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Abstract

Background: The SARS-CoV-2 pandemic is one of the greatest global medical and social challenges that have
emerged in recent history. Human coronavirus strains discovered during previous SARS outbreaks have been hypoth-
esized to pass from bats to humans using intermediate hosts, e.g. civets for SARS-CoV and camels for MERS-CoV. The
discovery of an intermediate host of SARS-CoV-2 and the identification of specific mechanism of its emergence in
humans are topics of primary evolutionary importance. In this study we investigate the evolutionary patterns of 11
main genes of SARS-CoV-2. Previous studies suggested that the genome of SARS-CoV-2 is highly similar to the horse-
shoe bat coronavirus RaTG13 for most of the genes and to some Malayan pangolin coronavirus (CoV) strains for the
receptor binding (RB) domain of the spike protein.

Results: We provide a detailed list of statistically significant horizontal gene transfer and recombination events (both
intergenic and intragenic) inferred for each of 11 main genes of the SARS-CoV-2 genome. Our analysis reveals that
two continuous regions of genes S and N of SARS-CoV-2 may result from intragenic recombination between RaTG13
and Guangdong (GD) Pangolin CoVs. Statistically significant gene transfer-recombination events between RaTG13 and
GD Pangolin CoV have been identified in region [1215-1425] of gene S and region [534-727] of gene N. Moreover,
some statistically significant recombination events between the ancestors of SARS-CoV-2, RaTG13, GD Pangolin CoV
and bat CoV ZC45-ZXC21 coronaviruses have been identified in genes ORF1ab, S, ORF3a, ORF7a, ORF8 and N. Further-
more, topology-based clustering of gene trees inferred for 25 CoV organisms revealed a three-way evolution of coro-
navirus genes, with gene phylogenies of ORF1ab, S and N forming the first cluster, gene phylogenies of ORF3a, E, M,
ORF6, ORF7a, ORF7b and ORF8 forming the second cluster, and phylogeny of gene ORF10 forming the third cluster.

Conclusions: The results of our horizontal gene transfer and recombination analysis suggest that SARS-CoV-2 could
not only be a chimera virus resulting from recombination of the bat RaTG13 and Guangdong pangolin coronaviruses
but also a close relative of the bat CoV ZC45 and ZXC21 strains. They also indicate that a GD pangolin may be an inter-
mediate host of this dangerous virus.

Keywords: Evolution of SARS-CoV-2, Gene evolution, Horizontal gene transfer, Recombination, Phylogenetic
network, Consensus tree
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observed during the first SARS outbreak, involving spe-
cies from various wet markets in China [62]. Several
recent studies have suggested that the only close relative
of SARS-CoV-2 is the RaTG13 CoV found in Rhinolophus
affinis (horseshoe bats) [22, 68]. Thus, these bats could
be considered as the main natural reservoir of the SARS-
CoV and SARS-CoV-2 viruses. However, recent analyses
of the SARS-CoV-2 genome conducted by Lu et al. [40]
and Lam et al. [31] have indicated its high resemblance
in certain regions with different coronavirus genomes
of Malayan pangolins (Manis javanica). Zhang et al.
[66, 67] have reported that the SARS-CoV-2 genome
is 91.02% identical to that of a Guangdong (GD Pango-
lin CoV—virus found in dead Malayan pangolins in the
Guangdong province of China [37]). While at the whole-
genome level RaTG13 remains the closest to SARS-
CoV-2 coronavirus organism overall (these CoVs share
96% of whole genome identity), the receptor binding
(RB) domain of the spike (S) protein of SARS-CoV-2 is
much more similar to the RB domain of the GD Pangolin
CoV than to that of RaTG13 [31, 66, 67]. Five key amino
acid residues taking part in the interaction with human
angiotensin-converting enzyme 2 (ACE2) are completely
identical in SARS-CoV-2 and GD Pangolin CoV. How-
ever, these amino acids are different in the RB domain
of RaTG13 and the Guangxi (GX) Pangolin CoV (virus
found in Malayan pangolins in the Guangxi province of
China). Three possible evolutionary hypotheses could be
advanced to explain this paradigm. According to the first
of them, these mutations may have occurred as a conse-
quence of the phenomenon of parallel evolution, when
distinct CoV organisms have undergone similar muta-
tions, and thus have developed similar traits, in response
to common evolutionary pressure. For example, it is
possible that SARS-CoV-2 had acquired the RB domain
mutations during adaptation to passage in cell culture,
as has been observed for SARS-CoV [1]. The second rea-
sonable hypothesis is divergent evolution favoring amino
acid substitutions in the RaTG13 lineage, independent
of recombination. Thus, GD Pangolin CoV and SARS-
CoV-2 similarity could be the consequence of shared
ancestry. According to the third hypothesis, two or more
close relatives of SARS-CoV-2 may have been affected by
some recombination events within a host species. Such a
recombination could result in gene exchange between the
CoV genomes. During this recombination, some whole
genes of the donor CoV genome could be incorporated
into the recipient CoV genome either directly (when the
orthologous genes are absent in the recipient) or by sup-
planting in it the existing orthologous genes. This con-
stitutes the complete gene transfer model that accounts
for the phenomenon of intergenic recombination [6].
Moreover, the recombination process could lead to the
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formation of mosaic genes through intragenic recombina-
tion of the orthologous genes of the donor and recipient
CoVs. The term mosaic comes from the pattern of inter-
spersed blocks of sequences with different evolutionary
histories. This constitutes the partial gene transfer model
that accounts for the phenomenon of intragenic recom-
bination [7]. These models of reticulate evolution have
been widely studied in the literature since the beginning
of this century [2, 3, 10, 12, 18, 18, 23, 24, 26, 27, 34, 29,
35, 44-46].

In this paper, we provide arguments supporting the
third hypothesis of the SARS-CoV-2 origin, according
to which the SARS-CoV-2 genome is a chimera of the
RaTG13 and GD Pangolin coronaviruses. Such a con-
clusion is in agreement with the recent results of Xiao
et al. [61] and Li et al. [36]. Some authors, however, pre-
sent evidence that there was not recombination between
ancestors of GD Pangolin CoV and RaTG13, suggest-
ing that the similarity pattern between their genomes
is rather the result of recombination into RaTG13 from
some unknown CoV strains [9].

In their study investigating the origins of SARS, Stavrin-
ides and Guttman [55] highlighted that the SARS-CoV
genome is a mosaic of some mammalian and avian virus
genomes. These authors also pointed out that recombi-
nation between the ancestor viruses of SARS may have
happened in the host-determining gene S. However, the
work of Stavrinides and Guttman mainly addresses the
deep evolutionary origins of the entire SARS CoV clade
and has been criticized by some expert in the field [59].
Hu et al. [25] have more recently conducted evolutionary
analysis of 11 bat CoV (i.e. SARSr-CoV) genomes discov-
ered in horseshoe bats in the Yunnan province of China
and found that they share high sequence similarity to
SARS-CoV in the hypervariable N-terminal domain and
the RB domain of gene S, as well as in some regions of
genes ORF3 and ORF8. Hu et al. also reported that their
recombination analysis provided evidence of frequent
recombination events within genes S and ORF8 between
these bat CoVs, and suggested that the direct progenitor
of SARS-CoV may have originated from multiple recom-
bination events between the precursors of different bat
CoVs.

Human CoV strains discovered during previous SARS
outbreaks have been often hypothesized to pass from
bats to humans using intermediate hosts (e.g. civets for
SARS-CoV and camels for MERS-CoV) [20], suggest-
ing that SARS-CoV-2 may have also been transmitted to
humans this way. It is worth noting, however, that some
other studies from scientists in the field, such as Ralph
Baric, Zheng-Li Shi and Peter Dazsak, have showed the
potential for direct infection of humans from bat strains.
They include both serological studies in rural China
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near the caves where these bat viruses circulate as well
as in vitro/cell culture studies indicating the ability of
bat isolates to infect human cells directly [68]. Neverthe-
less, the discovery of such an intermediate host of SARS-
CoV-2, if it existed, is key, as it could shed light on the
evolution of this dangerous virus.

At the same time, it is also crucial to retrace the evo-
lution of all genes of the SARS-CoV-2 genome, doing it
on a gene-by-gene basis. Evolutionary patterns of various
genes of SARS-CoV-2 could be quite different as some of
them could be affected by specific horizontal gene trans-
fer and recombination events. These events could wit-
ness that the SARS-CoV-2 genome is a mosaic genome
obtained via recombination of various virus strains. Our
findings suggest that the SARS-CoV-2 genome may be in
fact formed via recombination of genomes close to the
RaTG13 and GD Pangolin CoV genomes, and be a close
relative of bat CoV ZC45 and ZXC21.

Results

In this section, we present a detailed analysis of puta-
tive gene transfer and recombination events that were
detected in each of 11 main genes of SARS-CoV-2 as well
as in the RB domain of the spike protein.

SimPlot similarity analysis

Our SimPlot analysis (Fig. 1a) conducted with 25 CoV
genomes (see the ‘Methods’ section for a detailed data
description) shows that the Wuhan SARS-CoV-2 and
RaTG13 genomes share 96.14% of whole-genome iden-
tity, while the Wuhan SARS-CoV-2 and GD Pangolin
genomes are 90.34% identical. The RaTG13 and GD
Pangolin CoV genomes are by far the closest ones to
the SARS-CoV-2 genome. For example, only 85.43% of
whole-genome identity is shared between the Wuhan
SARS-CoV-2 and GX Pangolin CoV genomes. Given such
a close resemblance between SARS-CoV-2 and RaTG13,
bat is a likely reservoir of origin for SARS-CoV-2, as was
the case during previous CoV outbreaks.

Then, we performed a detailed similarity analysis at the
level of individual genes to compare the Wuhan SARS-
CoV-2 gene sequences with the RaTG13, GD Pangolin
CoV group sequences and Bat CoVZ group sequences
(Fig. 2). Our gene-by-gene analysis revealed some regions
where SARS-CoV-2 was more similar to GD Pangolin
CoV than to RaTG13. These regions have been found in
genes S (at the RB domain level), ORF3a, M, ORF7a and
N, suggesting that some recombination events between
GD Pangolin CoV and RaTG13 may have occurred not
only in gene S (as it has been reported in previous stud-
ied; see [31] and [66, 67]), but also in four other genes of
these CoV genomes. Moreover, we found that in some
continuous gene regions, specifically in genes ORFlab,
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ORF3a, M and N, the SARS-CoV-2 gene sequences are
much more similar to those of the bat CoV ZC45 and
ZXC21 viruses than to those of the GD Pangolin CoVs,
and sometimes even of RaTG13 (Fig. 2).

@-test recombination analysis

We conducted gene-by-gene @-test recombination anal-
ysis [10] to further investigate eventual recent recom-
bination events which may have occurred between
orthologous gene sequences of the Wuhan SARS-CoV-2,
RaTG13, GD Pangolin 1 CoV, GD Pangolin P2S CoV, bat
CoV ZC45 and bat CoV ZXC21 viruses. The @-test was
carried out with different sliding window sizes, varying
from 50 to 400 (with a step of 50), and the window pro-
gress step of 1 as the window size can affect the test out-
come. The results presented in Table 1 are reported for
the window size corresponding to the smallest p-value
found for a given gene. The p-values lower than or equal
to the 0.05 threshold were considered as significant. They
indicate the presence of recombination in the gene under
study.

According to the @-test (see Table 1), statistically sig-
nificant recombination events involving these six corona-
viruses have been detected in genes ORFlab, S, ORF3a,
ORF7a, ORE8, N and in the whole genome sequences.
It is worth noting that recombination events in genes
ORFlab, S and ORF3a were detected with high confi-
dence, with p-values of 0.0023, 0.0086 and 0.0000113,
respectively.

Horizontal gene transfer and recombination analyses

In addition to the SimPlot similarity and the ®-test
recombination analyses, we also inferred the whole
genome phylogeny (Fig. 1b) and all individual gene trees
for 11 main genes of SARS-CoV-2 (Fig. 3a—k) as well
as for the RB domain of the spike protein (Figs. 31 and
4a) using the RAXML method [54] with bootstrapping,
and then conducted a detailed horizontal gene transfer-
recombination analysis (Fig. 3) using the HGT-Detection
program available on the T-Rex web server [8]. It is worth
noting that the presentation of the whole genome tree
could be a bit confusing in our context, as the central
premise of this work is that the evolution of coronavirus
organisms is driven by the gene transfer and recombina-
tion mechanisms, but it remains necessary and serves as
a support tree topology to represent the available spe-
cies groups (Fig. 1b) as well as the detected gene transfer
and recombination events (Fig. 3). The HGT-Detection
program allows one to infer all possible horizontal gene
transfer events for a given group of species by reconcil-
ing the species tree (i.e. whole genome tree in our case)
with different gene phylogenies built for whole individ-
ual genes or some of their regions [7, 14]. The bootstrap
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support of the inferred gene transfers was also assessed
by HGT-Detection. It is worth noting that the bootstrap
support of horizontal gene transfer events (HGT) is usu-
ally lower than that of the related branches of the species
and gene phylogenies. For example, in order to get an
HGT bootstrap support of 100%, gene transfer from clus-
ter C1 to cluster C2 in the species tree must be present

in all gene transfer scenarios inferred from all replicated
multiple sequence alignments (MSAs) used in bootstrap-
ping, and clusters C1 and C2 must be neighbor clusters
in all gene trees inferred from replicated MSAs [6].
Importantly, each detected horizontal gene transfer
event can be interpreted in three ways: (1) It can repre-
sent a unique complete or partial HGT event involving
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Table 1 The results of the ® recombination test carried
out for gene and whole genome sequences of Wuhan
SARS-CoV-2, RaTG13, GD Pangolin 1 CoV, GD Pangolin P2S
CoV, bat CoV ZC45 and bat CoV ZXC21

Region @-testresult  Recombination Window size
(p-value) detected (yes/no)

Gene ORF1ab 223x107 Yes 150

RB domain Too short -

Gene S 860x 107 Yes 200

Gene ORF3a 1.13x 107 Yes 100

Gene E 0.56 No 200

Gene M 0.226 No 100

Gene ORF6 Too short -

Gene ORF7a 0.00155 Yes 200

Gene ORF7b Too short -

Gene ORF8 0.0453 Yes 200

Gene N 0.024 Yes 50

Gene ORF10 Too short -

Whole genomes  0.0156 Yes 200

distant species, as discussed above; (2) it can represent
the phenomenon of parallel evolution, which the involved
species might have undergone; and (3) it can also repre-
sent the situation where a new species (i.e. a gene trans-
fer recipient) was created by recombination of the donor
species genome with the genome of a recipient neighbor
in the species phylogeny (this was potentially the case
of the gene transfers from GD Pangolin CoV to SARS-
CoV-2, which is a neighbor of RaTG13 in the species phy-
logeny, found for genes S and N; see our gene-by-gene
analysis below).

We will now discuss the evolution of 11 main genes
of SARS-CoV-2 as well as that of the RB domain of the
spike protein with emphasis on the specific horizontal
gene transfer and recombination events detected for each
of them.

Evolution of gene ORF1ab
Gene ORFlab occupies more than two thirds of coro-
navirus genomes. It encodes the replicase polyprotein,
being translated from ORFla (11826-13425 nt) and
ORF1b (7983-8157 nt) [60], and plays an important role
in virus pathogenesis [19].

The bootstrap support of the branches of the ORFlab
gene phylogeny is commonly very high, except for the
branch connecting the clusters of GD and GX Pangolin
CoVs (Fig. 3a). For this gene, we found a horizontal gene
transfer-recombination event between the ancestors of
the clusters of the Bat CoVZ organisms and the cluster
including the RaTG13 and SARS-CoV-2 viruses. This
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event affects a half of this long gene, occurring in gene
region [1-11630] with bootstrap support of 61.5% (as
this transfer does not affect the whole gene sequence, it
is called a partial HGT). A transfer of the whole ORFlab
gene (i.e. a complete HGT) from the bat RF1 CoV to bat
BtCoV 279 2005 has been detected with bootstrap score
of 84.6%. The transfer between the cluster of the bat
BTKY72 and BM48 31 BGR 2008 coronaviruses and the
cluster involving SARS-CoV-2, RaTG13 and GD Pangolin
CoVs has been detected on gene region [16326—17626]
with bootstrap support of 61.5%. Finally, a deep phylog-
eny transfer from CoV organisms from the bottom part
of the tree (i.e. SARS-like 2003—2013 viruses) to the clus-
ter of GX Pangolins CoVs has been found in a relatively
short region [1249-1421] with a high bootstrap score of
97.9%.

Evolution of gene S

Gene S is among the most important coronavirus genes
since it regulates the ability of the virus to overcome spe-
cies barriers and allows interspecies transmission from
animals to humans [65]. S proteins are responsible for the
“spikes” present on the surface of coronaviruses, giving
this virus family a specific crown-like appearance. These
proteins are type I membrane glycoproteins with signal
peptides used for receptor binding [60]. They play a cru-
cial role in viral attachment, fusion and entry, being a tar-
get for development of antibodies, entry inhibitors and
vaccines [58].

As shown on the SimPlot diagram (Figs. 1a and 2), this
gene has the most variable sequences among all genes
of coronavirus genomes. The bootstrap scores of inter-
nal branches of the phylogeny of gene S are all very high
(Fig. 3b). For this gene, a partial gene transfer was found
in region [1-881] between the Bat CoVZ group and the
cluster of GD Pangolin CoVs with bootstrap support of
64.4%. Another partial transfer from GD Pangolin CoVs
to SARS-CoV-2 was found on the interval [1215-1425]
with bootstrap score of 59.7%. This transfer corresponds
to the RB domain. Partial transfers were detected from
RaTG13 to GX Pangolin CoVs in regions [1311-1361]
and [1511-1561] with an average bootstrap score of
61.5%. Finally, another partial transfer was found between
the bat CoVZ group and the cluster including BtCoV 273
2005, Rf1, HKU3-12, HKU3-6 and BtCoV 279 2005.

Evolution of gene ORF3a

The protein 3a is unique to SARS-CoV and SARS-CoV-2.
It is essential for disease pathogenesis. In SARS-related
CoVs, it forms a transmembrane homotetramer com-
plex with ion channel function and modulates virus
release [39]. The sequences of ORF3a are as highly vari-
able, almost as those of gene S. The bootstrap scores of
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the ORF3a gene tree (Fig. 3c) are usually high, except for
that of the branch connecting the cluster of GD Pangolin
CoVs and the cluster of RatTG13 and SARS-CoV-2 (71%),
and the branch connecting clusters of some old CoVs at
the bottom part of the tree.

For this gene, a full gene transfer was found between
the cluster of SARS-CoV-2, RaTG13 and GD Pangolin
CoVs, and the group of Bat CoVZ viruses, with statistical
significance of 80.8%. A partial gene transfer was detected
between the lower part of the tree (i.e. SARS-like 2003—
2013 viruses), excluding bat viruses from Kenya and
Bulgaria (i.e. BtKY72 and BM48 31 BGR 2008), and the
GX Pangolin CoVs in region [251-371] with bootstrap

support of 61.5%. The remaining identified transfers were
a deep phylogeny transfer and two transfers between
CoVs from the previous SARS outbreak.

Evolution of gene E

This gene is among the shortest in the SARS-CoV-2
genome. The protein E is a small transmembrane pro-
tein associated with the envelope of coronaviruses. It is
well conserved among all CoVs (Fig. 3d). Gene E is usu-
ally not a good target for phylogenetic analysis because
of its short sequence length [60]. The bootstrap scores of
its gene phylogeny (Fig. 3d) are mostly mediocre. A sin-
gle gene transfer-recombination event has been found for
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this gene. It affects region [71-171] and involves CoVs
from the previous SARS outbreak.

Evolution of gene M

This gene is particularly important since it is responsible
for assembly of new virus particles [28]. Bootstrap scores
of the gene tree are on average much lower than those of
genes ORFlab, S and ORF3a (Fig. 3e).

Here, we detected two partial gene transfers involv-
ing the viruses of the Bat CoVZ group and affecting: (1)
the SARS-CoV-2 and RaTG13 CoVs in region [251-461]
with bootstrap support of 53.9%, and (2) the GD Pango-
lin CoVs in region [569-669] with bootstrap support of
50%. Moreover, a complete gene transfer from Rs367 to
the cluster of Rfl and BtCoV 273 2005 was found for this
gene with bootstrap score of 92.3%.

Evolution of gene ORF6

Gene ORF6 impacts the expression of transgenes [47].
The gene phylogeny of ORF6 (Fig. 3f) has multiple inter-
nal branches with low bootstrap support. For this gene,

we found a complete gene transfer between the Bat
CoVZ group and the cluster including SARS-CoV-2 and
RaTG13 with bootstrap support of 69.2%. Furthermore,
a partial gene transfer between HKU3-12 CoV and the
SARS-CoV cluster in region [111-185] with bootstrap
score of 67.7% was also found for this gene.

Evolution of genes ORF7a and ORF7b

The proteins encoded by coronavirus genes ORF7a and
7b have been demonstrated to have proapoptotic activ-
ity when expressed from cDNA [52]. The phylogenies of
these short genes are very unresolved (Fig. 3g, h). A gene
transfer-recombination event found for ORF7b involves
CoVs from the lower part of the tree, excluding CoVs of
Kenyan and Bulgarian bats, and the GX Pangolin CoVs.
It occurred in region [21-131] with bootstrap score of
53.8%. Interestingly, a transfer affecting the bat CoVs
related to the previous SARS outbreak was found in both
of these genes.
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Evolution of gene ORF8

It has been recently shown that the SARS-CoV-2 viral
protein encoded from gene ORE8 shares the least homol-
ogy with SARS-CoV among all the viral proteins, and
that it can directly interact with MHC-I molecules, sig-
nificantly downregulating their surface expression on
various cell types [66, 67]. The gene phylogeny of ORF8
has several internal branches with low bootstrap scores
(Fig. 3i). It has been established that ORF8 protein of
SARS-CoV has been acquired through recombination
from SARS-related coronaviruses from greater horseshoe
bats [32]. A complete gene transfer was found for this
gene between the cluster of SARS-CoV-2, RaTG13 and
GX Pangolin CoVs and the bat CoVZ group with boot-
strap support of 84.6%. The other detected transfers con-
cerned the viruses of the SARS-CoV group.

Evolution of gene N

The nucleocapsid protein (N) is one of the most impor-
tant structural components of SARS-related coro-
naviruses. The primary function of this protein is to
encapsulate the viral genome. It is involved in the forma-
tion of the ribonucleoprotein through interaction with
the viral RNA [28]. Several studies report that the protein
N interferes with different cellular pathways, thus being
a crucial regulatory component of the virus as well [56].
The phylogeny of gene N (Fig. 3j) is usually well resolved,
except for two clusters in the SARS-CoV part of the tree
with bootstrap scores of 64% and 45%. Our SimPlot anal-
ysis showed that the SARS-CoV-2 gene sequence of gene
N is almost as similar to the RatTG13 gene sequence as
it is to the GD Pangolin gene sequence. Precisely, for
gene N, the Wuhan SARS-CoV-2 and RatTG13 viruses
share 96.9% of the whole-gene identity, while the Wuhan
SARS-CoV-2 and GD Pangolin CoV gene sequences are
96.19% identical.

Three statistically significant gene transfer-recom-
bination events have been detected for this gene. The
most interesting of them is the partial gene transfer from
the cluster of GD Pangolin CoVs towards the cluster of
SARS-CoV-2 found in region [534—727] with bootstrap
support of 58.6%. Another partial transfer, between
RaTG13 and GD Pangolin CoVs, was detected in region
[756—864] with bootstrap support of 53.8%. Finally, a
partial transfer between the cluster containing the BtCoV
273 2005 and Rf1 viruses and the cluster of HKU CoVs
was found in region [551-721] with bootstrap score of
61.0%.

Evolution of gene ORF10

The protein ORF10 of SARS-CoV-2 includes 38-amino
acids and its function is unknown [63]. The phylogeny of
this short gene is not well resolved (Fig. 3k) with several
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internal branches having bootstrap support under 50%.
The only complete gene transfer-recombination event
detected for this gene affects the Bat CoVZ virus group
and the cluster of SARS-CoV-2, RatTG13 and GD Pango-
lin CoVs. Its bootstrap score is 79.5%.

Evolution of the RB domain

We carried out an independent analysis of the main evo-
lutionary events characterizing the RB domain of the
spike protein because of its major evolutionary impor-
tance. The S protein mediates the entry of the virus into
the cells of the host species by binding to a host recep-
tor through the RB domain located in its S1 subunit,
and then merging the viral and host membranes in the
S2 subunit. As SARS-CoV, SARS-CoV-2 also recognizes
ACE?2 as its host receptor binding to the S protein of the
virus. Thus, the RB domain of the SARS-CoV-2 S protein
is the most important target for the development of virus
attachment inhibitors and vaccines [58].

We first studied the evolution of the RB domain for
the 25 original organisms that are strongly phylogeneti-
cally related to SARS-CoV and SARS-CoV-2. The RB
domain amino acid phylogeny (Fig. 31) commonly exhib-
its high bootstrap scores of its internal branches, except
for the root branch of the cluster of GD Pangolin CoVs
(56%), the branch separating RatTG13 from the clus-
ter of SARS-CoV-2 and GD Pangolin CoVs (57%), and
the branch separating the cluster of GX Pangolin CoVs
from the cluster including the SARS-CoV-2, GD Pango-
lin CoV and RatTG13 viruses (62%). Thus, the location of
both pangolin clusters and that of RatTG13 are the most
uncertain in this tree.

Our similarity analysis showed that SARS-CoV-2 and
RatTG13 share 89.47% of the whole-gene identity, while
the SARS-CoV-2 and GD Pangolin CoV RB domain
amino acid sequences are 97.36% identical. Conse-
quently, some exchange of genetic material between the
clusters of GD Pangolin CoVs and SARS-CoV-2 would be
