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Abstract
Coronaviruses (CoVs) infect a wide range of domestic and wild mammals. These viruses have a potential and tendency to 
cross-species barriers and infect humans. Novel human coronavirus 2019-nCoV (hCoV-19) emerged from Wuhan, China, 
and has caused a global pandemic. Genomic features of SARS-CoV-2 may attribute inter-species transmission and adaptation 
to a novel host, and therefore is imperative to explicate the evolutionary dynamics of the viral genome and its propensity for 
differential host selection. We conducted an in silico analysis of all the coding gene sequences of SARS-CoV-2 strains (n = 
39) originating from a range of non-human mammalian species, including pangolin, bat, dog, cat, tiger, mink, mouse, and 
the environmental samples such as wastewater, air and surface samples from the door handle and seafood market. Compared 
to the reference SARS-CoV-2 strain (MN908947; Wuhan-Hu-1), phylogenetic and comparative residue analysis revealed 
the circulation of three variants, including hCoV-19 virus from humans and two hCoV-19-related precursors from bats and 
pangolins. A lack of obvious differences as well as a maximum genetic homology among dog-, cat-, tiger-, mink-, mouse-, 
bat- and pangolin-derived SARS-CoV-2 sequences suggested a likely evolution of these strains from a common ancestor. 
Several residue substitutions were observed in the receptor-binding domain (RBD) of the spike protein, concluding a pro-
miscuous nature of the virus for host species where genomic alternations may be required for the adaptation to novel host/s. 
However, such speculation needs in vitro investigations to unleash the influence of substitutions towards species-jump and 
disease pathogenesis.

Keywords Novel coronavirus · SARS-CoV-2 · Non-human mammalian sequences · Phylogenomic analysis · Residue 
substitutions · Species-jump

Introduction

Coronaviruses (CoVs) have been identified from a diverse 
range of birds and mammals, including humans [1, 2]. Most 
of the emerging CoVs, those have infected humans, are orig-
inated from animals or birds and have the potential to cause 
major outbreaks [2]. The CoVs have higher mutation rates 
and genetic variability in their genomes as a result of either 
recombination, genetic drift (point mutations), and lack of 
proofreading capacity by RNA-dependent polymerases (rep-
licative fidelity and diversity) [3–6]. Indeed, the potential of 
CoVs for genetic variability has long been considered to be 
fundamental for their ever-lasting evolution, the emergence 
of new variants within a certain species, and even to new 
species resulting in epidemics and/or zoonoses. This phe-
nomenon may simply be exemplified by the emergence of 
two zoonotic CoVs; the Severe Acute Respiratory Syndrome 
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Coronavirus (SARS-CoV) and the Middle East Respira-
tory Syndrome Coronavirus (MERS-CoV) [2]. Since, it is 
believed that both CoVs have been transmitted to humans 
through intermediate mammalian host from a natural reser-
voir host (bats) [7, 8]. Therefore, bats are now considered as 
a potential reservoir host of CoVs that could be associated 
with future CoV-related pandemics [2].

Novel mammalian coronaviruses are now regularly 
identified [9–11]. Recently, a novel human coronavirus 
(hCoV-19) emerged in late December 2019 from Wuhan, 
China, and spread to more than 190 countries. This virus 
possesses a positive-sense, single-stranded RNA genome 
of approximately 30 kilobases in length. The genome 
encodes ten structural [ORFlab, Spike (S), Envelope (E), 
Membrane (M), Nucleocapsid (N), ORF3, ORF6, ORF7, 
ORF8, ORF10] proteins [12]. Though S protein is a larger 
type-I membrane surface glycoprotein that plays an impor-
tant role in tissue tropism and host adaptation [13, 14], 
other structural proteins are also reported to contribute 
significantly to the adaptation of CoVs to a novel host. 
For instance, a sequence of 29-nucleotides in the open 
reading frame (ORF10) could be considered an example 
that may play a role in the trans-species jump [15]. Dele-
tion of the said sequence has been observed in most of the 
human-originated SARS-CoV strains; however, it has been 
reported vice versa for animal-originating strains. Similarly, 
insertion of a 29-nucleotide sequence in ORF8 protein of 
the bat-originating SARS-CoV strain was suggestive of a 
species-jump from bat to civet [15]. Although much of the 
genomic characteristics of SARS-CoV-2 are described so 
far; nevertheless, analysis revealing potential genetic prop-
erties underlying inter- and intra-species jump has largely 
remained elusive. With this background, we explored the 
genome of SARS-CoV-2 strains originating from a range of 
non-human mammalian species and environmental samples 
for the possible emergence of new variants and adaptation 
to a novel environment/host.

Materials and methods

To date (2-July 2020), a total of 51 genome sequences cor-
responding to novel human coronavirus (hCoV-19; SARS-
CoV-2) are reported from non-human hosts and the envi-
ronment at Global Initiative Sharing of All Influenza Data 
website (https ://www.gisai d.org/). Only full-length nucleo-
tide sequences were retrieved and screened for quality of 

sequences. The sequences with a long stretch of NNNs in 
coding genes were excluded from the phylogenetic, evolu-
tionary, and comparative genomic analysis. Because of the 
greatest difference in spike protein, noises or recombina-
tion, or mixed reads of different viruses in metagenomic 
feces sample collected in 2019, two bat-derived hCoV-19 
sequences (EPI ISL 412976 and EPI ISL 412977) were 
also excluded. Final dataset (n =39), analysed in this study, 
included SARS-CoV-2 strains originating from mink (n = 
13), pangolin (n = 7), dog (n =2), bat (n =1), cat (n =1), 
tiger (n =1), mouse (n =1) and environment including air, 
wastewater and surface samples (n = 13). The human-orig-
inated SARS-CoV-2 sequence (NC_045512; MN908947; 
Wuhan-Hu-1) is considered as a reference sequence and 
retrieved from the GenBank public database (https ://www.
ncbi.nlm.nih.gov/). All coding gene sequences (ORFlab, S, 
E, M, N, ORF3a, ORF6, ORF7, ORF8, and ORF10) were 
individually aligned using the ClustalW method in BioEdit® 
version 5.0.6 [16]. To assess the phylogenetic relationship 
among human- and non-human-derived SARS-CoV-2 
strains, a complete S gene-based phylogenetic tree was con-
structed using Maximum Likelihood (ML) statistical method 
of Tamura-Nei model with ML heuristic tree interference 
of Nearest Neighbor-Interchange (NNI) in  MEGA® X [17], 
where reliability in the topology of the tree was assured with 
1000 number of bootstrap replicas and p-distance substitu-
tion model. To determine the genomic divergence, a pair-
wise sequence comparison analysis was performed with 
the maximum composite likelihood method (d: transitions 
+ transversions model) using all coding genes in  MEGA® 
X [17]. The rate and pattern of substitutions among sites 
were modeled with a gamma distribution (parameter = 1 
with homogenous lineage pattern). Moreover, a compara-
tive residue analysis of the receptor-binding domain (RBD) 
(399-518 aa) at S protein was also performed to elucidate a 
presumptive role of substitutions in host adaptation.

Results

The phylogenetic analysis revealed a close relationship 
between SARS-CoV-2 strains originating from humans, dog, 
cat, tiger, mouse, mink, and environmental sources including 
air, surface, and wastewater. However, bat- and pangolin-
derived sequences clustered in separate clades. Noteworthy 
is the fact recently reported pangolin-derived sequences 
(2019) clustered closer to human-derived SARS-CoV-2 
sequences than those reported in 2017 (Fig. 1). Compared 
to the human-originated SARS-CoV-2 sequence, pairwise 
residue similarity analysis of pangolin-derived SARS-
CoV-2 strains revealed maximum identity for spike protein 
(90.15%) and ORFlab protein (86.04%). However, for bat-
derived hCoV-19, a maximum residue identity was found 

Fig. 1  Complete spike gene-based phylogenetic tree of SARS-CoV-2 
strains reported from the human and non-human origin. Black circles 
indicate the sequences reported from mink (teal), environment (fuch-
sia), pangolin (blue), bat (red), dog (green), tiger (lime), cat (olive) 
and mouse (aqua). (Color figure online)

◂

https://www.gisaid.org/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
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for ORF8 (94.78%) and ORFlab (95.95%) proteins. Among 
all the coding regions, E protein was conserved for all of the 
under-studied hCoV-19 sequences (Supplementary Table 1).

While comparing all structural proteins of reference 
hCoV-19 sequence, a maximum number of residue substi-
tutions (n = 971) was observed in pangolin-derived hCoV-
19 sequence followed by 313 substitutions in bat-derived 
hCoV-19 sequence and 7 substitutions each in dog- and 
wastewater-derived hCoV-19 sequences. A variable range 
of substitutions (n = 1–8) was observed in dog-, cat-, tiger-, 
mink-, mouse- and environment samples-derived hCoV-19 
sequences (Table 1). Interestingly, there was an absolute lack 
of substitution in structural proteins of SARS-CoV-2 strains 
originating from the environment sample of the seafood 
market, China. A 30-bp (10 aa) deletion was observed in 
each of the ORFlab and spike proteins of pangolin-derived 
sequence whereas, 12-bp (4 aa) deletion was observed in 
the spike protein of bat-derived sequence. Pangolin-derived 
hCoV-19 sequences had shared maximum similar substitu-
tions (n = 189) with other under-studied hCoV-19 sequences 
followed by bat (R. affinis)-derived hCoV-19 sequence (n 
= 173), bat (R. malayanus)-derived hCoV-19 sequence (n 
= 115), wastewater-derived hCoV-19 sequence from USA 
(n = 5), tiger-derived hCoV-19 sequence (n = 4), air- and 
dog-derived hCoV-19 sequences (n = 3 in each), cat- and 
door handle-derived hCoV-19 sequences (n = 2 in each) and 
mink-, mouse and wastewater-derived hCoV sequences from 
Italy and China (n = 1 in each) (Table 1).

While comparing critical binding residues (455L, 486F, 
493Q, 494S, 501N, and 505Y) in the receptor-binding domain 
(RBD) of the spike protein of human-derived reference 
sequence, five substitutions (486L, 493Y, 494R, 501D, and 505H) 
were observed in the bat-derived hCoV-19 sequence. On 
the other hand, four substitutions (486L, 493E, 494R, and 501T) 
were observed in pangolin-derived hCoV-19 sequences. 
Similarly, a range of substitutions was also observed for 
interacting residues (ACE2-RBD) among non-human-
derived hCoV-19 sequences. Nine substitutions (403K, 417V, 
439V, 445T, 483Q, 484V, 490Y, 498H and 204N) were observed in 
pangolin-derived hCoV-19, eight substitutions (403T, 439K, 
445E, 449F, 483Q, 484T, 490Y and 498Y) in bat-derived hCoV-
19, and one each in mink- (453F) and mouse- (498H) derived 
hCoV-19 sequences. All binding and contact residues for 
ACE2-RBD interaction were found conserved in all other 
under-studied hCoV-19 sequences (Table 2).

Discussion

The analysis revealed that except for bat- and pangolin-
derived sequences, non-human mammalian- and environ-
ment-derived SARS-CoV-2 strains were more identical 
to human-originated strain. A close relationship between 

cat-, dog-, tiger-, mouse-, mink- and human-derived SARS-
CoV-2 strains may reflect a plausible spill-over of the virus 
among a wide range of species while living in close vicin-
ity. This is not surprising because there are shreds of evi-
dence suggesting transmission of CoVs from one animal to 
another or humans living in companionship and/or vicinity 
[18–20], and this is particularly true for pets and animals 
(e.g., Tiger) kept in captivity such as Zoo. It is now specu-
lated that dogs and cats can be infected presumably after 
contracting the virus from infected pet-owners. Similarly, 
the tiger was found to have contracted the virus, likely from 
an infected but asymptomatic zookeeper. Either having a 
history of clinical or subclinical infection, the detection of 
SARS-CoV-2 genome in pets or animals living with and/or 
close vicinity to humans suggests human-to-animal trans-
mission. Nevertheless, there does not exist or reported evi-
dence for the potential animal-to-human transmission of 
the SARS-CoV-2 virus so far. Hence, this particular aspect 
needs further investigations that can explore the identifica-
tion of biological or other relevant factors for the presence 
of virus in non-human mammalian hosts.

Given the phylogenetic pattern, the study suggests bat- 
and pangolin-derived sequences as prototypes or ancestral 
variants of the SARS-CoV-2 virus. Such observations high-
light the evolutionary dynamics of the SARS-CoV-2 virus 
for the potential emergence of multiple variants or escape 
mutants as has significantly been evidenced for other CoVs 
[3, 21, 22]. Pangolin-, bat- and human-derived SARS-CoV-2 
strains were distinct or distantly related in the phylogenetic 
analysis. However, as for the genetic divergence is con-
cerned, bat- and human-derived SARS-CoV-2 strains were 
closer than pangolin-derived SARS-CoV-2 strains, indicat-
ing the emergence of variants from a common ancestor. 
Based upon genomic heterogeneity and clustering pattern, 
the study findings are in agreement with previous observa-
tions, suggesting a non-mosaic nature of the SARS-CoV-2 
and its close relationship with bat-derived strain [12]. The 
analysis suggests that SARS-CoV-2 is not an exact vari-
ant which is causing a global pandemic in humans; how-
ever, the hypothesis of the emergence of the new variant 
from bats-derived CoVs is very likely. However, a contro-
versy exists for a conceivable relationship among bats- and 
pangolin-derived hCoV-19 to human-originating SARS-
CoV-2 strains. Instead of direct transmission from bats to 
humans, a study suggests the role of another animal as an 
intermediate host of the SARS-CoV-2 virus [23]. Taking 
into consideration the recent history of emerged CoVs (e.g., 
SARS-CoV and MERS-CoV) where bat acted as a natural 
reservoir, while other animals (e.g., civet and camels) served 
as intermediate hosts before their transmission to terminal 
host (human) [7, 8], it seems reasonable to speculate that 
there may involve an intermediate host other than bats for 
potential transmission of SARS-CoV-2 to human. This is 
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important because the place where the outbreak was first 
escalated during December 2019, most of the bats usu-
ally kept themselves in hibernation at that time of the year. 
Added to this, there was no selling of bat at the Huanan 
seafood market, whereas other non-aquatic animals such as 
pangolins were available. Therefore, this particular aspect 
needs further epidemiological investigations.

Such supposition is also linked to the detection of SARS-
like coronavirus in pangolins [24]. On the other hand, the 
genetic makeup and similarity between spike protein of pan-
golin- and human-derived SARS-CoV-2 strains is higher 
(90.15%) than what (99%) is observed between human- 
and civets-derived SARS-CoV strains, which is why civ-
ets were considered as intermediate host but such scenario 
is not applicable in case of pangolin as intermediate host 
of SARS-CoV-2 virus. Regarding this aspect, the current 
study pointed out that pet animals including dogs and cats 
may act as an intermediate or carrier host of SARS-CoV-2 
in the future because of a high level of genomic similarity 
between dog-, cat- and human-derived hCoVs sequences. 
This speculation is also supported by the reports about the 
pet animals as intermediate/carrier hosts of other human 
emerging viruses [25, 26]. However, it should be cautioned 
that such speculation is biased because of a limited number 
of dog- and cat-originating SARS-CoV-2 strains. Recent 
studies also claimed very low or permissive susceptibility 
of dogs and cats to SARS-CoV-2 infection [27] and found 
negative for the existence of SARS-CoV-2-specific antibod-
ies [28]. There are still controversies about the source of the 
virus and its potential intermediate host which still needs 
more evidence to be confirmed. Therefore, it is quite earlier 
to conclude or proclaim any pet animal as an intermediate 
or carrier host of the SARS-CoV-2 virus and a slew of deep 
genomic analysis along with disease surveillance, sero-sur-
veillance, molecular epidemiology, pathobiology, and trans-
missibility investigations has yet to find a conclusive proof.

An occurrence of residue substitutions in coding regions 
of SARS-CoV-2 sequences reported from different hosts 
highlight the potential of the virus to mutate rapidly for the 
emergence of host-specific variants. Considering SARS-
CoV-2 as a typical RNA virus, there is likely a chance of 
high mutation rate and subsequent speciation and evolution 
of novel variants. It is interesting to note that, among all 
the CoVs, SARS-CoV-2 possesses the longest genome that 
makes it more prone to errors during RNA transcription, 
and therefore the potential occurrence of mutations for the 
adaptation to novel hosts may very frequent. A significant 
number of residue substitutions were observed in RBD at 
spike protein of bat- and pangolin-derived SARS-CoV-2 
strains. A vital role of mutations in the RBD region has 
been indicated for potential inter- and intra-species transmis-
sion of SARS-CoV [29]. Amino acid substitutions within the 
RBD can significantly affect the binding affinity of S protein 

to its receptor. Any substitution at critical binding sites sig-
nificantly lowers the electrostatic stabilizing interactions and 
binding affinity between ACE2-RBD and subsequently alter 
tissue tropism [30]. Indeed, a minimum of 1–2 substitutions 
in the RBD is sufficient for a virus to alter its host receptor 
specificity and subsequent inter-species transmission [31]. 
Beside it was reported that the SARS-CoV-2 virus has a 
unique peptide (PRRA) insertion at 680 amino acid position, 
which may be involved in the proteolytic cleavage of the 
S protein by cellular proteases, and impact host range and 
transmissibility [32]. In the current comparative study, it is 
not found in the S proteins of the bat- and pangolin-derived 
SARS-CoV-2 strains. Comparative investigations to deter-
mine an in vitro impact of the mutations are prerequisites to 
explore species jump of the SARS-CoV-2 virus.

In conclusion, taken into consideration the intrinsic 
capacity of CoVs to adapt novel host species [33], the cur-
rent study suggests the potential evolution of all SARS-
CoV-2 strains from a common ancestor. Comparative analy-
sis of human- and non-human-derived SARS-CoV-2 strains 
highlights the positive selection and continuous evolution in 
different hosts. Hence, the emergence of different variants 
with varying pathobiological characteristics is very likely for 
different host species living across the globe. In this regard, 
increased genetic diversity among SARS-CoV-2 infected 
patients suggests an adaptation as well as the evolution 
of the virus to the environment and the human population 
worldwide [34]. Therefore, an in-depth analysis of residue 
substitutions and genetic evolution of SARS-CoV-2 from a 
wide geographical region is ascertained in the future. Sum-
marizing together, such comparative analysis enhances our 
understanding of the molecular epidemiology of the SARS-
CoV-2 virus in a wide range of host species and future inter-
vention strategies.
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