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Abstract

The outbreak of a novel corona Virus Disease 2019 (COVID-19) in the city of Wuhan, China

has resulted in more than 1.7 million laboratory confirmed cases all over the world. Recent

studies showed that SARS-CoV-2 was likely originated from bats, but its intermediate hosts

are still largely unknown. In this study, we assembled the complete genome of a coronavirus

identified in 3 sick Malayan pangolins. The molecular and phylogenetic analyses showed

that this pangolin coronavirus (pangolin-CoV-2020) is genetically related to the SARS-CoV-

2 as well as a group of bat coronaviruses but do not support the SARS-CoV-2 emerged

directly from the pangolin-CoV-2020. Our study suggests that pangolins are natural hosts of

Betacoronaviruses. Large surveillance of coronaviruses in pangolins could improve our

understanding of the spectrum of coronaviruses in pangolins. In addition to conservation of

wildlife, minimizing the exposures of humans to wildlife will be important to reduce the spill-

over risks of coronaviruses from wild animals to humans.

Author summary

Recently, a novel coronavirus, SARS-CoV-2, caused a still ongoing pandemic. Epidemio-

logical study suggested this virus was associated with a wet market in Wuhan, China.

However, the exact source of this virus is still unknown. In this study, we attempted to

assemble the complete genome of a coronavirus identified from two groups of sick

PLOS PATHOGENS

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008421 May 14, 2020 1 / 13

a1111111111
a1111111111
a1111111111
a1111111111
a1111111111

OPEN ACCESS

Citation: Liu P, Jiang J-Z, Wan X-F, Hua Y, Li L,

Zhou J, et al. (2020) Are pangolins the intermediate

host of the 2019 novel coronavirus (SARS-CoV-2)?

PLoS Pathog 16(5): e1008421. https://doi.org/

10.1371/journal.ppat.1008421

Editor: Stanley Perlman, University of Iowa,

UNITED STATES

Received: February 14, 2020

Accepted: April 8, 2020

Published:May 14, 2020

Copyright: © 2020 Liu et al. This is an open access

article distributed under the terms of the Creative

Commons Attribution License, which permits

unrestricted use, distribution, and reproduction in

any medium, provided the original author and

source are credited.

Data Availability Statement: All our files are

available from the GeneBank database (accession

number 2312773).

Funding: This project was supported by wildlife

disease monitoring and early warning system

maintenance project from National Forestry and

Grassland Administration (2019072) to Chen JP,

GDAS Special Project of Science and Technology

Development (grant number 2020GDASYL-

20200103090, 2018GDASCX-0107) to Liu P.,

Guangzhou Science Technology and Innovation

Commission (grant number 201804020080) to

http://orcid.org/0000-0001-5260-7822
http://orcid.org/0000-0003-2629-9234
http://orcid.org/0000-0001-8192-3082
http://orcid.org/0000-0002-0808-6617
https://doi.org/10.1371/journal.ppat.1008421
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1008421&domain=pdf&date_stamp=2020-05-14
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1008421&domain=pdf&date_stamp=2020-05-14
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1008421&domain=pdf&date_stamp=2020-05-14
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1008421&domain=pdf&date_stamp=2020-05-14
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1008421&domain=pdf&date_stamp=2020-05-14
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.ppat.1008421&domain=pdf&date_stamp=2020-05-14
https://doi.org/10.1371/journal.ppat.1008421
https://doi.org/10.1371/journal.ppat.1008421
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Malayan pangolins, which were likely to be smuggled for black market trade. The molecu-

lar and evolutionary analyses showed that this pangolin coronavirus we assembled was

genetically associated with the SARS-CoV-2 but was not likely its precursor. This study

suggested that pangolins are natural hosts of coronaviruses. Determining the spectrum of

coronaviruses in pangolins can help understand the natural history of coronaviruses in

wildlife and at the animal-human interface, and facilitate the prevention and control of

coronavirus-associated emerging diseases.

Introduction

In December 2019, there was an outbreak of pneumonia with an unknown cause in Wuhan,

Hubei province, China, with an epidemiological link to the Huanan Seafood Wholesale Mar-

ket, a local live animal and seafood market. Clinical presentations of this disease greatly resem-

bled viral pneumonia. Through deep sequencing on the lower respiratory tract samples of

patients, a novel coronavirus named the 2019 novel coronavirus was identified [1], the name

of which was then determined as SARS-CoV-2. This virus has spread to all provinces across

China and more than 200 additional countries. As of April 11, 2020, the epidemic has resulted

in 83,400 laboratory confirmed cases, 3,349 of which were fatal in China, while there were

1,643,047 laboratory confirmed cases and 101,507 deaths in other countries. The global toll of

new cases and deaths is still increasing sharply.

To effectively control the disease and prevent new spillovers, it is critical to identify the ani-

mal origin of this newly emerging coronavirus. In the Wuhan wet market, high viral loads

were reported in environmental samples. However, a variety of animals, including wildlife,

were sold in this market, and the daily number and species of animals were very dynamic.

Therefore, it remains unclear which animals initiated the first infections.

Coronaviruses usually cause respiratory and gastrointestinal tract infections and are geneti-

cally classified into four major genera: Alphacoronavirus, Betacoronavirus, Gammacoronavirus,

and Deltacoronavirus. The former two genera primarily infect mammals, whereas the latter

two predominantly infect birds [2]. In addition to SARS-CoV-2, other members of the Beta-

coronavirus genus caused the 2003 SARS (severe acute respiratory syndrome) outbreaks and

the 2012 MERS (Middle East respiratory syndrome) outbreaks in humans [3, 4]. SARS-CoV

and MERS-CoV are of bat origin, but both coronaviruses had an intermediate host: palm civ-

ets for SARS-CoV [5] and dromedary camels for MERS-CoV [6].

Approximately 30,000 base pairs in the coronavirus genome code for up to 11 proteins,

including the surface glycoprotein Spike (S) protein binds to receptors on the host cell, which

initiates virus infection. Different coronaviruses can use distinct host receptors due to struc-

tural variations in the receptor binding domains of their virus S protein. SARS-CoV uses

angiotensin-converting enzyme 2 (ACE2) as one of the main receptors [7] with CD209L as an

alternative receptor [8], whereas MERS-CoV uses dipeptidyl peptidase 4 (DPP4, also known as

CD26) as the primary receptor. A recent study demonstrated that SARS-CoV-2 uses the

SARS-CoV receptor ACE2 for entry and the serine protease TMPRSS2 for S protein priming

[9].

Soon after the release of the SARS-CoV-2 genome, a scientist released a full genome of a

coronavirus, Bat-CoV-RaTG13, from the bat species Rhinolophus affinis, which was colonized

in Yunan province, nearly 2,000 km away fromWuhan. Bat-CoV-RaTG13 was 96% identical

at the whole genome level to the SARS-CoV-2, suggesting the SARS-CoV-2 could be of bat ori-

gin [1]. However, because direct human-bat contact is rare, it seems to be more likely that the
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spillover of SARS-CoV-2 to humans from an intermediate host rather than directly from bats,

as was the cases with both SARS-CoV and MERS-CoV.

The goal of this study was to determine the genetic relationship between a coronavirus

from two groups of sick pangolins and SARS-CoV-2, and to assess whether pangolins could be

potential intermediate hosts of SARS-CoV-2.

Results

In March and July of 2019, we detected Betacoronaviruses in three individuals from two sets of

smuggled Malayan pangolins (Manis javanica) (n = 27) that were intercepted by Guangdong

customs [10]. All three animals suffered from serious respiratory disease and failed to be res-

cued by the Guangdong Wildlife Rescue Center [10] (S1 Table). Through metagenomic

sequencing and de novo assembling, we recovered 38 contigs ranging from 380 to 3,377 nucle-

otides, and the nucleotide sequence identity among the contigs from these three samples were

99.54%. Thus, we pooled sequences from three samples and assembled the draft genome of

this pangolin origin coronavirus. After that, gap filling with amplicon sequencing was con-

ducted to obtain a nearly full genome sequence. This pangolin-CoV-2020 genome (Genbank

No.: MT121216) was found to be comprised of 29,521 nucleotides.

Strikingly, genomic analyses suggested the pangolin-CoV-2020 has a high identity with

both SARS-CoV-2 and Bat-CoV-RaTG13, the proposed origin of SARS-CoV-2 (Fig 1A, S2

Table). The nucleotide sequence identity between pangolin-CoV-2020 and SARS-CoV-2 was

90.32%, whereas the protein sequence identity for individual proteins can be up to 100%

(Table 1; Table 2). The nucleotide sequence identity between pangolin-CoV-2020 and Bat-

CoV-RaTG13 was 90.24%, while that for the corresponding regions between SARS-CoV-2 and

Bat-CoV-RaTG13 was 96.18% (Table 1, S1 Table).

The nucleotide sequence identities among the S protein genes were 93.15% between the

Bat-CoV-RaTG13 and SARS-CoV-2, 84.52% between pangolin-CoV-2020 and SARS-CoV-2, as

well as 73.43% between pangolin-CoV-2020 and SARS-CoV, respectively (Table 1). Further analy-

ses suggested the S gene was relatively more genetically diverse in the S1 region than the S2 region

(Fig 2A, S3 Table). Compared with their nucleotide sequences, the S proteins of pangolin-CoV-

2020 and SARS-CoV-2 were more conserved, with a sequence identity of 90.18% (Table 2).

The receptor binding domains (RBD) of the S protein were highly conserved between pan-

golin-CoV-2020 and SARS-CoV-2, the nucleotide and amino acid sequences identity of RBD

of S gene between them was highest in comparison with those between pangolin-CoV-2020

and other SARS-like conronaviruses of 86.64% and 96.80% (Table 1, Table 2). Pangolin-CoV-

2020 and SARS-CoV-2 also shared a very conserved receptor binding motif (RBM) (98.6%),

which was more conserved than in Bat-CoV-RaTG13 (76.4%) (Fig 3). These results support

that pangolin-CoV-2020 and SARS-CoV-2 share the same angiotensin-converting enzyme 2

(ACE2) receptor. Further analyses suggested that there was one variation (Gln498) between

the RBM of pangolin-CoV-2020 and that of SARS-CoV-2 but conserved in all other key resi-

dues being associated with receptor binding (Gly482, Val483, Glu484, Gly485, Phe486,

Gln493, Leu455, Asn501), suggesting a potential binding affinity between pangolin-CoV-2020

and human ACE2 receptor (Fig 3).

On the other hand, unlike RBD, the nucleotide and amino acid sequence identity of NTD

(N-terminal domain) were only 66.2% and 63.1% identical between pangolin-CoV-2020 and

SARS-CoV-2. However, a loci Arg408 from the RBD core of SARS-CoV-2 could form a hydro-

gen bond with human ACE2 was conserved in pangolin-CoV-2020 (Fig 3). Both pangolin-

CoV-2020 and Bat-CoV-RaTG13 lack an S1/S2 cleavage site (~680–690 aa) whereas SARS-

CoV-2 possesses (Fig 3).
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Genomic analyses suggested sequence similarities were not homogeneous across the S

genes of pangolin-CoV-2020, SARS-CoV-2, Bat-CoV-ZXC21 and Bat-CoV-ZC45. For exam-

ple, the first S region (i.e., nucleotides 1–1200) of pangolin-CoV-2020 has a higher nucleotide

identity to two bat viruses (Bat-CoV-ZXC21 and Bat-CoV-ZC45) than SARS-CoV-2 and Bat-

CoV-RaTG13, whereas the remaining S gene of pangolin-CoV-2020 is opposite (Fig 2A).

These results suggest that a recombination event could have occurred during the evolution of

these coronaviruses.

Phylogenetic analyses suggested that the S genes of pangolin-CoV-2020, SARS-CoV-2 and

three bat origin coronaviruses (Bat-CoV-RaTG13, Bat-CoV-ZXC21, and Bat-CoV-ZC45) were

genetically more similar to each other than other viruses in the same family (Fig 2B). The S gene

of Bat-CoV-RaTG13 was genetically closer to pangolin-CoV-2020 than Bat-CoV-ZXC21 and

Bat-CoV-ZC45. Similar tree topologies were observed for the encoding ORFs of RNA-depen-

dent RNA polymerase (RdRp gene) and other genes (S1–S3 Figs). At the genomic level, SARS-

CoV-2 was also genetically closer to Bat-CoV-RaTG13 than pangolin-CoV-2020 (Fig 1B).

Discussion

In this study, we assembled the genomes of coronaviruses identified in sick pangolins and our

results showed that pangolin-CoV-2020 is genetically associated with both SARS-CoV-2 and a

group of bat coronaviruses. There is a high sequence identity between pangolin-CoV-2020

and SARS-CoV-2. However, phylogenetic analyses and a special amino acid sequence in the S

gene of SARS-CoV-2 did not support the hypothesis of SARS-CoV-2 arising directly from the

pangolin-CoV-2020.

It is of interest that the genomic sequences of coronaviruses detected from two batches of

smuggled pangolins intercepted by different customs at different dates were all be associated

with bat coronaviruses. In addition, the genetic identity of coronavirus contigs assembled in

each animal was extremely high (99.54%). The reads from the third pangolin acquired in July

2019 were relatively less abundant than those from the two pangolin samples acquired in

March 2019. Although it is unclear whether coronaviruses in these two batches of smuggled

pangolins had the same origin, our results indicated that the pangolins can be a natural host

for Betacoronaviruses, which could be enzootic in pangolins.

Fig 1. Genomic comparison of pangolin-CoV-2020, SARS-CoV-2, and other coronaviruses. A) Similarity plot based on the full-
length genome sequence of SARS-CoV-2. Full-length genome sequences of Bat-CoV-RaTG13, Bat-CoV-ZXC21, SARS-CoV, Bat-
CoV-ZC45, MERS-CoV, and pangolin-CoV-2020 were used as subject sequences. The green line indicates MERS-CoV, the dark
blue line indicates SARS-CoV, the grey line indicates Bat-CoV-ZXC21, the yellow line indicates Bat-CoV-ZC45, the orange line
indicates pangolin-CoV-2020, while the light blue line indicates Bat-CoV-RaTG13; B) Phylogenetic analyses of whole genome
sequences depicting the evolutionary relationship among SARS-CoV-2, pangolin-CoV-2020, and other coronaviruses from different
hosts. The phylogenies were estimated using the MrBayes approach employing the GTR+I+G nucleotide substitution model.

https://doi.org/10.1371/journal.ppat.1008421.g001

Table 1. Nucleotide sequence identity among the whole genome, each gene or region of pangolin-CoV-2020 and other representative coronavirus against SARS-
CoV-2.

Nucleotide sequence identity (%)

Whole genome S RBD E M N ORF1ab RdRp ORF3a ORF6 ORF7a ORF7b ORF8 ORF10

Pangolin-CoV-2020 90.32 84.52 86.64 99.11 93.24 96.18 90.36 91.31 93.21 95.70 93.39 91.47 91.82 99.15

Bat-CoV-RaTG13 96.18 93.15 86.19 99.56 95.93 96.90 96.52 97.80 96.24 98.39 95.59 99.22 96.99 99.15

Bat-CoV-ZXC21 88.04 76.74 67.32 86.67 93.39 91.17 89.12 86.99 88.85 95.16 89.62 95.35 88.53 100.00

Bat-CoV-ZC45 88.06 77.14 68.64 86.67 93.39 91.09 89.15 86.70 87.76 95.16 89.31 94.57 88.53 99.15

SARS-CoV 79.75 74.05 73.30 94.67 84.92 88.62 80.02 88.58 75.67 76.88 82.65 86.18 52.87 93.16

https://doi.org/10.1371/journal.ppat.1008421.t001
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All three exotic pangolins detected with Betacoronaviruses were sick with serious respira-

tory diseases and failed to be rescued. However, these pangolins were very stressful in the

transportation freight when being intercepted by the customs. It is unclear whether this coro-

navirus is a common virus flora in the respiratory tract of pangolins. Nevertheless, the patho-

genesis of this coronavirus in pangolins remains to be elucidated.

Phylogenetic trees suggested that Bat-CoV-RaTG13 was more genetically close to SARS-

CoV-2 at both individual gene and genomic sequence level compared with the genomic

sequence of pangolin-CoV-2020 assembled in this study. Recombination analysis showed that

S gene of pangolin-CoV-2020 might be constructed by fragment from Bat-CoV-ZC45 or Bat-

CoV-ZXC21 and fragment from Bat-CoV-RaTG13. Interestingly, the cleavage site between S1

and S2 in SARS-CoV-2 had multiple insertions (i.e. PRRA), compared with those of Bat-CoV-

RaTG13 and pangolin-CoV-2020, which may result from an additional recombination event.

A new study reported a novel bat-derived coronavirus (RmYN02) identified from a metage-

nomics analysis of samples from 227 bats collected from the Yunnan province in China

between May and October of 2019. Although RmYN02 showed a relatively low nucleotide

sequence identity (93.3%) to SARS-CoV-2, it had a similar manner of the insertion of multiple

amino acids at the junction site of the S1 and S2 subunits of the S protein as SARS-CoV-2, pro-

viding strong evidence that such insertion events can occur in nature [11]. Thus, these data

suggest that SARS-CoV-2 originated from multiple naturally occurring recombination events

among viruses present in bats and other wildlife species.

The S protein of coronaviruses binds to host receptors via RBDs and plays an essential role

in initiating viral infection and determining host tropism [2]. A prior study suggested that

SARS-CoV-2 and SARS-CoV bind to the same ACE2 receptor [9]. Our analyses showed that

pangolin-CoV-2020 has a much conserved RBD to these viruses compared to MERS-CoV,

suggesting that pangolin-CoV is very likely to use ACE2 as its receptor as well. A comparative

analysis of the interaction of the S proteins of coronaviruses with ACE2 proteins of humans

and pangolins showed that the S proteins of SARS-CoV-2 and pangolin-CoV can potentially

recognize ACE2 in both humans and pangolins [12]. A recent study found that a human

ACE2-binding ridge in SARS-CoV-2 RBD takes a more compact conformation compared

with the SARS-CoV RBD; moreover, several residue changes in SARS-CoV-2 RBDmay also

enhance its human ACE2-binding affinity [13]. The core residues in RBM which may related

to higher human ACE2-binding affinity than SARS-CoV are 100% identical between SARS-

CoV-2 and CoV-Pangolin-2020. Therefore, pangolin-CoV-2020 (CoV-pangolin/GD) poten-

tially recognizes human ACE2 better than the SARS-CoV.

In addition to RBD, NTD is also important in recognizing acetylated sialic acids on glycosy-

lated cell-surface receptors [14]. It is reported that SARS-CoV-2 can bind to human ACE2 via

the viral CTD (the same as RBD), but not NTD, and that the glycan attached to Asn90 from

human ACE2 forms a hydrogen bond with Arg408 from the RBD core [15]. This glycan

Table 2. Protein sequence identity among the whole genome, each gene or region of pangolin-CoV-2020 and other representative coronaviruses against SARS-
CoV-2.

Amino acid sequence identity (%)

Whole genome S RBD E M N ORF1ab RdRp ORF3a ORF6 ORF7a ORF7b ORF8 ORF10

Pangolin-CoV-2020 96.00 90.18 96.80 100.00 98.18 97.83 96.73 99.35 97.05 96.67 97.49 95.24 94.12 97.33

Bat-CoV-RaTG13 98.43 97.69 89.56 100.00 99.09 99.04 98.55 99.57 97.79 100.00 97.49 97.65 94.91 97.33

Bat-CoV-ZXC21 93.45 79.66 66.35 100.00 98.64 94.10 95.56 95.69 91.66 93.22 87.70 92.77 94.04 100.00

Bat-CoV-ZC45 93.59 80.36 66.35 100.00 98.64 94.10 95.71 96.03 90.47 93.22 86.77 92.77 94.04 97.33

SARS-CoV 83.39 74.54 70.17 95.92 89.01 90.49 85.57 96.48 68.02 62.68 84.86 84.18 40.00 82.31

https://doi.org/10.1371/journal.ppat.1008421.t002
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interacting Arginine is conserved between SARS-CoV-2 and pangolin-CoV-2. Therefore,

there is structural similarity in glycan binding between SARS-CoV-2 and pangolin-CoV-2020.

On the other hand, ACE2 receptor is present in pangolins with a high sequence conservation

with those in the gene homolog in humans. However, the zoonosis of pangolin-CoV-2020

remains unclear.

The coronaviruses are shown to have a wide range of hosts, and some of them can infect

humans [16]. Thus, it is critical to determine the natural reservoir and the host tropisms of

these coronaviruses, especially their potential of causing zoonosis. In the last two decades,

apart from SARS-CoV-2, SARS and MERS have caused serious outbreaks in humans, leading

to thousands of deaths [3, 4, 17, 18]. Although these three zoonotic coronaviruses were shown

to be of bat origin, they seemed to use different intermediate hosts. For example, farmed palm

civets were suggested to be an intermediate host for SARS-CoV, although the details of the

link from bats to farmed palm civets remain unclear [19–21]. Most recently, dromedary camels

in Saudi Arabia were shown to harbor three different coronaviruses, including the dominant

MERS-CoV lineage that was responsible for the outbreaks in the Middle East and South Korea

during 2015 [22]. Although this present study does not support that pangolins would be inter-

mediate hosts for the emergence of SARS-CoV-2, our results do not exclude the possibility

that other CoVs could be circulating in pangolins. Thus, surveillance of coronaviruses in pan-

golins could improve our understanding of the spectrum of coronaviruses in pangolins. In

addition to conservation of wildlife, minimizing the exposures of humans to wildlife will be

important to reduce the spillover risks coronaviruses from wild animals to humans.

In summary, we suggest that pangolins could be natural hosts of Betacoronaviruses with an

unknown potential to infect humans. However, our study does not support that SARS-CoV-2

evolved directly from the pangolin-CoV.

Materials andmethods

Ethics statement

The study design was approved by the ethics committee for animal experiments at the Guang-

dong Institute of Applied Biological Resources (reference number: GIABR20170720; 20 July

2017) and followed basic principles outlined by this committee.

Data selection

During our routine wildlife rescue efforts, one of the goals was to identify pathogens causing

wildlife diseases. In 2019, we were involved in two events of pangolin rescues: one involved

with 21 smuggling pangolins in March and the second with 6 smuggling pangolins in July.

Although extensive rescue efforts were made, the majority of thse pangolins were dead. Most

of the dead pangolins had a swollen lung, which contained a frothy liquid, and symptoms of

pulmonary fibrosis. In the minority of these dead ones, we observed hepatomegaly and spleno-

megaly. From 11 pangolins failed to be rescued, we collected samples from their lung, lymph

and spleen tissues and subjected for metagenomic analyses. Coronaviruses were detected in

Fig 2. Genetic analyses of the spike (S) surface glycoprotein of pangolin-CoV-2020, SARS-CoV-2, and other coronaviruses. A)
Similarity plot based on the spike surface glycoprotein amino acid and nucleotide sequence of SARS-CoV-2. Bat-CoV-RaTG13, Bat-CoV-
ZXC21, Bat-CoV-ZC45, SARS-CoV, and pangolin-CoV-2020 were used as subject sequences. The green lines indicate SARS-CoV, the grey
lines indicate Bat-CoV-ZXC21, the yellow lines indicate Bat-CoV-ZC45, the orange lines indicate pangolin-CoV-2020, while the light blue
lines indicate Bat-CoV-RaTG13; B) Phylogenetic analysis of S gene sequences depicting the evolutionary relationship among SARS-CoV-2,
pangolin-CoV-2020, and other coronaviruses from different hosts. The phylogenies were estimated using MrBayes approach employing
the GTR+I+G nucleotide substitution model.

https://doi.org/10.1371/journal.ppat.1008421.g002
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three individuals by mapping clean reads without ribosomes and host sequences to an in-

house virus reference dataset separated from the GenBank non-redundant nucleotide database

using the Burrows-Wheeler Aligner (BWA) ver 0.7.17 [10, 23]. Two of these animals were

from the first batch of smuggled Malayan pangolins intercepted by Meizhou, Yangjiang, and

Jiangmen customs in March, 2019, and the third one was from the second batch in a freight

being transported from Qingyuan to Heyuan in July, 2019. The RNA samples from these three

individuals were subjected to deep sequencing.

Genomic assembly and sequence analyses

Clean reads from each of the three coronavirus positive animals were de novo assembled using

MEGAHIT v1.2.9 [24]. After examining the high similarity of 99.54% among the samples

from three animals, to maximize the coverage of the virus genome, we pooled clean reads and

de novo assembled them. The assembled contigs were used as references for extracting

unmapped reads using Salmon v0.14.1 [25], and multiple rounds were implemented to maxi-

mize the mapping.

A total of 38 contigs were identified to be highly similar to the SARS-CoV-2 genome using

BLASTn and tBLASTx. GapFiller v1.10 and SSPACE v3.0 were used to fill gaps and draft pan-

golin-CoV-2020 genome was constructed with ABACAS v1.3.1 (http://abacas.sourceforge.net/

) [26–28].

Gaps in the draft genomes were filled using the 2x PCRMix (Gentech, China) by reverse

transcription PCR (RT-PCR). Primers were designed based on the draft genome sequence of

the pangolin-CoV-2020 we assembled (S4 Table). After gap filling, the whole genome sequence

of pangolin-CoV-2020 was submitted to GenBank databases (accession no. MT121216).

Multiple sequence alignments were conducted using MUSCLE [29]. Changing patterns of

sequence identity were analyzed using SimPlot v3.5.1 to determine the sequence identity

among SARS-CoV-2 (MN908947.3), pangolin-CoV-2020, Bat-CoV-RaTG13 (MN996532.1),

Bat-CoV-ZXC21 (MG772934.1), Bat-CoV-ZC45 (MG772933.1), SARS-CoV (AY395003.1),

and MERS-CoV (NC_019843.3) at both the genomic sequence level and the individual gene

level [30]. The sequence identity between the whole genome and different genes or regions

was calculated utilizing p-distance in MEGA v10.1.7 [31].

Phylogenetic analyses and recombination

We downloaded 44 full-length genome sequences of coronaviruses isolated from different

hosts from the public database (S5 Table), with the data kindly shared by the submitters. Phy-

logenetic analyses were performed based on their whole genome sequences, RdRp gene, S

gene, small envelope protein (E gene), as well as all other gene sequences. We constructed mul-

tiple sequence alignments of their complete genomes and individual genes using MAFFT

v7.407 [32]. Phylogenetic analyses were estimated using MrBayes [33] with 50,000,000 genera-

tions and the 25% of the generations as burnin. The best models were determined by jModelT-

est v2.1.7 [34]. Then, the trees were visualized and exported as vector diagrams with FigTree

v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/). Potential recombination events and the loca-

tion of possible breakpoints in coronavirus genomes were detected using SimPlot v3.5.1 [30].

Fig 3. Amino acid sequence alignment of the spike (S) surface glycoprotein of the pangolin-CoV-2020 with SARS-
CoV-2 and Bat-CoV-RaTG13. Previously identified critical ACE2-binding residues are in the blue box. An arginine in the
core structure that interacts with glycan is displayed within the red box.

https://doi.org/10.1371/journal.ppat.1008421.g003
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Supporting information

S1 Table. Number of sequencing reads assigned to different viruses in each pangolin sam-

ple.We only focused on individual samples with coronavirus reads in this study.

(XLSX)

S2 Table. Nucleotide sequence identity of SARS-CoV-2, pangolin-CoV-2020, Bat-CoV-

RaTG13, Bat-CoV-ZXC21, Bat-CoV-ZC45, SARS-CoV, and MERS-CoV in 200 bp win-

dows with an overlap of 20 bp. SARS-CoV-2 was considered as query, while the other five

viruses were used as references.

(XLSX)

S3 Table. Nucleotide and amino acid sequence identity of SARS-CoV-2, pangolin-CoV-

2020, Bat-CoV-RaTG13, Bat-CoV-ZXC21, Bat-CoV-ZC45, and SARS-CoV in 200 bp win-

dows with an overlap of 20 bp. SARS-CoV-2 was considered as query, while the other four

viruses were used as references.

(XLSX)

S4 Table. Information on RT-PCR primers filling gaps in genome sequences.

(XLSX)

S5 Table. Accession numbers and strain IDs of coronavirus strains isolated from different

hosts.

(XLSX)

S1 Fig. Phylogenetic analyses of gene sequences depicting the evolutionary relationship

between SARS-CoV-2, pangolin-CoV-2020, and other coronaviruses from different hosts

using the MrBayes approach: A) small envelope gene sequences employing the HKY+G nucle-

otide substitution model, B) RNA-dependent RNA polymerase (RdRp) sequences employing

the GTR+I+G nucleotide substitution model, C) matrix protein sequences employing the GTR

+I+G nucleotide substitution model, D) nucleocapsid protein sequences employing the GTR

+I+G nucleotide substitution model.

(TIF)

S2 Fig. Phylogenetic analyses of gene sequences depicting the evolutionary relationship

between SARS-CoV-2, pangolin-CoV-2020, and other coronaviruses from different hosts

using the MrBayes approach: A) ORF1ab gene sequences employing the GTR+I+G nucleotide

substitution model, B) ORF3a gene sequences employing the GTR+I+G nucleotide substitu-

tion model, C) ORF6 gene sequences employing the HKY+G nucleotide substitution model.

(TIF)

S3 Fig. Phylogenetic analyses of gene sequences depicting the evolutionary relationship

between SARS-CoV-2, pangolin-CoV-2020, and other coronaviruses from different hosts

using the MrBayes approach: A)ORF7a gene sequences employing the GTR+G nucleotide sub-

stitution model, B) ORF7b gene sequences employing the HKY+G nucleotide substitution

model, C) ORF8 gene sequences employing the GTR+G nucleotide substitution model, and

D) ORF10 gene sequences employing the HKY+G nucleotide substitution model.

(TIF)
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