
Fundamental evolution of all Orthocoronavirinae including three
deadly lineages descendent from Chiroptera-hosted coronaviruses:

SARS-CoV, MERS-CoV and SARS-CoV-2

Denis Jacob Machado* , Rachel Scott, Sayal Guirales and Daniel A. Janies

Department of Bioinformatics and Genomics, University of North Carolina at Charlotte, 9331 Robert D. Snyder Rd, Charlotte, NC 28223, USA

Accepted 24 February 2021

Abstract

The severe acute respiratory syndrome coronavirus (SARS-CoV) emerged in humans in 2002. Despite reports showing Chi-
roptera as the original animal reservoir of SARS-CoV, many argue that Carnivora-hosted viruses are the most likely origin. The
emergence of the Middle East respiratory syndrome coronavirus (MERS-CoV) in 2012 also involves Chiroptera-hosted lineages.
However, factors such as the lack of comprehensive phylogenies hamper our understanding of host shifts once MERS-CoV
emerged in humans and Artiodactyla. Since 2019, the origin of SARS-CoV-2, causative agent of coronavirus disease 2019
(COVID-19), added to this episodic history of zoonotic transmission events. Here we introduce a phylogenetic analysis of 2006
unique and complete genomes of different lineages of Orthocoronavirinae. We used gene annotations to align orthologous
sequences for total evidence analysis under the parsimony optimality criterion. Deltacoronavirus and Gammacoronavirus were set
as outgroups to understand spillovers of Alphacoronavirus and Betacoronavirus among ten orders of animals. We corroborated
that Chiroptera-hosted viruses are the sister group of SARS-CoV, SARS-CoV-2 and MERS-related viruses. Other zoonotic
events were qualified and quantified to provide a comprehensive picture of the risk of coronavirus emergence among humans.
Finally, we used a 250 SARS-CoV-2 genomes dataset to elucidate the phylogenetic relationship between SARS-CoV-2 and Chi-
roptera-hosted coronaviruses.
© 2021 Willi Hennig Society.

Introduction

Coronaviruses (CoVs) are members of the subfamily
Orthocoronavirinae (formally known as Coronavirinae)
in the family Coronaviridae, order Nidovirales, follow-
ing the current classification of the International Com-
mittee on Taxonomy of Viruses (ICTV). The virion of
a coronavirus is relatively large among viruses and is
enveloped, spherical and c.120 nm in diameter. More-
over, coronavirus genomes are the longest of all char-
acterized RNA viruses. Coronaviruses are positive-
sense single-stranded RNA viruses with monopartite

and linear genomes of 27–32 kb in length (Woo et al.,
2010) and complex gene expression (Luytjes, 1995; Iri-
goyen et al., 2016).
Orthocoronavirinae consists of four genera. Gamma-

coronavirus (GammaCoVs) and Deltacoronavirus (Del-
taCoVs) are coronaviruses that originated from Aves
(birds), with only a few known lineages that infect
mammals (Woo et al., 2014; Duraes-Carvalho et al.,
2015). Alphacoronavirus (AlphaCoVs) and Betacoron-
avirus (BetaCovS) originated from Chiroptera (bats)
and infect different mammals, including humans (Woo
et al., 2012). Coronavirus infections in domestic ani-
mals can lead to significant economic losses (Li et al.,
2007; Boileau and Kapil, 2010; Hansa et al., 2012;
Mandelik et al., 2018). The episodic emergence of
Alphacoronavirus and Betacoronavirus in the human
population are even greater concerns.
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Coronaviruses cause respiratory or enteric diseases
in most cases. Neurological illness or hepatitis (Lai
and Cavanagh, 1997) occur less frequently. Currently,
the United States Centers for Disease Control (CDC)
website (Centers for Disease Control and Prevention,
2020) lists seven common human coronaviruses
(HCoVs): two Alphacoronavirus (HCoV-229E and
HCoV-NL63) and five Betacoronavirus (HCoV-OC43,
HCoV-HKU1, SARS-CoV, MERS-CoV and SARS-
COV-2). We add the human enteric coronavirus 4408
(HECV-4408) to that list. HECV-4408 was first iso-
lated from a child with acute gastroenteritis. HECV-
4408 was reported to be antigenically and genetically
more closely related to bovine coronavirus (BCoV)
than to HCoV-OC43 (Zhang et al., 1994). The HCoVs
mentioned above cause infections in infants, young
children and elderly individuals (Su et al., 2016).
Despite many disease phenotypes, coronaviruses were

not deemed highly pathogenic to humans until the out-
break of the severe acute respiratory syndrome (SARS)
caused by SARS-CoV, which emerged in humans in
2002 in Guangdong province, China (Ksiazek et al.,
2003; Zhong et al., 2003). The dangers of emerging
coronaviruses infections in humans were made even
more evident by the recent outbreaks of coronavirus dis-
ease including: (i) the Middle East respiratory syndrome
(MERS) caused by MERS-CoV, which emerged in
humans and camels in the Middle East in 2012 (Zumla
et al., 2015) and (ii) the pandemic coronavirus disease
2019 (COVID-19) caused by SARS-CoV-2, which was
recognized in humans in Hunan province, China, in
2019 (World Health Organization, 2020g) but may have
emerged earlier in rural Yunnan, China.
A recent literature review of the zoonotic origins of

HCoVs (Ye et al., 2020) describes that the fundamen-
tal hosts of HCoVs can be Rodentia (for HCoV-OC43
and HCoV-HKU1) or Chiroptera (for HCoV-NL63,
HCoV-229E, SARS-CoV, MERS-CoV and SARS-
CoV-2). According to Ye et al. (2020), data on inter-
mediate hosts of HCoV-NL63 and HCoV-HKU1 are
absent. Furthermore, Ye et al. (2020) also point out
that there is an open debate about the existence of
intermediate hosts of HCoV-229E and SARS-CoV-2.
In this paper, we challenge all assumptions on the ori-
gins of coronaviruses using large-scale phylogenetic
analysis based on as much publicly available informa-
tion as possible. Although we test the origins of differ-
ent viruses of the subfamily Orthocoronavirinae, we
focus mainly on SARS-CoV, MERS-CoV and SARS-
CoV-2, which cause severe disease in humans.

Severe acute respiratory syndrome coronavirus (SARS-
CoV)

In 2002–03, SARS-CoV infected 8098 people and
caused 774 deaths. The first case of SARS-CoV was

confirmed in November 2002 and the last case was
confirmed in May 2003. However, travel restrictions
associated with the disease were not released until June
and July 2003 (Centers for Disease Control and
Prevention, 2005; World Health Organization, 2015b).
SARS-CoV evolved from Chiroptera hosts and spread

to humans hosts. Small carnivores such as Paguma lar-
vata (commonly known as masked palm civet or gem-
faced civet) were infected post-human infection and are
thus irrelevant to the lineage of the virus that spread,
human to human, and around the world including Asia,
Europe, South Africa and North America (Janies et al.,
2008). We publicized this result in 2008 (Caldwell, 2008),
but the idea of intermediate hosts between bats and
humans persists in some public health discourse (Roos,
2004; World Health Organization, 2020f) but not univer-
sally (Yip et al., 2009; Bolles et al., 2011). As a conse-
quence of such discourse, tens of thousands of small
carnivores were culled in Guangdong in a futile attempt
to contain SARS-CoV (Normile, 2004).
Genomic sequences of a Chiroptera-hosted virus

that shared common ancestry with human-hosted
SARS-CoV clade were published in 2016 (e.g. SARS-
like coronavirus WIV16; NCBI GenBank accession
number KT444582, collected 21 July 2013) (Yang
et al., 2016). These data indicate that close relatives of
SARS-CoV continued to circulate in nature in Chi-
roptera long after the SARS-CoV lineage was consid-
ered extinct in humans. Others have found additional
SARS-like viruses in nature (Hu et al., 2017) and veri-
fied their potential for human infection in the lab
(Menachery et al., 2015).

Middle East respiratory syndrome coronavirus (MERS-
CoV)

The Middle East respiratory syndrome coronavirus
(MERS-CoV) was discovered in 2012 in the Middle
East. As of November 2019, MERS-CoV infected
2494 people and resulted in 858 associated deaths
(World Health Organization, 2020c). Since the discov-
ery of MERS-CoV, there has been careful tracking
and reporting of human cases by the World Health
Organization (World Health Organization, 2020c).
MERS-CoV is a novel Betacoronavirus closely related
to the Neoromicia capensis coronavirus (NeoCoV), a
bat coronavirus (see GenBank accession number
KC869678) that was discovered in the South African
bat species Neoromicia capensis (commonly known as
Cape serotine bat; see GenBank accession numbers
KJ756000 and KJ756001) (Corman et al., 2014).
MERS-CoV infects humans and Camelus dromedarius
(commonly known as dromedary, Somali camel or
Arabian camel). The zoonosis between bats, humans
and camels is complex. In 2015, MERS-CoV spread
from the Middle East to South Korea where it led to
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186 cases (185 in South Korea, one in China) and 38
deaths (World Health Organization, 2015a).
Thus, it is clear that MERS-CoV spread among

humans in areas where camels are not husbanded.
There were few cases of travellers carrying MERS-
CoV outside the Middle East and South Korea. How-
ever, no sustained transmission occurred in these trav-
eller cases in Europe, China, Southeast Asia or the
Americas. Camels are seropositive for antibodies in
response to a MERS-CoV-like virus in the Canary
Islands (Gutiérrez et al., 2015), Nigeria, Tunisia and
Ethiopia (Reusken et al., 2014). Recently, humans
who are handlers of Artiodactyla, exclusive of camels,
in Kenya were found to show seropositivity to MERS-
CoV (Liljander et al., 2016).
There was an early bat–human MERS-CoV and a

recent bat–hedgehog transmission, but these events are
peripheral to the main epidemic lineage that led to the
MERS-CoV outbreak in 2012. In 2018, there also was
a travel case of MERS-CoV from a South Korean
man who returned from Kuwait (World Health Orga-
nization, 2020b). In 2019–20, MERS-CoV still
occurred in humans in Saudi Arabia (World Health
Organization, 2020d). Thus, unlike SARS-CoV,
MERS-CoV still circulates in humans and may persist
in camels and other Artiodactyla.

Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2)

In November 2019, severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), which causes
COVID-19, emerged in the human population in
Wuhan, Hubei Province, China. As of end March
2021, cases of COVID-19 exceeded 127 million and
deaths exceeded 2.78 million worldwide according to
https://covid19.who.int/, accessed on 30/3/2021 (World
Health Organization, 2021).
Close relatives of SARS-CoV-2 virus were circulat-

ing in Chiroptera in 2013 (e.g. hCoV-19/bat/Yunnan/
RaTG13/2013 collected in Pu’er, Yunnan, China;
GISAID’s EpiCoV accession number
EPI_ISL_402131). Sequence data from the RaTG13
SARS-like coronavirus were submitted to a public
database 6.5 years post-isolation on 24 January 2020.
Pu’er is ~2000 km southwest of Wuhan. Pu’er is nes-

tled in the region where China has borders with Vietnam,
Laos, Cambodia, Myanmar, and is not far from Thai-
land, India and Bangladesh. There are also reports that
SARS-like viruses have infecting rural human popula-
tions in 2015 in Jinning County, Yunnan province, China
(Wang et al., 2018). On 11March 2020, theWorldHealth
Organization declared a pandemic due to the spread of
SARS-CoV-2 (World Health Organization, 2020g).
Current public data indicate that the key epidemio-

logical event in the history of SARS-CoV-2 was that a

Chiroptera-hosted lineage of viruses infected an urban
human population in Wuhan, China (Zhao et al.,
2020) and this is perhaps linked to earlier infections in
rural populations (Wang et al., 2018).
The fundamental role of Chiroptera hosts for SARS-

CoV-2 is also consistent with the history of the SARS/
MERS clade. Chiroptera of various species as the origi-
nal host for the three most medically important coron-
aviruses (SARS-CoV, MERS-CoV and SARS-CoV-2)
is no longer disputed by most public health experts
(Menachery et al., 2015; Yang et al., 2016; Cyranoski,
2017; Hu et al., 2017; Han et al., 2019; Zhou P. et al.,
2020). However, there remains a contingent of groups
that support the idea that there is a yet to be discovered
intermediate host species other than Chiroptera (Ander-
sen et al., 2020; Sun et al., 2020b; Zhang and Holmes,
2020; Zhang et al., 2020). In an event reminiscent of
small carnivores being infected with SARS-CoV derived
from humans followed by additional exchanges between
the two hosts (Janies et al., 2008), in late 2020 farmed
minks in Denmark (host species Neovison vison),
Netherlands (host species Mustela lutreola) and else-
where were infected with SARS-CoV-2 from humans
and passed the virus back to humans (Oreshkova et al.,
2020; Oude Munnik et al., 2021; World Health Organi-
zation, 2020e).
In separate or in combination, several strategies

were used to infer the intermediate host involved in
human infection by SARS-CoV-2. Ji et al. (2020) used
the relative synonymous codon usage (RSCU) bias
and showed that the RSCU bias of SARS-CoV-2 is
closer to that of snakes. However, betacoronaviruses
have never been detected in snakes (King et al., 2011).
Moreover, possible new betacoronaviruses are unlikely
to cross over mammals to infect reptiles (Liu et al.,
2020b), and wild snakes were less active in winter
when human infection most likely occurred.
Ji et al. (2020) also pointed out that, among mam-

mals, the RSCU bias of SARS-CoV-2 is closer to that
of a marmot. Yuan et al. (2020) believe that this is an
indication that rodents are the intermediate hosts of
SARS-CoV-2. Yuan et al. (2020) presented other argu-
ments in favour of rodents, especially squirrels, as an
intermediate host but empirical evidence is absent.
Moreover, Yuan et al. (2020) admitted that RSCU
comparisons may be inappropriate when there is a
large difference in the number of codons among the
sequences that are being compared.
Sequence similarity has also been used to identify

the putative intermediate host of SARS-CoV-2. For
example, Xiao et al. (2020) and Lam et al. (2020)
showed a high similarity of 97.4% within the receptor-
binding domain of SARS-CoV-2 and some coron-
aviruses isolated from Manis javanica (also known as
Malayian pangolins; one of the eight species of the
genus Manis of the family Manidae, order Pholidota,
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that are commonly named pangolins). Still, the full-
length genome similarities between the pangolin coron-
aviruses and SARS-CoV-2 (85.5–92.4%) are much
lower than that between bat (Chiroptera) coron-
aviruses (specifically BatCoV RaTG13) and SARS-
CoV-2 (96.2%). Furthermore, China’s pangolins are
endangered to the point of near extinction. Their low
population density makes it nearly impossible that
pangolins are an intermediate host. They also have
long been banned from sale and have not been seen
recently in Wuhan’s wet markets (Yuan et al., 2020).
Other strategies, more speculative than those listed

above, have been used to suggest that SARS-CoV-2
came from a laboratory accident at the Wuhan Insti-
tute of Virology (Rogin, 2020). The evidence indicates
that SARS-CoV-2 was not purposefully manipulated
(Andersen et al., 2020). Moreover, the notion that the
SARS-CoV-2 pandemic resulted from a laboratory
accident at the Wuhan Institute of Virology (Rogin,
2020) is not necessary to explain the pandemic. Based
on serology evidence collected in October 2015, it is
possible that members of the human population in
Yunnan, or close contacts, carried SARS-CoV-like
viruses in themselves to Wuhan (Wang et al., 2018).
There also is evidence supporting that SARS-CoV-2’s
spike protein is derived from natural selection and is
not the product of purposeful manipulation. For
example, although the receptor-binding domain (RBD)
of the first variant of SARS-CoV-2 (Wuhan-Hu-1)
binds to human ACE2, computational analysis sug-
gests that the interaction is not ideal and that the
Wuhan-Hu-1 RBD differs from the SARS-CoV RBD
that was shown to be optimal for receptor binding
(Sheahan et al., 2008; Wan et al., 2020).
The natural emergence of new SARS-COV-2 vari-

ants in the UK, South Africa and elsewhere indepen-
dently acquiring mutations that improve fitness,
interaction with the host cell or transmissibility (Plante
et al., 2021; World Health Organization, 2020a; Gal-
loway et al., 2021) strengthens the hypothesis that the
Wuhan-Hu-1 RBD is suboptimal for receptor binding
and demonstrates that it could have been improved
with minimal modifications if it had been purposefully
manipulated.
Finally, many authors relied on phylogenetic

approaches to estimate the proximal origin of SARS-
CoV-2. So far, phylogenetic analyses by these authors
indicate either bat (e.g. Lu et al., 2020; Sun et al.,
2020a; Zhou P. et al., 2020) or pangolin (e.g. Lam
et al., 2020; Xiao et al., 2020; Zhang et al., 2020) coro-
naviruses as the sister group of SARS-COV-2. These
papers often suffer from the lack of diversity of genes
and hosts sampled, both of which can impact the esti-
mation of ingroup relationships (Schneider et al., 2020;
Wenzel, 2020). In our manuscript, we overcome these
shortcomings in phylogenetic analyses of coronaviruses

by including as much data from the coronaviruses as
possible to determine orthology and performing simul-
taneous analysis of a comprehensive sample of the
Orthocoronavirinae subfamily including its four genera
(i.e. AlphaCoVs, BetaCoVs, DeltaCovs and Gamma-
CoVs).

Aims

In this paper, we present a comprehensive phylogeny
based on 2006 Orthocoronavirinae genomes and meta-
data. The phylogeny serves to challenge persistent
assumptions, and re-evaluate hypotheses with new
data concerning host shifts in highly pathogenic lin-
eages (SARS-CoV, MERS-CoV and SARS-CoV-2),
lineages of relatively benign human coronaviruses
(HCoV-NL63, HCoV-229E, HCoV-HKU1, HCoV-
OC43 and HECV-4408), and coronaviruses that infect
wildlife and livestock (e.g. mouse hepatitis virus
(MHV), porcine epidemic diarrhoea virus (PEDV),
transmissible gastroenteritis virus (TGEV). We aim to
put the full record of coronavirus host shifts in a sin-
gle comprehensive phylogenetic framework based on
genomes. This phylogeny and the analyses of the host
evolution provide vital information for the assessment
of zoonotic episodes (Bolles et al., 2011). Moreover
the comparison of sister-group and orthology relation-
ships among Orthocoronavirinae will allow for selection
of viruses that can be used as proxies in research
under standard laboratory conditions (Biosafety Level
2, BSL-2) when higher Biosafety level labs (e.g. BSL-3)
are scarce.

Methods

Computation resources

All analyses were performed using UNC Charlotte’s Linux clusters
operated by University Research Computing (https://urc.uncc.edu).

Sample selection

Terminal selection includes unique sequences of Orthocoronaviv-
inae from NCBI’s RefSeq or GenBank, plus all complete SARS-
CoV-2 sequences (i.e. ≥26 000 bp) from GISAID that were available
on 17 February 2020. The final dataset comprises 2006 terminals.
The outgroup is composed of three of the four genera of the subfam-
ily Orthocoronavirinae, including 630 Alphacoronavirus, 265 Gamma-
coronavirus and 12 Deltacoronavirus. The ingroup comprises 1099
Betacoronavirus and includes 170 different samples of SARS-CoV-2.
A complete list of selected terminals and accession numbers is pro-
vided in Appendix S1a.

Although our dataset is adequate to infer the origins of the different
coronaviruses, we note that it is insufficient to discuss the epidemiol-
ogy of SARS-CoV-2 during the COVID-19 pandemic. Since 17 Febru-
ary 2020, there has been an accelerating increase in SARS-CoV-2
genomic information. For example, 559 218 complete or nearly com-
plete genomes of SARS-COV-2 and related viruses were submitted to
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the GISAID’s EpiCov database (https://www.epicov.org/) between 17
February 2020 and 17 February 2021. In that period, many cases of
anthroponotic transmission (namely, transmission of a pathogen from
humans to animals under natural conditions) of SARS-CoV-2 have
been reported in cats, dogs, tigers, lions and minks (Abdel-Moneim
and Abdelwhab, 2020). These events are related to anthroponotic
transmission during the pandemic rather than the fundamental emer-
gence of SARS-CoV-2 from animals to humans.

The final nucleotide matrix (Appendix S1b) comprises 38 274
characters divided into four partitions, representing the genes
ORF1ab (translated by ribosomal frameshifting), S (spike glycopro-
tein trimer), M (membrane protein) and N (nucleoprotein).

Since 11 November 2020, until this version of our manuscript, the
website for Xiao et al. (2020) bore a warning reading “11 November
2020 Editor’s Note: Readers are alerted that concerns have been
raised about the identity of the pangolin samples reported in this
paper and their relationship to previously published pangolin sam-
ples. Appropriate editorial action will be taken once this matter is
resolved.” The sequence produced and described by Xiao et al.
(2020) (of a Pan_SL-CoV_GD virus, BioProject accession number
PRJNA607174, GISAID accession number EPI_ISL_410721) is
included in this manuscript. However, because we do not implicate
pangolins as important in the emergence of SARS-CoV-2, removal
of these data would not change the conclusions of our paper.

Gene annotations

The gene composition of the different genera of the subfamily
Orthocoronavirinae vary, and not all genome sequences are entirely
annotated. We selected four genes (ORF1ab, S, M and N) that are
shared among all four genera of Orthocoronavirinae to partition the
genome sequences of these viruses. To annotate these genes, we cre-
ated a query database that contains nucleotide sequences of 194 gene
sequences (44 ORF1ab, 49 M, 50 S and 51 N) from NCBI’s RefSeq
and Genbank. The results of nucleotide-to-nucleotide BLAST (blastn)
v2.4.0+ (Altschul et al., 1990; Camacho et al., 2009) were parsed
using a PYTHON v3 script (parseOutfmt6.py, available at https://
gitlab.com/phyloinformatics/parseoutfmt6https://gitlab.com/phyloinf
ormatics/parseoutfmt6). Only terminals for which we could unam-
biguously annotate all four partitions were kept.

Multiple sequence alignment

Sequences of ORF1ab were aligned using MAFFT v7.453 (Katoh
et al., 2002; Katoh and Standley, 2013, available at mafft.cbrc.jp/
alignment/server) with the iterative strategy “FFT-NS-i” (accurate
but slow). The command line used was “mafft –reorder –anysymbol
–maxiterate 1000 –6merpair input.”’ Sequences of the other three
partitions (M, S and N) were aligned using a translation-based
method with MAFFT at the TranslatorX server (available at http://tra
nslatorx.co.uk/, accessed February 2020).

Parsimony analysis

Phylogenetic analysis under the parsimony optimality criterion
was performed following the framework of a total evidence analysis
(Kluge, 1989, 2004). We applied equal weights to all classes of char-
acter state transformation events. This approach considers that evo-
lutionary cladogenesis and transformation series are unique and
idiographic events. Historical inference under parsimony is idio-
graphic in that the method aims to infer particular events rather
than universal trends or laws. Such parsimony treats all hypothesized
homologues and evolutionary transformations as ontological individ-
uals that are unique, concrete and singular (Grant and Kluge, 2004;
Kluge and Grant, 2006; Grant and Kluge, 2009). The parsimony

approach differs from the alternative statistical and parametric opti-
mality criteria that treat cladogenesis and transformation series as
probabilistic events rather than heritable properties (Siddall and
Kluge, 1997; Grant and Kluge, 2003; Grant et al., 2006).

Tree search was performed using TNT v1.1 (Goloboff et al., 2008).
First, ten individual iterations (see Appendix S1c) were performed
using a new technologies search employing the ratchet, Tree Bisection
and Re-connection (TBR) and Sub-tree Pruning and Re-grafting (SPR)
tree searching strategies. A total of 100 rounds of tree fusing (command
line “tfuse = rounds 100”) were executed using all trees found this way.
A strict consensus of the most parsimonious trees was taken (with com-
mand “nelsen”) and used as our final parsimony tree but all character
optimization (including the inference of host transformation events)
was performed on binary trees. Bootstrap clade frequencies were calcu-
lated using 1000 pseudo-replicates (command “resample boot replica-
tions 1000”). Goodman–Bremer support values were calculated using
the “Bremer.RUN” macro (Appendix S1c). Goodman–Bremer values
calculated this way were used to obtain the ratio of explanatory power
(REP), as defined in Grant andKluge (2007).

We used the 1031 shortest trees from the parsimony analyses for
host character optimization. We normalized host information across
all terminals to the ordinal level. The complete dataset comprised ten
orders of animals: Artiodactyla (cloven-hooved mammals, such as
camels, pigs and cows), Aves (birds), Carnivora (eutherian mammals
such as civet cats), Chiroptera (bats), Eulipotyphla (including hedge-
hogs), Lagomorpha (including hares and rabbits), Perissodactyla
(odd-toed ungulates, such as horses), Pholidota (pangolins), Primates
(eutherian mammals such as moor macaque and chimpanze) and
Rodentia (rodents such as rats). Due to the medical and societal
importance of SARS-CoV, MERS and SARS-CoV-2, humans were
treated as a group apart from Primates. To investigate the different
host shift events and their frequency with Orthocoronavirinae, we
employed the commands CHANGE and APO from TNT as well as
functions from YBYRÁ (Machado, 2015) and retrieved host shift
information across different clades of Orthocoronavirinae.

Maximum-likelihood analysis

We used IQ-TREE v1.6.12 (Nguyen et al., 2015; Chernomor et al.,
2016; Kalyaanamoorthy et al., 2017; Hoang et al., 2018) for maxi-
mum-likelihood (ML) analysis. Model selection implemented a
greedy strategy (Lanfear et al., 2012) that starts with the full parti-
tion model and sequentially merges two genes until the model fit
does not increase any further (argument: “-m TESTMERGE”).
Tree-search started with 1000 initial parsimony trees (argument: “-
ninit 1000”). Bootstrap values were calculated using 1000 pseu-
doreplicates (argument: “-bb 1000”). SH-like approximate likelihood
ratio test (SH-aLRT; Guindon et al., 2010) using 1000 replicates (ar-
gument: “-alrt 1000”).

IQ-TREE results were used as a constraint to recalculate branch
lengths for our complete alignment matrix and each of our four
alignment partitions. This way, we obtained five ML trees for (I) all
of the partitions, (II) gene S, (III) gene M and (IV) gene N. We
employed those five ML trees and two different outgroups (Delta-
coronavirus or Deltacoronavirus + Gammacoronavirus) and their
respective alignment matrices to calculate mutation rates using TREE-

TIME v0.7.5 (Sagulenko et al., 2018) and following instructions in the
documentation (revision f1c83c30, available at https://treetime.read
thedocs.io). According to Sagulenko et al. (2018), TREETIME is
known to underestimate evolutionary rates when branch lengths are
long but it returns accurate estimates for low-diversity samples.
TREETIME strikes a useful compromise between inflexible but fast
heuristics and computationally expensive Bayesian approaches that
are not feasible in datasets the size of ours.

We also employed TreeTime to estimate the date of host shift
along branches for the complete ML tree (I) using the “mugration”
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option. The mugration analysis in TREETIME assumes that host shifts
can be modelled as a time-reversible process with comparable sam-
pling probabilities of the different states, treating host shifts as if
they were mutations between different sequence states. As a result of
this analysis, TREETIME generates a generalized time-reversible
(GTR) model for transformations between the different states and
reports all of the most likely character state transformations. Unlike
host shift optimization under the parsimony criterion (described
above), which reports nonambiguous transformations only, host shift
analysis in TREETIME reports a complete list of character state trans-
formation events.

Finally, we calculated individual trees per data partition using the
same unconstrained strategy described for the total evidence analysis
above. We used YBYRÁ and MSDIST (Bogdanowicz and Giaro,
2011) to estimate the clade variation and match split (MS) distances
among all trees, respectively.

Sensitivity to the removal of putative recombinant
genomes

We tested the effect of excluding putative recombinant genomes in
tree search experiments. We selected an initial subset of 505 terminals
representing at least one viral strain from our complete dataset of 2006
terminals. We identified putative recombinants using RDP v5 (Martin
et al., 2015) with the RND and GENECOV algorithms. We removed
all putative recombinant sequences found this way. Parsimony analyses
of the datasets with and without recombinants (i.e. with 505 terminals
and 505 terminals minus 190 putative recombinants, respectively) fol-
lowed the same tree search procedures applied for the complete dataset,
described above. The trees resulting from the best heuristic searches of
the smaller datasets were compared using YBYRÁ.

Contribution of genome recombination to the emergence
of SARS-CoV-2

Recently, different authors (e.g. Li et al., 2020; Shang et al.,
2020b) presented recombination detection analyses among bat-hosted
SARS-like CoVs and pangolin-hosted SARS-like CoVs and the
sequences of SARS-CoV-2 including its reference sequence (the
human derived Wuhan-Hu-1, RefSeq accession number NC_045512,
GenBank accession number MN908947.3). The bat-hosted SARS-
like CoV RaTG13 (GISAID accession number EPI_ISL_402131) is
the virus that shares the highest observed level of raw genetic simi-
larity (96.3%) with the Wuhan-Hu-1. However, the evidence pre-
sented by Li et al. (2020) and Shang et al. (2020b) suggests that
pangolin-hosted CoVs sampled from Guangdong, China (i.e.
Pan_SL-CoV_GD viruses such as GISAID accession number
EPI_ISL_410721) and bat-hosted viruses represent samples of the
ancestors that contributed to the RBD of SARS-CoV-2.

Referring to betacoronaviruses in general and SARS-CoV-2-re-
lated viruses, Li et al. (2020) argue that “there is extensive recombi-
nation among all of these viruses.” Therefore, although we are
interested in evaluating host transitions, including the one that led to
the human infection by SARS-CoV-2, we must quantify the extent
to which putative recombination events changed the genetic content
of the lineage of viruses that led to SARS-CoV-2 and how putative
recombination impacts our ability to infer the phylogeny and host
transitions in the history of SARS-CoV-2.

In order to perform these analyses, we aligned the complete gen-
omes of SARS-CoV-2 Wuhan-Hu-1 to two of the nonhuman-hosted
SARS-like viral genomes that are most genetically similar to it (bat-
hosted COV RaTG13 and a representative of the Pan_SL-CoV_GD
clade; GISAID accession number EPI_ISL_410721), as well as to two
other related bat-hosted SARS-like viruses (bat-SL-CoVZC45 and
bat-SL-CoVZXC21; GenBank accession numbers MG772933.1 and

MG772934.1, respectively). Genome sequences were aligned using the
MAFFT v7.450 (Katoh et al., 2002; Katoh and Standley, 2013) plu-
gin in GENEIOUS PRIME

® v2020.1.2 (https://www.geneious.com). We
employed the alignment described above for recombination detection
analysis utilizing the GENEIOUS plugin DUALBROTHERS (Suchard et al.,
2002, 2003; Minin et al., 2005) and RIP v3.0 (Siepel et al., 1995, web
version available from https://www.hiv.lanl.gov/content/sequence/
RIP/RIP.html). See additional detail in Appendix S1d.

Independent analysis of the SARS-CoV-2-related clade

The phylogenetic relationships within the SARS-CoV-2-related
clade were further examined based on the results of the phylogenetic
analyses of 2006 complete genomes of Orthocoronavirinae viruses,
described above.

We selected complete genomes >26 kbp in length of SARS-CoV-2
from NCBI (100 samples) and GISAID (241) available as of 3
February 2020. We also selected nine genomes from pangolin-hosted
SARS-CoV-2 viruses (GenBank accession number MT084071 and
GISAID accession numbers EPI_ISL_410538, EPI_ISL_410539,
EPI_ISL_410540, EPI_ISL_410541, EPI_ISL_410542,
EPI_ISL_410543, EPI_ISL_410721 and EPI_ISL_412860) and one
genome of the bat-hosted SARS-like CoV RaTG13 (GISAID acces-
sion number EPI_ISL_402131). To remove redundancy, we used
only one representative of each group of human-hosted viruses with
identical sequences. We used reference SARS-CoV-2 sequence from
NCBI’s RefSeq (accession number NC_045512) to create gene data-
bases and annotate 11 genes (ORF1ab, S, ORF3a, E, M, ORF6,
ORF7a, ORF7b, ORF8, N and ORF10) using BLAST and PAR-

SEOUTFMT6M and following the same guidelines described for the
gene annotation of the 2006 genomes of Orthocoronavirinae (see
above). We discarded all terminals for which we could not unam-
biguously annotate these 11 genes. The final SARS-CoV-2 dataset
included 250 genome sequences. We conducted phylogenetic analysis
using TNT and IQ-TREE followed the same procedures described
above for the analyses of the 2006 terminals dataset.

We leveraged the alignment matrices and phylogenies obtained
using the methodology described above to classify mutations, includ-
ing insertions or deletions (indels) in the SARS-CoV-2-related clade
that could help to identify unique characteristics of the clade. Addi-
tional sequence comparisons were performed using the PLOTINDELS

software that was developed in-house and is available at GitLab
(https://gitlab.com/phyloinformatics/plotindels).

In this analysis, we focused on the mutations that formed the
SARS-CoV-2 S gene and its receptor-binding motif (RBM), which
constitutes the part of the RBD that anchors the receptor-binding
loop to the core of the RBD (Li et al., 2005; Tai et al., 2020). The
viral spike glycoprotein mediates virus entry into the host cell. The
efficiency of the spike’s RBD interaction with the host receptors is a
key factor determining the host range of many coronaviruses.

Distinct features of the SARS-CoV-2 virus over its relatives
SARS-CoV and MERS include the high efficiency of SARS-CoV-2
binding to the receptor on human cells, the angiotensin-converting
enzyme 2 (ACE2) and SARS-CoV-2’s use of the host enzyme furin
to preactivate the spike protein and facilitate cell entry. These fea-
tures enable SARS-CoV-2 to be more infectious and transmissible
than SARS-CoV and HCoV-NL63 which bind ACE2, albeit ineffi-
ciently (Brielle et al., 2020; Shang et al., 2020a). Note that not all
coronaviruses bind to the same receptors. For example, MERS-CoV
binds to a distinct receptor, dipeptidyl peptidase 4 (DPP4) (Mou
et al., 2013).

The evolution of sequences and structures that mediate virus–-
cell interaction frequently is invoked in discussions of the zoonotic
events (Janies et al., 2008; Li, 2016; Liu et al., 2020b). Thus we
account for these mutations and indels in all lineages in our data-
set.
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Results

A graphical abstract of the main results shown here
is available at Appendix S1e.

Parsimony tree search results for Orthocoronavirinae

A total of six equally most heuristically parsimo-
nious trees were found for the dataset of 2006 termi-
nals, each with 560 229 steps. A NEXUS file with the
best heuristic results, the strict consensus, and trees
with Goodman–Bremen, REP and bootstrap values
are provided in Appendix S1f. The average bootstrap
value on the consensus tree was 75.17% (median =
90%, mode = 100%; see Appendix S1g). The strict
consensus tree is divided into three parts to allow visu-
alization (Figs 1, 2 and 3). Goodman–Bremer support
values were calculated for 473 different nodes, ranging
from 1 to 1 000 000 (median = 2266.18, mode = 39).
The REP varied from 5.048 × 10−6% to 5.048%.
Parsimony analysis recovered the monophyly of all

four genera. Only one sequence, a camel-hosted coron-
avirus HKU23 (GenBank accession number
KT368891.1), was found outside its originally assigned
genus. The authors who submitted this sequence of the
camel-hosted coronavirus HKU23 to NCBI’s Gen-
Bank classified it as an Alphacoronavirus. However,
our phylogeny placed it within a clade that includes
two betacoraviruses (two dromedary camel-hosted
coronavirus HKU23; GenBank accession numbers
KF906251.1 and KF906251.1). In parenthetical nota-
tion, this clade can be described as (KF906251.1,
KF906251.1, KT368891.1). Therefore, the sequence
KT368891.1 could have been mistakenly assigned to
the wrong genus by its submitters.

We measured the similarity of these sequences using
two different strategies. First, we aligned these three
genomes using the MAUVE v2.4.0 (Darling et al., 2010)
aligner and observed a single LCB block of 31 041 bp.
The sum of the lengths of matches in this LCB is
31 036 bp (99.83%), indicating that these sequences
have a remarkable similarity throughout their contigu-
ous length. Second, we measured the similarity among
these sequences using the program DISTMAT (available
with EMBOSS v6.6.0; Rice et al., 2000). In a distance
matrix calculated using the Tajima–Nei correction
method (base positions: “123”, gap weighting: 0.0), the
distance between the two HKU23 dromedary camel
coronaviruses (KF906251.1 and KF906251.1) was 0.18.
The distance between the camel coronavirus
(KT368891.1) and the most distant dromedary coron-
avirus (KF906251.1) was 0.26. However, the distance
between the camel coronavirus HKU23 (KT368891.1)
and its sister taxon (KF906251.1) was 0.17, the smallest
in this distance matrix. Based on these results, we clas-
sify the camel coronavirus HKU23 (KF906251.1) as a
Betacoronavirus.
Wildcard taxa search with YBYRÁ does not indicate

that there are any sequences that behave as a rogue termi-
nal. According to our work with YBYRÁ, the terminals
that are responsible for the most polytomies are repre-
sentatives of SARS-CoV-2, which are similar to each
other and comprise an unresolved clade (i.e. a collapsed
branch of the cladogram). Although parsimony analysis
can, at least on some occasions, be affected by long-
branch attraction (LBA; see review in Bergsten, 2005),
we did not observe any two long nonsister branches
within clades composed of otherwise short branches. We
also did not observe any event in which outgroup
sequences were attracted to long ingroup branches.

AlphaCoV|different viruses|Chiroptera

NC_028824.1|AlphaCoV|BtRf-AlphaCoV/YN2012|Chiroptera
AlphaCoV|different viruses|Rodentia

Deltacoronavirus|12 terminals|Aves
Gammacoronavirus|265 terminals|Aves

MN611522.1|AlphaCoV|Rhinolophus_affinis_bat_CoV|Chiroptera

AlphaCoV|different viruses|Chiroptera
MN611523.1|AlphaCoV|Hipposideros_pomona_bat_CoV|Chiroptera

AlphaCoV|Rhinolophus bat CoV HKU2|Chiroptera

AlphaCoV|Different viruses|Artiodactyla

AlphaCoV|Camel_AlphaCoV|Artiodactyla

AlphaCoV|Human CoV 229E including NC_002645.1|Human

MF094686.1|AlphaCoV|Swine_acute_diarrhea_syndrome-rel.|Chiroptera
MF094685.1|AlphaCoV|Swine_acute_diarrhea_syndrome-rel.|Chiroptera

AlphaCoV|different viruses|Chiroptera

AlphaCoV|Different viruses|Carnivora
AlphaCoV|Canine CoV|Carnivora

GQ477367.1|AlphaCoV|Canine_CoV|Carnivora

AlphaCoV|PEDV|Artiodactyla

KU291449.1|AlphaCoV|Camel_AlphaCoV_Camel229E|Artiodactyla

AlphaCoV|Hipposideros bat CoV HKU10|Chiroptera

JQ410000.1|AlphaCoV|Alpaca_respiratory_CoV|Artiodactyla

AlphaCoV|Swine acute diarrhea syndrome|Artiodactyla
AlphaCoV|viruses from mink|Carnivora

AlphaCoV|viruses from ferrets|Carnivora

AlphaCoV|Camel AlphaCov Camel229E|Artiodactyla

AlphaCoV|different viruses|Chiroptera

AlphaCoV|Rousettus bat CoV HKU10|Chiroptera

AlphaCoV|Human CoV NL63 including DQ445911.1|Human

AlphaCoV|Canine CoV|Carnivora

NC_032107.1|AlphaCoV|NL63-rel._bat_CoV|Chiroptera
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Fig. 1. The figure shows the strict consensus of the best six heuristic solutions from the phylogenetic tree search performed under the parsimony
criterion (part 1 of 3). The tree is rooted on Deltacoronavirus and Gammacoronavirus and the figure focuses on Alphacoronavirus. Clade frequen-
cies calculated using the bootstrap strategy are at the top of each branch except if equal to 100%. Some clades are collapsed to improve visual-
ization. See Appendix S1h for a complete version of this tree with branch lengths. The asterisk indicates the branch that continues on part 2.
[Colour figure can be viewed at wileyonlinelibrary.com]
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The host shift analysis in TNT was performed on
the pool of the shortest binary trees. This analysis
shows the minimum and the maximum number of host
shifts across the best heuristic tree solutions (Appendix
S1i). Throughout all Orthocoronavirinae (Table 1A)
humans were infected with coronaviruses from Artio-
dactyla and Chiroptera at least 17 and six times,

respectively. Carnivora and Rodentia hosts could be
unambiguously assigned as sources of human coron-
avirus infection no more than one time each.
Humans were the source of coronaviruses infecting

other hosts a minimum of 16 times (nine times to
Artiodactyla, six times to Carnivora, and once to other
Primates). Half of the remaining host shifts are from

EF424621.1|BetaCoV|Sable_antelope_CoV_US/OH1/2003|Artiodactyla

BetaCoV|equive CoV|Perissodactyla

BetaCoV|SARS-CoV including AY283797.1|Human

BetaCoV|SARS-CoV including AY278491.1|Human

BetaCoV|Bat_SARS_CoV_HKU3|Chiroptera

JX163923.1|BetaCoV|SARS-rel.|Carnivora

AY427439.1|BetaCoV|SARS_CoV_AS|Human

BetaCoV|viruses from giraffes|Artiodactyla

AY772062.1|BetaCoV|SARS_CoV_WH20|Human

AY654624.1|BetaCoV|SARS_CoV_TJF|Artiodactyla

BetaCoV|Sambar deer CoV|Artiodactyla

BetaCoV|SARS-CoV Urbani including AY278741.1|Human

EPI_ISL_402131|BetaCoV/bat/Yunnan/RaTG13/2013|Chiroptera

NC_004718.3|BetaCoV|SARS-rel.|Human

BetaCoV|Dromedary camel CoV HKU23|Artiodactyla

NC_001846.1|BetaCoV|MHV|Rodentia

BetaCoV|Bovine CoV|Artiodactyla

BetaCoV|viruses associated with SARS from bats|Chiroptera

DQ182595.1|BetaCoV|SARS_CoV_ZJ0301|Human

BetaCoV|SARS-CoV including AY463060.1|Human

AY282752.2|BetaCoV|SARS_CoV_CUHK-Su10|Human

MK211375.1|BetaCoV|Coronavirus_BtRs-BetaCoV/YN2018A|Chiroptera

FJ938066.1|BetaCoV|Bovine_respiratory_CoV|Artiodactyla

JX163926.1|BetaCoV|SARS-rel.|Carnivora

BetaCoV|SARS-CoV including AY394979.1|Human

BetaCoV|Bovine CoV|Artiodactyla

BetaCoV|HEV|Artiodactyla
BetaCoV|Canine_respiratory_CoV|Carnivora

BetaCoV|SARS-CoV including AY394999.1|Human

AY394990.1|BetaCoV|SARS_CoV_HZS2-E|Human
AY394992.1|BetaCoV|SARS_CoV_HZS2-C|Human

EU371559.1|BetaCoV|SARS_CoV_ZJ02|Human

FJ647221.1|BetaCoV|Murine_CoV_repA59/RJHM|Rodentia

AY323977.2|BetaCoV|SARS_CoV_HSR_1|Human

BetaCoV|Murine/MHV|Rodentia

BetaCoV|Bovine and yak CoV|Artiodactyla

MG518518.1|BetaCoV|Water_deer_CoV|Artiodactyla

BetaCoV|Bovine CoV|Artiodactyla

JX163928.1|BetaCoV|SARS-rel.|Carnivora

BetaCoV|SARS-CoV-2 including EPI_ISL_402121|Human

BetaCoV|viruses from pangolins|Pholidota

BetaCoV|SARS-CoV including AY291451.1|Human

KY352407.1|BetaCoV|SARS-rel.|Chiroptera

BetaCoV|Rabbit CoV HKU14|Lagomorpha

BetaCoV|SARS-CoV including AY485277.1|Human

BetaCoV|SARS-CoV including AY394991.1|Human

BetaCoV|Bovine CoV|Artiodactyla

BetaCoV|Bovine_CoV|Artiodactyla

AY350750.1|BetaCoV|SARS_CoV_PUMC01|Human

BetaCoV|viruses associated with SARS from bats|Chiroptera

AY394993.1|BetaCoV|SARS_CoV_HGZ8L2|Human

AY278554.2|BetaCoV|SARS_CoV_CUHK-W1|Human

BetaCoV|viruses associated with SARS from bats|Chiroptera

JX163925.1|BetaCoV|SARS-rel.|Carnivora

BetaCoV|SARS-CoV including AY283796.1|Human

BetaCoV|BetaCoV sp.|Rodentia

AY485278.1|BetaCoV|SARS_CoV_Sino3-11|Human

BetaCoV|BetaCoV HKU24 and others|Rodentia

BetaCoV|SARS-like|Chiroptera

JX163927.1|BetaCoV|SARS-rel.|Carnivora

BetaCoV|Murine/MHV|Rodentia

BetaCoV|different viruses from bats|Chiroptera

AY394989.1|BetaCoV|SARS_CoV_HZS2-D|Human

NC_025217.1|BetaCoV|Bat_Hp-betacoronavirus/Zhejiang2013|Chiroptera

AY297028.1|BetaCoV|SARS_CoV_ZJ01|Human

AY278489.2|BetaCoV|SARS_CoV_GD01|Human

JX163924.1|BetaCoV|SARS-rel.|Carnivora

BetaCoV|MHV_strain_A59|Artiodactyla

BetaCoV|viruses associated with SARS from bats|Chiroptera

BetaCoV|SARS-CoV BJ182 including EU371564.1|Human

BetaCoV|Bovine CoV including viruses from alpacas|Artiodactyla

BetaCoV|Murine/MHV|Rodentia (including GU593319.1|BetaCoV|MHV|Artiodactyla)

AY394998.1|BetaCoV|SARS_CoV_LC1|Human

BetaCoV|SARS-CoV including AY14217.1|Human

AY502928.1|BetaCoV|SARS_CoV_TW5|Human

BetaCoV|SARS-CoV including DQ640652.1|Human
BetaCoV|SARS-CoV including AY864805.1|Human

BetaCoV|Human CoV HKU1 including MH940245.1|Human

BetaCoV|SARS-CoV including AY278487.1|Human

BetaCoV|viruses associated with SARS from bats|Chiroptera

AY508724.1|BetaCoV|SARS_CoV_NS-1|Human

FJ415324.1|BetaCoV|Human_enteric_CoV_4408|Human

AY394997.1|BetaCoV|SARS_CoV_ZS-A|Human

BetaCoV|SARS and SARS-related viruses in different hosts including civets|Carnivora

DQ898174.1|BetaCoV|SARS-rel.|Human

KF268336.1|BetaCoV|Murine_CoV|Rodentia

BetaCoV|Waterbuck CoV|Artiodactyla

BetaCoV|viruses associated with SARS from bats|Chiroptera

BetaCoV|different viruses from bats|Chiroptera

BetaCoV|SARS-CoV including AP006560.1|Human

EF424615.1|BetaCoV|Bovine_CoV_E-AH65|Artiodactyla

BetaCoV|Murine/MHV|Rodentia (including AC_000192.1|BetaCoV|MHV|Carnivora)
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MK211374.1|BetaCoV|Coronavirus_BtRl-BetaCoV/SC2018|Chiroptera

BetaCoV|viruses associated with SARS from bats|Chiroptera

BetaCoV|SARS-CoV including AY394994.1|Human
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KT368887.1|BetaCoV|MERS-rel.|Artiodactyla

BetaCoV|MERS-related viruses including KY688118.1|Human

MF598664.1|BetaCoV|MERS-rel.|Artiodactyla

BetaCoV|different viruses from bats|Chiroptera

KJ713299.1|BetaCoV|MERS-rel.|Artiodactyla

KY581699.1|BetaCoV|MERS-rel.|Artiodactyla

KT368826.1|BetaCoV|MERS-rel.|Artiodactyla

BetaCoV|MERS-related|Artiodactyla

BetaCoV|different viruses from bats|Chiroptera

BetaCoV|MERS-related|Artiodactyla

MG021452.1|BetaCoV|MERS-rel.|Chiroptera

BetaCoV|MERS-related|Artyodactyla

KY688119.1|BetaCoV|MERS-rel.|Human

BetaCoV|MERS-related viruses including MG757597.1|Human

KF600630.1|BetaCoV|MERS-rel.|Human

BetaCoV|MERS-related|Artiodactyla

BetaCoV|MERS-related|Artiodactyla

KU851859.1|BetaCoV|MERS-rel.|Human

BetaCoV|MERS-related|Artiodactyla

BetaCoV|MERS-related|Artiodactyla

KT368890.1|BetaCoV|MERS-rel.|Artiodactyla

KX108944.1|BetaCoV|MERS-rel.|Artiodactyla

BetaCoV|MERS-related|Artiodactyla

BetaCoV|different viruses from bats|Chiroptera

KT368878.1|BetaCoV|MERS-rel.|Artiodactyla

KJ650098.1|BetaCoV|MERS-rel.|Artiodactyla

BetaCoV|MERS-related viruses including KF600620.1|Human

BetaCoV|MERS-related|Artiodactyla

BetaCoV|MERS-related viruses including MG757604.1|Human

BetaCoV|MERS-related|Artiodactyla

KT368825.1|BetaCoV|MERS-rel.|Artiodactyla

BetaCoV|viruses from hedgehogs|Eulipotyphla

BetaCoV|MERS-related viruses including MG757601.1|Human

KT368855.1|BetaCoV|MERS-rel.|Artiodactyla

BetaCoV|MERS-related|Artiodactyla

MF598666.1|BetaCoV|MERS-rel.|Artiodactyla

BetaCoV|MERS-related viruses including KF192507.1|Human

MF598663.1|BetaCoV|MERS-rel.|Artiodactyla

KY581694.1|BetaCoV|MERS-rel.|Human

BetaCoV|MERS-related|Artiodactyla

MF598594.1|BetaCoV|MERS-rel.|Artiodactyla

MH013216.1|BetaCoV|MERS-rel.|Human

KT368870.1|BetaCoV|MERS-rel.|Artiodactyla

BetaCoV|MERS-related|Artiodactyla

BetaCoV|MERS-related viruses including KF600652.1|Human

BetaCoV|MERS-related|Artiodactyla

BetaCoV|MERS-related|Artiodactyla

BetaCoV|MERS-related viruses including MV598680.1|Human

KT368824.1|BetaCoV|MERS-rel.|Artiodactyla

KP209312.1|BetaCoV|MERS-rel.|Human

BetaCoV|MERS-related|Artiodactyla

BetaCoV|MERS-related viruses including MK280984.2|Human

KT368871.1|BetaCoV|MERS-rel.|Artiodactyla

MF598644.1|BetaCoV|MERS-rel.|Artiodactyla

BetaCoV|MERS-related viruses including KY581696.1|Human

BetaCoV|MERS-related|Artiodactyla

MF598619.1|BetaCoV|MERS-rel.|Artiodactyla

BetaCoV|MERS-related|Artiodactyla

KU182965.1|BetaCoV|Bat_CoV|Chiroptera

BetaCoV|MERS-related viruses including KT026456.1|Human

BetaCoV|MERS-related|Artiodactyla

KJ473822.1|BetaCoV|BtTp-BetaCoV/GX2012|Chiroptera

MF598694.1|BetaCoV|MERS-rel.|Artiodactyla

BetaCoV|MERS-related viruses including KM027262.1|Human

BetaCoV|MERS-related viruses including KY581685.1|Human

KT225476.2|BetaCoV|MERS-rel.|Human

BetaCoV|MERS-related|Artiodactyla

KT368852.1|BetaCoV|MERS-rel.|Artiodactyla

KJ713295.1|BetaCoV|MERS-rel.|Artiodactyla

BetaCoV|MERS-related viruses including KT029139.1|Human

MF598621.1|BetaCoV|MERS-rel.|Artiodactyla

KC776174.1|BetaCoV|Human_BetaCoV_2c_Jordan-N3/2012|Human

BetaCoV|MERS-related viruses including KM027260.1|Human

BetaCoV|MERS-related|Artiodactyla

KJ713296.1|BetaCoV|MERS-rel.|Artiodactyla

BetaCoV|MERS-related|Artiodactyla

MF598603.1|BetaCoV|MERS-rel.|Artiodactyla

BetaCoV|MERS-related viruses including MH306207.1|Human

KJ156934.1|BetaCoV|MERS-rel.|Human

KX108943.1|BetaCoV|MERS-rel.|Artiodactyla

BetaCoV|MERS-related viruses including KR011266.1|Human

BetaCoV|MERS-related|Artiodactyla

BetaCoV|MERS-related viruses including KU710265.1|Human

JX869059.2|BetaCoV|Human_BetaCoV_2c_EMC/2012|Human
KJ614529.1|BetaCoV|Human_BetaCoV_2c_Jordan-N3/2012|Human

BetaCoV|MERS-related viruses including KJ361503.1|Human

KT368867.1|BetaCoV|MERS-rel.|Artiodactyla

KT156561.1|BetaCoV|MERS-rel.|Human

BetaCoV|MERS-related viruses including KF961222.1|Human

BetaCoV|MERS-related|Artiodactyla

KX108946.1|BetaCoV|MERS-rel.|Artiodactyla

BetaCoV|MERS-related viruses including KY581687.1|Human

MF598646.1|BetaCoV|MERS-rel.|Artiodactyla

BetaCoV|MERS-related viruses including KY581692.1|Human

BetaCoV|MERS-related|Artiodactyla

BetaCoV|MERS-related|Artiodactyla

MF598618.1|BetaCoV|MERS-rel.|Artiodactyla
MF598607.1|BetaCoV|MERS-rel.|Artiodactyla

KJ473821.1|BetaCoV|BtVs-BetaCoV/SC2013|Chiroptera

BetaCoV|MERS-related|Artiodactyla

BetaCoV|MERS-related|Artiodactyla
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Fig. 3. Strict consensus from parsimony analyses (part 2 of 3). The asterisk on the top indicates the continuity with Fig. 2. See Appendix S1h for a com-
plete version of this tree with branch lengths. The figure focuses onMERS-related clades. Clade frequencies calculated using the bootstrap strategy are at
the top of each branch except if equal to 100. Some clades are collapsed to improve visualization. [Colour figure can be viewed at wileyonlinelibrary.com]
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Rodentia to Artiodactyla (at least four times) and Chi-
roptera to Artiodactyla (at least three times).
In Alphacoronavirus (Table 1B), the most frequent

type of host shift is from Chiroptera to Artiodactyla
(two to three times). All alphacoronaviruses infecting
humans originated from a Chiroptera or Artiodactyla
host. Chiroptera to human transmissions occurred one
to two times. Artiodactyla to human transmissions
occurred zero to one time, depending on the tree.
Likewise, when considering just the betacoronavirus
clade (Table 1C), all human infections originated from
Artiodactyla and Chiroptera (≥17 and two times,
respectively) or from Carnivora (one to three times).
The clade that includes HCoV-HKU1 and HCoV-

OC34 (Table 1D) has two host shifts from Artio-
dactyla to humans. There are no other host shifts from
an animal species to humans in this clade.
Table 1E–H makes clear that most host shifts from

Artiodactyla to humans (15–19 times) are in the clade asso-
ciated with MERS-CoV (Table 1E and H). The clade of
SARS-CoV-related viruses (Table 1F) shows one host shift
fromChiroptera to humans and zero or one host shift from
Carnivora to humans, depending on the tree. The clade of
SARS-CoV-2-related viruses (Table 1G) has only two
types of transmissions, which are independent: once from
Chiroptera to humans, and once fromChiroptera to Pholi-
dota. Finally, the MERS-related clade (Table 1H) har-
bours 15 to 19 host shifts from Artyodactyla to humans,
eight to 12 host shifts from humans to Artiodactyla, and
one host shift fromChiroptera toArtiodactyla.
Characterization of different types of character state

transformations in YBYRÁ allowed us to separate
ambiguous and nonambiguous transformations, and
classify host shifts into homoplastic and nonhomoplas-
tic events, including reversions. Please note that a glos-
sary of terms is included (Appendix S3). The
categorized character-state changes represent a consen-
sus among all possible optimization schemes consider-
ing all best heuristic solutions from the parsimony
analysis. For example, we highlight the transformation
from Artiodactyla to humans that leads to the HCoV-
OC43 clade. This transformation is characterized as
unique and homoplastic (Fig. 1). We also call the
readers’ attention to transformations in viral lineages
that exhibit Chiroptera-hosted to human-hosted his-
tory in SARS-CoV and SARS-CoV-2 clades (Fig. 2).
In the clade of SARS-CoV, there is a unique and
homoplastic transformation from Chiroptera hosts to
humans hosts before humans infected Carnivora hosts
(Janies et al., 2008) Likewise, in the clade of SARS-
CoV-2 related viruses, there is a unique and homoplas-
tic transformation from Chiroptera hosts to human
hosts. In lineages leading to the clade of SARS-CoV-2
in humans, there is a unique and nonhomoplastic
transformation from Chiroptera to Pholidota that is
independent of the human infection by SARS-CoV-2.

Chiroptera hosts play a fundamental role in the his-
tory of human infections by MERS-CoV. In the clade
of MERS-related betacoronaviruses (Fig. 3), a unique
and homoplastic change from Chiroptera hosts to
Artiodactyla hosts occurs before another unique and
homoplastic change from Artiodactyla to humans,
which is followed by numerous host shifts between
Artiodactyla and humans.

Maximum-likelihood tree search results for
Orthocoronavirinae

The ML tree (Fig. 4) also recovered the monophyly
of the four genera of Orthocoronavirinae. The log-like-
lihood of the consensus tree is �2240329:5917. Node
labels show the support values formatted as SH-aLRT
support (%)/bootstrap values (%). The branch lengths
are proportional to the number of nucleotide substitu-
tions per nucleotide site. As for the results from parsi-
mony analysis, we did not detect any branch
distortions.
The ML tree is similar to the best heuristic results

from parsimony analysis. There are no clades in the
ML tree that are not found in at least one of the best
heuristic results from parsimony analysis. In the his-
togram on Fig. 5 we show that only a fraction of all
the clades from ML could not be found in all of the
parsimony trees, and that the majority of the clades
were found in all trees. Also, as shown in Fig. 5, the
vast majority of the clades from the ML tree that are
not found in the set of parsimony trees were <10 ter-
minals.
The ML analysis served to inform model-based

analyses with the TREETIME program (Sagulenko
et al., 2018). Complete results including evolutionary
rates estimates and host shift analysis using “mugra-
tion” models are in Appendix S1j. Table 2 summa-
rizes TREETIME results for the clades of
alphacoronaviruses and betacoronaviruses known to
infect humans. Table 2 also gives each of the viruses’
earliest publications, which we can use as a conser-
vative threshold for that clade’s earliest expected
date. A complete version of this table is available in
Appendix S1j, including the publications’ digital
object identifiers and the details about the earliest
genetic sequences submitted to NCBI’s databases for
each virus.
We retrieved the oldest and more recent dates for

each virus from the different TREETIME experiments
(Table 2). In some cases, the variation is negligible; for
example, from 28 September to 21 December 2019, for
SARS-CoV-2. However, depending on the virus, data
partitioning and TREETIME parameters, there were
more pronounced variations; for example, from 6 July
1969 to 14 November 2001, for HCoV-229E. The date
estimates also varied within the same clade depending
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on the partition; for example, the minimum dates for
the SARS-CoV date varied from 9 April 2003, to 15
January 2010.

In a similar way to date estimations, Table 2 also
shows that branch length estimations (which corre-
spond to the number of expected mutations per site in

Table 1
Minimum and maximum number of host shifts thought different clades of Orthocoronavirinae. Clades listed here are indicated in Figs 1, 2 and 3,
which also include transformations that are found in all the best heuristic solutions from parsimony analysis. Empty cells indicate zero transfor-
mations. When the number of transformations is sensitive to tree topology and optimization strategy, the cells indicate the minimum and the
maximum number of expected transformations. This table is divided into eight parts: (A) Complete phylogeny of Orthocoronavirinae; (B) Alpha-
coronavirus; (C) Betacoronavirus; (D) The clade that includes both HCoV-HKU1 and HCoV-OC43 betacoronaviruses; (E) Viruses related to
SARS-CoV, SARS-CoV-2 and MERS-CoV; (F) SARS-CoV and related viruses; (G) SARS-CoV-2 and related viruses; and (H) MERS-CoV and
related viruses

To

(Ar) (Av) (Ca) (Ch) (Eu) (Hu) (La) (Pe) (Ph) (Pr) (Ro)

(A) Orthocoronavirinae
From (Ar)tiodactyla — 2 17–22 0–1 0–1

(Av)es — 0–1 0–1
(Ca)rnivora 1 — 0–1
(Ch)iroptera 3–4 1 — 1 3–5 1 0–2
(Eu)lipotyphla —
(Hu)mans 9–14 6–7 0–1 — 1 0–1
(La)gomorpha 0–1 — 0–1
(Pe)rissodactyla 0–1 0–1 —
(Ph)olidota —
(Pr)imates —
(Ro)dentia 4–5 1 0–2 0–1 0–1 0–1 —

(B) Alphacoronavirus
From (Ar)tiodactyla — 1 0–1

(Av)es —
(Ca)rnivora 1 —
(Ch)iroptera 2–3 1 — 1–2
(Eu)lipotyphla —
(Hu)mans 0–1 0–1 —
(La)gomorpha —
(Pe)rissodactyla —
(Ph)olidota —
(Pr)imates —
(Ro)dentia 1 —

(C) Betacoronavirus
From (Ar)tiodactyla — 1 17–21 0–1 0–1

(Av)es —
(Ca)rnivora — 0–1
(Ch)iroptera 1 — 1 2 1 0–1
(Eu)lipotyphla —
(Hu)mans 9–13 6–7 0–1 — 1 0–1
(La)gomorpha 0–1 — 0–1
(Pe)rissodactyla 0–1 0–1 —
(Ph)olidota —
(Pr)imates —
(Ro)dentia 4–5 1 0–1 0–1 0–1 —

(D) HKU1/OC43
From (Ar)tiodactyla — 1 2 0–1 0–1

(Av)es —
(Ca)rnivora —
(Ch)iroptera —
(Eu)lipotyphla —
(Hu)mans — 1 1
(La)gomorpha 0–1 — 0–1
(Pe)rissodactyla 0–1 0–1 —
(Ph)olidota —
(Pr)imates —
(Ro)dentia 4–5 1 0–1 0–1 —

D. Jacob Machado et al. / Cladistics 37 (2021) 461–488 471



each branch) varied depending on the clade and data
partitioning. The ratio between the maximum and
minimum branch length varied from c.1.64 in HCoV-
HKU1 to c.21.91 in HCoV-229E.

Moving from TREETIME analyses to the results of
phylogenetic analsyses using different partition
schemes, we observed that unconstrained gene trees
based on partitions (ORF1ab, S, M and N) were

Table 1
(Continued)

To

(Ar) (Av) (Ca) (Ch) (Eu) (Hu) (La) (Pe) (Ph) (Pr) (Ro)

(E) SARS-/MERS-related
From (Ar)tiodactyla — 15–19

(Av)es —
(Ca)rnivora — 0–1
(Ch)iroptera 1 — 2
(Eu)lipotyphla —
(Hu)mans 9–13 6–7 —
(La)gomorpha —
(Pe)rissodactyla —
(Ph)olidota —
(Pr)imates —
(Ro)dentia —

(F) SARS-CoV-related
From (Ar)tiodactyla —

(Av)es —
(Ca)rnivora — 0–1
(Ch)iroptera — 1
(Eu)lipotyphla —
(Hu)mans 1 6–7 —
(La)gomorpha —
(Pe)rissodactyla —
(Ph)olidota —
(Pr)imates —
(Ro)dentia —

(G) SARS-CoV-2-related
From (Ar)tiodactyla —

(Av)es —
(Ca)rnivora —
(Ch)iroptera — 1 1
(Eu)lipotyphla —
(Hu)mans —
(La)gomorpha —
(Pe)rissodactyla —
(Ph)olidota —
(Pr)imates —
(Ro)dentia —

(H) MERS-related
From (Ar)tiodactyla — 15–19

(Av)es —
(Ca)rnivora —
(Ch)iroptera 1 —
(Eu)lipotyphla —
(Hu)mans 8–12 —
(La)gomorpha —
(Pe)rissodactyla —
(Ph)olidota —
(Pr)imates —
(Ro)dentia —

Fig. 4. Maximum-likelihood tree (log-likelihood: �2240329:5917). Node labels show the support values formatted as SH-aLRT support (%)/-
bootstrap values (%) except when values are both equal to 100. The branch lengths are proportional to the average number of nucleotide substi-
tutions per aligned position. Branches of coronaviruses that infect humans are shown in grey and marked with an asterisk (*). Some clades were
collapsed and named according to representative sequences to facilitate visualization. A complete version of this tree is available in Appendix S1.
[Colour figure can be viewed at wileyonlinelibrary.com]
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Includes NC_028833.1|AlphaCoV|BtNv-AlphaCoV/SC2013|Chiroptera

GQ477367.1|AlphaCoV|Canine CoV|Carnivora

EPI_ISL_402131|BetaCoV/bat/Yunnan/RaTG13/2013|Chiroptera

Includes JQ404410.1|AlphaCoV|Canine CoV|Carnivora

MERS-related (includes Artyodactyla and human hosts)

Includes NC_017083.1|BetaCoV|Rabbit CoV HKU14|Lagomorpha

NC_032107.1|AlphaCoV|NL63-rel. bat CoV|Chiroptera

NC_028814.1|AlphaCoV|BtRf-AlphaCoV/HuB2013|Chiroptera

Includes KU291449.1|AlphaCoV|Camel229E|Artiodactyla

229E (human hosts only)

KY352407.1|BetaCoV|SARS-rel.|Chiroptera

Includes NC_030292.1|AlphaCoV|Ferret CoV|Carnivora

Includes KJ473814.1|BetaCoV|BtRs-BetaCoV/HuB2013|Chiroptera

MK211374.1|BetaCoV|BtRl-BetaCoV/SC2018|Chiroptera

Includes KP981644.1|AlphaCoV|Canine CoV|Carnivora

NC_034440.1|BetaCoV|Bat CoV|Chiroptera

KY799179.1|AlphaCoV|Myotis lucifugus CoV|Chiroptera

MN611522.1|AlphaCoV|Rhinolophus affinis bat CoV|Chiroptera

OC43 (includes primate and human hosts)

Uncludes KJ473815.1|BetaCoV|BtRs-BetaCoV/GX2013|Chiroptera

Includes MK564475.1|BetaCoV|MERS-rel.|Artiodactyla

Includes KY417146.1|BetaCoV|Bat SARS-like CoV|Chiroptera

Includes MK211377.1|BetaCoV|BtRs-BetaCoV/YN2018C|Chiroptera

Includes LC061272.1|BetaCoV|Equine CoV|Perissodactyla

NC_025217.1|BetaCoV|Bat Hp/Zhejiang2013|Chiroptera

Includes NC_001846.1|BetaCoV|MHV|Rodentia

Includes MK211376.1|BetaCoV|BtRs-BetaCoV/YN2018B|Chiroptera

MF094686.1|AlphaCoV|Swine acute diarrhea syndrome-rel.|Chiroptera

Includes NC_009020.1|BetaCoV|Pipistrellus bat CoV HKU5|Chiroptera

Includes NC_009988.1|AlphaCoV|Rhinolophus bat CoV HKU2|Chiroptera

NL63 (human hosts only)

MF094687.1|AlphaCoV|Swine acute diarrhea syndrome-rel.|Chiroptera

Includes MH615810.1|AlphaCoV|SADS-CoV|Artiodactyla

Includes NC_010438.1|AlphaCoV|Miniopterus bat CoV HKU8|Chiroptera

SARS-CoV-2 (human hosts only)

Includes KU973692.1|BetaCoV|SARS-rel.|Chiroptera

HKU1 (human hosts only)

Includes NC_034972.1|AlphaCoV|Coronavirus AcCoV-JC34|Rodentia

Includes KY417145.1|BetaCoV|Bat SARS-like CoV|Chiroptera

Includes MG772934.1|BetaCoV|Bat SARS-like CoV|Chiroptera

KX108943.1|BetaCoV|MERS-rel.|Artiodactyla

Includes DQ011855.1|BetaCoV|HEV|Artiodactyla

MF094688.1|AlphaCoV|Swine acute diarrhea syndrome-rel.|Chiroptera

KJ473810.1|AlphaCoV|BtMs-AlphaCoV/GS2013|Chiroptera

Includes MF737355.1|AlphaCoV|PEDV|Artiodactyla

Includes EPI_ISL_410542|BetaCoV/Guangxi/P2V/2017|Pholidota

Includes MH687970.1|BetaCoV|BetaCoV sp.|Rodentia

Includes KP886809.1|BetaCoV|Bat SARS-like CoV YNLF 34C|Chiroptera

MK211375.1|BetaCoV|Coronavirus BtRs-BetaCoV/YN2018A|Chiroptera

Includes KJ473821.1|BetaCoV|BtVs-BetaCoV/SC2013|Chiroptera

NC_022103.1|AlphaCoV|Bat CoV CDPHE15/USA/2006|Chiroptera

DeltaCoV

Includes NC_010437.1|AlphaCoV|Bat CoV 1A|Chiroptera

NC_028824.1|AlphaCoV|BtRf-AlphaCoV/YN2012|Chiroptera

Includes NC_009021.1|BetaCoV|Rousettus bat CoV HKU9|Chiroptera

MF094685.1|AlphaCoV|Swine acute diarrhea syndrome-rel.|Chiroptera

Includes NC_039207.1|BetaCoV|Erinaceus/VMC/DEU/2012|Eulipotyphla

MN611523.1|AlphaCoV|Hipposideros pomona bat CoV|Chiroptera

Includes DQ811789.2|AlphaCoV|TGEV virulent Purdue|Artiodactyla

Includes NC_018871.1|AlphaCoV|Rousettus bat CoV HKU10|Chiroptera

Includes NC_026011.1|BetaCoV|BetaCoV HKU24|Rodentia

Includes NC_003045.1|BetaCoV|Bovine CoV|Artiodactyla

GammaCoV

Includes MF593268.1|BetaCoV|MERS-rel.|Chiroptera

SARS-CoV-1 (includes Artyodactyla, Carnivora, and human hosts)

Includes NC_028811.1|AlphaCoV|BtMr-AlphaCoV/SAX2011|Chiroptera

Includes GQ153543.1|BetaCoV|Bat SARS CoV HKU3-8|Chiroptera

Includes JN634064.1|AlphaCoV|Feline CoV|Carnivora

99.9/99.9

72.7/76.7

98.3/98.7

48.8/63.8

40.1/62.2

8.3/53.8

52.5/66.7

46.5/65

99.9/99.7

99.6/99.2

92.8/89.4

59.7/66.8

99.8/99.4

84.5/82.2

90.4/84.9

100/99.8

98.1/96

87.3/83.8

99.9/99.8

D. Jacob Machado et al. / Cladistics 37 (2021) 461–488 473



topologically distant from the tree based on all datasets
combined according to the MS distances for unrooted
binary trees calculated with the MSDIST program
(Table 3). The distance between the tree from all data-
sets to the trees from each partition increases as each
partition size decreases. We used YBYRÁ to compare
all clades among these trees. Table 4 illustrates the fre-
quency in which a few selected clades were recovered in
trees from different partitions. The unconstrained gene
trees are provided in Appendix S1l.

Sensitivity to removal of putative recombinant
genomes. We used RDP v5 to search for putative
recombinant events on a subset of 505 terminals
selected to represent the main lineages of
coronaviruses found in the complete dataset of 2006
terminals. The RDP and GENECOV algorithms
indicated that 190 terminals were possible recombinant
genomes (see Appendix S1k). We removed those 190
putative recombinants from the initial subset to
generate a new matrix of 315 terminals.
The subset of 505 terminals resulted in 50 most parsi-

monious trees of 527 991 steps. The subset of 315 termi-
nals resulted in nine most parsimonious trees, with
366 045 steps. Alignment matrices and trees are avail-
able in Appendix S1m. We used YBYRÁ to compare
the strict consensus trees generated from both datasets.
The data plot in Fig. 6 illustrates how the most parsimo-
nious trees differ among datasets using the percentage of
shared branches among trees. The distance between trees
from each dataset is higher than the distance of the trees
within each dataset. However, the histograms on Fig. 7
indicate that strict consensus topologies are mostly con-
gruent, with most of the differences being of clades with
<10 terminals. We found that, in this particular case, the

distances between these trees do not affect downstream
analysis of character evolution.
Upon close examination, we noticed that topological

modifications in the consensus tree from the smallest
dataset make groups expected to be monophyletic (and
that were retrieved as such in our analysis of the complete
dataset) become paraphyletic or polyphyletic. For exam-
ple, depending on the root position, with smaller datasets
Deltacoronavirus would be split into a minimum of two
clades that comprised either a paraphyletic assemblage in
the trees from the larger dataset or a polyphyletic assem-
blage in trees from the smaller dataset. Although Alpha-
coronavirus is a polyphyletic group in both cases, the
consensus tree from the larger dataset organizes alpha-
coronaviruses in a minimum of five clades, whereas the
consensus tree from the smaller dataset organizes alpha-
coronaviruses in a minimum of six clades.
Likewise, Betacoronavirus comprises at least three and

at most nine clades in the consensus trees from the larger
and smaller datasets, respectively. The only exception to
this pattern seems to be the group of SARS-CoV-related
viruses that form a polyphyletic group composed of three
(dataset of 515 terminals) or two (dataset of 315 termi-
nals) clades. The comparison of selected clades of interest
(summarized in Table 5) between the two strict consen-
sus trees indicates that the monophyly of these clades is
recovered when more data are analyzed. This result is
further supported from the phylogenetic analyses of the
complete dataset (2006 terminals), described above.

Putative recombination involving SARS-CoV-2 and
pangolin-hosted CoVs

The multiple sequence alignment of the reference
sequence of SARS-CoV-2 (Wuhan-Hu-1), bat
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Fig. 5. Histograms comparing the clades in the ML tree with the clades in all of the six best heuristic results from the parsimony analysis: (a)
prevalence of clades from the ML tree among parsimony analysis; (b) all the clades that are not present in all parsimony trees; and (c) clades
smaller than 20 terminals that are not present in all parsimony trees. [Colour figure can be viewed at wileyonlinelibrary.com]
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coronavirus RaTG13, bat-SL-CoVZC45 (GenBank
accession number MG772933), bat-SL-CoVZXC21
(GenBank accession number MG772934.1), and a rep-
resentative of the Pan_SL-CoV_GD clade (GISAID
accession number EPI_ISL_410721) had a total length
of 29 927 (with 24 175 nucleotide positions that are
identical among all sequences).

Recombination detection using DUALBROTHERS

found three different topologies that were favoured
depending on the position sliding window. The first
topology places Wuhan-Hu-1 as the sister group of
RaTG13. This topology is preferred in the majority
(97.34%) of the positions of the multiple sequence
alignment (a total of 29 132 nucleotides in positions

Table 2
Main results from different TREETIME experiments, including branch length and date estimates for selected viruses. Minimum and maximum
dates correspond to TREETIME estimates of the dates of emergence of the lineage. In MERS-CoV, values that could not be computed for parti-
tions M, N and S are not shown. A complete version of this table is available in Appendix S1j

Genus Virus Partition Branch length Min. date Max. date Earliest paper’s date

AlphaCoV HCoV-229E All 0.277057 16-May-1979 14-Nov-2001 28-Nov-1966
M 0.387593 6-Jul-1969 15-Jan-1984
N 0.360389 18-Mar-1974 17-Jun-1977
ORF1ab 0.293851 1-Jan-1982 4-Jan-1990
S 0.01769 11-Mar-1971 11-Mar-1971

AlphaCoV HCoV-NL63 All 0.214784 2-Apr-1983 1-Jan-2010 21-Mar-2004
M 0.300646 13-Jul-1983 17-Dec-1987
N 0.319683 11-Aug-1983 11-Aug-1983
ORF1ab 0.169852 28-Feb-1983 19-Jan-2000
S 0.469001 31-Jul-1983 31-Jul-1983

BetaCoV HCoV-OC43 All 0.016838 7-Oct-1986 1-Aug-2014 1-Dec-1967
M 0.03109 0-Jul-1984 28-Nov-1984
N 0.012209 4-Nov-1984 28-Nov-1984
ORF1ab 0.014887 1-Oct-1984 9-Sep-1998
S 0.02301 3-Sep-1984 23-Sep-1984

BetaCoV HECV-4408 All 0.005943 1-Jan-1989 19-Jan-2014 28-Jan-1994
M 0.004738 8-Jan-1988 27-Jun-1988
N 0.003355 1-Jan-1988 1-Jan-1988
ORF1ab 0.005562 1-Jan-1988 2-Jun-2000
S 0.007408 1-Jan-1988 1-Jan-1988

BetaCoV SARS-CoV All 0.028383 15-Jan-2010 24-Feb-2019 15-May-2003
M 0.026576 5-Apr-2003 20-Apr-2003
N 0.010167 20-Apr-2003 20-Apr-2003
ORF1ab 0.02828 13-Apr-2003 13-Apr-2003
S 0.032441 9-Apr-2003 9-Apr-2003

BetaCoV HCoV-HKU1 All 0.294901 20-Jul-2003 15-Jan-2016 3-Sep-2004
M 0.422428 14-Nov-2002 19-Apr-2004
N 0.348589 12-Sep-2004 15-Oct-2004
ORF1ab 0.287167 28-Nov-2004 28-Nov-2004
S 0.256345 3-Nov-1998 3-Nov-1998

BetaCoV MERS-CoV All 0.000394 28-Mar-2012 23-Apr-2012 17-Oct-2012
ORF1ab 0.000485 28-Mar-2012 28-Mar-2012

BetaCoV SARS-CoV-2 All 0.021728 21-Dec-2019 24-Dec-2019 23-Jan-2020
M 0.025206 28-Sep-2019 24-Dec-2019
N 0.020273 24-Dec-2019 24-Dec-2019
ORF1ab 0.017981 17-Dec-2019 17-Dec-2019
S 0.037718 24-Dec-2019 24-Dec-2019

Table 3
Matching split distances for unrooted binary phy-
logenetic trees from ML analyses

Total evidence ORF1ab S M N

Total evidence 0
ORF1ab 13.775 0
S 26.323 28.544 0
M 60.817 61.578 68.542 0
N 32.056 34.453 38.365 65.285 0
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210–2177; 2556–22 900; and 23 108–29 927). The sec-
ond topology places Wuhan-Hu-1 as the sister group
of the pangolin-hosted CoV. This topology is favoured
from positions 1 to 210 (210 nucleotides of the 50UTR)

and from position 22 901 to 23 107 (207 nucleotides of
the spike glycoprotein coding gene that includes the
ACE2 receptor binding site), which represents 1.39%
of all positions. Finally, the third topology places

Table 4
Percentage of trees containing the selected clades (i.e. clade frequency) among ML trees resulting from the analyses of different partitions inde-
pendently (for genes ORF1ab, S, M and N) or combined (all)

Clade Clade frequency (%) All ORF1ab S M N

DeltaCoV 100 Yes Yes Yes Yes Yes
GammCoV 80 Yes Yes No Yes Yes
AlphaCoV 80 Yes Yes No Yes Yes
HCoV-NL63 100 Yes Yes Yes Yes Yes
HCoV-229E 100 Yes Yes Yes Yes Yes
BetaCoV 40 Yes Yes No No No
HCoV-OC43 100 Yes Yes Yes Yes Yes
HCoV-HKU1 80 Yes Yes Yes No Yes
SARS-CoV-2 100 Yes Yes Yes Yes Yes
SARS-CoV-2 + RaGT13 100 Yes Yes Yes Yes Yes
SARS-CoV-2 + pangolin CoVs 0 No No No No No
SARS-CoV-related 80 Yes Yes Yes Yes No
MERS-related 100 Yes Yes Yes Yes Yes

p < 2.22e-16

p < 2.22e-16

p < 2.22e-16

Kruskal-Wallis, p < 2.2e-16
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Fig. 6. Data plot illustrating how the most parsimonious trees differ among datasets using the percentage of shared branches among trees. This
is calculated using local distances (LD) calculated as one minus the ratio between the number of shared branches between trees (S) and the dif-
ferent branches in both trees (U): LD¼ 1�ðS=UÞ. Orange, distance among best heuristic results for the 315 terminals dataset; yellow: distance
among best heuristic results for the 505 terminals dataset; blue: distance between trees from each dataset. [Colour figure can be viewed at wiley
onlinelibrary.com]
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RaTG13 as the sister of the pangolin-hosted CoV. We
found this last topology from position 2178 to 2555
(378 nucleotides of the nsp2 gene in ORF1a), corre-
sponding to 1.26% of the total alignment. No other
trees are highly supported by the data.
The results from DUALBROTHERS analysis are consis-

tent with those from RIP. However, RIP alignment
analysis indicates that Wuhan-Hu-1 only significantly
matches the pangolin-hosted CoV in the ACE2 recep-
tor binding site. RIP ignores gaps in the Wuhan-Hu-1
sequence and therefore considers only 29 903 positions
of the original alignment. A significant best match
between Wuhan-Hu-1 and Pan_SL-CoV_GD is
observed in only 417 positions (1.39% of the

alignment). There are no significant matches to any
other sequence besides RaTG13.
We provide additional details of the DUALBROTHERS

and RIP analyses in Appendix S1d.

Topological and sequence similarity in the SARS-CoV-
2-related clade

Trees resulting from parsimony and ML analyses of
the SARS-CoV-2-related clade were topologically simi-
lar. A visual representation of this tree topology is
available at Appendix S1e, panel D. The files contain-
ing alignments, partition scheme and phylogenetic
trees are described in Appendix S1n. The genomes of
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Table 5
Status (monophyletic, paraphyletic or polyphyletic) of different groups and the minimum number of clades they form (*) in the strict consensus
tree of the phylogenetic analyses of two datasets: a large dataset of 505 terminals and a smaller dataset of 315 terminals from which we removed
190 putative recombinant genomes. All datasets include four partitions (ORF1ab, M, S and N) and represent subsets of the complete dataset of
2006 terminals. SARS-CoV-2-related clade indicates SARS-CoV-2 plus associated Chiroptera-hosted viruses

Dataset Clade Status No. of clades (*)

505 terminals Deltacoronavirus Paraphyletic 2
315 terminals Deltacoronavirus Polyphyletic 2
505 terminals Gammacoronavirus Monophyletic (single terminal) 1
315 terminals Gammacoronavirus Monophyletic (single terminal) 1
505 terminals Alphacoronavirus Polyphyletic 5
315 terminals Alphacoronavirus Polyphyletic 6
505 terminals Betacoronavirus Polyphyletic 3
315 terminals Betacoronavirus Polyphyletic 9
505 terminals MERS-related Monophyletic 1
315 terminals MERS-related Monophyletic 1
505 terminals SARS-CoV-related Polyphyletic 3
315 terminals SARS-CoV-related Polyphyletic 2
505 terminals SARS-CoV-2-related Monophyletic 1
315 terminals SARS-CoV-2-related Monophyletic 1
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SARS-CoV-2 viruses infecting humans and SARS-re-
lated viruses isolated from pangolins form two recipro-
cally monophyletic clades. Rooting the tree according
to the phylogenetic analyses of the 2006 terminals
dataset places pangolin-hosted viruses as the sister
group to a clade comprising human-hosted SARS-
CoV-2 and the CoV RaTG13 that was isolated from
Rhinolophus affinis collected in Yunnan, China
(GISAID accession number EPI_ISL_402131). The
240 unique sequences from SARS-CoV-2 (out of 341
SARS-CoV-2 samples), although not identical to each
other, do not contain any mutations that resolve the
polytomy of the SARS-CoV-2 clade.
A table summarizing alignment comparisons

between the human-hosted SARS-CoV-2 reference
sequence (Wuhan-Hu-1) and related viruses found in
humans, bats and pangolin hosts is available in
Appendix S1o. The most common single nucleotide
polymorphisms (SNPs) throughout all partitions are
synonymous SNPs. Normalizing the number of SNPs
by both the number of terminals per host group (bat,
pangolin and human) and the length of each partition,
SNPs are more frequent between the human-hosted
reference and ORF7a, S and ORF3a sequences from
pangolin hosts, and less frequent in the E, ORF7a and
ORF7b sequences from human hosts.
Following the same normalization strategy, we find

most amino acid variation in ORF7b, ORF10 and
ORF1ab from pangolin-hosted viruses. There were no
such variations in E from bat-hosted viruses and pan-
golin-hosted viruses, M and ORF6 from bat-hosted
virus, and ORF7b from human-hosted viruses. See
details in Appendix S1o.
Turing our attention to alignments rather than trees,

we found more indels when comparing the SARS-
CoV-2 sequences from human hosts (e.g. Wuhan-Hu-
1) with related viral sequences from pangolin hosts
(EPI_ISL_410538, EPI_ISL_410539, EPI_ISL_410540,
EPI_ISL_410541, EPI_ISL_410542, EPI_ISL_410543,
EPI_ISL_410544, EPI_ISL_410721, EPI_ISL_412860
and MT084071.1) than when comparing the reference
to viral sequences from bats (EPI_ISL_402131). Con-
sidering the number of terminals per group of hosts
and the length of each partition, we observed that the
partitions ORF7a, ORF7b and ORF1ab have more
indels than all other partitions.
These observations suggest that, although less com-

mon than other substitutions, indels are an essential
part of the evolution of coronaviruses genomes in
these zoonotic events. Additionally, indels among
coronaviruses infecting pangolins, bats and humans in
the SARS-CoV-2-related clade help demonstrate that
the sequence similarity between human-hosted SARS-
CoV-2 and bat-hosted CoV RaTG13 is greater than
that between human-hosted SARS-CoV-2 and any
other coronavirus from pangolin hosts in our dataset,

thus further diminishing the hypothesis for pangolin–-
human host zoonosis in the evolution of SARS-CoV-
2.
Turning our attention away from trees and align-

ments, the comparisons of k-mers (5, 12, 31 and 100)
from gene S among different groups of coronaviruses
organized according to genera and host order or dif-
ferent lineages that infect humans show higher similar-
ity between the human-hosted SARS-CoV-2 reference
sequence (Wuhan-Hu-1) and sequences from betacoro-
naviruses that infect bats (Fig. 8) in comparison to
any other group. Shared k-mer content is smaller
between SARS-CoV-2 and betacoronaviruses infecting
pangolins and humans than between SARS-CoV-2 and
betacoronaviruses infecting bats and humans, but the
difference is less pronounced in amino acid sequences
than in nucleotide sequences, which is expected owing
to the degenerate nature of the genetic code.
We also inspected sequence similarity at the level of

the RBM in gene S of SARS-CoV-2 (Wuhan-Hu-1),
which interacts with the ACE2 receptors in humans.
In the SARS-CoV-2 reference genome (Wuhan-Hu-1),
the RBM is located between positions 22874 and
23080 of the RNA sequence (Lan et al., 2020). Distrib-
uted along a sequence of 69 amino acids, the RBM of
the SARS-CoV-2 spike glycoprotein includes five key
amino acid residues involved in ACE2 receptor bind-
ing. Numbered according to their position in the
amino acid sequence of the surface glycoprotein of
SARS-COV-2 (NCBI protein accession number
YP_009724390.1), these positions are 455L, 486F,
493Q, 501N and 505Y.
Note that SARS-CoV-2 has a unique furin cleavage

site insertion (PRRA) that is not found in any other
CoVs in the Sarbecovirus group. The PRRA motif is
in positions 681 to 684 of the surface glycoprotein
(YP_009724390.1). This motif is absent in all other
coronavirus genomes except SARS-CoV-2. However,
the recently discovered bat-hosted coronavirus
RmYN02 contains a different insertion of three amino
acids (PAA) in the same polybasic cleavage site, show-
casing how such insertions can occur naturally in ani-
mal betacoronaviruses (Zhou H. et al., 2020). Unlike
the RBM, the PRRA motif is a new insertion to the
SARS-CoV-2 genome. Therefore, we do not report the
sequence similarity at that specific position.
At both the nucleotide and the amino acid levels,

the region of the five key amino acid residues of the
RBM of Wuhan-Hu-1 is more similar to sequences
from betacoronaviruses infecting bats (particularly
those related to SARS-CoV-like viruses) than to any
other viruses. For example, we found only two of the
five key residues of the RBM of SARS-CoV-2 in the
five different sequences of betacoronaviruses infecting
pangolins that we examined (GISAID accession num-
bers EPI_ISL_410538, EPI_ISL_410539,
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EPI_ISL_410540, EPI_ISL_410541 and
EPI_ISL_410542). However, at least three of these five
residues are found in betaconaviruses infecting bats in
the SARS-CoV-2 lineage (GenBank accession numbers
KC881006, KF367457, KF569996, KT444582,
KY417150, KY417151, KY417152, MK211376 and
AB257344). Additional data from RBM sequence
comparisons are available in Appendix S1p.

Discussion

In this paper we performed a comprehensive analysis
across lineages of Orthocoronavirinae in terms of sam-
pling of genomes, viral taxa and host source data.
We use the strict consensus tree from parsimony

analysis as our main phylogenetic hypothesis as it is
unencumbered by ad hoc assumptions that sap the
explanatory power of the evidence (see discussion in
Rindal and Brower, 2011).

We also examined hypotheses under the ML crite-
rion and found that phylogenies based on ML analy-
ses are largely congruent with phylogenies from
parsimony. Thus, in the case of this Orthocoronaviri-
nae dataset, the choice of optimality criterion does not
significantly impact the results of downstream analysis,
such as the discovery of host origins of viral lineages.
A primary objective of this paper is to challenge all

assumptions on host and recombinant origins of coro-
naviruses, with special focus on lineages of Betacoron-
avirus that cause severe disease in humans: SARS-
CoV, MERS-CoV and SARS-CoV-2. This challenge
requires a comprehensive taxonomic sample of viruses
such that many scenarios can be examined including
origins of viral lineages from more than one ancestral
host through recombination.
In our results, we find evidence for Chiroptera host

origins of SARS-CoV, SARS-CoV-2 and MERS-CoV.
In the case of SARS-CoV, the Chiroptera are the
ancestral host to viruses that infected humans and led

Comparisons of k-mers derived from nucleotide sequences of the spike glycoprotein (S).

Comparisons of k-mers derived from amino acid sequences of the spike glycoprotein (S).
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to the outbreak that occurred in 2002–03. Even though
Chiroptera have been reported as the ancestral hosts
of SARS-CoV in humans in the literature (Lau et al.,
2005; Janies et al., 2008; Bolles et al., 2011), the mis-
conception that Carnivora are the key hosts remains.
Some argue that small carnivores such as civet cats
Parguma larvata and racoon dogs Nyctereutes procy-
onoides were important amplifying hosts (Bolles et al.,
2011). These were anthroponotic events local in Shen-
zen markets in the 2002–03 timeframe and do not
explain the fundamental origins of SARS-CoV (Janies
et al., 2008). In the wake of the SARS-CoV crisis,
small carnivores to be sold in markets were widely
culled (Normile, 2004; Watts, 2004). Most importantly,
the discovery of SARS-CoV in small carnivores in
Shenzen markets in 2003 cannot explain the long-term
maintenance of SARS-like viruses in Chiroptera that
led to the emergence of SARS-CoV-2.
The persistence of the notion of the necessity for

reservoir species for SARS-like viruses that are not
Chiroptera is an example of group-think that has mis-
led the field and distracts from understanding the
source of the current COVID-19 pandemic. This idea
is manifest in the seemingly relentless pursuit of some
market-based animal whether be it snakes, pigs, minks,
domestic cats, zoo tigers or pangolins as an intermedi-
ate host between bats and humans (King, 2020). Simi-
lar to minks, there have been reports of zoo tigers and
domestic animals that have been infected with SARS-
CoV-2 from humans.
MERS-CoV may have led to some of this thinking.

We have shown that the fundamental host origins of
MERS-CoV also are in Chiroptera but this lineage
infected Artiodactyla (specifically dromedary camels)
first then infected humans. Subsequent to these origi-
nating events MERS-CoV continued to be exchanged
among human and Artiodactyla.

Overview of host-shifts in coronaviruses hosted by
humans

Transmission of coronaviruses from animals to
humans occur episodically. From 1966 until 2020, the
scientific community described eight HCoVs (Table 2).
On average, that is one new HCoV every 6.75 years.
In the 1960s, two HCoVs were described approxi-
mately one year apart: HCoV-229E (November 1966)
and HCoV-OC43 (December 1967). The first paper on
HECV-4408 would be published only 27 years later
(January 1994), separated by nine years from the
SARS-COV outbreak in 2003. HCoV-HKU1 and
HCoV-NL63 were described in the following year,
2004. It would take another eight years for the
MERS-COV outbreak in 2012, followed by the SARS-
CoV-2 outbreak seven years later, in 2019.

Coronavirus transmission from animal to human host
occur episodically at unpredictable intervals, so it is not
wise to attempt to time when scientists will describe the
next HCoV. However, it is safe to assume it will happen
again based on the number of species in genera Alpha-
coronavirus and Betacoronavirus, the diversity of hosts,
and ample contact between humans and those hosts.
Understanding the numerous host transformation

events in Orthocoronavirinae that have and will occur
is critical to design systems of preparedness and
response for future outbreaks.
The optimization of hosts as discrete character states

under parsimony (character categorization using
YBYRÁ and TNT) and model-based (mugration anal-
ysis in TREETIME) approaches resulted in largely con-
gruent results except for ambiguities from traditional
character optimization in TNT that are presented as a
single most likely solution by TREETIME.
Our results shed light on the debate of the origins of

different HCoVs (see Ye et al., 2020, for a recent
review). HCoV-NL63 is the sister group of a bat-
hosted CoV, and their ancestry is a lineage of bat-
hosted CoVs. This conclusion is in agreement with
previous evidence supporting the zoonotic origin of
HCoV-NL63 (Huynh et al., 2012).
HCoV-229E is the sister group of a camel-hosted

clade, and their ancestry is from an Artiodactyla host.
Therefore, our results corroborate the previous
hypothesis of the order of host transformations of
HCoV-229E from bats to camels and then to humans
(Corman et al., 2015, 2016).
Our phylogenetic data confirm HCoV-HKU1 as a

lineage that originated from a rodent-hosted virus (Su
et al., 2016; Forni et al., 2017). Additionally, we con-
firmed that the HCoV-OC43 came from bovids (Cui
et al., 2019).
The evidence presented here corroborates the origi-

nation of SARS-CoV and MERS-CoV from Chi-
roptera-hosted lineages. We agree with Janies et al.
(2008) that SARS-CoV was transmitted to small carni-
vores and artiodactyls after the emergence of SARS-
CoV in humans.
Our work also supports hypotheses for MERS-

CoV’s evolutionary origin in bat-hosted viral lineages
followed by interspecies viral transmission involving
human and dromedary camels as hosts (van Boheemen
et al., 2012; Annan et al., 2013; Cotten et al., 2013).
Considering the timescale and the number of host
shifts between humans and artiodactyls in the MERS-
CoV-related clade (≥23 in both directions), it seems
that the virus that originated from bats was capable of
infecting both humans and artiodactyls as soon as the
first transmission event from a bat host occurred.
Finally, despite a confusing array of reports con-

firming (Lam et al., 2020; Xiao et al., 2020; Zhang
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et al., 2020) and denying (Liu et al., 2020a) the pan-
golin origin of SARS-CoV-2 on small datasets, we can
clearly say that, based on our analyses of large data-
sets both in terms of taxonomic and genomic sam-
pling, pangolin-hosted (Manis javanica) CoVs are side
events that are not part of the origins of SARS-CoV-2
infections in the human population.

The importance of gene annotation, data partitioning
and outgroup sampling

A central goal of genetics is to understand how
nucleotides encode complex biological functions. Gen-
ome annotation through bioinformatics is crucial to
attaining this goal. In addition to the understanding of
the genetic underpinnings of complex functions, an
efficient process of gene annotation also is key to
establishing the orthology required for comprehensive
phylogenetic analysis (for example, see discussion in
Gonçalves et al., 2020, p. 8).
Finally, the data partitioning that is made possible

due to gene annotation is central to phylogenetic sys-
tematics under different optimality criteria (Buckley
et al., 2001; Nylander et al., 2004; Brown and Lemmon,
2007; Kainer and Lanfear, 2015). Because there is varia-
tion of gene content among the genera of coronaviruses,
data partitioning is needed to allow outgroup sampling
in any analysis that considers genes that are not shared
among outgroup and ingroup sequences. Outgroup
comparison serves to root the topology and polarize
character transformations (Farris, 1972, 1982). Rooting
with the outgroup method is required to convert a net-
work of abstract connections into a concrete evolution-
ary hypothesis (Lundberg, 1972).
Rooting with the midpoint method or other forced

rooting, such as on viral lineages from small carnivores,
has proven to be a major distraction in the study of
coronavirus zoonosis that contributed to the pandemic
of SARS-CoV-2 (Janies et al., 2008; Wenzel, 2020). For
example, this forced rooting by Guan et al. (2003), per-
haps in desperation for answers and responses to the
outbreak of SARS-CoV, forced the culling of civet cats
that did not contribute to control the current or future
HCoV outbreaks. Meanwhile, coronaviruses in bats
began to develop the ability to directly interact with
human cells (Menachery et al., 2015).
In the absence of outgroup sequences, many

researchers interested in the phylogeny of viruses
resort to strategies such as midpoint rooting (Liu
et al., 2009; Moureau et al., 2015; Thézé et al., 2015;
Kinene et al., 2016). Midpoint rooting is a fallback
methodology, particularly for cases where a proper
outgroup is unavailable, but can be less reliable the
more inconsistent (for outgroup root consistency
checks, see Maddison et al., 1984) the outgroup root is
(Hess and De Moraes Russo, 2007).

There are other caveats for not performing outgroup
sampling. Without outgroup comparison, we can test
hypotheses of ingroup topology, but not its mono-
phyly. We also can test the hypotheses of homology
without reference to other taxas’ character states, but
we cannot evaluate the homologies of the entire
ingroup. Finally, the inclusion of additional taxa
increases the severity of the test of monophyly, and
the inclusion of outgroup taxa can impact the phyloge-
netic relationships within the ingroup if the analysis is
unconstrained (Grant, 2019).
Besides the motives delineated above, we argue that

data partitioning in coronaviruses also is important
owing to the variation of mutation rates. Our results
unveil that mutation rates vary in different genes as
well as within the same gene across different lineages.
Information on the rate of mutations of viruses is
required if we are to understand their mechanisms of
evolution and combat them (for a discussion on the
importance of estimating mutation rates in viruses, see
Lynch, 2010; Sanjuán et al., 2010; Sanjuán and Dom-
ingo-Calap, 2016; Peck and Lauring, 2018).
If we take the earliest publication dates in Table 2

as a small overestimation of each lineage’s earliest
emergence date, molecular clock analyses underesti-
mated the age of HCoV-229E and HCoV-OC43, plac-
ing doubt on these analyses.
These results indicate the need for a thorough exam-

ination of why molecular clocks fail. These results fur-
ther indicate that fields that depend on molecular
clocks, such as phylodynamics, may overpromise pan-
demic forecasting.
The mixed results from TREETIME experiments

underscore the importance of more research and devel-
opment into gene annotation and data partitioning for
phylogenetic systematics and translational work that
depends on phylogenetics. For additional discussion
on the importance of gene annotation and outgroup
sampling in viral phylogenomics, see Schneider et al.
(2020).
For example, Table 2 also shows that coronaviruses’

mutation rates vary considerably depending on the
clade and data partition. This variation of mutation
rates impacts downstream analysis, such as inference of
putative clocklike evolution, and pose challenges to
translational research, such as developing new therapies
and vaccines that viral lineages may rapidly escape.
Therefore, it is clear that mutation rates in Ortho-

coronavirinae should be calculated for each gene and
each viral lineage individually. This may be challeng-
ing because bioinformatic tools for gene annotation in
Orthocoronavirinae are lacking. The results presented
herein justify the development of theory and practice
for Orthocoronavirinae gene annotation and an effort
to map mutation rates across its different lineages and
genes.

D. Jacob Machado et al. / Cladistics 37 (2021) 461–488 481



Phylogenetic relationships in the SARS-CoV-2 clade

The lack of informative sites for the SARS-CoV-2
analysis results in a large polytomy in which only two
sequences from patients from Finland appear to be
consistently nested together. However, other authors
have recently presented analyses of SARS-CoV-2 in
humans in which they purport to find distinct clades
(de Jesus et al., 2020; Fauver et al., 2020) These
authors aimed to discuss the epidemiology of COVID-
19 itself. Our scope in this paper is much broader as
we cover Orthocoronavirinae.
Our phylogenetic analyses consistently point to the

bat-hosted coronavirus RaTG13 (NCBI GenBank
accession number MN996532) as the sister taxon to
the SARS-CoV-2 clade. This bat-hosted coronavirus
was sequenced from a faecal swab taken from a Rhi-
nolophus affinis bat located in China. That information
by itself strongly suggests that SARS-CoV-2 originated
from China. No new data have been released that
changed this result.

On putative recombination events and the origins of
SARS-CoV-2

Although we see no reservoir host in the history of
SARS-CoV-2 there is a possibility that the viral lin-
eage is a recombinant. In that case, SARS-CoV-2
could have had more different hosts for different parts
for the genome. The specialized literature recognizes
recombination between and within virus genomes as a
major driver of virus evolution. “Viral recombination
occurs when viruses of two different parent strains co-
infect the same host cell and interact during replication
to generate virus progeny that have some genes from
both parents. Recombination generally occurs between
members of the same virus type (e.g. between two
influenza viruses or between two herpes simplex
viruses). Two mechanisms of recombination have been
observed for viruses: independent assortment [in which
viruses that have segmented genomes trade segments
during replication] and incomplete linkage [between
genes residing on the same piece of nucleic acid].
Either mechanism can produce new viral serotypes or
viruses with altered virulence” (Fleischmann Jr., 1996).
“In many different groups of viruses, genetic recombi-
nation is an important evolutionary process that gen-
erates much of the genetic diversity upon which
natural selection acts” (Martin et al., 2015). Reviewing
recombination in viruses is beyond our scope but is
available elsewhere (Worobey and Holmes, 1999; Hu
et al., 2003; Dolan et al., 2018).
Many recombination events were observed in differ-

ent CoVs. Genetic recombination has been docu-
mented previously for animal CoVs, including MHV,
TGEV, and feline and canine coronaviruses. Genetic

recombination for HCoVs such as OC43, NL63,
HKU1 and SARS-CoV also has been observed. Some
authors argue that the recombination of CoV in
camels resulted in a dominant MERS-CoV lineage that
caused human outbreaks in 2015. For a review of epi-
demiology, genetic recombination and pathogenesis of
CoVs, see Su et al. (2016).
Recently, Li et al. (2020) and Shang et al. (2020b)

argued that there is molecular evidence indicating that
the entire RBM in the spike glycoprotein of SARS-
CoV-2 was introduced through recombination with
coronaviruses from pangolins. According to the
authors, this was a critical step in the evolution of
SARS-CoV-2’s ability to infect humans. It is impera-
tive that we understand these claims from a phyloge-
netic perspective, taking into account all of the
assumptions that are made during the inference of
putative recombination events.
Li et al. (2020) compared the genomes of the SARS-

CoV-2 virus (Wuhan-Hu-1, NC_045512.2) to six bat
SARS-like coronaviruses (Bat_SL-CoVs; including the
RaTG13 with GISAID accession number
EPI_ISL_402131), one SARS-CoV, and the two pan-
golin SARS-like coronaviruses sampled from Guang-
dong (Pan_SL-CoV_GD; including GISAID accession
number EPI_ISL_410721) using SimPlot analysis (Lole
et al., 1999) and the recombination detection tool RIP
(Siepel and Korber, 1995). There are a number of
algorithms such as these that can be used to infer
putative recombination events between viral genomes
(see Robertson and Feyertag, 2020). All of them use a
sliding window of a certain length, frequently ranging
from 100 to 500 bp, that is moved across a multiple
genome alignment at steps that usually range from 2
to 10 bp. The sliding window is used to create a subset
of data that will be used for the different similarity
and phylogenetic analyses. Imagine, for example, a
dataset of the cladogram (A, (B, (C, D))). When
abrupt modifications in the similarity or phylogenetic
patterns are observed, suggesting that D is more simi-
lar to B than C, or that the topology (A, (C, (B, D)))
is more likely than (A, (B, (C, D))), this could be
explained by random mutation, convergent evolution
or recombination. Recombination is frequently consid-
ered the most likely explanation. However, it is impor-
tant to note that the probability of convergence and
the probability of recombination are not compared
directly as both are not trivial to compute.
Among all known CoVs, SARS-CoV-2 shares the

highest level of genetic similarity (96.3%) with a
Bat_SL-CoV named RaTG13 (GISAID accession
number EPI_ISL_402131), sampled from a bat in
Yunnan in 2013 (Zhou P. et al., 2020). That means
that the distance between the human-hosted SARS-
CoV-2 and the bat-hosted RaTG13 (3.7%) is c.2.3
times smaller than the distance between SARS-CoV-2
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and the pangolin-hosted Pan_SL-CoV_GD-like viruses
(8.8%). However, when Li et al. (2020) used SIMPLOT

and RIP to compare Wuhan-Hu-1 to Pan_SL-
CoV_GD and RaTG13, the authors found evidence
for significant recombination breakpoints before and
after the RBM (Li, 2016; Walls et al., 2020), as well as
in other locations of the genome. About the findings,
Li et al. (2020) wrote: “these observations suggest
ancestral cross-species recombination between pangolin
and bat CoVs in the evolution of SARS-CoV- 2 at the
ORF1a and S genes. Furthermore, the discordant phy-
logenetic clustering at various regions of the genome
among clade 2 CoVs also supports extensive recombi-
nation among these viruses isolated from bats and
pangolins.”
Here, we show that the potential contribution from

pangolin-hosted CoVs to the genome of SARS-CoV-2
is likely only associated with the RBM in the S gene
and correspond to as few as 207 nucleotides if we con-
sider sliding windows from DUALBROTHERS analysis
overlapping regions in which Wuhan-Hu-1 signifi-
cantly matches Pan_SL-CoV_GD better than
RaTG13, bat-SL-CoVZC45 and bat-SL-CoVZXC21.
Those 207 nucleotides correspond to 0.69% of the
complete Wuhan-Hu-1 genome. In this section of the
alignment, there are 25 nucleotide differences between
Wuhan-Hu-1 and Pan_SL-CoV_GD, including a single
nonsynonymous SNP. However, in this same region
there are 57 SNPs between Wuhan-Hu-1 and RaTG13,
with 15 nonsynonymous SNPs.
Considering the number of nucleotide substitutions

and indels that separate the genomes of pangolin-
hosted-CoVs from SARS-CoV-2, recombination events
are not required to explain the observed sequence simi-
larities because other processes, such as convergent
evolution, cannot be ruled out. However, even if we
explain the similarities between Wuhan-Hu-1 and
Pan_SL-CoV_GD as the product of ancestral recombi-
nation, the results presented by Li et al. (2020) as well
as our inferences of recombination in the RBM of
SARS-CoV-2 are not inconsistent with the phylogeny
of Orthocoronavirinae presented herein.
We can explain the significant nucleotide similarity

between bat coronavirus RaTG13 and SARS-CoV-2
by their proximal phylogenetic relationship despite
possible ancestral recombination events. Historically, a
recombination event involving a pangolin-hosted virus
sampled from Guangdong (Pan_SL-CoV_GD) and
unknown bat-hosted viruses could have contributed to
a tiny portion (<1.0%) of the genome of SARS-CoV-
2. Nevertheless, this putative recombination event
could have occurred even if RaTG13 and SARS-CoV-
2 are in a clade that does not include pangolin-hosted
CoVs and the phylogeny presented here is not in itself
sufficient to corroborate or falsify these hypotheses.

SARS-CoV-2 and the perceived need for an
intermediate host

The known viral genomes that are most similar to
SARS-CoV-2 include CoV RaTG13 (96.3%) and
Pan_SL-CoV_GD (91.2%). Ye et al. (2020) argued
that the sequence divergence between SARS-CoV-2
and RaTG13 (3.7%) is too significant to assign ances-
tral relationships. Furthermore, Ye et al. (2020) advo-
cated that an intermediate host between bats and
humans would be necessary to explain the emergence
of SARS-CoV-2 unless almost identical bat CoVs are
found.
Serological evidence of humans from Jinning

County, Yunnan Province, China being infected with
viruses in 2015 that were also known from bat hosts is
presented in Wang et al. (2018). Several of the infected
people reported handling bats or seeing bats in their
village. One of these infected people reported cross-
China travel to Shenzen.
According to Wassenaar and Zou (2020), “The use

of bats in TCM [traditional Chinese medicine] is of
great concern, and the use of the Greater horseshoe
bat, Rhinolophus ferrumequinum, is of particular inter-
est. The feces of this bat (Yè ming shǎ in Chinese [...])
is used to cure eye conditions, while body parts are
dried and added to wine or ground into a powder for
oral intake as a means to ‘detoxify’ the body.” (Gre-
ger, 2020) also mentioned Yè ming shǎ: “For only
about thirty dollars a pound, anyone can go online
and buy Chinese bat feces (Yè ming shǎ) to ‘treat. . .
eye disorders.’ ” Also from Greger (2020): “While the
drying of excrement would presumably inactivate
coronavirus, the handling and trade of live and
recently killed bats for use in traditional remedies
could infect people directly or introduce opportunities
for cross-infection with other susceptible hosts. Even
now, the Chinese government has been pushing tradi-
tional animal-based remedies for the treatment of
COVID-19.”
Since the publication of Wassenaar and Zou (2020)

and Greger (2020), the Chinese government has
banned the eating and trading of wildlife due to the
coronavirus crisis. Differently from previous efforts to
regulate the management of wildlife in China, the cur-
rent ban is expected to have permanent effects as it
becomes law in the next few months. Nevertheless, the
proposed legislation has loopholes for trade in wild
animals for medicinal uses (Wildlife Conservation
Society, 2020). Moreover, there are many ways besides
traditional Chinese medicine that humans would come
in contact with bats hosting coronaviruses or other
potential human pathogens.
Bat-hosted viruses of many taxa infect wild animals,

domestic animals and humans (Plowright et al., 2015).
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A few examples include filoviruses (Ebola and Mar-
burg virus), henipaviruses (Hendra and Nipah virus)
and coronaviruses (SARS-CoV), all of which cause
severe disease in recipient hosts and have the potential
to become pandemic (Chua et al., 2000; Leroy et al.,
2005; Janies et al., 2008).
Therefore, if the divergence between CoV RaTG13

and SARS-CoV-2 is perceived as too high to place the
former as the immediate ancestor of the latter, this
does not mean that the immediate ancestor of SARS-
CoV-2 has to be a virus hosted by an animal other
than a bat.
It is reasonable to assume that we have not yet iden-

tified the CoVs that are more similar to SARS-CoV-2
owing to sampling bias. This realizeation leads to
increased demand for screening wildlife for viruses
immediately associated with transmission events lead-
ing to human infections. This realization also
strengthens increasing claims for more rigorous wild-
life disease surveillance as a strategy to abate future
zoonotic disease outbreaks (Watsa and Wildlife Dis-
ease Surveillance Focus Group, 2020). However, given
that bat-hosted viruses are frequently associated with
emerging zoonoses (Plowright et al., 2015) and that
SARS-CoV-2 is phylogenetically closer to bat-hosted
CoVs than to CoVs hosted by any other animal, we
can place bats as priority targets in efforts to increase
our knowledge about the world’s virome in general
and the emergence of SARS-CoV-2 in particular.
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