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1 | INTRODUCTION

Coronaviruses (CoVs) are comprised of a large family of single-
stranded RNA viruses with a large genome (~30 kb), which cause
(referring coronaviruses) respiratory and intestinal infections in

animals and humans. Their role as emerging infections was first

Abstract

The novel coronavirus (CoV), severe acute respiratory syndrome (SARS)-CoV-2 is an
international public health emergency. Until now, the intermediate host and me-
chanisms of the interspecies jump of this virus are unknown. Phylogenetic analysis of
all available bat CoV complete genomes was performed to analyze the relationships
between bat CoV and SARS-CoV-2. To suggest a possible intermediate host, another
phylogenetic reconstruction of CoV genomes obtained from animals that were hy-
pothetically commercialized in the Chinese markets was also carried out. Moreover,
mutation analysis was executed to suggest genomic regions that may have permitted
the adaptation of SARS-CoV-2 to the human host. The phylogenetic analysis de-
monstrated that SARS-CoV-2 formed a cluster with the bat CoV isolate RaTG13.
Possible CoV interspecies jumps among bat isolates were also observed. The phy-
logenetic tree reconstructed from CoV strains belonging to different animals de-
monstrated that SARS-CoV-2, bat RaTG13, and pangolin CoV genomes formed a
monophyletic cluster, demonstrating that pangolins may be suggested as SARS-CoV-
2 intermediate hosts. Three AA substitutions localized in the S1 portion of the
S gene were observed, some of which have been correlated to structural modifications
of the S protein which may facilitate SARS-CoV-2 tropism to human cells. Our analysis
shows the tight relationship between SARS-CoV-2 and bat SARS-like strains. It also
hypothesizes that pangolins might have been possible intermediate hosts of the
infection. Some of the observed AA substitutions in the S-binding protein may serve as
possible adaptation mutations in humans but more studies are needed to elucidate

their function.

KEYWORDS

bat coronaviruses, CoV, intermediate host, phylogeny, SARS-CoV-2, zoonotic infection

recognized during the severe acute respiratory syndrome (SARS)
outbreak in China in 2002 caused by the SARS-CoV. The SARS
epidemic affected more than 8000 people and caused 916 deaths
in 29 countries.” Palm civets (Paguma larvata) were involved in the
SARS-CoV jump to the human population as intermediate hosts.

Ten years later, a second CoV outbreak caused by the Middle East
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respiratory syndrome (MERS)-CoV occurred. It was characterized
by 2040 confirmed cases and 712 deaths between 2012 and
2017.% The majority of the MERS-CoV cases (80%) were reported
in Saudi Arabia® and dromedary camels were suggested as MERS-
CoV intermediate hosts.

Currently, the world is facing the largest CoV pandemic
caused by SARS-CoV-2 with millions of cases throughout the
world. The disease caused by SARS-CoV-2, coronavirus disease
2019, ranges from asymptomatic infection to severe respiratory
failure.’> In the early infection phases, anti-SARS-CoV im-
munoglobulin G (IgG) and IgM are produced within a period of
approximately 13 days after symptom onset.® The infection can be
controlled by the timely detection of SARS-CoV-2 RNA in patients.
Similar to SARS-CoV, SARS-CoV-2 can be treated by population
isolation and antiviral and symptomatic treatments, all of them
with varying levels of success.” Many efforts for more effective
SARS-CoV-2 treatment are in progress now, including compounds
targeting viral products that have an essential function, especially
the viral main protease.®’

One of the most intriguing questions is related to the origin of
SARS-CoV-2 and its interspecies jump to the human population. The
first cases of unknown causes of pneumonia originated from the
Huanan seafood and animal market in the city of Wuhan, Hubei
province, China.” So far, the mechanism of the interspecies jump of
SARS-CoV-2 has not been fully understood although Malayan pan-
golins (Manis javanica) have been suggested as possible intermediate
hosts due to the high similarity of pangolin and SARS-CoV-2

genomesuo

while bats are regarded as the original source of the
infection."*

The aim of this study is to analyze the available data of complete
zoonotic CoV genomes in regard to SARS-CoV-2 to examine possible
relationships, interspecies evolution, and suggest a possible inter-
mediate host of SARS-CoV-2. Furthermore, knowing the importance
of viral proteins for the viral cycle and host adaptation, we have
investigated the S gene which is responsible for viral adsorption and

probably participates in the host shifts.

2 | MATERIALS AND METHODS
2.1 | Dataset of bat CoV genomes

The complete genomes of 145 CoV strains were used, 144 origi-
nating from different bat genera (Asiatic bats, 115 genomes;
European bats, 8 genome; African bats, 19 genomes; and American
bats, 2 genomes) and 1 SARS-CoV-2 genome obtained in China. All
complete CoV genomes were obtained from the GenBank (http://www.
ncbi.nlm.nih.gov/genbank/). The Asiatic bat CoV genomes originated
from China (92 genomes), Hong Kong (13 genomes), Singapore
(1 genome), Vietnam (10 genomes), Japan (1 genome), and South Korea
(1 genome); the European bat CoV were obtained from Bulgaria

(1 genome), Finland (2 genomes), and Italy (5 genomes); the African bat

CoV were obtained from Kenya (7 genomes), South Africa (2 genomes),
Uganda (1 genome), Ghana (4 genomes), and Cameroon (4 genomes);
and the American bat CoV were obtained from USA (1 genome) and
Canada (1 genome). In the study, we included CoV genomes obtained
from different bat hosts including the genera Rhinolophus, Scotophilus,
Chaerephon, Rousettus, Cynopterus, Tylonycteris, Pipistrellus, Hypsugo,
Vespertilio, Hipposideros, Myotis, Miniopterus, Nyctalus, Triaenops, and Ei-
dolon (see Table S1).

We also obtained information of the geographic origin of the host,
year of virus detection/isolation, and the type of the infected host (spe-
cies name or genus). All of this information was represented on the tree
branches. We used the following keyword combinations for the search
of complete bat CoV genomes in the GenBank: (a) bat + coronavirus +
complete + genome; (b) bat + CoV + complete + genome; (c) bat + SARS +
complete + genome; (d) bat + SARS-CoV-2 + complete + genome; and ()
bat + SARS-CoV + complete + genome.

2.2 | Dataset of CoV complete genomes obtained
from different animal sources

We also performed a phylogenetic analysis of CoV strains isolated
from possible animals which could be commercialized in Chinese
markets. From this approach, we would like to suggest a potential
intermediate host for SARS-CoV-2 which may have served as a
source of viral dissemination in the human population. For this ana-
lysis, we used complete animal CoV genomes obtained from the
GenBank (excluding bats). Although we observed that there is a wide
variety of wild and domestic animals which could be commercialized
in the Chinese markets, we obtained and analyzed from the GenBank
77 complete animal CoV genomes, distributed as follows: murine (20
CoV genomes), camelids (9 CoV genomes), deer (5 CoV genomes),
equine (4 CoV genomes), civets (14 CoV genomes), pangolin (5 CoV
genomes), canine (12 CoV genomes), and swine (8 complete CoV
genomes).

For the construction of the dataset, the first applied criterion
was if the genome was complete, but we also added other char-
acteristics including the geographic origin of the host, year of virus
detection/isolation, and the type of the infected host (species name
or genus). All of this information was represented on the tree bran-
ches. The sequences of animal CoV were not directly obtained from
Chinese markets but from countries including the USA (murine, deer,
horse, and canine), Nigeria, Morocco, Ethiopia, Saudi Arabia, United
Arab Emirates (camelid CoV), South Korea (deer CoV), Japan (equine
CoV), China (civet, pangolin, canine, and swine) and Italy, Germany,
Taiwan (canine CoVs), (see Table S2).

We used the following keyword combinations for the search of
complete animal CoV genomes in the GenBank: (a) murine +
coronavirus + complete + genome; (b) camel + coronavirus + complete +
genome; (c) deer +coronavirus + complete + genome; (d) equine +
coronavirus + complete + genome; (e) civets + coronavirus + complete +

genome; (f) pangolin + coronavirus + complete + genome; (g) canine +
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coronavirus + complete + genome; and (h)  swine + coronavirus +

complete + genome.

2.3 | Phylogenetic analysis

The sequence dataset was aligned using MAFTT v.7.450 software’?
and manually edited by Bioedit program v. 7.0.5. To check the phy-
logenetic signal, we used the TREE-PUZZLE v. 5.3. software.’®
Maximum likelihood trees were reconstructed using generalized
time-reversible (GTR) plus empirical codon frequencies (F) and in-
variant (I) sites plus Gamma distribution (G4), (GTR+F + 1|+ G4),
chosen according to Bayesian information criterion using IQ-TREE v.
1.6.8.1 Sequences identified as duplicates in the phylogenetic re-
construction were excluded. For visualization of the tree and for its
editing, we used the FigTree v. 1.4. software.’”

We opted for the division of the datasets into two groups and
consequently into two different phylogenetic trees due to the fol-
lowing reasons: (a) the phylogenetic tree which included CoV com-
plete genomes isolated from bats aimed at investigating bat CoV
diversity in relation to the bat genera as well as the evolutionary
behavior including interspecies jumps which can increase the spread
of certain CoV isolates; and (b) the phylogenetic tree which included
CoV obtained from animal candidates which could hypothetically be
commercialized in the Chinese markets was reconstructed to suggest
a possible intermediate host for SARS-CoV-2 which could have

served as a source for viral introduction into the human population.

2.4 | Analysis of evolutionary mutations

Initially, to evaluate the impact of the evolutionary pressure for
virus-host adaptation, we performed similarity analysis using the
BLAST ring image generator (BRIG) software v. 0.95%¢ comparing the
bat CoV isolate RaTgl3 obtained from Rhinolophus dffinis
(MN996532) and the first sequenced human strain of SARS-CoV-2,
Wuhan-Hu-1 (MN908947). In this analysis, we obtain a circular graph
that verifies the similarity between the human and bat strains and
attempts to outline areas with significant mutation coverage.
Consequently, the exact localization of the mutations in high
resolution was shown using the Pipmaker program.’” For a more
comprehensive view of the possible mutations among the human
SARS-CoV-2 strains, we used the available complete genomes in the
Genbank (44 strains until 28 February 2020). We limited the muta-
tion search to the S gene region, to decrease the computational time
and focus on an area of major importance for the host shift. The
S regions were aligned using ClustalW'€ and subsequently edited and
translated into protein sequences using BioEdit software®® v. 7.0.5.
The identified mutations were analyzed using protein variation effect
analyzer software”® to verify whether the amino acid substitutions or
indels have an impact on the biological function of the S protein.
Finally, we used the PredictProtein software”’ to predict aspects of

protein structure and function.
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3 | RESULTS

All available in the GenBank bat CoV full-length genomes and the
human SARS-CoV-2 Wuhan strain were compared, enabling us to
combine information regarding the evolution of SARS-CoV-2. The
phylogenetic analysis performed allowed us to assess also the evo-
lutionary position of SARS-CoV-2 in comparison to zoonotic CoV
strains to trace a possible intermediate host of this infection before
its jump to the human population.

The generated phylogenetic tree of the bat CoV demonstrated
the expected separation with high bootstrap support on almost all
branches (100%), showing high reliability. The CoV clustering was
strongly dependent on the type of bat host and can be observed in
Figure 1. The basal evolutionary position of the SARS-CoV-2 clus-
tered with RaTG13 bat strain isolated from Rhinolophus bats de-
monstrates that probably RaTg13 has been circulating as a zoonotic
infection between Rhinolophus bats long before the introduction of
SARS-CoV-2 into the human population. This phylogenetic tree
aimed to examine SARS-CoV-2 relationships in regard to other bat
CoV isolates and therefore we used only one reference strain for
SARS-CoV-2 isolated in Wuhan.

The cluster of SARS-CoV-2 (Figure 1, division ) was basally lo-
cated compared to the SARS-like isolates obtained from Rhinolophus
bats, which formed a monophyletic cluster. This demonstrates that
SARS-CoV-2 is genetically distant from bat SARS-like viruses. The
SARS-CoV-2 strain was clustered with the highest bootstrap support
with the RaTG13 strain isolated in 2013 in China, and this demon-
strates the lack of genomic CoV surveillance between the date of
isolation if the bat RaTG13 strain and its closest relative SARS-CoV-2
at the end of 2019. Given the information from the obtained phy-
logenetic tree, we were able to identify a possible interspecies jump:
Rousettus bat CoV in the group of SARS-like CoV obtained from
Rhinolophus bats (Figure 1, division 1), presence of Pipistrellus CoV
isolates among Rhinolophus isolates, and Pipistrellus CoV isolates with
high genetic similarity to Hypsugo CoV isolates in cluster Il (Figure 1,
division 1l). Interspecies jumps were also detected in isolates which
were basally located, that is, Myotis isolates with high genetic simi-
larity to Rhinolophus CoVs and Rousettus CoV located in the cluster of
Hipposideros CoV isolates (Figure 1, division IlI).

Interspecies jumps were suspected in almost all of the clusters of
the phylogenetic tree. However, these events probably occurred in a
different manner. We observed that some cases, such as CoV jumps
from Hipposideros to Rousettus, occurred in a clade where there were
only CoV genomes obtained from Hipposideros. The same event oc-
curred for Pipistrellus CoV isolates located among Rhinolophus and
Rousettus CoV isolates (see the gray lines in Figure 1). However, we can
consider as interspecies jumps the presence of CoV strains with high
genetic similarity isolated from evolutionary divergent bat genera, as in
the cases of Pipistrellus CoV isolates with high genetic similarity to CoV
obtained from Hypsugo bats and Myotis CoV isolates with high genetic
similarity to CoV strains isolated from Rhinolophus bats (Figure 1).

On the other hand, we observed that the clusters I-lll (Figure 1)

were characterized by the presence of predominantly Asiatic CoV
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bat genomes with lower presence of CoV sampled in Europe, Africa.
and America. While in the betacoronavirus cluster, there were almost
exclusively Asiatic CoV strains, the highest diversity regarding place
of origin was observed in the cluster of alphacoronaviruses (Figure 1,
division Il1). This probably shows that the highest diversity of beta-
coronaviruses is concentrated in Asia, while alphacoronaviruses en-
compass CoV strains originating from all continents. However, the
majority of bat CoV in the GenBank belonged to Asiatic species and
as a consequence, they represented a greater majority in the final
phylogenetic tree. Therefore, there is probably a gap regarding
availability of complete genomes of bat CoV obtained from Europe,
Africa, and America, and thus genomic surveillance with the char-
acterization of more complete bat CoV genomes from these locations
is necessary to fulfill the lack in their phylogeny.

To suggest a possible intermediate SARS-CoV-2 host, we also
performed a separate phylogenetic analysis of CoV strains obtained
from wild and domestic animals which were hypothetically com-
mercialized in the Chinese markets (camels, civets, dogs, donkeys,
horses, swine, rats, deer, and pangolins). The obtained clustering
demonstrated the division of the animal CoV into three well-
supported clusters, that is, alpha-, beta-, and deltacoronaviruses. The
largest cluster which comprised almost all the analyzed genomes
belonged to betacoronaviruses, which is directly linked to their
higher diversity. The alphacoronaviruses encompassed canine se-
quences, and the deltacoronaviruses were represented by swine
CoV. Human SARS-CoV-2 strains isolated in China, Italy, and Brazil
formed a monophyletic cluster and were grouped into a large cluster
with pangolin and bat RaTG13 CoV strains. The pangolin sequences
obtained in 2017 were located in a basal position compared to
pangolin sequences from 2019, RaTG13 bat strain and SARS-CoV-2,
which means that these sequences are evolutionarily much older but
can accumulate changes throughout the years, which suggests that
pangolin may be suggested as a possible intermediate host of SARS-
CoV-2. In this phylogenetic tree, the civet CoV genomes were distantly
located compared to SARS-CoV-2 precluding their involvement as a
hypothetic intermediate host of SARS-CoV-2. The phylogenetic tree
obtained from the analysis of SARS-CoV-2 and zoonotic CoV strains
obtained from different animals is shown in Figure 2.

The analysis of the possible mutations of SARS-CoV-2 (Wuhan-
Hu-1 strain) in comparison to the zoonotic bat sequence (RaTg13)
revealed the existence of 1141 single-nucleotide polymorphisms with
96% identity between the two sequences. As was suspected, most of
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the identified mutations were located in the S (spike) gene, which
encompasses positions between 21563 and 25384 base pair
(GenBank accession number: MN908947). Therefore, we focused our
analyses on the spike (S)-protein portion (with both its subregions
S1/S2 and the junction region), where we found 30 residue mutations
in different positions, including insertion in position 680. Conse-
quently, we checked for possible deleterious action of these AA
changes on the protein residues. All possible mutations found in the
S protein were considered neutral, that is, evolutionarily beneficial
for the virus, without any possible harmful effect on virus survival
processes. The functional prediction of protein demonstrated the
presence of three amino acid mutations (see Table 1). They were
characterized by two AA substitutions in positions 32 (S—F), 218
(P—Q), and one insertion in position 680 (PRRA), localized in the
junction region of the S1/51 subunits composing the S protein.
After carrying out the analyzes using BRIG software, we found a
similarity rate of 96% between RaTG13 and SARS-CoV-2 (Wuhan
isolate). However, the mutations which were present in the human
strain were randomly distributed along the S gene and not con-
centrated in a specific location, which did not permit their graphical

representation.

4 | DISCUSSION

The performed study reveals the phylogenetic relationships between
SARS-CoV-2 and CoV genomes obtained from bats from different
parts of the world. Moreover, we performed an additional phyloge-
netic reconstruction which suggests the possibility of a specific in-
termediate host for SARS-CoV mediating its jump into the human
population.

The reconstructed phylogenetic tree of bat CoV genomes
(Figure 1) demonstrated, as expected, that SARS-CoV-2 formed a
cluster with the zoonotic strain RaTG13 obtained from a fecal swab
from Rhinolophus dffinis bats in 2013. The basal position of the SARS-
CoV-2 compared to the other bat SARS-like viruses demonstrates
their genetic divergence and probably shows that a SARS-CoV-2-like
virus has been intensively circulating among bat populations before its
emergence as a human pathogen. Although SARS-CoV-2 was posi-
tioned in one cluster with SARS-like bat CoV sequences, they were
distantly located in a monophyletic cluster and were also related to
Rhinolophus bats. This probably demonstrates that Rhinolophus bats

FIGURE 1 Phylogenetic analyses of the bat and other mammalian coronaviruses in regard to the SARS-CoV-2. Phylogenetic analysis of bat
CoV strains obtained from different geographical localizations. Mostly, the dataset was composed from Asiatic strains including bat SARS-like
viral agents. The human SARS-CoV-2 Wuhan-Hu-1 strain was used to show the genetic distance between the zoonotic and human strains. In
the tree, it is highlighted the possible interspecies jump between different bat CoVs. To explain better the cluster formation, the tree branches were
grouped into three groups designated with roman numerals I-1ll. Only complete genomes for tracing the phylogenetic history of bat CoV were used.
The nucleotide substitution model used was GTR + F + | + G4 for tree reconstruction, which was chosen by the Bayesian information criterion statistic
model, utilizing 10 000 ultrafast bootstrap replicates for statistical significance. Only values of above 99% were demonstrated on important tree
branches. The phylogenetic tree was constructed using the IQ-TREE software v.16.12, applying the maximum likelihood approach. F, frequency; G4,
gamma distribution; GTR, generalized time-reversible; |, invariant; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2
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KC175341_5378_1978_USA_Canine
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KY063618_HLJ-073_2016_China_Canine
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MK330605_CHN/Sichuan/2018_2018_China_Swine
MK993519_CHN/Sichuan/2019_2019_China_Swine
MN025260_Porcine_2017_China_Swine

Deltacoronavirus

FIGURE 2 Phylogenetic analysis of zoonotic CoV strain obtained from different geographical localizations and outbreaks. In this analysis,
different kinds of animals were included that were probably commercialized in the Chinese markets (camels, civets, dogs, donkeys, horses,

swine, rats, deer, and pangolins). The human isolate Wuhan-Hu-1 strain was used to show the genetic distance between the zoonotic and human
strains. We used only complete genomes for tracing the phylogenetic history of zoonotic CoVs. The nucleotide substitution model used was
GTR +F + | + G4 for tree reconstruction, which was chosen by the Bayesian information criterion statistic model, utilizing 10 000 ultrafast

bootstrap replicates for statistical significance. Only values of above 99% were demonstrated on important tree branches. The phylogenetic tree
was constructed using the IQ-TREE software v.16.12, applying the maximum likelihood approach. CoV, coronavirus; F, frequency; G4, gamma

distribution; GTR, generalized time-reversible; |, invariant

may participate in CoV host shifts with a higher frequency compared
to other bat species and the close contact between bats, humans, and
intermediate mammalian hosts may have helped in the establishment
of the SARS-CoV-2 outbreak.’” In addition, SARS-like viruses with
high-sequence homology to SARS-CoV were isolated from Rhinolophus
sinicus, which supports the hypothesis that these bats can be definitive
hosts with the extensive circulation of SARS-like viruses.” Moreover,
characteristics of the bat CoV are very high mutation rates,”® re-
combination capacity, and presence of multiple open-reading frames in
the large CoV genome,>* which allows for rapid adaptation to new
hosts and expanded tissue tropism. This was also suggested by our
study, where we identified frequent bat host shifts among the bat CoV.

Moreover, the receptors responsible for productive SARS-CoV

infection (ACE2) are present in different bat species,”” which can be
important for the interspecies jumps of the SARS-like viruses. The
ability of the CoV to undergo frequent host shifts supports the hy-
pothesis that these viruses are one of the most important groups of
pathogenic agents responsible for the appearance of emerging dis-
eases, as discussed by other authors, and are probably the most im-
portant hosts of emerging viruses.??

We analyzed CoV genomes obtained from animals which could
be probable intermediate hosts for SARS-CoV-2 due to their fre-
quent commercialization in the Chinese markets. Although none of
the analyzed CoV sequences originated directly from animals sold in
the Chinese markets, we suggest that intermediate SARS-CoV-2

exists based on the genomic surveillance of closely related animal
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TABLE 1 Detected mutations and their implications for binding
sites in the S portion of the SARS-CoV-2

SARS-
CoV-2°
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binding sites
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Abbreviation: SARS-CoV-2, severe acute respiratory syndrome
coronavirus 2.

@AA, amino acid position.

PAA in the S portion of the genome of the bat coronavirus strain RaTg13.
“AA change in the SARS-CoV-2 genome.

9SPRRA insertion in the SARS-CoV-2 genome.

CoV. Moreover, the virus needs initially to be established into an
intermediate host with high population density and presence of
specific receptors which will further enable the interspecies jump to
the human population as occurred in SARS-CoV, MERS-CoV, and
probably SARS-CoV-22° (our hypothesis for SARS-CoV-2 is pre-

sented in Figure 3). In this respect, we have to examine animal CoV

2613
o oo WILEY— 2%
strains with older sampling dates. Although in the performed phy-
logenetic analysis, the SARS-CoV-2 sequences obtained from China,
Italy, and Brazil were more closely related to the bat RaTG13 strain
similar to the bat CoV phylogenetic tree, they also formed a cluster
with CoV strains obtained from Malayan pangolin (Manis javanica)
obtained in 2017 and 2019. Such clustering may be suggestive of a
zoonotic transmission chain where pangolins served as intermediate
hosts of SARS-CoV-2. In addition, pangolin CoV exhibits strong se-
quence similarity with the RBD region of SARS-CoV-2, which
strongly suggests that the spike protein of SARS-CoV-2 which binds
to the ACE2 receptor results from natural selection with the help of
an intermediate host.?® Therefore, obtaining more sequence in-
formation, especially from animal sources, and performing zoonotic
surveillance of the CoV is the most categorical way to examine the
virus origin and its dissemination in the human population.

The performed mutation analysis demonstrated several AA
changes which were localized in the S region of the SARS-CoV-2
genome compared to RaTG13 bat strain. The AA insertion at position
680 (PRRA) is already described in the literature and is located at
the S1-S2 junction of the S protein and is a polybasic cleavage
site leading to the generation of the binding (S1) and fusion (S2)
subunits.”® The generation of the furin subunit can be an important
adaptation factor for SARS-CoV-2 replication in humans. Moreover,
more R in the $1-S2 cleavage site can enhance the cleavage of S1 and
S2 subunits with the removal of the structural constraints and as a
consequence, the insert peptide S2 is exposed and can be inserted
into the host cell membrane, which suggests an increase in the effi-
ciency of the viral entry into the human cell and fusion of the
membranes.?” The other two identified AA changes in the S protein,
P32F and P218Q, are still not described in the literature. However,
molecular changes of SARS-CoV during the early transition and ex-
pansion into middle-phase epidemics include A3047V and A3072V in
the replicase gene and D778Y and E1163K in the S gene, and, in
general, during the SARS-CoV epidemic, the S gene has been sub-
mitted to strong positive selection.”* Therefore, similar to SARS-CoV,
the observed AA substitutions in SARS-CoV-2 may help us in ex-
panding the epidemic in human hosts or represent adaptive changes
in the S gene. Nevertheless, a broader investigation and validations
are needed to know how the AA substitutions in the S gene affect, or
not, the mechanisms of the virus to produce infection in a new host.

The SARS-CoV-2 is a major world health emergency that has led to
breakdowns in the health systems of the affected countries. Therefore,
detailed studies of the origins of SARS-CoV-2 and the possible me-
chanisms of viral interspecies jump to the human population are fun-
damental to elaborate strategies for restraining further emergence of
zoonotic pandemic viruses. The high diversity of bat CoV and the unique
characteristics of the CoV-like high mutation rates and recombination
are prognostic markers that increase the possibility of further out-
breaks. There is a significant amount of evidence that SARS-CoV-2 used
an intermediate host for viral adaptation before its jump into the human
population but there is an urgent need for genomic surveillance of CoV
genomes obtained from different animal sources which will show in a

direct way the evolutionary relationships of SARS-CoV-2 and will help
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FIGURE 3 Possible routes of SARS-CoV, MERS-CoV, and SARS-CoV-2 interspecies jumps and transmission to the human population due
to genomic adaptations that help the virus in the invasion of subsequent species. The image accentuates the zoonotic circulation of the viral
agents in bat populations with subsequent jumps to intermediate hosts and finally, due to anthropogenic factors, the viruses can be

disseminated in the human population. CoV, coronavirus; MERS, Middle East respiratory syndrome; SARS, severe acute respiratory syndrome

to create hypotheses for the emergence and spread of SARS-CoV-2 in
the human population.
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