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Abstract
Natural selection operating on the genomes of viral pathogens in different host spe-
cies strongly contributes to adaptation facilitating host colonization. Here, we ana-
lyse, quantify and compare viral adaptation in genomic sequence data derived from 
seven zoonotic events in the Coronaviridae family among primary, intermediate and 
human hosts. Rates of nonsynonymous (dN) and synonymous (dS) changes on specific 
amino acid positions were quantified for each open reading frame (ORF). Purifying 
selection accounted for 77% of all sites under selection. Diversifying selection was 
most frequently observed in viruses infecting the primary hosts of each virus and 
predominantly occurred in the orf1ab genomic region. Within all four intermediate 
hosts, diversifying selection on the spike gene was observed either solitarily or in 
combination with orf1ab and other genes. Consistent with previous evidence, perva-
sive diversifying selection on coronavirus spike genes corroborates the role this pro-
tein plays in host cellular entry, adaptation to new hosts and evasion of host cellular 
immune responses. Structural modelling of spike proteins identified a significantly 
higher proportion of sites for SARS- CoV- 2 under positive selection in close proximity 
to sites of glycosylation relative to the other coronaviruses. Among human coronavi-
ruses, there was a significant inverse correlation between the number of sites under 
positive selection and the estimated years since the virus was introduced into the 
human population. Abundant diversifying selection observed in SARS- CoV- 2 sug-
gests the virus remains in the adaptive phase of the host switch, typical of recent host 
switches. A mechanistic understanding of where, when and how genomic adaptation 
occurs in coronaviruses following a host shift is crucial for vaccine design, public 
health responses and predicting future pandemics.
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1  | INTRODUC TION

A mechanistic understanding of how adaptation occurs following a shift 
from one host to another is crucial for understanding macroevolution, 
speciation, adaptation and the emergence of infectious diseases (Joy & 
Crespi, 2012; Longdon et al., 2014; Nosil et al., 2002; Sanchez- Flores 
et al., 2016; Streicker et al., 2012). Host shifts and subsequent adapta-
tion to the new host are particularly important in viral evolution (Forni 
et al., 2016; Mollentze et al., 2014) and in the emergence of viral infec-
tious diseases in humans (Longdon et al., 2014). The generally small ge-
nome sizes and high mutation rates exhibited by RNA viruses make viral 
host- switching events excellent models for investigating the genomics 
of adaptation (Duffy et al., 2007; Forni et al., 2016; Zhao et al., 2019). 
These properties of RNA viruses also quickly lead to the accretion of 
significant genetic variation (Drummond et al., 2003). The large pool of 
genetic variation combined with the generally large population sizes of 
RNA viruses provide ideal conditions for selection to optimize viral phe-
notypes (Krakauer & Komarova, 2003). For a viral host switch to take 
place, there are numerous barriers to be overcome, including adequate 
ecological contact between the two host species for viral exchange to 
occur, structural barriers, sufficient host genetic similarity to enable ini-
tial infection and overcoming host immune defences (Olival et al., 2017; 
Parrish et al., 2008). Following a host- switching event, there may either 
be repeated contact with the new host and viral transfer but no subse-
quent ongoing transmission (e.g. West Nile Virus infection in humans), 
limited transmission in novel host species before viral extinction (e.g. 
Ebolavirus in humans) or sustained transmission among the new host 
leading to endemic or epidemic disease in the novel host (e.g. HIV, hep-
atitis C virus, SARS- CoV- 2) (Andersen et al., 2020; Boni et al., 2020; 
Worobey et al., 2004). The amount of viral adaptation necessary for a 
host switch to result in an endemic disease in the novel host is thought 
to be dependent upon the extent of genetic overlap between the hosts 
as well as the frequency of contact between them (Olival et al., 2017). 
Viral transfer between phylogenetically proximate hosts (i.e. between 
mammals) is thus expected to be associated with a shallower valley 
between fitness peaks in the fitness landscape (Gavrilets, 2004), with 
fewer mutations required for colonization and adaptation to the novel 
host (Zhao et al., 2019). In contrast, viral transfer between phyloge-
netically distant hosts is expected to be associated with a deep fitness 
valley requiring more extensive host- specific adaptation to facilitate 
colonization of the new host (Olival et al., 2017).

Due to habitat destruction, there is a higher propensity for eco-
logical overlap between displaced animals and humans leading to 
increased opportunities for viral host switches and emergence of 
novel viruses (Leao et al., 2020; Wertheim et al., 2013). Prior host 
jumps of coronaviruses to humans have involved an intermediate 
host (Chan & Chan, 2013). For example, emergence of Middle East 
respiratory syndrome coronavirus (MERS- CoV) into humans in-
volved viral exchange between bats and camels before transmission 
to humans was possible. The role of selection in the intermediate 
host in facilitating adaptation to humans has been poorly docu-
mented; however, MacLean et al. (2020) found evidence that the 
majority of selection of SARS- CoV- 2 occurred in bats not humans.

In this study, we test hypotheses concerning adaptation follow-
ing a host shift across all known coronaviruses that have switched 
into humans and have available genomic sequence data. These in-
clude endemic human coronaviruses (HCOV- HKU1, HCOV- OC43, 
HCOV- 229E, HCOV- NL63), which commonly infect people globally, 
and are usually associated with mild respiratory disease. Additionally, 
we include the three more recently introduced coronaviruses (SARS- 
CoV, MERS- CoV and SARS- CoV- 2).

It is thought that the dominant selective regime on viral genes 
is purifying selection, which maintains gene and protein function-
ality (Spielman et al., 2019). This is supported by the observation 
that in the majority of viruses, the number of synonymous substitu-
tions (ds) exceeds the number of nonsynonymous substitutions (dN). 
However, this observation is expected to be reversed on regions of 
a gene that are under positive selection (dN > ds), such as an epitope 
in a viral protein (Hughes & Hughes, 2007). For example, previous 
research on coronaviruses has typically identified extensive adap-
tive evolution in the spike protein (Berrio et al., 2020; Tagliamonte 
et al., 2020; Xu et al., 2020). However, most investigations of coro-
navirus evolution and adaptation focus only on one or a limited num-
ber of genes and in the context of only a single virus– host system. 
Previous studies of selection in MERS- CoV have identified a large 
number of sites undergoing positive selection in genes involved in 
viral replication (Forni et al., 2016). Nevertheless, a pan- genomic 
evolutionary analysis is required in order to assess which sites 
are undergoing adaptation across coronaviruses in order to help 
identify possible trends that may exist in previous host- switching 
events. These findings are valuable for vaccine design, managing 
public health responses and predicting future zoonotic events.

Specifically, using molecular evolutionary analyses of historical se-
lection we test the hypothesis that particular features of coronavirus 
genomes are imperative for transmission to novel hosts. We hypothe-
size that selection on coronavirus genes will vary with time depending 
upon the gene function. Specifically, we predict positive selection on 
the genomic regions associated with adaptation to the novel host im-
mediately following the host shift followed by a transition to purifying 
selection (Figure 1). We also predict that genes involved in host adap-
tation and immune evasion will reveal a correlation between positively 
selected sites and time since host switching. We further expect these 
relationships to be consistent across human coronaviruses. Secondly, 
we evaluate the role that viral selection in intermediate hosts plays 
in facilitating persistence in humans. Finally, we evaluate associations 
between the number of positively selected sites since viral establish-
ment and time since emergence in each host type.

2  | METHODS

2.1 | Data sets

Genome sequences for all SARS- CoV- 2 isolates were downloaded 
from GISAID on 13 June 2020. All other SARS- CoV, MERS- 
CoV, HCOV- HKU1, HCOV- NL63, HCOV- 229E and HCOV- OC43 
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genomes were obtained from NCBI Genbank on 28 May 2020. Viral 
isolates from bats immediately preceding the SARS- CoV- 2 lineage 
were obtained from Boni et al. (2020). Candidate genes encoding the 
spike protein from each respective coronavirus species were used to 
identify additional relatives using BLASTn (Chen et al., 2015) align-
ments against the nonredundant database with relaxed stringen-
cies. Coordinates for each gene were obtained from each respective 
Genbank reference sequence, and these identified regions were sub-
sequently used in alignments to retrieve genes for those sequences 

without precise gene coordinates. To avoid artefacts associated with 
in vitro evolution, sequences were removed if they were sequenced 
from a cultured isolate as described in the respective Genbank re-
cord. We also removed sequences if they were derived from a re-
combinant virus, had greater than 5% unresolved nucleotides (“N”) 
within a gene, or coverage for a particular gene was <50%.

2.2 | Phylogenetic methods

Multiple sequence alignments were performed for each species/
gene using MAFFT version 7.464, (Katoh et al., 2009) and the result-
ing alignments were visually inspected using AliView version 1.26 
(Larsson, 2014). Subsequently, distributions of 10 phylogenetic trees 
were inferred for each alignment under an approximate maximum 
likelihood modelling framework employing a general time reversible 
model of molecular evolution from the consensus sequences as im-
plemented in FastTree version 2.1.10 (Price et al., 2010).

2.3 | Molecular evolutionary analyses

All tests for selection were performed using Hyphy version 2.5.8 
(Pond, Poon, et al., 2020). Prior to each analysis, recombination 
events among the sequences in all alignments were detected using 
GARD (Kosakovsky Pond et al., 2006). Due to computational issues 
with the GARD analysis for the orf1ab and spike genes for SARS- 
CoV- 2, the data sets for these genes were down- sampled into 20 
groups by randomly selecting unique sequences and performing 
GARD on each of these groups. This was performed 10 times and 
the consensus of these analyses were used for all subsequent re-
sults. For all other GARD analyses, if any breakpoints were identi-
fied, all subsequent analyses were performed on each respective 
partitioned alignment. To identify positions in the genome under 
selection for each of the coronavirus species, two site- specific mod-
els were used [fixed effects likelihood, FEL (Pond & Frost, 2005) 
and mixed effects model of episodic selection, MEME (Murrell 
et al., 2012)]. Differences in selective regimes among human and 
nonhuman hosts were assessed with an additional site- level model 
(CONTRAST- FEL) (Pond, Wisotsky, et al., 2020). To account for un-
certainty in phylogenetic tree topologies, (Parker et al., 2008) these 
tests were performed across distributions of ten phylogenetic trees 
reconstructed for each gene. The default thresholds for each of the 
resulting p- values (www.hyphy.org) were used to determine signifi-
cance, and the consensus of these results was used to identify the 
type of selection. In all comparisons of selection we controlled for 
the difference in number of sequences analyzed by dividing the num-
ber of positively selected sites by the log10 of the sequence counts 
for each respective virus/gene group. Positions under selection were 
required to be identified within internal branches for both FEL and 
MEME. In order to compare the results from CONTRAST- FEL (multi- 
host derived viral sequences) and FEL/MEME (single host derived 
viral sequences), the precise codon for each analysis was identified 

F I G U R E  1   Mock- phylogenetic tree depicting host- switching 
events for the coronaviruses in this study. Each virus evolved 
from within its presumed primary, natural host (bats or rats), 
subsequently spilled over into an intermediate host, and finally 
jumped into humans. The estimated time since introduction 
into the human population is shown at the node preceding each 
human viral lineage (years ago: YA). However, for HCOV- NL63 
and HCOV- 229E, these timeframes were estimated from the 
emergence from bats. At each of these instances of host switching, 
presumably there was a large increase in adaptive evolution 
(shown in red on the phylogenetic pathway from primary to human 
host) followed by purifying selection (shown in blue). Blue arrow 
signifies documented ongoing cross- species transmission events 
as exemplified in MERS- CoV [Colour figure can be viewed at 
wileyonlinelibrary.com]

http://www.hyphy.org
www.wileyonlinelibrary.com
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by aligning each codon- aware alignment to each other. The esti-
mated time of zoonoses or host- switching events were calculated 
as the difference between the estimated years since emergence into 
humans and the most recent collection date for each coronavirus 
sequence obtained from a clinical isolate. For these results, the total 
FEL/MEME sites were used, respectively, in each analysis. The esti-
mates were derived from the following studies: HCOV- OC43 (Vijgen 
et al., 2005), HCOV- HKU1 (Al- Khannaq et al., 2016), HCOV- NL63 
(Huynh et al., 2012), HCOV- 229E (Pfefferle et al., 2009), SARS- CoV 
(Lau et al., 2015), MERS- CoV (Zhang et al., 2016) and SARS- CoV- 2 
(Boni et al., 2020). [Correction added on 27 March 2021, after first 
online publication: This section has been modified.]

2.4 | Protein structure modelling

Reference sequences from Genbank for each respective virus (SARS- 
CoV- 2: NC_045512.2, HCOV- OC43: NC_006213.1, HCOV- NL63: 
NC_005831.2 SARS- CoV: NC_004718.3, MERS- CoV: NC_019843.3, 
HCOV- 229E: NC_002645.1) were used to model each respective 
Spike protein using SWISS- MODEL (Waterhouse et al., 2018). The 
amino acid mutations were mapped onto the respective 3- dimensional 
structures representative of each species from the RCSB Protein 
Data Bank (Berman et al., 2000), accession numbers: SARS- CoV- 2: 
6ZGH, HCOV- OC43: 6NZK, HCOV- NL63: 5SZS, SARS- CoV- 1: 6ACD, 
MERS: 5W9H, HCOV- 229E: 6U7H. The Spike protein structures 
were analysed, annotated and visualized using the PyMOL molecu-
lar graphic system, version 2.4.0 (Schrodinger, LLC, 2015). As there 
was no suitable template for HCOV- HKU1, HCOV- OC43 was used as 
a surrogate for visual purposes and excluded from further structural 
analyses. Glycosylation sites were modelled using GlyProt, (Bohne- 
Lang & Lieth, 2005) and sites in close proximity (10 angstroms) were 
identified using PyMOL (Schrodinger, LLC, 2015). Structure- based 
alignments were generated using the TM- Align algorithm (Zhang & 
Skolnick, 2005). Aligned amino acid positions for each pairwise protein 
structure alignment found to be in close proximity (5 angstroms, as in-
dicated in the output of the TM- alignment) were then compared with 
positions that were positively selected. Neutralizing epitopes were ob-
tained from the Immune Epitope Database (Vita et al., 2019). Monte 
Carlo permutation tests (999 unrestricted permutations, p  ≤  0.05) 
were used to test the significance of glycosylation proximity to sites of 
selection using the Coin package in R (Zeileis et al., 2008).

3  | RESULTS

3.1 | Data set

A total of 50,354 sequences were obtained from global databases be-
fore quality filtering (Table S3, https://github.com/vmon5 813/Coron 
aviru sHost Adapt ations). After removing poor quality sequences, 
sequences with inadequate coverage, cultured isolates and recom-
binants a total of 48,168 sequences remained (Table 1, Methods). 
Due to the extraordinary efforts of researchers around the world, 
95% of all genomic sequences in this study belong to SARS- CoV- 2. 
Unsurprisingly, except for SARS- CoV and MERS- CoV, the majority 
of sequences in each data set were dominated by human sequences 
(median = 87.4%), whereas the number of sequences from primary 
and intermediate hosts were typically less well- represented (medi-
ans 6.3% and 18.1%, respectively).

3.2 | Molecular evolutionary analyses

Rates of nonsynonymous (dN) and synonymous (dS) mutations on spe-
cific amino acid positions were quantified for each ORF from seven 
coronaviruses known to have a history of host- switching events: 
SARS- CoV- 2, SARS- CoV, MERS- CoV, HCOV- 229E, HCOV- OC43 and 
HCOV- NL63 as well as at least one of their nonhuman hosts. HCOV- 
HKU1 was also investigated; however, all related viruses derived 
from nonhuman hosts were too divergent. HCOV- OC43- like viruses 
isolated from rats were also not investigated, as only four suitable 
genomes were available to the best of our knowledge and most of 
these ORFs collapsed into identical sequences. Viruses from primary 
(bats) and intermediate (camels, civets and bovine) hosts were each 
contrasted with their human- derived counterparts. Selection was 
measured using sites identified by both a fixed effects likelihood 
(FEL) analysis that assumes constant selective pressure across the 
phylogeny and a mixed effects model of episodic selection (MEME) 
that permits varying positive selective pressure.

Several patterns were observed upon a per- site evolutionary 
investigation across the genomes of all coronaviruses (Figure 2). 
Primarily, negative or purifying selection was dominant across the 
majority of genomes analysed as observed in several other similar 
analyses (Forni et al., 2016; Pond, 2020; Tang et al., 2009). The ma-
jority of selection was revealed to be acting on the primary bat hosts 

Human Bat Bovine Camel Civet Pangolin

HCOV- 229E 191 15 33

HCOV- HKU1 339

HCOV- NL63 263 6

HCOV- OC43 745 40

MERS- CoV 279 47 264

SARS- CoV 101 59 46

SARS- CoV- 2 45,721 10 9

TA B L E  1   Number of sequences for 
each coronavirus species

https://github.com/vmon5813/CoronavirusHostAdaptations
https://github.com/vmon5813/CoronavirusHostAdaptations
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of each virus, which is not unexpected considering the extraordinary 
genetic diversity of these viruses circulating in bats (Figure 3).

Although selection in bats was not significantly elevated 
throughout the entire genome relative to intermediate and human 
hosts, there were significantly more sites under positive selection 
in the orf1ab and spike gene regions (p <  0.05, Figure 4). Despite 
the abundance of selection in these gene regions, there were no sig-
nificant differences identified in the degree of evolution between 
replication- associated, accessory or structural genes when all hosts 
were considered (Figure S5).

Within intermediate hosts, we found only limited selection 
relative to that observed in bats (Figure 4). In all four intermedi-
ate hosts, the spike gene was under positive selection either soli-
tarily (HCOV- OC43) or in combination with orf1ab and other genes 
(MERS- CoV, SARS- CoV and HCOV- 229E). This prevalence of selec-
tion acting upon the spike gene is particularly interesting in that it 
suggests genes involved in receptor binding and/or frequent contact 

with the immune response are undergoing adaptation whereas other 
genes obscured from such selective pressures are stabilized.

In the human hosts, there was relatively high variability in regions 
under positive selection; however, in general the 3′ end of each ge-
nome was undergoing higher selective regimes (Figure 2, particularly 
evident in SARS- CoV, HCOV- OC43, HCOV- NL63 and HCOV- 229E). 
The gene region with the highest frequency of positive selection was 
the nucleocapsid (n = 144 unique sites). In the spike region, the two 
viruses with a relatively high number of sites undergoing positive 
selection were HCOV- OC43 (n = 39) and SARS- CoV- 2 (n = 21).

Upon additional evolutionary tests that directly compare the 
dN/dS ratios of the viral isolates from primary/intermediate hosts 
relative to the respective viruses isolated from humans, there were 
a significant number of sites differing in their levels of adaptation 
(Figures S1 and S3). Furthermore, there were large discrepancies 
between primary and intermediate dN/dS ratios in comparison with 
human- derived viruses in genomic location and quantity (Figures S2 

F I G U R E  2   Per- site analysis of selection across genomes of all coronaviruses in this study. Vertical lines represent each amino acid 
site under selection (supported by both FEL and MEME). The length of each line represents the proportion of phylogenetic trees (n = 10) 
supporting each site of selection. Blue lines denote negative (purifying) selection and red lines portray positive (diversifying) selection 
[Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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and S3). Specifically, the spike protein was more commonly under 
positive selection in the intermediate hosts.

Due to no concordant sites under positive selection from lin-
ear alignments for each of the coronavirus spike proteins, protein 
structures were aligned in a pairwise fashion in order to identify al-
ternative positional patterns within their native three dimensional 
context (Zhang & Skolnick, 2005). All structural alignments resulted 
in TM- scores greater than 0.5 indicating the proteins are of the same 
fold (Xu & Zhang, 2010). Two sites identified from the alignments 
were also undergoing positive selection, one in SARS- CoV- 2 and 
HCOV- OC43 (codons 1,185 and 1,186, respectively) and another for 
HCOV- NL63 and HCOV- 229E (codons 307 and 321, respectively) 
(Figure 5).

Recent reports have illustrated that in each protomer of the 
SARS- CoV- 2 trimeric spike protein there are 22 glycosylation sites 
that collectively shield ~40% of the protein surface (Watanabe 
et al., 2020). Although glycosylation can assist the virus in its ability 
to evade antibody neutralization, it has been well documented in HIV 

and influenza viruses that these complex sugars also affect other 
aspects of the viral life cycle including receptor binding, expression 
and assembly (Li et al., 2020). The impact of glycosylation on each of 
the positively selected sites of each spike protein was investigated 
by identifying those which were in close proximity (<10 angstroms; 
Kobayashi & Suzuki, 2012) to the glycan at each respective glyco-
sylation site (Figure S5). Interestingly, SARS- CoV- 2 displayed ele-
vated sites of selection in close proximity to glycans (Figure S5), and 
in conjunction with HCOV- OC43, SARS- CoV- 2 displayed a consis-
tently higher fraction of sites in close proximity after accounting for 
both the total spike positions in close proximity to sites of glycosyla-
tion and the number of spike amino acids (Figures S6 and S7). Monte 
Carlo permutation tests were then used to test whether glycosyla-
tion patterns were correlated with sites of positive selection. Only 
glycosylation sites for SARS- COV- 2 and HCOV- 229E were shown to 
be predictive of sites of positive selection (p < 0.01, Table S2).

The large amount of selection in SARS- CoV- 2 suggests that the 
virus is still in the adaptive phase of the host switch, typical of recent 

F I G U R E  3   Number of sites under positive (“Positive Sel”) or negative selection (“Negative Sel”) for each gene/ORF. Sites under selection 
are those determined to be significant for both FEL and MEME models. Counts of selection were normalized by the log10 number of 
sequences used in each analysis. Results for civets, camels and bovine derived viruses were combined into the “intermediate” host category 
[Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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host switches (Parrish et al., 2008). To further explore this observa-
tion, we compared the estimated time since the introduction into the 
human population (Table S1, Figure 1) for all coronaviruses with the 
number of sites undergoing positive selection (Figure 6). Intriguingly, 
whereas there were varying degrees of correlation for each gene 
(Figure S2), in the orf1a and orf1b regions there was a moderate 
but significant inverse correlation observed in the number of sites 
under positive selection and time since infecting humans (p < 0.01, 
R2 > 0.93).

4  | DISCUSSION

Viruses that frequently change hosts provide a unique opportunity 
to investigate evolutionary pathways critical for adaptation to novel 
host environments (Moncla et al., 2016; Morley et al., 2015). In this 
study, positive selection was observed sporadically across the ge-
nomes of each coronavirus, affecting both exogenous and endog-
enous proteins. Although the pattern of selection in each host was 
primarily unique to each virus, we provided evidence in line with 
our hypotheses that the timing of adaptation to each new host is 
correlated with a decreasing number of sites undergoing positive 
selection.

It is intuitive, and in accordance with both predictions derived 
from evolutionary theory and empirical evidence in other con-
texts (Braga et al., 2018; Ricklefs & Fallon, 2002), that following 
host switching, viral populations undergo a period of rapid diversi-
fication to facilitate adaptation to the novel environment (Abbott 
et al., 2013; Joy & Crespi, 2007; Turner & Elena, 2000). These adap-
tations may increase host receptor binding affinity, evade immune 
detection and promote viral establishment; subsequently, as viruses 

ascend a peak of optimality in the fitness landscape (Gavrilets, 2004) 
(i.e. high affinity binding of the spike protein to the ACE2 receptor 
in humans for SARS- CoV- 2), evolutionary forces favour stabilization 
and purifying selection to maintain viral phenotypes at new optima 
in the novel hosts (Morley et al., 2015; Pashley, 1988). This is also 
consistent with previous genomic investigations of epidemics where 
substitution rate estimates are inversely correlated with time of 
sampling (Holmes et al., 2016).

Parallel evolution, well documented throughout the tree of life 
(Boughman et al., 2005; Nosil et al., 2002; Schluter et al., 2004), 
has been repeatedly observed in viruses during host shifts both 
in vitro and in vivo (Bedhomme et al., 2012; Remold et al., 2008; 
Wichman et al., 1999). For example in the human immunodeficiency 
virus, identical mutations in codon 30 of the gag gene are common 
to all lineages that are originally derived from chimpanzees (Sharp 
& Hahn, 2010). Interestingly, this mutation was shown to increase 
the viral replication rate in human cell cultures and reverts back 
to the variant observed in simian immunodeficiency viruses upon 
culturing with chimpanzee T- lymphoctyes (Longdon et al., 2014). 
Several SARS- CoV- 2 variants have been observed with identical 
mutations in the receptor binding domain of the spike gene. For ex-
ample, the variants N501Y.V2 (Ali et al., 2021; Leung et al., 2021) 
from South Africa, B.1.1.28 (Naveca et al., 2021) from Brazil, 
B.1.1.7 (also known as VOC202012/01) (Rambaut et al., 2020) from 
the United Kingdom, have all evolved the same mutations in the 
receptor binding domain of the spike gene in parallel in disparate 
geographic locations and these variants are associated with en-
hanced transmissibility. The observation of parallel evolution in the 
receptor binding domain suggests repeated selection of mutations 
enhancing transmissibility in humans (Leung et al., 2021; Santos & 
Passos, 2021).

F I G U R E  4   Comparison of the prevalence of positively selected sites for (a) all genes for each host (bat, intermediate, and human), 
and (b) total positively selected sites for orf1ab and spike for each respective host group. Since HCOV- HKU1 and HCOV- OC43 have no 
bat host, they were removed from this analysis. Positively selected sites for each gene were summed and divided by the log10 sequence 
counts. A Kruskal– Wallis statistical test was performed to examine differences between each group, and p- values are shown above violin 
plots. [Correction added on 27 March 2021, after first online publication: The caption has been modified.] [Colour figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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Previous research on selection within coronaviruses has sim-
ilarly found varying evolutionary signatures. For example, Tang 
et al. (2009) analysed selection in ORFs across the SARS- CoV ge-
nome for humans, civets and bats. Positive selection was identified 
in the early and middle phases of the epidemic, whereas no selection 
was detected in the later phases. Although nine sites were identi-
fied in the spike gene, 53 sites were positively selected for human 
isolates in the remaining ORFs (Tang et al., 2009). Furthermore, 
although positive selection predominantly acted upon human and 
civet clades, there was no positive selection identified in bats. In 
contrast, our study revealed extensive positive selection in SARS 
viruses isolated from bats and limited selection on SARS. The ob-
served differences between the two studies are likely due to the 
47 additional bat sequences now available and used in our study, 
whereas the differences in selection in humans could be explained 
by differences in methodology in that Tang et al. used a branch- site 
model of selection as implemented in PAML whereas in this analy-
sis we used FEL and MEME models of selection in HyPhy. An ad-
ditional explanation is that in our study sequences that had been 
cultured prior to sequencing were excluded. Similar to SARS, analy-
ses of MERS- CoV have found a higher degree of positive selection 

for genes involved in replication relative to the Spike gene (Forni 
et al., 2016), largely consistent with the results obtained in our study 
(e.g. Figures 2 and 3). The implications of a larger degree of posi-
tive selection in replicase genes for both SARS- CoV and MERS- CoV 
are intriguing as it suggests genes other than spike are under strong 
diversifying selection immediately following host- switching events 
consistent with patterns observed in influenza (Bhatt et al., 2013). 
An alternative and more simplified explanation, however, could sim-
ply be due to the significantly longer lengths for genes involved in 
replication. Studies investigating the evolution of SARS- CoV- 2 have 
largely found that purifying selection has dominated its evolution 
(MacLean et al., 2020). It was also demonstrated that extensive 
positive selection likely occurred prior to its introduction into the 
human population (MacLean et al., 2020). Analyses using more re-
cent genomes (December 2020) have revealed evidence for positive 
selection on 1,860 sites, again predominantly affecting replication- 
associated genes (n = 1,222) compared with those sites selected in 
the spike gene (n = 237) (Pond, 2020).

The proximity between glycans and sites of positive selection in 
the SARS- CoV- 2 spike protein are intriguing specifically within the 
context of other coronaviruses. Previous research has found that 

F I G U R E  5   Spike protein structures. 
Each Spike protomer is coloured a shade 
of red, whereas the receptor binding 
site is shaded blue. Positively selected 
sites supported by either FEL and 
MEME are shaded in green and those 
sites with elevated dN/dS ratios relative 
to their intermediate host, if available, 
are shaded in white. *Sites for HCOV- 
HKU1 are overlaid onto their closest 
coronavirus relative with an available 
structure, HCOV- OC43. White text labels 
illustrate sites identified in the TM- 
alignment [Colour figure can be viewed at 
wileyonlinelibrary.com]
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the SARS- CoV- 2 spike protein has a relatively large glycan shield 
(Watanabe et al., 2020), and when compared with other coronavi-
ruses, there were few patterns concerning the precise sites of gly-
cosylation (Xu et al., 2020). In this study the proximity of glycans 
to sites of selection was investigated. Proximity to glycans was sig-
nificantly elevated for sites of selection in both HCOV- OC43 and 
SARS- CoV- 2. These elevated levels for SARS- CoV- 2 suggests that 
selection in this virus is multifarious and not predominantly driven 
by antibody mediated selection. Furthermore, an additional compar-
ison of the 32 unique neutralizing epitopes composed of 125 unique 
amino acid positions for SARS- CoV- 2 revealed that only two of these 
sites were identified as sites of selection. Due to a lack of studies 
investigating the neutralization responses for most other coronavi-
ruses, there were no epitopes for any of the other human coronavi-
ruses available.

Our results are subjected to a number of caveats. First, we were 
limited to the sequencing data available on public repositories. 

Therefore, widely sequenced viruses such as SARS- CoV- 2 were com-
pared to less well- represented viruses such as HCoV- 229E. Thus, our 
findings may have been partially confounded by the disproportion-
ate number of sequences available for viruses that demonstrated the 
most divergence. However, we attempted to account for this dis-
crepancy when comparing each of the coronaviruses in this study 
by normalizing counts of selection by the number of sequences for 
each virus (Figures 3 and 6). Nevertheless, this discrepancy may 
still influence the results of this study, and once further data arise 
for other coronaviruses, future work may profitably investigate the 
relationships outlined in this study. Concerning the moderate re-
lationship identified between the number of sites under selection 
and estimated divergence times, it is interesting that this relation-
ship was only identified in orf1a and orf1b (Figure S2). In fact, the 
opposite trend was observed for the spike protein where the num-
ber of sequences was inversely correlated with the number of posi-
tively selected sites. This may imply that while endogenous proteins 

F I G U R E  6   The relationships between the number of positively selected sites and estimated years since introduction into humans. Using 
estimated years from previous research, the inverse estimated years since introduction is plotted against the total number of unique sites 
under positive selection (FEL and MEME) and the same sites divided by the log10 normalized counts of sequences used in each selection 
analysis for both the ORF1a and ORF1b genes. Adjusted R- squared values and p- values derived from a linear regression (blue line, shaded 
regions represent 95% confidence intervals) are also shown for each plot [Colour figure can be viewed at wileyonlinelibrary.com]
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stabilize following host- switching events, exogenous proteins are 
continuously adapting in an evolutionary arms race with host im-
mune responses. However, when SARS- CoV- 2 is removed from 
pan- viral comparisons of selection relative to divergence times, the 
relationship then lacks significance (p > .1) indicating that with the 
available data, the abundant selection observed in SARS- CoV- 2 is 
driving the significance of this relationship. Further limitations exist 
within virus– host groups where the proportional representation of 
a given host level (primary, intermediate, human) could also affect 
our ability to detect selection. Finally, the limited number of groups 
being compared reduced the power of further statistical analyses.

Our findings add strength to the existing body of literature on di-
versification associated with colonization of novel environments and 
contribute to understanding the genomic and phenotypic complexity 
of adaptation required during the colonization of novel environments 
with some granularity. Our results also complement those observed 
in other viruses that have documented host switches, such as within 
the Rhaboviridae family (Streicker et al., 2012) where each virus has 
followed a relatively unique evolutionary pathway between hosts. 
The selective regimes placed upon the genomes of each virus seems 
to reflect the delicate balance between viral genetics and the unique 
ecologies of both the viruses and their respective hosts. However, 
for several viruses in this study, the number of amino acid sites under 
positive selection decreases with time since emergence into the 
human population. Although not solely predictive of future pathogen 
emergence, additional cases of documented host- switching events 
may permit more statistically robust analyses in order to further ex-
amine the possibility that hierarchical patterns will emerge. Emerging 
signatures reflecting each viral evolutionary pathway could then be 
stratified with comparisons of viral genomes supplemented with ad-
ditional variables including the biology, ecology and evolution of their 
respective donor and recipient hosts. Our results in documenting ge-
nomic adaptations of SARS- CoV- 2 and the observation of repeated 
evolution of particular mutations favouring enhanced transmissibility, 
highlight the importance of genomic surveillance of emerging viruses 
to identify and track variants of interest for public health purposes.
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