Recombination may frequently occur between 2019-nCoV and SARS-CoV clades
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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV) and 2019 novel coronavirus (2019-nCoV) pose a serious threat to human health. To determine the genetic relationships between the two clades and the genetic mechanism of origin of 2019-nCoV, we compared the whole genomic sequences of SARS-CoV and 2019-nCoV and dissected their phylogenetic histories. Surprisingly, we found that the two clades have frequently exchanged genetic material through homologous recombination in recent decades. Nearly 2/3 of the genetic material of CoVZC45 comes from 2019-nCoV lineage, while the other 1/3 descends from SARS-CoV clade. In particular, the 2019-nCoV lineage might have acquired its receptor-binding domain from the SARS-CoV clade, enabling 2019-nCoV to bind to human angiotensin-converting enzyme 2 receptor and helping it to spread rapidly in humans. Our findings suggest the role of a virus of the SARS-CoV clade in causing COVID-19 and warn of the possible emergence of more mosaic CoVs capable of causing severe epidemics.
Introduction

Coronaviruses (CoVs), pathogens infecting humans and animals, are usually associated with respiratory and gastro-intestinal infections depending on their tissue tropism. They have a positive-sense single-stranded RNA genome of 27–32 kb in length Salata et al., 2020()
. From the 5'- to 3'-terminus, the first two-thirds of the genome encode non-structural proteins, including RNA-dependent RNA polymerase and those involved in RNA synthesis or host response modulation, while the last one-third encodes structural proteins, including spike (S), envelope (E), membrane (M), nucleocapsid (N), and other accessory proteins 
 ADDIN EN.CITE 
(Fan et al., 2019)
. From these proteins, the S protein initiates viral infection by not only recognizing and binding to the host cell receptor but also mediating fusion of the virus with cellular membranes 
 ADDIN EN.CITE 
(Lu et al., 2015)
. Therefore, this protein determines tissue and species tropism of CoVs 
 ADDIN EN.CITE 
(Lu et al., 2015)
.

The damage caused by CoVs to humans did not receive much attention until 2002. CoVs only caused common cold or mild respiratory infections in immunocompetent individuals, and in rare cases caused severe infections in infants, children, and the elderly 
 ADDIN EN.CITE 
(Channappanavar and Perlman, 2017)
. However, during 2002-2003, the severe acute respiratory syndrome (SARS) broke out in Guangdong Province of China, resulting in more than 8,000 infections with a fatality rate of 9.6 % in 29 countries/regions
 ADDIN EN.CITE 
(de Wit et al., 2016, Kuiken et al., 2003)
. This has led people to recognize how dangerous CoVs are. To date, the bat is the natural host for SARS-CoV, while the civet is only the intermediate host 
 ADDIN EN.CITE 
(Cui et al., 2019)
.

In late December 2019, a severe outbreak of infectious pneumonia termed COVID-19 occurred in Wuhan, China, and soon spread to the entire world 
 ADDIN EN.CITE 
(Zhu et al., 2020b, The, 2020, Li et al., 2020)
. As of September 3, 2020, more than 25,000,000 people worldwide have suffered from the disease and there have been at least 852,000 fatal cases (https://www.who.int/emergencies/diseases/novel-coronavirus-2019). Its pathogen is a novel CoV named 2019 novel coronavirus (2019-nCoV), SARS-CoV-2, or human coronavirus 2019 (HCoV-2019) 
 ADDIN EN.CITE 
(Jiang et al., 2020, Zhu et al., 2020a)
. Like SARS-CoV, bat is the natural host for 2019-nCoV 
 ADDIN EN.CITE 
(Lu et al., 2020, Zhou et al., 2020)
；however, the intermediate host animal(s) is still unknown. 

On the basis of phylogenetic relationships and genomic structure, CoVs can be divided into four genera comprising Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and Deltacoronavirus, suggesting that CoVs have high genetic diversity 
 ADDIN EN.CITE 
(Cui et al., 2019)
. Although both 2019-nCoV and SARS-CoV belong to the subgenus sarbecovirus of Betacoronavirus 
 ADDIN EN.CITE 
(Chan et al., 2020, Zhu et al., 2020b)
, they have less than 80% genomic sequence similarity and are clustered into different clades of sarbecovirus in the phylogenetic tree of CoVs 
 ADDIN EN.CITE 
(Lu et al., 2020)
. Moreover, the specific monoclonal antibodies against the S protein of SARS-CoV cannot react with the S protein of 2019-nCoV Wrapp et al., 2020()
. Nevertheless, the two viruses recognize the same human receptor, namely, angiotensin-converting enzyme 2 (ACE2) 
 ADDIN EN.CITE 
(Zhou et al., 2020, Li, 2015)
. 

Research on the genetic mechanisms underlying the evolution of 2019-nCoV and SARS-CoV has suggested many possible molecular mechanisms through which CoVs alter their cell, tissue, and species tropism. The genomic mutation frequency for SARS-CoV is approximately 10-6 base substitutions per single base site per round of replication Lu et al., 2004()
. Owing to the evolutionary mechanism known as Muller’s ratchet, high mutation rates are generally considered deleterious for the fitness of viruses with asexual reproduction 
 ADDIN EN.CITE 
(Muller, 1964, Donis, 1991)
. In order to stop Muller’s ratchet, homologous recombination (HR), a process by which viruses exchange genetic material in the context of coinfection, might be essential 
 ADDIN EN.CITE 
(Naito and Pawlowska, 2016, Bodine et al., 1990)
. CoVs have been demonstrated to employ HR for their rapid evolution and adaption 
 ADDIN EN.CITE 
(Lai, 1990, Lai and Cavanagh, 1997)
. Although controversial Gorbalenya et al., 2004()
, it has been found that the SARS-CoV genome might harbor genetic material from different species of CoVs Stavrinides and Guttman, 2004()
. 

Both 2019-nCoV and SARS-CoV have caused serious public health problems worldwide. Thus, it is an urgent need to understand the driving forces responsible for their evolution so as to avoid the recurrence of outbreaks associated with these viruses. If recombination occurs between the two virus clades the consequences would be unpredictable, raising difficulties in disease prevention. Therefore, in this study, we focused on examining the potential recombination events between 2019-nCoV and SARS-CoV clades to determine whether an association between the CoVs promoted the outbreak of COVID-19.

Results

The sister branch of 2019-nCoV contains multi-recombinants between 2019-nCoV and SARS-CoV clades

Currently, there are three clades in the phylogenetic tree of the sarbecovirus subgenus 
 ADDIN EN.CITE 
(Lu et al., 2020)
. The clade I members infect bats of Europe and Africa. Clade II consists of SARS-CoV and some SARS-like bat CoVs and is found in southern China. Clade III consists of the 2019-nCoV branch and its sister branch CoVZC45 and is isolated in bat from Zhejiang Province of China. 

To detect potential recombination events, using CoVZC45 (MG772933) as the query, we compared its genome sequences with those of SARS-CoV and 2019-nCoV. Although most of the CoVZC45 genome has higher sequence similarity with 2019-nCoV, three regions are more similar to SARS-CoV (Figure 1A). When the bat betacoronavirus BtTp/GX2012 (KJ473822) was introduced into the data of interest as the out-group and the information sites were counted, six sites were found to have the maximum chi-square value (with P<0.001 by Fisher's exact statistics), suggesting that these six sites might be breakpoints of recombination events. They included the sites 12147, 21074, 23977, 24572, 30402, and 30844 of the alignment file. These putative breakpoints were located in ORF 1a (12147), ORF 1b (21074), S gene (23977 and 24572), the overlapping region of ORFs 9a and 9b (30402), and ORF 9a (30844). The bootscan analysis indicated that the sequences 12147-21074, 23977-24572, and 30402-30844 of the CoVZC45 genome might originate from SARS-CoV, and other regions might originate from 2019-nCoV (Figure 1B). 
The comparison of genomic similarity (Table 2) and the phylogenetic histories based on the different regions of sarbecovirus subgenus members supported that the CoVZC45 branch originates from multi-recombinant events involving the 2019-nCoV and SARS-CoV branches (Figures 1C-H). In the phylogenetic trees inferred from regions 12147-21074, 23977-24572 and 30402-30844, the CoVZC45 and SARS-CoV lineages share the most recent common ancestor (at least >95% bootstrap value of 1,000 replications, Figures 1D, F and H). In other trees, however, the CoVZC45 lineage and 2019-nCoV constituted a monophylogenetic group with more than 95% bootstrap values (Figures 1C, E and G). 
CoVZC45 was also used as a query in GenBank to search for its potential parents. Except for its sister, CoV21, 2019-nCoV has the highest sequence similarity (data not shown). This indicates that 2019-nCoV is the closest candidate for being its parent.
The receptor-binding domain (RBD) of 2019-nCoV is inherited from SARS-CoV through recombination

Using 2019-nCoV as the query, the genome sequences of 2019-nCoV, SARS-CoV, and CoVZC45 were also compared. The RBD-encoding region in the S gene of 2019-nCoV was found to have higher sequence similarity with SARS-CoV S gene (Figure 2A and B). Therefore, we suspected that this sequence of 2019-nCoV might also originate from a virus of the SARS-CoV clade through HR. To affirm this assumption, we further compared the S gene sequences of 2019-nCoV, SARS-CoV, and CoVZC45. 2019-nCoV was found to be more similar to SARS-CoV in two sequences of the S gene but shared higher sequence similarity with CoVZC45 elsewhere (Figure 2C and D). Fisher's exact statistics method was used to anlyze the information sites of each region delimeted by the potential recombination breakpoints,  showing that the positions with the largest chi-square values and statistical significance (P<0.01 ) were 197, 364, 981, and 1534. Using the bootscan method to scan the bifurcating trees composed of each information site, we found that the two sequences (197-364 and 981-1543) of 2019-nCoV are more likely to be inherited from the SARS-CoV lineage, while other regions might be derived from the CoVZC45 branch (Figure 2E, Table 3). Moreover, the region delimited by the two putative breakpoints, 981 and 1543, covers almost the whole RBD that is responsible for the direct binding to ACE2, according to the putative 2019-nCoV/S-ACE2 complex three-dimensional structure derived from the SARS-CoV S-ACE2 complex (Figure 2F). 
To confirm these HR events in the S gene of 2019-nCoV, we reconstructed its phylogenetic history. We could clearly see that in the regions delimited by the four putative recombination breakpoints, the S gene of 2019-nCoV jumped between different viral lineages in these phylogenetic trees . It formed a monophyletic group with SARS-CoV in 197-364 and 981-1543 regions (Figure 2G and I), and with CoVZC45 in the remaining regions (Figure 2H and J). Notably, 94% of bootstrap values supported that the RBD of 2019-nCoV has a SARS-CoV origin (Figure 2I). 
To assess whether the significant discrepancy in the S gene’s phylogenetic history may result from convergent evolution, phylogenies of two regions (981-1543 and 1543-3699) were reconstructed using the nucleotides at codon position 3 (Figure 2I’ and 2J’). Compared with a phylogenetic tree constructed using all nucleotides the topologies of the two trees did not change, indicating that it is recombination, rather than convergent evolution, that caused the phylogenetic difference seen in the S gene of 2019-nCoV. 
We also compared the RBD amino acid (AA) sequences of 2019-nCoV, SARS-CoV, and CoVZC45. RBD of 2019-nCoV is more like the RBD of SARS-CoV rather than that of its sister strain CoVZC45 (Figure 2K). Of the 64 polymorphic sites, 26 of 2019-nCoV are the same as that of SARS-CoV, and only 9 are the same as that of CoVCZ45. Especially, compared with CoVZC45, there are two insert fragments (18 AAs in total) in the RBDs of 2019-CoV and SARS-CoV.
Interestingly, the same recombination event can be identified in the bat isolate RaTG13 collected in 2013, suggesting that the recombination might have occurred before 2013 and that the RaTG13 isolate may be a direct progenitor virus of 2019-nCoV.
Discussion

The two major advantages of recombination over asexual evolution are that recombination accelerates the rate at which advantageous genetic combinations are produced and allows more efficient removal of deleterious mutations Simon-Loriere and Holmes, 2011()
. Recombination may also be the most successful genetic strategy for altering the species tropism of a virus, allowing a virus to rapidly obtain key genetic material from existing viruses that have already adapted to the targeted host and thereby cross the phylogenetic barriers between distant host species 
 ADDIN EN.CITE 
(Ding et al., 2017)
. For example, influenza A viruses are known to cause frequent pandemics because viral strains infecting chickens, pigs, and humans can exchange genomic segments through genetic reassortment, a type of recombination seen in viruses with segmented genomes 
 ADDIN EN.CITE 
(Kuiken et al., 2006, Landolt and Olsen, 2007)
. In retroviruses, HR between viruses from different primate hosts is associated with the emergence of the human immunodeficiency virus Lemey et al., 2006()
. Recombination has also led to changes in host tropism of CoVs. SARS-CoV might have arisen from a recombination event between a bat CoV and another virus before infecting human and carnivore hosts 
 ADDIN EN.CITE 
(Parrish et al., 2008)
. The recombinant lineage of CoV that caused the Middle East respiratory syndrome (MERS) has been dominant since December 2014 and subsequently led to human outbreaks in 2015 
 ADDIN EN.CITE 
(Sabir et al., 2016)
. Here, we provided evidence to support the hypothesis that recombination has been the key genetic mechanism accounting for the change in species tropism of 2019-nCoV.
The S glycoprotein of CoV is a viral fusion protein located on the outer envelope of the virion Li, 2016()
. It is synthesized as a precursor polypeptide chain of about 1,300 AAs, which is cleaved by host furin-like proteases into an amino (N)-terminal S1 subunit and a carboxyl (C)-terminal S2 subunit 
 ADDIN EN.CITE 
(Du et al., 2009, Millet and Whittaker, 2015)
. The S1 subunit contains several domains associated with host cell attachment through recognition of cell surface sugar molecules and binding to specific cellular receptors Li, 2015()
. Four domains, NTD, CTD1, CTD2, and CTD3, are arranged in sequence from the N- to C-terminus 
 ADDIN EN.CITE 
(Gui et al., 2017)
. Of them, CTD1 is the RBD 
 ADDIN EN.CITE 
(Lu et al., 2015, Graham and Baric, 2010)
. The CTD1 of SARS-CoV can interact directly with ACE2, a membrane protein of human alveolar cells, during infection 
 ADDIN EN.CITE 
(Song et al., 2018)
. Therefore, RBD determines the 'host jump' of SARS-CoV from bats to humans 
 ADDIN EN.CITE 
(Lu et al., 2015)
. 

Here, we found that the RBD of 2019-nCoV might be acquired from SARS-CoV through recombination. This may have conferred the novel virus its high adaptability and infectivity in humans. Four AA residues (344, 360, 479, and 487) of SARS-CoV S protein were thought to play a key role in its binding capacity to human ACE2 
 ADDIN EN.CITE 
(Chinese, 2004, Guan et al., 2003, Qu et al., 2005, Rota et al., 2003, Graham and Baric, 2010)
. In the S protein of 2019-nCoV, only Thr487 remained unchanged, whereas Lys344, Phe360, and Asn479 were replaced with Arg, Ser, and Gln, respectively. However, it should be noted that both Lys and Arg are basic AAs and both Gln and Asn contain amide groups in their side chains. Therefore, these substitutions in the S protein of 2019-nCoV may not alter its ability to bind human ACE2. In fact, a recent study has shown that the S-protein of 2019-nCoV has a higher affinity for ACE2 than the S-protein of SARS-CoV Wrapp et al., 2020()
, suggesting that these substitutions may further optimize the binding of the S-protein of 2019-nCoV to the human receptor protein.

In order for a recombination event to take place, co-infection with the parental viruses is necessary. SARS-CoV and 2019-nCoV have differentiated into two clades, indicating that their bat hosts belong to different regions of China. However, bats are the only mammals capable of powered flight, which enables them to have a longer range of migration than land mammals. This may be the reason for recombination between the two virus clades belonging to different areas. 
The recombination between two viruses might randomly occur in their genome, and the chance of recombination may not be high because the chances of two viruses infecting the same cell are small. Therefore, viruses that carry the same recombination signals are more likely to descend from a common ancestor who experienced the recombination events. Considering the time period when RaTG13 and the recombination genetic markers were found in their S gene, we may conclude that RaTG13 is the direct ancestor of 2019-nCOV. 
Unfortunately, we do not know when these recombination events occurred since the actual parent viruses that underwent these recombination events are not available. For the CoVZC45 branch, a (or several) member of a SARS clade and a (or several) progenitor(s) of the 2019-nCoV branch exchanged genetic material before 2015. As for 2019-nCoV and RaTG13 lineages, a progenitor of the CoVZC45 branch has also obtained part of its genetic material encoding the S gene from a member of the SARS virus lineage before 2013. Its recombinant offspring continued to evolve to form the current 2019-nCoV.
Frequent recombination between members of the SARS-CoV and 2019-nCoV clades may produce more dangerous offspring. Therefore, we must take measures to avoid the recombination between the two clades as much as possible, and at the same time, we must strictly prevent their recombinant offspring from coming into contact with humans and livestock. In China, most of the bat hosts of these CoVs live close to humans, potentially spreading viruses to humans and livestock. In addition, Chinese food culture claims that live slaughtered animals are more nutritious, which may facilitate viral transmission 
 ADDIN EN.CITE 
(Fan et al., 2019)
. Therefore, in the future, there will be challenges concerning the prevention of human activities that affect the migration of bats carrying these viruses and the prevention of contact of recombinant virus offspring with humans and livestock. 
In summary, our study indicates that the 2019-nCoV and SARS-CoV clades might have frequently exchanged genetic material through recombination and that the RBD of 2019-nCoV might have originated from the SARS-CoV clade. This may confer the novel virus its capability of binding to human ACE2, enabling it to achieve the cross-species transmission from bats to humans and cause the severe pandemic that is ongoing in the world. Avoiding the recombinations between these two virus clades and preventing the infection of humans by their recombinant progeny will be challenging.
Materials and methods

Virus sequence mining
In order to find the origin of 2019-nCoV, the genome sequence of the 2019-nCoV isolate Wuhan-Hu-1 was used as the query for the BLAST search program in GenBank. The bat isolates CoV RaTG13, SL-CoVZXC21, SL-CoVZC45, and SARS virus were found to have the highest sequence similarity among the CoV family. These viruses are listed in table 1. These viral sequences were aligned using CLUSTALX v1.81 Thompson et al., 1997()
. Xia’s test was performed to measure substitution saturation of the sequence alignment Xia et al., 2003()
. 
Analysis of phylogeny
CoV phylogenies were reconstructed with the maximum likelihood (ML) method utilizing MEGA X software Kumar et al., 2018()
 with the best nucleotide substitution. The robustness of each monophyletic group was assessed with the bootstrap method with 1000 replicates. A monophyletic group with >70% bootstrap support was considered a robust lineage. 
Recombination analysis
The putative recombinant sequence and its parent sequences were identified using SimPlot Lole et al., 1999()
 and RDP 3.0 Martin et al., 2005()
 software packages, as previously reported He et al., 2012()
. Putative recombination breakpoints were located by maximizing χ2, employing the sites finding program of SimPlot. 
Convergent evolution analysis
Due to genetic mutations and restrictions on protein function, convergent evolution may alter the topology of a phylogenetic tree inferred from gene sequences. Because adaptive selection for convergent evolution operates mainly at the AA sequence level of a proteinKimura, 1983()
, the selection can be identified by comparing phylogenetic trees inferred from nucleotides at the third codon position with those based on all nucleotides. Different topologies in the two resulting trees suggest that convergent evolution has occurred during evolutionary history. We also reconstructed the phylogenetic histories of the recombinant region of the S gene using the third vs. all positions. 
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Table 1. Virus isolates used in this study
	Accession number
	Isolate
	Branch
	Host
	Collection location
	Collection time

	MN975262
	HKU-SZ-005b
	2019-nCoV
	Human
	Shenzhen,China
	Jan-2020

	MN908947
	Wuhan-Hu-1
	2019-nCoV
	Human
	Wuhan,China
	Dec-2019

	MT019533
	IPBCAMS-WH-05
	2019-nCoV
	Human
	Wuhan,China
	Jan-2020

	MT106053
	CA-CDC-CA8
	2019-nCoV
	Human
	California, USA
	Feb-2020

	MN994468
	CA-CDC-CA2
	2019-nCoV
	Human
	California, USA
	Jan-2020

	MT039890
	SNU01
	2019-nCoV
	Human
	South Korea
	Jan-2020

	JX163927
	Tor2/FP1-10851
	SARS
	Ferret
	USA
	Feb-2010

	AY394991
	HZS2-Fc
	SARS
	Human
	Guangdong,China
	2003

	AY394987
	HZS2-Fb
	SARS
	Human
	Guangdong,China
	2003

	EU371563
	BJ182-8
	SARS
	Human
	Beijing, China
	2003

	AP006558
	TWJ
	SARS
	Human
	Taiwan,China
	2003

	AY282752
	CUHK-Su10
	SARS
	Human
	Hongkong,China
	2003

	AY502927
	TW4
	SARS
	Human
	Taiwan,China
	2003

	KT444582
	WIV16
	SARS-like
	Rhinolophus sinicus
	China
	Jul-2013

	KY417146
	Rs4231
	SARS-like
	Rhinolophus sinicus
	China
	Apr-2013

	KY417150
	Rs4874
	SARS-like
	Rhinolophus sinicus
	China
	Jul-2013

	MG772933
	SL-CoVZC45
	nCoV-like
	Rhinolophus sinicus
	Zhengjiang, China
	Feb-2017

	MG772934
	.SL-CoVZXC21
	nCoV-like
	Rhinolophus sinicus
	Zhengjiang, China
	Jul-2015

	MN996532
	RaTG13
	nCoV-like
	Rhinolophus sinicus
	Yunnan, China
	Jul-2013

	KJ473822
	BtTp-GX2012
	outgroup
	Tylonycteris pachypus
	China
	2012


Table 2. Different genomic region identities of COVZC45 and its putative parents（%） 
	Daughter/parent
	genomic regions

	
	1-12147
	12148-21074
	21075-23977
	23978-24572
	24573-30401
	30402-30844

	COVZC45/2019-nCoV
	91.25
	85.89
	76.98
	79.38
	90.9
	89.64

	COVZC45/SARS-CoV
	74.16
	91.93
	69.11
	80.78
	79.44
	98.19


Note：Position 1 indicates the first nucleotide of ORF 1a
Table 3. Different S gene region identities of 2019-nCoV and its putative parents (%)
	Types
	Daughter/parent
	S gene Regions 

	
	
	196-366
	367-981
	981-1542
	1543-3699

	Nucleotide


	2019-nCoV/COVZC45
	67.25
	69.48
	71.51
	84.55

	
	2019-nCoV /SARS-CoV
	72.51
	65.34
	74.64
	79.59

	
	RaTG13/ COVZC45
	66.08
	69.81
	69.62
	85.19

	
	RaTG13/SARS-CoV
	70.18
	65.79
	74.28
	78.69

	Amino acid


	2019-nCoV/COVZC45
	75
	71.08
	69.56
	91,41

	
	2019-nCoV /SARS-CoV
	60.71
	56.37
	78.14
	87.95

	
	RaTG13/ COVZC45
	73.21
	71.08
	69.66
	91.00

	
	RaTG13/SARS-CoV
	60.71
	56.37
	79.23
	87.81


Note: Position 1 is the first nucleotide of S gene 

Figure legends

Figure 1. Evidence of frequent recombination between 2019-nCoV and SARS-CoV

A. Comparison of the genome sequences of 2019-CoV, SARS-CoV (TWJ), and bat virus CoVZC45. CoVZC45 was used as a query. The y-axis indicates the percentage of identity within a sliding window of 450 bp wide centered on the position plotted and a step size between plots of 40 bp. Six potential breakpoints with Maximum chi-square value are shown with vertical lines. BP, break point.
B. A bootscan plot of CoVZC45 genome. The y-axis represents the percentage of permuted trees. A bat virus, KJ473822/BtTp/GX2012, was used as the out-group. Analyses were performed using the Simplot software.

C-H. Phylogenetic histories of different regions of CoVZC45 bat branch. C. Phylogenetic history of region 1 (the first nucleotide of ORF1a initial encode) -12147 of the alignment file. D. Phylogenetic history of region 12148-21074. E. Phylogenetic history of region 21075-23977. F. Phylogenetic history of region 23978-24572. G. Phylogenetic history of region 24573-30401. H. Phylogenetic history of region 30402-30844. The evolutionary history was inferred using the maximum likelihood (ML) method with the best nucleotide substitution model. Bayesian Information Criterion within MEGA X was used to determine the best model for ML analyses. The monophylogenetic group containing CoVZC45 branch is indicated in light red.
Figure 2. Recombination evidence for 2019-nCoV spike gene 
A. Schematic representation of 2019-nCoV genome. Region encoding nonstructural proteins (NSPs), region encoding structural proteins (SPs). Proteolytic sites of the polyprotein encoded by open reading frame (ORF)1a/1b are indicated by vertical bars. 3C-like proteinase (3CLpro), papain-like proteinase (PLP) and receptor binding domain (RBD) are shown with different colors. ORFs 2 to 9 in sps are indicated by individual boxes. Coronavirus-conserved proteins are indicated as follows: ORF2, Spike (S); ORF 4, Envelope (E); ORF5, Membrane (M); ORF 9a, Nucleocapsid (N). Sizes are approximately to scale. 

B. Comparison of the genome sequences of 2019-CoV, and its two putative parent strains SARS-CoV (TWJ) and bat virus CoVZC45. The region with the higher similarity of SARS-CoV is indicated by two vertical lines.
C. Schematic diagram showing the domain organization of SARS-CoV S glycoprotein with different colors. SP: signal peptide; NTD: N-terminal domain; CTD1/2/3: C-terminal domain 1/2/3; Linker: the linker connecting NTD and CTD1; FP: fusion peptide; HR1/2: heptad repeat 1/2; TM: transmembrane domain; CT: cytoplasmic tail. 

D. Comparison of the spike genes of 2019-CoV, SARS-CoV (TWJ), and bat virus CoVZC45. 2019-CoV was used as a query. The y-axis indicates the percentage of identity within a sliding window of 350 bp wide centered on the position plotted and a step size between plots of 20 bp. Four potential breakpoints with Maximum chi-square value are shown with vertical lines.

E. A Bootscan plot of the 2019-nCoV S gene. The y-axis represents the percentage of permuted trees. A bat virus BtTp-BetaCoV/GX2012, was used as the out-group. Analyses were performed using the Simplot software.

F. Three-dimensional (3D) structure schematic diagram of the 2019-nCoV S-ACE2 complex. The protein in green is ACE2. The monomers of the homotrimer are indicated in blue, brown, and purple, respectively. The location of the region encoded by the genetic material (positions 981 to 1543) derived from SARS-CoV is indicated with yellow. The 3D structure is derived from the SARS-ACE2 complex (PDB ID 6ACK). 

G. Phylogenetic history of region 197-364. H. Phylogenetic history of region 365-980. I. Phylogenetic history of region 981-1543. I’. Phylogenetic history inferred from nucleotides at codon position 3 of the receptor binding domain. J. Phylogenetic history of region 1544-3655. J’. Phylogenetic history inferred from nucleotides at codon position 3 of region 1544-3655. The evolutionary history was inferred using the maximum likelihood (ML) method with the best nucleotide substitution model. Bayesian Information Criterion within MEGA X was used to determine the best model for ML analyses. The monophylogenetic group containing 2019-nCoV is shown in light red.
K. Amino acid (AA) sequence comparison of the receptor binding domain of 2019-nCoV, SARS-CoV, and CoVZC45. The AA sequence alignment was performed using CLUSTALX implemented in MEGA software. The 64 variant sites are highlighted with black masking. The four key AAs responsible for binding human ACE2 are indicated with asterisks.
