine updates. In addition to the spike protein, additional 205 
regions of high variance were observed in the nsp3 across all Sarbecoviruses (Figure 2) in close bat 206 
and pangolins (Figure 3). The high variance regions flanked and partially overlapped the Macro domain, 207 
which is frequently associated with ADP-deribosylase activity (22),(23). Variance observed in the ORF8 208 
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changes across the set was due to frequent deletion of this ORF, suggesting that the encoded protein 209 
may be dispensable for human infection. Similar loss of ORF8 was observed with the original SARS-210 
CoV (24) (25) and has been observed in several SARS-CoV-2 lineages as the virus adapted to humans 211 
(26) (27) (28). The ORF9 (N protein) variance observed across Sarbecoviruses and the changes in this 212 
protein in VOC strains suggest an additional region that may be adapting to human replication. The 213 
regions of variance identified here may indicate either functional changes in SARS-CoV-2 proteins or 214 
amino acid positions that can be changed without impairing the necessary functions of the protein. The 215 
relatively high mutation rate of SARS-CoV-2 combined with the unprecedented number of SARS-CoV-216 
2 infections in the world is resulting in massive viral adaptation. Additional experiments are required to 217 
distinguish true functional changes from neutral evolution.   218 
 Finally, the detailed spike analysis of Figure 3 reveals 82 domains of 15-aa that have shown 219 
high variation (1-mean bit-score>= 0.3) in the Sarbecoviruses while 29 of these domains show changes 220 
in VOC relative to early lineage B SARS-CoV-2. In broad terms, the SARS-CoV-2 evolution observed 221 
in the current VOC has sampled only 36% (29/82) of the possible spikes changes which have occurred 222 
historically in Sarbecovirus evolution. It is highly likely that a large number of new SARS-CoV-2 variants 223 
with changes in these regions are possible, compatible with virus replication and expected in the coming 224 
months, unless global viral replication is severely reduced.  225 
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 299 
Supplementary Figure 1 demonstrates the relationship between the 1-mean bit-score and amino acid 300 
changes across a sequence alignment. A set of twelve, 15 aa pHMM domains across the central region 301 
of the spike protein were used to demonstrate the relationship between the total amino acid changes 302 
and the resulting pHMM 1-mean bit-scores. An alignment of 38 spike proteins from 10 early SARS-303 
CoV-2 genomes,  4 close bat coronavirus Sarbecoviruses plus 24 additional close Sarbecoviruses was 304 
prepared and trimmed to an 87 amino acid region spanning conserved and variable sequences across 305 
the furin cleavage site.  The bit-scores(10) for the twelve, 15 aa pHMMs across each query sequence 306 
were gathered, and the mean value for each domain across the  set was calculated and converted to a 307 
1-mean bit-score value for ease of visualization (higher value = greater difference from SARS-CoV-2).   308 
 The amino acid changes across the alignment are shown in Supplementary Figure 1 panel B. 309 
with each colored bar indicating an amino acid change (or gap, indicated in grey) from the spike of 310 
reference genome NC-045512, The 3' end of the spike S1, the furin cleavage site and the 5' start of the 311 
spike S2 region are indicated in Panel B. Peaks of variability are seen flanking and within the furin site 312 
and in the S2 region (Supplementary Figure 1 panel A).  The 1-mean bit-score values for the 12 domains 313 
are plotted in Panel C. and show a related but more softened pattern of variation across the region. The 314 
advantage the pHMM method and the 1-mean bit-score metrics is that the score is weighted to reflect 315 
the type of amino acid change or insertion/deletions and can be determined quickly in large genome 316 
sets using the HMMER tools(10). For our comparative analysis, the cutoff of 0.3 for the 1-mean bit-317 
score was set to reflect about 25 amino changes in the total aa positions covered by each domain query 318 
(15 aa domain across 38  sequences = 570 total position differences possible).   319 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 6, 2021. ; https://doi.org/10.1101/2021.04.06.438675doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.06.438675
http://creativecommons.org/licenses/by/4.0/


 11 

 320 
Supplemental Figure 1. Demonstrating relationship between amino acid changes and 1-mean 321 
bit score.  (B) The spike proteins encoded by the set of Sarbecovirus genomes examined in Figure 2 322 
and 3 were aligned and the amino acid changes from the early SARS-CoV-2 genomes (= NC-045512 323 
sequence) were depicted as colored lines across each sequence. (A) The total number of proteins 324 
showing a change from the early SARS-CoV-2 genomes (NC-045512) were plotted for each position 325 
of the alignment. (C) The set of 12, 15 aa  pHMMs spanning the central region of the spike (a subset of 326 
the pHMMs used for Figure 3) were used to examine the Sarbecovirus spike sequences. For each 327 
pHMM, the mean bit-score for the entire sequence sequencer set was calculate and the value 1-mean 328 
bit-score  is plotted for each of the 12 pHMMs. Domains containing known amino acid changes in VOC 329 
(Q677, P681, T716) and the domains spanning the furin cleavage site are indicated by color (with the 330 
legend found below panel C).  331 
 332 
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