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ABSTRACT (228) 

Comparison of evolution among related viruses can provide insights into shared adaptive 

processes, for example following host switching to a mutual host species. Whilst phylogenetic 

methods can help identify mutations that may be important for evolutionary processes such 

as adaptation to a new host, these can be enhanced by positioning candidate mutations to 

known functional sites on protein structures. Over the past two decades, three zoonotic 

betacoronaviruses have significantly impacted human public health: SARS-CoV-1, MERS-

CoV and SARS-CoV-2, whilst two other betacoronaviruses, HKU1 and OC43, have circulated 

endemically in the human population for over 100 years. In this study, we use a comparative 

approach to prospectively search for potentially evolutionarily-relevant mutations within the 

Orf1ab and S genes across betacoronavirus species that have demonstrated sustained 

human-to-human transmission (HKU1, OC43, SARS-CoV-1 and SARS-CoV-2). We used a 

combination of molecular evolution methods to identify 30 sites that display evidence of 

homoplasy and/or stepwise evolution, that may be suggestive of adaptation across emerging 

and endemic betacoronaviruses. Of these, seven sites also display evidence of being 

selectively relevant. Drawing upon known protein structure data, we find that four of the 

identified mutations [18121 (exonuclease/27), 21623 (spike/21), 21635 (spike/25) and 23948 

(spike/796), in SARS-CoV-2 genome coordinates] are proximal to regions of known 

functionality. Our results provide a molecular-level context for common evolutionary pathways 

that betacoronaviruses may undergo during adaptation to the human host.  
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INTRODUCTION 1 

Mutation is a fundamental process for virus evolution, generating genetic variability and 2 

enabling evolutionary change (Loewe and Hill 2010). The vast majority of mutations are 3 

expected to be either detrimental to virus fitness and eliminated through purifying selection, 4 

or selectively neutral and subjected to random genetic drift. Only a small proportion of 5 

mutations are expected to be adaptive and subsequently maintained through positive 6 

selection (Pond, et al. 2012). Although RNA viruses evolve rapidly due to their relatively small 7 

genomes and high mutation rates, mutational pathways leading to adaptation are limited by 8 

the functional constraints of the interacting genes they encode (Dolan, et al. 2018). If 9 

admissible genetic variability is indeed limited, then adaptive evolutionary trajectories may 10 

exhibit constrained, and sometimes recurrent patterns (Gutierrez, et al. 2019).  11 

In the context of virus evolution, homoplasy (or parallel evolution) is defined as the 12 

appearance of the same mutations in lineages that do not share direct common ancestry, a 13 

phenomenon that is potentially informative on adaptation (Gutierrez, et al. 2019). For example, 14 

the parallel loss of the hemagglutinin-esterase (HE) protein lectin function in endemic 15 

betacoronaviruses HKU1 and OC43 likely reflects their convergent adaptation to human hosts 16 

(Bakkers, et al. 2017). Recurring mutation patterns have also been linked to the emergence 17 

of highly-pathogenic genotypes/phenotypes in avian influenza A and polio viruses (Stern, et 18 

al. 2017; Escalera-Zamudio, et al. 2020). Another evolutionary pattern that may reflect 19 

adaptation is stepwise evolution, in which genome sites are subjected to mutational change 20 

between at least two states (AàB) occurring in directed steps towards a local fitness optimum 21 

(e.g. mutation AàB, but without immediate reversion BàA) (Figure 1) (Delport, et al. 2008) 22 

(Farris 1977). For example, stepwise evolution may be reflective of selective pressure exerted 23 

by host immune responses (Boni, et al. 2006; Starr, et al. 2021)  24 

Coronaviruses are well known for their propensity to switch host species, as evidenced 25 

by the zoonotic introduction of three such viruses over the past two decades. Whilst the 26 

emergence of SARS-CoV-2 variants in recent months indicates that adaptation of SARS-CoV-27 

2 to the human host environment is ongoing (O’Toole, et al. 2021), the relatively homogeneous 28 
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genetic composition of the SARS-CoV-2 population (Rausch, et al. 2020) results in a limited 29 

power to detect emerging adaptive mutations using standard analytical methods (van Dorp, 30 

Richard, et al. 2020). Under these circumstances, the contextualization of comparative 31 

molecular evolution within a protein structure framework may provide a complementary 32 

approach for identifying evolutionary change related to adaptation in different virus populations 33 

(Ellegren 2008; Hulswit, et al. 2016; Avanzato, et al. 2019; Escalera-Zamudio, et al. 2020).  34 

The four betacoronaviruses capable of sustained human-to-human transmission 35 

(OC43, HKU1, SARS-CoV-1, SARS-CoV-2) were introduced into human populations through 36 

independent zoonotic events, and fall within two virus lineages (International Committee on 37 

Taxonomy of Viruses 2012, Zhou, et al. 2020). Lineage A (LinA, Embecovirus subgenus) 38 

includes the OC43 viruses, first described in 1967 (McIntosh, et al. 1967), and the HKU1 39 

viruses identified in 2005 (Woo, et al. 2005), both associated with a mild respiratory disease 40 

(Su, et al. 2016). HKU1 and OC43 became endemic to humans following their introduction, 41 

which is estimated to have occurred >100 years ago (Vijgen, et al. 2005). Viruses of lineage 42 

B (LinB, Sarbecovirus subgenus, SARS-CoV-1 and SARS-CoV-2) were introduced through 43 

more recent independent zoonotic events (Li, Shi, et al. 2005; Vijaykrishna, et al. 2007; 44 

Andersen, et al. 2020; Boni, et al. 2020; Banerjee, et al. 2021). After its emergence in 2002 45 

(Peiris, et al. 2003), SARS-CoV-1 spread to >20 countries in six months, resulting in a short-46 

lived but severe outbreak characterized by sustained human-to-human virus transmission 47 

(Cheng, et al. 2007). Even though the circulation of SARS-CoV-1 in humans was terminated, 48 

there is evidence that the virus adapted to transmission among humans (Chinese SARS 49 

Molecular Consortium 2004). Since its emergence in 2019 (Zhou, et al. 2020), SARS-CoV-2 50 

has displayed highly efficient human-to-human transmission resulting in global spread, with 51 

an apparently low rate of adaptive change in humans during the early stage of the pandemic 52 

(MacLean, et al. 2020). Although MERS-CoV (Merbecovirus subgenus; Fehr, et al. 2017) can 53 

also infect humans, MERS-CoV outbreaks so far have been the result of independent zoonotic 54 

events characterized by limited transmission chains (Fehr, et al. 2017; WHO 2021), and 55 
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MERS-CoV has not yet shown signs of ongoing adaptation to the human host (Kim, et al. 56 

2016; Fehr, et al. 2017).  57 

Continuous circulation of OC43 and HKU1 in humans has been accompanied by 58 

ongoing host-specific adaptation, a process that is at an early stage for SARS-CoV-2. If SARS-59 

CoV-2 becomes endemic in humans (Shaman and Galanti 2020), it will similarly need to 60 

overcome the selective pressures exerted by collective immune responses of the human host 61 

population (Kissler, et al. 2020). In an attempt to shed light on the possible existence of 62 

convergent adaptive evolution across human betacoronaviruses, we undertook a comparative 63 

evolutionary analysis of four human-infecting virus species: HKU1, OC43, SARS-CoV-1 and 64 

SARS-CoV-2. As MERS-CoV infections only result in short-lived human-to-human 65 

transmission chains, it was excluded from our analysis. We identify 30 mutations at sites 66 

displaying evidence for homoplasy and/or stepwise evolution across the different virus species 67 

studied. Using a comparative in silico approach, we find that four mutations (18121 68 

[exonuclease/27], 21623 [spike/21], 21635 [spike/25] and 23948 [spike/796], in SARS-CoV-2 69 

genome coordinates) additionally display evidence of being selectively relevant and localize 70 

near known functional surfaces of non-structural proteins in Orf1ab (nsp14) (Ma, et al. 2015), 71 

the spike protein S1 subunit, and the virus fusion machinery in S2, respectively.  72 

 73 

RESULTS 74 

Conserved and variable sites across HKU1, OC43, SARS-CoV-1, and SARS-CoV-2 75 

The LinA (HKU1 and OC43) and LinB viruses (SARS-related viruses, SARS-CoV-1 and 76 

SARS-CoV-2) (International Committee on Taxonomy of Viruses 2012) were consistently 77 

identified in all phylogenetic trees, in agreement with previously published phylogenies (Figure 78 

2) (Woo, et al. 2006; Woo, et al. 2010; Lau, et al. 2011; Oong, et al. 2017; Zhu, et al. 2018; 79 

Bedford 2020). We also identified the previously described genotypes for HKU1 (A-C) and 80 

OC43 (A-H) (Woo, et al. 2006; Oong, et al. 2017) (Supplementary Data 1). We found that 81 

2.2% of all homologous sites in the Orf1ab+S alignment (205/8962 codons) corresponded to 82 

non-synonymous amino acid changes shared between virus species, i.e., appearing in any of 83 
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the SARS-related viruses and in HKU1 and/or OC43. For Orf1a, 2.7% of sites (129/4774 84 

codons within the Orf1a alignment) fell within this category, whilst for Orf1b 0.9% of sites 85 

(25/2623 within the Orf1b codon alignment) were identified as shared. The highest proportion 86 

of shared mutations was identified within Orf S (3.2% of all sites, 48/1457 codons within the 87 

alignment).  88 

The S protein sequence alignment showed a greater proportion of variable sites relative 89 

to conserved sites across virus species, indicating a low degree of sequence conservation for 90 

the S gene, characteristic of coronaviruses (Li F, 2012). Only 16% of homologous sites in the 91 

alignment were conserved (243/1457 within S codon alignment), whilst the remainder (84%) 92 

were variable (Supplementary Data 2). The highest proportion of conserved sites was found 93 

within the S2 domain, presumably reflecting functional constraints and conservation of the 94 

viral membrane fusion machinery across virus species (Bosch, et al. 2003). A greater number 95 

of variable sites was observed within S1. Conserved sites were mostly observed within the 96 

S1A domain (also known as N-terminal domain, NTD) compared to the S1B domain, showing 97 

no conserved sites across virus species. This is likely attributable to the differences in receptor 98 

engagement mediated by the S1 subunit between the LinA and Lin B viruses, as the LinA 99 

viruses use domain S1A to interact with sialoglycan-based receptors, whilst LinB viruses use 100 

the S1 B domain to interact with the human ‘angiotensin-converting enzyme 2’ receptor (ACE2) 101 

(Hulswit, et al. 2019; Lan, et al. 2020). Additionally, a conserved residue ‘R’ at site 685 within 102 

the S1/S2 cleavage site (numbering according to the SARS-CoV-2 protein, codon sites 23615-103 

23617) was found to be shared across all virus species (Supplementary Data 2), reflective of 104 

a conserved proteolytic maturation for the spike protein in the lifecycle of coronaviruses (Millet, 105 

et al. 2015). 106 

In contrast to inter-species analysis, a high degree of sequence conservation within single 107 

species was observed (Figure 3). In general, the vast majority of sites were conserved and 108 

distributed predominantly within the membrane proximal S2, whilst variable sites were fewer 109 

and tend to be predominantly distributed within the membrane distal S1 subunit of the protein 110 

structures. The predominance of variable sites within S1 and conserved sites within S2 is most 111 
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evident for the LinA viruses (HKU1 and OC43) and less so for LinB viruses (SARS-related 112 

viruses), for which the distribution of sites across the Orf S seems to be more homogeneous 113 

(Figure 3).  114 

 115 

Identifying putative homoplasy and/or stepwise evolution  116 

Not all variation observed for homologous sites may be reflective of common evolutionary 117 

trajectories across virus species. Thus, among the variable sites identified in the section 118 

above, we searched for those sites displaying putative homoplasy and/or stepwise evolution 119 

across virus species (Figure 1, see Methods section 3). We identified 30 mutations 120 

(representing 0.3% of all sites within the Orf1ab+S codon alignment) at sites displaying 121 

patterns indicative of homoplasy and/or stepwise evolution. Two of these sites were found 122 

within Orf1a, nine within Or1b, and nineteen within S (Table 1). Ancestral reconstructions for 123 

amino acid evolution patterns are shown for three illustrative examples in Figure 4. 124 

 Codon sites 18121-18123 (designated here as 18121 to indicate the start of the codon) 125 

in Orf1b/nsp14 correspond to the amino acid state ‘S’, which is homoplasic between HKU1 126 

genotype B, SARS-CoV-1 and SARS-CoV-2 (Table 1, Figure 4, Supplementary Data 3). 127 

Codon sites 21623-21626 (designated here as site 21623) in Orf S correspond to the amino 128 

acid state ‘R’, which is homoplasic between SARS-CoV-2 and OC43 genotypes D, F, G and 129 

H. This site also exhibits the amino acid state ‘I’ present in a small SARS-CoV-2 cluster 130 

(represented by isolate SARS_CoV_2|PHWC-252C3|Human|Wales|2020, belonging to 131 

Pango lineage B.1.1.237) ( O’Toole, et al. 2021). This state is homoplasic between this small 132 

SARS-CoV-2 cluster and OC43 genotypes E and H. Thus, site 21623 shows both evidence 133 

for homoplasy across different virus species (i.e. within OC34 and SARS-CoV-2), and 134 

stepwise evolution within a single virus species (in OC43, represented by the sequential amino 135 

acid changes Và Ià Kà R, with no reversions observed to date to the immediate ancestral 136 

state). Comparably, codon sites 21635-21637 (designated here as site 21635) in Orf S 137 

correspond to the amino acid state ‘P’, also homoplasic between SARS-CoV-2 and OC43 138 

genotypes D, F, G and H. This site again shows both evidence for homoplasy across different 139 
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virus species (i.e. within OC34 and SARS-CoV-2), and stepwise evolution within a single virus 140 

species (in OC43, represented by the sequential amino acid changes VàP with no reversions) 141 

(Table 1, Figure 4, Supplementary Data 3). 142 

Codon sites 23948-23950 (designated here as site 23948) in Orf S correspond to amino 143 

acid state ‘D’, present in all virus species with the exception of the OC43 viruses that have an 144 

‘N’ at this site. Of interest, SARS-CoV-1 at this site shows a change from state ‘D’ (present in 145 

the earlier isolates) to ‘Y’ (appearing in the later isolates) (Table 1, Figure 4, Supplementary 146 

Data 3). Thus, this site displays evidence for stepwise evolution within SARS-CoV-1. Finally, 147 

codon sites 24614-24616, 24620-24623 and 24632-24635 (designated here as sites 24614, 148 

24620 and 24632) in Orf S correspond to amino acid states ‘I’, ‘A’ and ‘L’. These amino acid 149 

states at three separate sites are homoplasic between HKU1 genotype B and the SARS-CoV-150 

1 and SARS-CoV-2 viruses (Supplementary Data 3). 151 

 152 

Estimating and comparing positive selection across virus species 153 

Using a genome-wide comparison of dN/dS estimates across different virus genome regions 154 

(see Methods section 4), we detected evidence for positive selection in the complete Orf1b 155 

and S regions of the SARS-CoV-2 genome compared to the other virus genomes. Specifically, 156 

episodic diversifying selection analysis revealed positive selection in 5/14 non-recombinant 157 

fragments (three in Orf1b and two in Orf S, for details see 158 

https://observablehq.com/@spond/beta-cov-analysis). When comparing the alignment for all 159 

virus species and looking for evidence of selection across sites/internal branches of the tree 160 

(see Methods section 4), we found that 0.7% of all sites (67 codons in the Orf1ab+S alignment) 161 

were inferred to be under episodic diversifying positive selection (scored under MEME p≤0.05 162 

as PSS, positively-selected sites) (Supplementary Table 3), and an additional 5% (461 of the 163 

codons in the Orf1ab+S alignment) were inferred to be under pervasive negative selection 164 

(scored under FEL p≤0.05 as NSS, negatively-selected site). For the sites categorized under 165 

homoplasy/stepwise evolution under our pipeline, 19048, 21623, 21635, 22124 and 23048 166 

were scored as PSS. Sites 21623 and 21635 were inferred as PSSs along the branches 167 
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ancestral to HKU1, OC43 and SARS-CoV-2, sites 19048 and 22124 were inferred as PSSs 168 

along the OC43 branches, and site 23048 was inferred as a PSS along the HKU1 branch (p 169 

<0.05) (Table 1, Supplementary Table 3). 170 

Using the Contrast-FEL method to detect differential positive selection across 171 

branches separating different virus lineages, we found that 36 sites (0.4%) across the 172 

alignment/tree were scored to be under differential selective pressure between some or all the 173 

different viral clades. For sites categorized under homoplasy/stepwise evolution in our 174 

pipeline, analysis under branch and site models (MEME; see Methods section 4) revealed that 175 

site 18121 is under selection for the HKU1 clade/branch compared to LinB (SARS-related 176 

viruses), in agreement with our observation for this site being homoplasic between HKU1 177 

genotype B and SARS-CoV-1 and SARS-CoV-2 (Table 1, Figure 4). Site 23948 was also 178 

inferred to be under positive selective for the SARS-CoV-1 clade/branch compared to other 179 

virus species (Supplementary Table 3, Table 1).  180 

We subsequently mapped the identified PSS and NSSs onto the SARS-CoV-2 S protein 181 

structure. For the 22 PSSs identified in S, 18 were located within S1 (11 in S1A, 5 in S1B, 1 in 182 

S1C and 1 in S1D), whilst the 4 remaining PSSs mapped onto S2. For the 82 NSSs identified 183 

in S, 46 mapped onto S1 (18 in S1A, 21 in S1B, 3 in S1C and 4 in S1D), and remaining 36 were 184 

found within S2 (Supplementary Figure 2). 185 

 186 

Comparing positive selection with ongoing selection in the SARS-CoV-2 population 187 

We compared our abovementioned results with the selection analysis available for currently 188 

sampled SARS-CoV-2 genomes as of February 2021 (available at 189 

https://observablehq.com/@spond/evolutionary-annotation-of-sars-cov-2-covid-19-genomes-190 

enab) (Kosakovsky Pond 2021). Of the 30 mutations identified here, 16 showed evidence of 191 

being under positive or negative selection currently within SARS-CoV-2, with 13 of these sites 192 

mapping directly onto potential T cell epitopes derived from HLA class I and HLA-DR binding 193 

peptides in SARS-CoV-2 (Campbell, et al. 2020; Nelde, et al. 2021) (Table 1). Among the sites 194 
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identified here as displaying homoplasy or stepwise evolution, sites 7478, 21614, 23948, 195 

24620 and 25166 were also inferred to be under ongoing positive selection within SARS-CoV-196 

2, whilst genome sites 21635, 24863, and 25037 were identified to be under negative selection 197 

within SARS-CoV-2 (Table 1). Some of the amino acid changes observed at these sites within 198 

the SARS-CoV-2 population had already occurred in other betacoronavirus species. An 199 

example of this is site 21614, with an observed amino change ‘L’ within the sequences 200 

sampled for our study (see Methods section 1), and an observed change L→F later occurring 201 

within the SARS-CoV-2 population sampled. Amino acid state ‘F’ had been already observed 202 

in the OC43 and SARS-CoV-1-like viruses (Table 1). Contrastingly, other amino acid changes 203 

at these sites currently observed for SARS-CoV-2 are not seen within other human 204 

betacoronaviruses in our data set. However, we note that some of these newly observed 205 

amino acid changes may represent evolutionary dead-ends within the long-term evolution of 206 

the virus population, as exemplified by the early emergence and extinction of different SARS-207 

CoV-2 lineages through time and space (van Dorp, Acman, et al. 2020; van Dorp, Richard, et 208 

al. 2020).  209 

 210 

Relating the locations of identified mutations to known functional sites on reported protein 211 

structures.  212 

We found that 8 of the 30 identified mutations that exhibited homoplasy and/or stepwise 213 

evolution are structurally proximal to regions of known protein function (not considering 214 

whether these if sites were shown to be selectively relevant). The main results are summarised 215 

below and in Table 2: 216 

• Orf1ab 217 

The Orf1ab gene encodes 16 non-structural proteins (nsp1-16), all of which have a functional 218 

role related to viral RNA synthesis and processing (Wu, et al. 2020). Site 18121 in Orf1ab 219 

corresponds to the ‘S’ to ‘A’ mutation identified as homoplasic in some HKU1 and the SARS-220 

related viruses (for details, see results section ‘Identifying putative homoplasy and/or stepwise 221 

evolution’), and inferred to be under positive selection for the HKU1, OC43 and SARS-CoV-2 222 
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branches (Figure 4, Supplementary Data 3, Table1). This site corresponds to residue 28 223 

located within the exonuclease ExoN domain of the nsp14 protein (numbering according to 224 

the SARS-CoV-1 protein) (Table 2, Figure 5a). Nsp14 protein functions as a methyltransferase 225 

and is involved 5′-capping to the viral mRNA (Ma, et al. 2015). The cap core structure is 226 

essential for viral mRNA transcription, but is also implicated in protecting the 5′-triphosphate 227 

from activating the host innate immune response (Wang, et al. 2015). This ‘S’ to ‘A’ amino 228 

acid change is expected to result in the loss of an intra-protein hydrogen-bond (formed with 229 

the main chain of residue T25 of nsp14, Figure 5a) within nsp14’s interaction surface with its 230 

activator nsp10 (Ma, et al. 2015) (as assessed by PISAebi; 231 

http://www.ebi.ac.uk/pdbe/prot_int/pistart.html), potentially modulating this protein-protein 232 

interaction.  233 

Site 20344 also in Orf1ab corresponds to a non-conservative ‘H’ to ‘Y’ mutation observed 234 

to be homoplasic in some HKU1 and SARS-related viruses (Supplementary Data 3, Table1). 235 

This site corresponds to residue 243 in nsp15 (numbering according to the SARS-CoV-2 236 

protein) (Table 2, Figure 5b), and is located within the NendoU catalytic domain of the 237 

endoRNAse. This domain specifically targets and degrades viral mRNA polyuridine 238 

sequences to prevent host immune sensing (Hackbart, et al. 2020). However, this mutation is 239 

distal (~12 Å) to the nucleotide binding pocket of the active site, and the impact of this change 240 

upon endoRNAse activity, if any, is unknown. 241 

• S1  242 

The S1 subunit of the spike (S) protein mediates attachment of the virus to the host cell 243 

(Hulswit, et al. 2016). The LinA viruses (HKU1 and OC43) recognize glycan-based cell 244 

receptors carrying 9-O-acetylated sialic acids and receptor recognition is accomplished via 245 

two hydrophobic pockets separated by a conserved Trp (W) located within the S1A region of 246 

the protein (Hulswit, et al. 2019, Tortorici and Veesler 2019). In contrast, the receptor-binding 247 

site for LinB viruses (SARS-CoV-1 and SARS-CoV-2) consists of an extended loop located 248 

within the S1B domain of the protein (Li, et al. 2005; Lan, et al. 2020; Shang, et al. 2020). 249 

Despite a limited level of sequence conservation amongst the contact residues in the RBD 250 
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between the SARS-CoV-1 and SARS-CoV-2 viruses, both recognize ACE2 for cell entry (Lan, 251 

et al. 2020).  252 

Sites 21623 and 21635 in Orf S were identified as homoplasic across lineages of distinct 253 

virus species (certain OC34 and SARS-CoV-2 lineages) and exhibit stepwise evolution within 254 

a single virus species (OC34). These sites were also inferred to be under positive selection 255 

for the HKU1, OC43 and SARS-CoV-2 branches (Figure 4, Supplementary Data 3, Table1). 256 

Site 21623 maps to domain S1A, and corresponds to the non-conservative mutation ‘R’ to ‘I’ 257 

at residue 21 in the SARS-CoV-2 S protein, and to residue 29 of the OC43 S protein. Site 258 

21635 is situated 4 residues downstream of 21623, and corresponds to residue 25 in the 259 

SARS-CoV-2 S protein, and to residue 33 of the OC43 S protein (Table 2, Figure 6). For 260 

OC43, these residues located within a loop neighbouring the hydrophobic pockets in S1A 261 

instrumental for receptor recognition, and changes to this region have been previously shown 262 

to modulate receptor affinity (Hulswit, et al. 2019). Given residue location within the protein 263 

and a highly variable evolutionary pattern exhibiting both homoplasy and stepwise evolution 264 

(Figure 4), it seems possible that this site may reflect antigenic drift shaped by the selective 265 

pressure exerted by the host immune response (Kistler and Bedford, 2021), and might be of 266 

particular relevance for LinA viruses. In the case of SARS-CoV-2, two variants of concern 267 

(B.1.351 and P.1) have independently accumulated mutations at this region (Faria, et al. 2021; 268 

Tegally, et al. 2021). Given that LinB viruses engage their ACE2 receptor via domain S1B, 269 

mutations at this particular site in SARS-related viruses may reflect relaxed constraints within 270 

the local protein surface, unrelated to receptor functionality. 271 

• S2  272 

Binding of the virus to the cell surface is followed by fusion of the viral and host membrane to 273 

release the virus genome into the cell. The S protein needs to be primed in order to mediate 274 

membrane fusion, and this is achieved through cleavage by host cell proteases (Xia, et al. 275 

2020). Betacoronavirus spike proteins contain a conserved cleavage site at the S1-S2 junction 276 

(consensus RRAR|S in SARS-CoV-2), and an additional R|S site within the S2' subunit, 277 

termed the S2' cleavage site. The S2 subunit of the S protein harbours the protein’s fusion 278 
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machinery, with the characteristic structural features of class I fusion proteins (Bosch, et al. 279 

2003; Benton, et al. 2020), including a fusion peptide that is inserted into the host membrane 280 

during the fusion process that triggers major conformational changes within the central helix 281 

to facilitate merger of the virus-host membranes  282 

Site 23948 within S displays evidence for stepwise evolution within the SARS-CoV-1 283 

viruses (Figure 4, Supplementary Data 3, Table1), and corresponds to a non-conservative ‘D’ 284 

to ‘Y’ mutation at residue 778 within the S2 subunit of SARS-CoV-1, and an ‘N’ at residue 890 285 

of OC43 S (Table 2). This protein region is located immediately upstream of the S2' cleavage 286 

site, key for the release of the fusion peptide (Millet, et al. 2015). The amino acids between 287 

site 23948 and the fusion peptide form a loop with some degree of variability across different 288 

betacoronavirus species (Figure S1), suggesting relaxed functional constraints and/or that 289 

flexibility is important for functionality within the local protein region. In agreement with this 290 

observation, the corresponding region remains unresolved in the HKU1 structure, indicating 291 

local protein flexibility. Due to the position of this site near the S2' cleavage site, it is possible 292 

that changes to this region may affect the maturation and/or activity of the spike protein. 293 

Mutations within this region have been detected in the currently circulating SARS-CoV-2 294 

population (Table 1), whilst evidence for positive selection at this site may reflect ongoing 295 

adaptation. 296 

Finally, sites 24614, 24620 and 24632 correspond to the conservative mutation ‘V’ to ‘I’ at 297 

residue 1018, ‘F’ to ‘A’ at residue 1020, and the non-conservative mutation ‘L’ to ‘R’ at residue 298 

1024 (numbering according to the SARS-CoV-2 protein) in S2, observed to be homoplasic for 299 

some HKU1 and SARS-related viruses (Table 1). These three residues are within close 300 

proximity of each other and are positioned within the central helix of S2 (Table 2, Figure 6), a 301 

region for which conformational rearrangements may facilitate membrane fusion 302 

(Kirchdoerfer, et al. 2016; Pallesen, et al. 2017; Kirchdoerfer, et al. 2018). Again, given their 303 

proximity, it is possible that changes to these amino acids may alter the fusogenic functionality 304 

of the S2, as has been observed for other changes at central helix domain of coronaviruses 305 

(Hulswit, et al. 2016).  306 
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DISCUSSION 307 

Current genomic studies on betacoronavirus mutational patterns have focused mostly on the 308 

intra-species variation of SARS-CoV-2, yet the vast majority of the observed variation in the 309 

SARS-CoV-2 population is not expected to be related to adaptive processes (van Dorp, 310 

Acman, et al. 2020; van Dorp, Richard, et al. 2020). In addition, emerging mutations in the 311 

sampled SARS-CoV-2 virus population may also reflect mutational rate biases inherent of the 312 

viral genome (i.e. with Cà U transitions being more likely and resulting a high degree of 313 

apparent homoplasy in synonymous sites), or even systematic errors related to sequencing 314 

and bioinformatic methodologies (De Maio, et al. 2020; Worobey, et al. 2020; Wang, et al. 315 

2021). Thus, the comparison of mutations co-occurring across human-infecting 316 

betacoronaviruses (OC43, HKU1, SARS-CoV-1, SARS-CoV-2) has the potential to improve 317 

our understanding on the common mutations associated with betacoronavirus adaptation to 318 

the human host.  319 

Within individual virus species, the majority of variable sites were observed within Orf 320 

S, encoding for the main viral antigenic protein (Yoshimoto 2020). Analysis of the distribution 321 

of variable versus conserved sites on the S protein structures of the different virus species 322 

showed more variable sites within S1 compared to S2, with this pattern being particularly 323 

evident for the endemic LinA viruses (OC34 and HKU1). Despite major differences in the 324 

receptors and sites used for engagement between the LinA and LinB viruses (Hulswit, et al. 325 

2019; Lan, et al. 2020), similar structural constraints on the S1 subunit domains and exposure 326 

to comparable immune-derived selective pressures may explain the occurrence of potentially 327 

homoplasic mutations in S1 across distinct virus species. Thus, we speculate that a key 328 

evolutionary force driving fixation of mutations in S1 may arise from the host humoral immune 329 

response (Kistler and Bedford, 2021; Li, et al. 2019; Dejnirattisai, et al. 2021). Due to the 330 

recent zoonotic introduction of SARS-CoV-2, the effects of immune-derived selective forces 331 

may be more pronounced for the endemic viruses, for which antigenic drift (Kistler and 332 

Bedford, 2021) may be associated with the emergence of viral genotypes that result in 333 

recurrent infections (Dejnirattisai, et al. 2021).  334 
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Through the genomic comparison across virus species, we find that only four sites (i) 335 

display evidence of homoplasy and/or stepwise evolution, (ii) show evidence to be evolving 336 

under positive selection, and (iii) are proximal to regions of established protein function. The 337 

emergence of mutations observed in the non-structural genes may be related to adaptation 338 

for a more efficient replication in the human host (Menachery, et al. 2017), such as those 339 

mutations identified here and observed to occur in the Orf1ab/Exonuclease domain of nsp14, 340 

and in the Orf1ab/endonuclease domain of nsp15 (sites 4265, 18121 and 20344, 341 

respectively). In contrast to the antibody-mediated immune response expected to be a key 342 

driver of evolution for the spike protein (Kistler and Bedford, 2021; Li F, 2016)., immune 343 

selection within the Orf1ab non-structural genes can be driven by impairment of interferon and 344 

cytokine signalling cascades and antigen presentation suppression, among other cellular 345 

pathways that can be affected by viral immune hijacking mechanisms (Wang, et al. 2015; 346 

Hackbart, et al. 2020; Taefehshokr, et al. 2020; Yuen, et al. 2020). Therefore, these may also 347 

arise through immune-derived selective pressures. However, it is important to note that the 348 

different selective pressures are not mutually exclusive, and that a single mutational change 349 

can have pleiotropic effects on multiple phenotypes and components of virus fitness (Polster 350 

et al, 2016). 351 

Detecting molecular evolution related to adaptation in human-infecting 352 

betacoronaviruses, as represented by homoplasy and/or stepwise evolution, can be 353 

hampered by the long divergence times between the virus species studied, which can limit 354 

alignment confidence. This divergence is also reflected by major differences in the basic 355 

biology of the viruses, such as receptor usage, and thus restrict the conclusions that can be 356 

drawn from this comparative analysis. Other limitations of our study include (i) the low 357 

availability of genomes sampled longitudinally through time (especially for HKU1 and SARS-358 

CoV-1), and (ii) the low genetic variability for SARS-CoV-2 (Rausch, et al. 2020), which restrict 359 

the statistical power to detect mutations likely to denote adaptation (van Dorp, Richard, et al. 360 

2020). Further, it is not possible to be certain that the mutations identified by our pipeline are 361 

indeed adaptive, as apparent homoplasy and stepwise evolution can also result from non-362 
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adaptive evolutionary processes such as genetic drift, mutational hitchhiking, and mutational 363 

rate biases (Delport, et al. 2008; Pond, et al. 2012; De Maio, et al. 2020; Simmonds 2020; 364 

Wang, et al. 2021). Further genomic surveillance of these viruses, as well as other beta-365 

coronaviruses that may potentially emerge, will be necessary to confirm that the mutational 366 

panel presented here may represent common pathways reflecting betacoronavirus adaptation 367 

to the human host. The mutations identified here may be informative on ongoing adaptation 368 

of betacoronavirus circulating in the human population, but require further experimental 369 

evidence to interpret their adaptive effect and biological significance.  370 

 371 

MATERIAL AND METHODS 372 

1. Data collation  373 

For HKU1, OC43 and SARS-CoV-1, complete virus genomes from sampled from human 374 

across all geographical regions and collection years were downloaded from the Virus 375 

Pathogen Resource (ViPR-NCBI 2021) (Supplementary Data 4). Sequences were removed 376 

from the datasets if (i) they were >1000nt shorter than full genome length, (ii) they were 100% 377 

similar to any other sequence, or (iii) if >10% of site were ambiguities (including N or X). A 378 

total of 53 HKU1, 136 OC43 and 40 SARS-CoV-1 sequences were retained for analysis. We 379 

aimed to limit genetic diversity of the sampled SARS-CoV-2 virus population to the first wave 380 

of the pandemic, in order to better reflect its recent zoonotic introduction into the human 381 

population (MacLean, et al. 2020).Thus, for SARS-CoV-2, ~23000 full genomes sampled 382 

worldwide before May 2020 and available in the GSAID platform (GSAID 2021) were 383 

downloaded and aligned as part of the public dataset provided by the COG-UK consortium 384 

(COG-UK Consortium 2021) (Supplementary Data 4). To make analyses computationally 385 

feasible, the original SARS-CoV-2 alignment was subsampled to 5% of its original size, 386 

removing sequences using the criteria above. A total of SARS-CoV-2 1120 sequences were 387 

retained. For all virus species, we focused only on sequences derived from human hosts within 388 

our initial sequence sampling scheme, so that identified mutations reflect host-specific 389 

adaptation processes.  390 
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 391 

2. Initial phylogenetic analysis 392 

Only the main viral ORFs (Orf1ab and S) were used for phylogenenetic analysis, as these are 393 

shared among the four viral species used in this study (HKU1, OC43, SARS-CoV-1 and 394 

SARS-CoV-2). These ORFs code for proteins essential for virus function, such as the genome 395 

replication machinery and other essential non-structural proteins (Orf1ab), and the receptor 396 

engagement and the virus-host membrane fusion apparatus (S) (Yoshimoto 2020). For each 397 

virus species, individual ORFs were extracted, translated to amino-acids, and aligned using 398 

MAFFT v7.471(Katoh and Standley 2013). UTRs and short non-coding intergenic regions 399 

were excluded. The virus species and accession numbers used for this work are listed in 400 

Supplementary Data 1. Aligned ORFs were concatenated to generate an Orf1ab+S alignment 401 

for each virus species. Concatenated alignments were combined to generate a global dataset 402 

that was re-aligned at amino acid level using a profile-to-profile approach following taxonomic 403 

relatedness (Wang and Dunbrack 2004).  404 

Although recombination is known to occur among betacoronaviruses (Woo, et al. 2006; 405 

Su, et al. 2016; Oong, et al. 2017), recombinant sequences were not removed for this initial 406 

step of the analysis, as it was important first to identify general evolutionary patterns and to 407 

detect recombinant isolates that may display relevant mutations. However, recombinant 408 

sequences were further removed for detailed phylogenetic analysis (see Methods sections 6 409 

and 7). In total, 1314 sequences were used to generate an alignment with 26883 columns. 410 

Maximum likelihood phylogenies for the individual and global alignments were estimated using 411 

RAxML v8 (Stamatakis 2015) under a general time reversible nucleotide substitution model 412 

with gamma-distributed among-site rate variation (GTR+G) and branch support assessed 413 

using 100 bootstrap replicates. All trees were midpoint-rooted, and general patterns of 414 

ancestry among virus species were validated by comparing to previously published 415 

phylogenies (Woo, et al. 2006; Woo, et al. 2010; Lau, et al. 2011; Oong, et al. 2017; Zhu, et 416 

al. 2018; Bedford 2020). 417 

 418 
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3. Identifying evidence for homoplasy and/or stepwise evolution  419 

Following the pipeline described in Escalera et al. (Escalera-Zamudio, et al. 2020), we 420 

identified all variable sites within the global alignment representing non-synonymous amino 421 

acid changes occurring in ≥1% of the sampled sequences. Variable sites were identified by 422 

comparing homologous sites across sequences to a consensus generated under a 95% 423 

threshold using the ‘Find Variations/SNPs’ function in Geneious Prime v2020.0.4 (Kearse, et 424 

al. 2012). Ancestral amino acid states at these sites were inferred for nodes in the RAxML tree 425 

(global ML tree) using TreeTime (Sagulenko, et al. 2018) under a ML approach (RAS-ML) and 426 

a time-reversible model (GTR) for state transitions. In parallel, conserved amino acid states 427 

within the alignment were identified and extracted by using a profile-to profile alignment 428 

comparison of global consensus in amino acid sequences generated under a 99% threshold, 429 

and re-aligned using MAFFT v 7.471 (Katoh and Standley 2013) (Supplementary Data 2).  430 

The resulting 6681 variable amino acid sites were mapped onto the global ML tree 431 

(referred here as Ancestral Reconstruction Trees, ARTs) and analysed visually. We further 432 

developed a computational algorithm to sort ARTs according to whether they evidenced 433 

patterns of molecular homoplasy and/or stepwise evolution. Homoplasy can occur at an 434 

interspecies or intraspecies level, and is defined here as any given amino acid change 435 

occurring in at least one internal node of a given virus species, which is also present in at least 436 

another internal node of the same or other virus species (Figure 1). Nodes with the same 437 

amino acid state must not share direct common ancestry. Stepwise evolution can occur only 438 

at an intraspecies level, and is defined here as those sites subjected to directional mutational 439 

change involving at least two states (AàB) and occurring sequentially towards a local fitness 440 

optimum, but without immediate reversions (BàA) (see Figure 1 and Methods Section 3). A 441 

full description for the basic steps in the algorithm, including a schematic representation and 442 

validation data is available in the Supplementary Information (Supplementary Text 1, 443 

Supplementary Figure 3 and 4).  444 

 445 

4. Estimating dN/dS  446 
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Using the global alignment and ML tree, we estimated dN/dS (or w, defined as the ratio of 447 

non-synonymous substitution rate per non-synonymous site to the synonymous substitution 448 

rate per synonymous site) using both site, branch and branch-site dN/dS models: Mixed 449 

Effects Model of Evolution (MEME), Fixed Effects Likelihood (FEL), and the fixed effects site-450 

level model (Contrast-FEL) (Kosakovsky Pond and Frost 2005; Murrell, et al. 2012; 451 

Kosakovsky Pond, et al. 2020). The concatenated codon alignment for Orf1ab/S was 452 

partitioned into 14 putatively non-recombinant regions using the Genetic Algorithm for 453 

Recombination Detection (GARD) (Kosakovsky Pond, et al. 2006) and all subsequent 454 

analyses were conducted on partitioned data. The dN/dS models use the GTR component for 455 

the nucleotide evolutionary rate, so biased mutation rates are handled. Testing for selection 456 

was restricted to internal branches of the phylogeny to mitigate the inflation in dN/dS due to 457 

unresolved or maladaptive evolution in individual hosts (Pond, et al. 2006). Importance of 458 

biochemical properties at selected sites were assessed under the PRoperty Informed Models 459 

of Evolution method (PRIME) (HYPHY 2013). Genome-wide comparison of dN/dS estimates 460 

across different viral genome regions was performed using the Branch-Site Unrestricted 461 

Statistical Test for Episodic Diversification method (BUSTED) (Murrell, et al. 2015). An 462 

interactive notebook with the full selection analysis results is available at 463 

https://observablehq.com/@spond/beta-cov-analysis.  464 

 465 

5. Mapping mutations onto betacoronavirus protein structures  466 

To relate the positions of amino acid changes to regions of known protein function, the 467 

mutations identified in section 3 were mapped using PyMOL v 2.4.0 (https://pymol.org/2/) onto 468 

the available protein structures listed in Table 2 and in Data Availability section. N-linked 469 

glycosylation sites in S protein sequences were identified by searching for the N-[not P]-[S or 470 

T] consensus sequence (Watanabe, et al. 2019). None of the mutations identified in this study 471 

resulted in generation or deletion of N-linked glycosylation sequons. In parallel, conserved 472 

and variable sites for single virus species, and variable sites evidencing homoplasy and/or 473 

stepwise evolution across virus species, were mapped onto published S protein structures for 474 
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the four different betacoronaviruses (Figure 6, Supplementary Figure 2). To compare dN/dS 475 

distributions between specific domains of the S protein within and across virus species, sites 476 

inferred to be under positive and negative selection were mapped onto S protein structures 477 

(Supplementary Data 2).  478 

 479 

6. Resampling datasets 480 

We undertook further analysis to detect if the mutations identified within human-infecting 481 

betacoronaviruses were also present in genomes of the most closely related viruses derived 482 

from non-human hosts within LinA and LinB. First, we subsampled the SARS-CoV-2 483 

sequences from the global alignment in a phylogenetically-informed way to reduce over-484 

representation. Based on the ML tree, only the most basal SARS-CoV-2 sequences and those 485 

displaying the mutations of interest were retained, whilst randomly subsampling the rest to 486 

preserve overall tree structure. Using this approach, a total of 70 SARS-CoV-2 sequences 487 

were retained. We then added the most closely related viruses from non-human host, using 488 

the betacoronavirus dataset at https://github.com/blab/beta-cov to retrieve sequences based 489 

on percentage identity and phylogenetic clustering (Bedford 2020). Adding related non-human 490 

host genomes will also mitigate the effect of long branches separating virus species (i.e. LinA 491 

and LinB). Recombinant sequences identified were removed using ClonalFrameML (Didelot 492 

and Wilson 2015), whilst non-recombinant fragments were verified using GARD (Kosakovsky 493 

Pond, et al. 2006). Minor recombination events (with fewer than 10 sequences) were detected 494 

amongst the OC43 viruses (within the C, E, F and G genotypes) (Oong, et al. 2017). None of 495 

the recombinant sequences displayed any mutations of interest, and thus were excluded from 496 

further analysis (see below). In total, 430 non-human virus sequences were added to the 497 

dataset, yielding a total of 686 sequences that were realigned under a progressive profile-to-498 

profile approach based on taxonomic relatedness, resulting in an alignment with a total length 499 

of 27392 bases. The resulting alignment was used to estimate a new ML tree using the 500 

approach in Methods Section 2 (Figure 2). MERS virus sequences were included only for tree 501 

rooting purposes.  502 
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 503 

7. Reconstruction of amino acid evolution for selected sites  504 

For examplary mutations with cumulative evolutionary and structural evidence of being 505 

potentially informative about adaptation processes (genome sites 18121, 21623 and 23948) 506 

(Table 1), we used the resampled dataset to infer ancestral states under a Bayesian 507 

framework. For this, we first estimated an MCC tree from the resampled codon alignment 508 

(Methods Section 6) using a SRD06 substitution model (Shapiro, et al. 2006) and a strict 509 

molecular clock fixed to 1. For each site of interest, coded amino acid traits were mapped onto 510 

the nodes of the MCC tree by performing reconstructions of ancestral states under an 511 

asymmetric discrete trait evolution model (DTA) in BEAST v1.8.4 (Lemey, et al. 2009; 512 

Suchard, et al. 2018). The DTA model was run using a Bayesian Skygrid tree prior for 100X106 513 

generations and sampled every 10000 states until all DTA-relevant parameters reached an 514 

ESS >200.  515 

 516 

FIGURE LEGENDS 517 

Figure 1. Patterns of evolution potentially informative of adaptation 518 

Patterns of molecular evolution that may be informative of adaptation include homoplasy (also 519 

called parallel evolution) and stepwise evolution. (a) Homoplasy can occur at an interspecies 520 

or intraspecies level, and is defined here as any given amino acid change occurring in at least 521 

one internal node of a given virus clade, and which is also present in at least another internal 522 

node of the same or another virus clade. Nodes with the same amino acid state must not 523 

share direct common ancestry. (b) Stepwise evolution can occur only at an intraspecies level, 524 

and is defined here as those sites subjected to directional mutational change involving at least 525 

two states (AàB) and occurring sequentially towards a local fitness optimum, but without 526 

immediate reversions (BàA). Homoplasy and Stepwise evolution are not mutually exclusive 527 

events and may co-occur (see Supplementary Text 1). Here we study the amino acid evolution 528 

patterns denoting homoplasy and stepwise evolution for mutations shared across the LinB 529 
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viruses (SARS-CoV-1 and SARS-CoV-2) and any of the LinA virus clades (HKU1 and/or 530 

OC43).  531 

 532 

Figure 2. Phylogeny of human-infecting betacoronaviruses  533 

Maximum likelihood tree estimated from the Orf1ab+S alignment summarizing the evolution 534 

of four human-infecting betacoronaviruses: HKU1, OC43, SARS-CoV-1 and SARS-CoV-2. 535 

Both the LinA (Embecovirus subgenus, HKU1 and OC43) and LinB (Sarbecovirus subgenus, 536 

SARS-CoV-1 and SARS-CoV-2) are shown. The most closely related animal virus isolates to 537 

each group (where available) have been included. The three genotypes of HKU1 (A, B and C) 538 

and the eight different genotypes (A–H) of OC43 are also shown (for details see 539 

Supplementary Data 3). MERS-related viruses representing the betacoronavirus Lineage C 540 

are included for tree rooting purposes.  541 

 542 

Figure 3. Distribution of highly conserved/variable sites within S across different virus 543 

species.  544 

(a) Top (upper panel) and side view (bottom panel) of a cartoon representation of the 545 

multidomain architecture of the trimeric SARS-CoV-2 S ectodomain (PDB: 6ZGI). The S1 546 

subunit is divided into S1A (cream), S1B (teal), S1C (orange), and S1D (blue) domains, while 547 

and the S2 subunit is indicated in grey. (b) Top-down and side views of sphere-based 548 

representations of trimeric betacoronavirus S protein ectodomains for the viruses studied 549 

here: SARS-CoV-2 (PDB: 6VXX), SARS-CoV-1 (PDB: 6ACC), OC43 (PDB: 6OHW) and 550 

HKU1 (PDB: 5I08). The sphere-based representation shows intra-species conserved (grey; 551 

conservation in ≥99% of sequences) and variable residues (blue; changes in ≥1% of 552 

sequences. Variable sites at an inter-species denoting homoplasy or stepwise evolution are 553 

shown in red (see Methods section 3). Residues that do not all in the abovementioned criteria 554 

are not shown. Asparagine residues representing N-linked glycosylation sequons are 555 

indicated in purple.  556 

 557 
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Figure 4. Reconstruction of amino acid evolution at selected sites 558 

Maximum clade credibility (MCC) trees for three representative sites (18121, 21623 and 559 

23948 in SARS-CoV-2 genome coordinates) that are under selective relevance and that co-560 

localize to known functional surfaces of proteins. Illustrative reconstruction of ancestral states 561 

for these sites show amino acid evolution patterns that denote homoplasy and/or stepwise 562 

evolution. Different amino acid states at nodes are shown with circles whilst amino acid 563 

changes indicated with different colours. The posterior probabilities for a given amino acid 564 

state occurring at the specified node are indicated. Sites 18121 display evidence of homoplasy 565 

across species, site 21623 shows evidence of both homoplasy across species and stepwise 566 

evolution within single virus species (i.e. OC43), and site 23948 shows evidence of stepwise 567 

evolution within single virus species (i.e. SARS-CoV-1).  568 

 569 

Figure 5. Mutations that co-localize to known functional sites on reported protein 570 

betacoronavirus structures. 571 

(a) Cartoon representation of the SARS-CoV-1 nsp14-nsp10 protein complex (PDB: 5C8S) 572 

showing residue Ser28 (corresponding to site 18121 in SARS-CoV-2 genome coordinates) as 573 

a red sphere. This residue is located within the nsp14 ExoN domain (cream) and 574 

approximately 9 Å from the interface with nsp10 (light blue, the proximal residue Cys41 used 575 

to calculate the distance is indicated as a sphere). The distance between nsp14’s Ser28 and 576 

the nsp10’s Cys41 is annotated and indicated by a dashed black line. Zoomed-in panel: 577 

detailed representation of the intra-nsp14 hydrogen-bond between the side chain of Ser28 and 578 

the main chain of Thr25. The side chain of Ser25 is indicated as a red stick and Thr25 is indicated 579 

in sticks and coloured according to atom (C, cream; O, red; N, blue). The hydrogen-bond is 580 

indicated as a dashed black line. (b) Cartoon representation of the SARS-CoV-2 nsp15 protein 581 

(PDB: 6WLC, grey), showing residue His243 (site 20344 in SARS-CoV-2 genome coordinates) 582 

as a red sphere. This residue is located approximately 12 Å from the nucleotide binding pocket 583 

of the active site of the endoribonuclease. The nucleotide ligand uridine-5'-monophosphate 584 

(UMP) is shown within the active site in a stick representation and coloured according to atom 585 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted May 25, 2021. ; https://doi.org/10.1101/2021.05.24.445313doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.24.445313


 

24 
 

(C, white; N, blue; O, red; P, orange). The distance between His243 and UMP is indicated in 586 

black with a dashed line. All proteins are shown with a transparent surface for clarity. 587 

 588 

Figure 6. S protein structure of SARS-CoV-2 with mutations that exhibit homoplasy 589 

indicated. 590 

Top-down (left) and side view (right) of a cartoon representation of the multidomain 591 

architecture of the trimeric SARS-CoV-2 S ectodomain (PDB: 6ZGI). The S2 subunit is 592 

highlighted in grey and the S1 ectodomain is divided into S1A (highlighted in cream), S1B (teal), 593 

S1C (orange), and S1D (blue) domains, following the colour scheme in Figure 3. Homoplasic 594 

mutations co-localizing to known functional surfaces (see Table 2) are indicated in the 595 

structure and coloured in groups: Arg21 (corresponding to site 21623 in SARS-CoV-2 genome 596 

coordinates, in green), Pro25 (site 21635, in green), Asp796 (site 23948, in yellow), Ile1018 (site 597 

24614, in red), Ala1020 (site 24620, in red) and Leu1024 (site 24632, in red). All representations 598 

are shown with a transparent protein surface for clarity. 599 
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Table 1. Potentially relevant sites  across human-infecting betacoronaviruses 
 

   Amino acid state observed     

SARS-
CoV-2 

genome 
coordin
ates † 

ORF 
Protein/ 
Residue 

† 

Ancestral 
LinA OC43 HKU1 Ancestral 

LinB 
SARS-
CoV-1 

SARS-
CoV-2§ 

Homoplasy (H)/ 
Stepwise 

Evolution (SWE) 

Selection across species, 
PSS p-value † # 

Selection in SARS-CoV-2, recent amino acid 
changes ¶ Epitopes* 

2557 Orf1a nsp2 585 P P S S A/T P/S H/SWE   0 

7478 Orf1a nsp3 
1587 N S/N N N T N H  PSS, N→S/D (OC43-like and new state) 0 

16189 Orf1b nsp12 
917 D D E/D E E E H/SWE Overall negative selection 

(FEL 0.02) 
 1 

17809 Orf1b nsp13 
525 V V V/I I I I H   0 

18121 Orf1
b 

nsp14 
28 A A A/S S S S H Different overall positive 

selection (CF 0.022) 
 1 

18334 Orf1b nsp14 
100 D D E/D E D E H/SWE Overall negative selection 

(FEL 0.004) 
 0 

18442 Orf1b nsp14 
136 K K K/R R R R H   0 

19048 Orf1b nsp14 
338 A G/A G A A A H/SWE OC43 branch (MEME 0.035)  0 

20344 Orf1b nsp15 
243 Q Q H/Y H H H H/SWE   2 

20554 Orf1b nsp15 
313 N N S/N S S S H Overall negative selection 

(FEL 0.04) 
 0 

21400 Orf1b nsp16 
249 A A T/S S S S H/SWE   2 

21614 Orf S S1 18 F F/I/L I L F L H/SWE  PSS, L→F (OC43 and SARS-CoV-1-like) 1 

21623 Orf S S1 21 V R/V/K/I K/Y/L R V R/I H/SWE HKU1, OC43 and SARS-2 
branches (MEME 0.047) 

NSS, R→ I/K/T (OC43 and HKU1-like and new 
state) 1 

21635 Orf S S1 25 V P/V/S/
L/H V/I P N P H/SWE HKU1, OC43 and SARS-2 

branches (MEME 0.048) NSS, P→S and L (OC43-like) 0 

21800 Orf S S1 81 K K Q/K D G/D D SWE  PSS, D→Y/A/G (SARS-CoV-1-like and new states) 0 

21863 Orf S S1 102 Y F/I/T Y I V I H/SWE  PSS, I→V (SARS-CoV-1-like) 0 

21920 Orf S S1 120 V V V/I V I V H/SWE   0 

21926 Orf S S1 122 T T N/T N N N H/SWE Overall negative selection 
(FEL 0.002) NSS 0 

22004 Orf S S1 149 N N/K K/I N G N H  NSS, N→D (new state) 0 

22124 Orf S S1 189 D T/D/N D H H N H/SWE OC43 branch (MEME 0.008) NSS 0 

22553 Orf S S1 332 N D/N D/N N N N H/SWE   1 

23048 Orf S S1 497 S A/G/S D/S G G G H/SWE HKU1 branch (MEME 0.044)  2 

23948 Orf S S2 796 D N D D Y/D D SWE Different overall positive 
selection (CF 0.031) 

PSS, D → Y/G/H (SARS-CoV-1-like and new 
states) 0 
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24614 Orf S S2 1018 V V V/I I I I H  NSS 1 

24620 Orf S S2 1020 F F F/A/L A A A H  PSS, A→S/V (new states) 2 

24632 Orf S S2 1024 Q Q L/R L L L H/SWE   2 

24863 Orf S S2 1101 T T H/S H S H H/SWE  NSS, H→Y (new state) 1 

25037 Orf S S2 1159 Q Q Q/H H H H H  NSS, H→Y (new state) 0 

25166 Orf S S2 1202 D D/Y D/E E E E H  PSS, E→Q/G (new states) 0 

25247 Orf S S2 1230 V V V/M M M M H  PSS, M→I/T/ L (new states) 1 
 

† Positions indicate the start of the codon for reference genome Wuhan-Hu-1 (NC_045512.2). Sites in bold refer to those represented in Figure 4.  
# Sites/branches scored under MEME/FEL and Contrast-FEL (CF); CF tests for differences is selective pressures between clades 
¶ Available from https://observablehq.com/@spond/sars_cov_2_sites. Results representing virus diversity as of February 2021  

§ Representing virus diversity as of May 2020 

* Potential T cell epitopes derived from HLA class I and HLA-DR SARS-CoV-2 binding peptides (Campbell, et al. 2020; Nelde, et al. 2021)  
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Table 2. Identified sites that are structurally proximal to regions of known protein function 
 
 

SARS-CoV-2 reference 
genome coordinates * 

ORF/ 
protein 

Protein 
function Structural Correspondence † ‡ Structural proximity to known functional sites 

18121 Orf1ab/
nsp14 

ExoRNAs
e S28 in SARS-CoV-1 (PDB:5C8S) Residue in the ExoN domain Proximal to the nsp10 interaction site., which 

cleaves terminal nucleotides during replication  

20344 Orf1ab/
nsp15 

EndoRNA
se 

H243 in SARS-CoV-2 (PDB:6WLC); H242 in 
SARS-CoV-1 (PDB:2H85) 

Within the NendoU catalytic domain, which cleaves non-terminal uracil 
nucleotides during replication 

21623 Spike 
(S1A) RBD 

R21 in SARS-CoV-2; V25 in SARS-CoV-1; K29 in 
OC43; K28 in HKU1 

Proximal to the S1A domain involved in receptor recognition for the LinA 
viruses  

21635 P25 in SARS-CoV-2; N29 in SARS-CoV-1; P33 in 
OC43; V32 in HKU1 

Proximal to the S1A domain involved in receptor recognition for the LinA 
viruses  

23948 

Spike 
(S2) 

Viral 
fusion 

D796 in SARS-CoV-2; Y778 in SARS-CoV-1; N890 
in OC43; D878 in HKU1 

Near the trimerization surface, which undergoes conformational 
rearrangements during viral fusion 

24614 I1018 in SARS-CoV-2; I1000 in SARS-CoV-1; 
V1112 in OC43; I1099 in HKU1 

In central helix domain, which undergoes conformational rearrangements 
during viral fusion 

24620 A1020 in SARS-CoV-2; A1002 in SARS-CoV-1; 
F1114 in OC43; A1101 in HKU1 

In central helix domain, which undergoes conformational rearrangements 
during viral fusion 

24632 L1024 in SARS-CoV-2; L1006 in SARS-CoV-1; 
Q1118 in OC43; R1105 in HKU1 

In central helix domain, which undergoes conformational rearrangements 
during viral fusion 

 
* For SARS_CoV_2|Wuhan-Hu-1|MN908947 reference sequence. 
† Structures of the relevant protein (domains) have not been solved for all four betacoronaviruses studied here. 
‡ Available structures used in this study: PDB 2W2G, PDB 5C8S, PDB 6WLC, PDB 5I08, PDB 6OHW, PDB 6ACC and PDB 6VXX (see Methods section 5) 
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