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Abstract  
 

In December 2019, the world awoke to a new zoonotic strain of coronavirus named severe acute 

respiratory syndrome coronavirus-2 (SARS-CoV-2). In the present study, we classified betacoronavirus 

subgroup B into the SARS-CoV-2, SARS-CoV and SARS-like CoV clusters, and the ORF8 genes of these 

three clusters into types 1, 2 and 3, respectively. One important result of our study is that the recently 

reported strain RmYN02 was identified as a recombinant SARS2-like CoV strain that belongs to the SARS-

CoV-2 cluster, but has an ORF8 from a SARS-like CoV. This result provides substantial proof for long-

existing hypotheses regarding the recombination and biological functions of ORF8. Based on the analysis of 

recombination events in the Spike gene, we propose that the Spike protein of SARS-CoV-2 may have more 

than one specific receptor for its function as gp120 of HIV has CD4 and CCR5. We concluded that the furin 

protease cleavage site acquired by SARS-CoV-2 may increase the efficiency of viral entry into cells, while 

the type 2 ORF8 acquired by SARS-CoV may increase its replication efficiency. These two most critical 

events provide the most likely explanation for SARS and COVID-2019 pandemics. 
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Introduction 

A new zoonotic strain of coronavirus named severe acute respiratory syndrome coronavirus-2 (SARS-

CoV-2) emerged in December 2019. We previously reported several important findings on SARS-CoV-2 for 

the first time, including the following discoveries in particular: (1) the alternative translation of coding 

sequences (CDSs) that explain the rapid mutation, multiple hosts and strong host adaptability of 

betacoronavirus at the molecular level [1]; (2) a furin protease cleavage site (FCS) in the spike (S) protein of 

SARS-CoV-2 that may increase the efficiency of viral entry into cells [2]; and (3) the use of 5' untranslated-

region (UTR) barcoding for the detection, identification, classification and phylogenetic analysis of—though 

not limited to—coronaviruses [3]. By data mining betacoronaviruses from public databases, we found that 

more than 50 nucleotides (nts) at the 3' ends of the 5' UTRs in betacoronavirus genomes are highly 

conserved with very few single nucleotide polymorphisms (SNPs) within each subgroup of 

betacoronaviruses. We defined 13~15-bp sequences of 5' UTRs including the start codons (ATGs) of the 

first open reading frames (ORFs) as barcodes to represent betacoronaviruses. Using 5' UTR barcodes, 1265 

betacoronaviruses were clustered into four classes, matching the C, B, A and D subgroups of 

betacoronavirus [3], respectively. In particular, SARS-CoV-2 and SARS-CoV have the same 5' UTR 

barcode—GAAAGGTAAG(ATG)—laying the foundation to rename 2019-nCoV as SARS-CoV-2. 

In the subsequent studies, InDels (insertions/deletions) at six sites were used to classify betacoronavirus 

subgroup B into two classes (Results and Discussion). Using the InDels at six sites, we identified two 

recently detected betacoronavirus strains RmYN01 and RmYN02 from a bat [4] as belonging to the second 

and first classes, respectively. Moreover, we also discovered that RmYN02 was a recombinant SARS2-like 

CoV strain. This recombination event occurred in a gene named open reading frame 8 (ORF8), existing only 

in the genomes of betacoronaviruses from subgroup B. The ORF8 gene of SARS-CoV is considered to have 

played a significant role in adaptation to human hosts following interspecies transmission [5] via the 

modification of viral replication [6]. A 29-nt deletion in SARS-CoV (GenBank: AY274119) was reported 

and considered to be associated with attenuation during the early stage of human-to-human transmission [6]. 

A 382-nt deletion during the early evolution of SARS-CoV-2 (GISAID: EPI_ISL_414378) was also 

reported [7]. In conjunction with our new discoveries, we conducted preliminary research and aimed at 

determining: (1) the critical mutations and recombination; (2) the influence of recombinant ORF8 on the 

phylogenetic analysis of betacoronaviruses and (3) the role of ORF8 in the modification of viral replication. 

 
Results and Discussion 

InDels were identified at six mutation sites, named M1 to M6 (Table 1), in ORF3a, membrane (M), 

ORF7a, ORF7b, ORF8 and nucleocapsid (N), respectively (Figure 1). Based on these InDels at six sites, 

betacoronavirus subgroup B (Materials and Methods) was classified into two classes: (1) the first class 
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includes SARS-CoV-2 (from humans) and SARS2-like CoV (from animals), and (2) the second class 

includes SARS-CoV (from humans) and SARS-like CoV (from animals). As a variable region, M1 has a 

length of 8 nt in betacoronaviruses of the second class and 11 nt in betacoronaviruses of the first class. M2, 

M3, M4 and M5 in betacoronaviruses of the first class have 3-nt deletions, which are complete codons, 

whereas M6 in betacoronaviruses of the first class has 6-nt deletion. 

 

 
Figure 1 RNA abundances of RmYN01 and RmYN02 in a bat 

RNA-seq data from a bat was aligned to two genomes of RmYN01 and RmYN02 (GISAID: EPI_ISL_412976 and 

EPI_ISL_412977). A RmYN01 was identified as belonging to the SARS-like CoV cluster and has a type 3 ORF8. B. RmYN02 

was identified as belonging to the SARS-CoV-2 cluster and has a type 2 ORF8. 

 

Recently, two betacoronavirus strains RmYN01 and RmYN02 (GISAID: EPI_ISL_412976 and 

EPI_ISL_412977) were detected from a bat (Rhinolophus malayanus) [4]. Since betacoronaviruses from 

subgroup B share many highly similar regions in their genome sequences (Figure 1), it is very difficult to 

assemble them correctly using high-throughput sequencing (HTS) data from one sample. Therefore, 

EPI_ISL_412976 was only assembled into a partial sequence in a previous study [4]. However, the exact 

identification of viruses requires the complete genomes or even the full-length genomes. Using paired-end 

sequencing data, we reassembled these two virus genomes and obtained two full-length sequences to update 

EPI_ISL_412976 and EPI_ISL_412977 (Supplementary 1). Using 5' UTR barcodes, the betacoronaviruses 

RmYN01 and RmYN02 were identified as belonging to subgroup B. Using the InDels at six sites, RmYN01 

and RmYN02 were further identified as belonging to the second and first classes, respectively. In addition, 

RmYN02 was also identified as a recombinant SARS2-like CoV strain. 
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A recombination event occurred in a gene named open reading frame 8 (ORF8), existing only in the 

genomes of betacoronaviruses from subgroup B. Based our analysis of 1265 betacoronaviruses, most of 

identified recombination events occurred in genes S and ORF8. Although many recombination events in 

ORF8 of betacoronaviruses have been reported in sequence analysis results, it is difficult to determine 

whether they were recombination events or mutation accumulation as most of them only occurred over very 

small genomic regions, excepting a few events (e.g., the 382-nt deletion in ORF8 [7]). We reported—for the 

first time—a recombination event at the whole-gene level as substantial proof. Besides the recombination 

event in ORF8, other recombination events occurred on five sites, named RC1 to RC5 (Table 1) in the S1 

region of the gene S. To initiate the coronavirus infection, the S protein encoded by the gene S need to be 

cleaved into the S1 and S2 subunits for receptor binding and membrane fusion. 

 

 
Figure 2 Phylogenetic analysis of the SARS-CoV-2, SARS-CoV and SARS-like CoV clusters 

The accession numbers of the GenBank or GISAID databases were used to the viral genomes. The annotations of these viru 

genomes can be seen in Materials and Methods. The viral genomes of SARS-CoV (GenBank: AY278489) and SARS-CoV-2 

(GenBank: MN908947) were used as reference genomes in the present study. Numbers above the branches are phylogenetic 

distances calculated using the NJ method. The SARS-CoV-2, SARS-like CoV and SARS-CoV clusters were marked by red, blue 

and green lines. A. Phylogenetic tree 1 was built using large segments spanning S2, ORF3a, ORF3b, envelope (E), M, ORF6, 

ORF7a, ORF7b, N, ORF9b, ORF14 and ORF15 (Table 1). B. Phylogenetic tree 2 was built using ORF8. 

 

Using a large segment spanning S2, ORF3a, ORF3b, envelope (E), M, ORF6, ORF7a, ORF7b, N, 

ORF9b, ORF14 and ORF15 (Table 1), phylogenetic tree 1 (Figure 2A) showed that 21 betacoronaviruses 

from subgroup B (Materials and Methods) were classified into two major clades, corresponding to two 

classes classified using the InDels at six sites: (1) the first major clade, named the SARS-CoV-2 cluster, 

includes SARS-CoV-2 and SARS2-like CoV (from bats and pangolins), and (2) the second major clade 

includes two clusters—the SARS-CoV cluster including SARS-CoV and a few SARS-like CoVs (from bats 
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or civets) and the SARS-like CoV cluster including all other SARS-like CoVs (from bats). Therefore, these 

21 betacoronaviruses were classified into the SARS-CoV-2, SARS-CoV and SARS-like CoV clusters 

named clusters 1, 2 and 3, respectively.  

Identified as belonging to the SARS-CoV-2 cluster, RmYN02 was thought to have a 3-nt deletion at the 

V5 site; however, it did not (Table 1). This led us to identify three types of ORF8 genes in the 

betacoronaviruses from subgroup B. Using only ORF8, phylogenetic tree 2 (Figure 2B) also shows that the 

21 betacoronaviruses were classified into the SARS-CoV-2, SARS-CoV, and SARS-like CoV clusters. 

However, this tree did not reflect the evolutionary relationship of the three clusters due to the recombination 

events of ORF8. Types 1, 2, and 3 ORF8 genes belong to the genomes of viruses from clusters 1, 2, and 3, 

respectively. Type 1 ORF8 genes possess low nucleotide identities (below 70%) to type 3 ORF8 genes, 

while type 2 ORF8 genes are so highly divergent from types 1 and 3 ORF8 genes, they cannot be aligned to 

calculate nucleotide identities between type 2 ORF8 genes and types 1 or 3 ORF8 genes. RmYN01 belongs 

to cluster 3 and has a type 3 ORF8, while RmYN02 belongs to cluster 1 but has a type 2 ORF8. Thus, 

RmYN02 was identified as a recombinant SARS2-like CoV strain. 

Comparing phylogenetic tree 1 using large segments with tree 2 using only ORF8 genes, almost all 

viruses were consistently classified into the same clusters in both trees, except RmYN02 (GISAID: 

EPI_ISL_412977) and the SARS-like CoV strain WIV1 (GenBank: KF367457). WIV1 was classified into 

cluster 2 in tree 1 but cluster 3 in tree 2, as WIV1 has type 3 rather than type 2 ORF8 (Figure 2B). WIV1, 

isolated from Chinese horseshoe bats (Rhinolophus sinicus), was considered the most closely related to 

SARS-CoVs in humans and civets [8]. A previous study predicted the immediate ancestor of SARS-CoV 

based on the following hypothesis: the ancestor of civet SARS-CoV is a recombinant virus with ORF8 

originating from greater horseshoe bats (Rhinolophus ferrumequinum) and other genomic regions 

originating from different horseshoe bats [5]. Although whether these recombination events occurred in bats 

or civets remains unknown [5], analysis of all recombination events in S1 of all betacoronaviruses may 

provide insights (See below). 

As phylogenetic tree 1 was built without recombinant regions (i.e., ORF1a, S1 and ORF8), it revealed 

that SARS-CoV-2 is most closely related to the well-known strain RaTG13 (GenBank: MN996532) isolated 

from intermediate horseshoe bats (Rhinolophus affinis). Phylogenetic tree 2 shows that ORF8 of RaTG13 

has the highest identity to that of SARS-CoV-2 (Figure 2B). RmYN02 was classified into cluster 1 in tree 1 

but cluster 2 in tree 2. This suggested the recombination events happened across the SARS-CoV-2 and 

SARS-CoV clusters. In addition, all betacoronaviruses from pangolins (Manis javanica) used in the present 

study were identified as belonging to the SARS-CoV-2 cluster. However, pangolins are unlikely to be the 

intermediate host(s) of SARS-CoV-2 for two reasons: (1) betacoronaviruses from pangolins do not contain 

the FCS [2], and (2) the strains (e.g., GISAID: EPI_ISL_410721) are farther from SARS-CoV-2 than 

RaTG13 in the phylogenetic tree 1 (Figure 2A). 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 22, 2020. ; https://doi.org/10.1101/2020.07.22.213926doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.22.213926
http://creativecommons.org/licenses/by-nc-nd/4.0/


 - 7 - 

Guided by joint analysis of both molecular function and phylogeny, we conducted further research on 

the biological functions of ORF8. RmYN01 and RmYN02 were detected in a bat, providing a special 

opportunity to compare their copy numbers. As RmYN01 and RmYN02 have type 3 and type 2 ORF8 genes, 

respectively, the difference between copy numbers of RmYN01 and those of RmYN02 can be estimated by 

their relative RNA abundances to test a previous hypothesis that type 2 ORF8 genes enhance viral 

replication. Aligning RNA-seq data to the genomes of RmYN01 and RmYN02, our calculation showed that 

the RmYN01 genome was covered 99.85% of its length with an average depth of 32.89 (Figure 1A), while 

the RmYN02 genome was covered 99.89% with an average depth of 298.99 (Figure 1B). The RNA 

abundance of RmYN02 is 9 times that of RmYN01. Although this does not rule out other factors (e.g., 

differential gene expression) that contribute to the differences in RNA abundances of the two viruses, these 

results combined with other evidence [5] suggest that type 2 ORF8 genes enhance viral replication. 

 

 
Figure 3 S protein of SARS-CoV-2 may have two specific receptors 

The S protein is cleaved into two subunit S1 and S2 (in red color) for receptor binding and membrane fusion. S1 has two 

domain, RBD (in green color) and NTD (in blue color). It is well accepted that S1 binds to its specific receptor angiotensin-

converting enzyme 2 (ACE2) by the interaction between RBD and ACE2 (in purple color). In the present study, we propose that 

the Spike protein of SARS-CoV-2 may have more than one specific receptor for its function as gp120 of HIV has CD4 and CCR5. 

The structure of S was predicted using trRosetta [18]. 
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By analysis of all recombination events in S1 of all betacoronaviruses, we obtained the following 

results: (1) there were a few genotypes of recombinant segments at each recombination site; and (2) and 

betacoronaviruses within the SARS-CoV-2, SARS-CoV and SARS-like CoV clusters had the same 

genotypes. These results suggested that the occurrences of all recombination events in bats are prerequisite 

for speciation of SARS-CoV and SARS-CoV-2. Further analysis showed that two recombination regions 

reside in the receptor binding domain (RBD) of S1, while three other recombination regions reside in the N-

terminal domain (NTD). Since positive selection of S was particularly strong [5] and both RBD and NTD 

have similar recombination events, we proposed that NTD is likely to have a specific receptor as RBD has 

angiotensin-converting enzyme 2 (ACE2). Thus, the S protein of SARS-CoV-2 may have more than one 

specific receptor (Figure 3) as gp120 of HIV has the cluster of differentiation 4 receptor (CD4) and the C-C 

chemokine receptor 5 (CCR5). 

 

Conclusions 

Betacoronaviruses have very high mutation and recombination rates, multiple hosts, and strong host 

adaptability. The recombinant regions (i.e., ORF1a, S1 and ORF8) must be removed for phylogenetic 

analysis. Based on phylogenetic analysis combined with the analysis of mutations and recombination, 

betacoronavirus subgroup B was classified into the SARS-CoV-2, SARS-CoV, and SARS-like CoV clusters. 

As all mutations and recombination are unlikely to undergo reversible changes together, we concluded the 

following: (1) the SARS-CoV-2 cluster separated from the other two clusters early and (2) later, the SARS-

CoV cluster separated from the SARS-like CoV cluster. The FCS acquired by SARS-CoV-2 may increase 

the efficiency of viral entry into cells, while the type 2 ORF8 acquired by SARS-CoV may increase its 

replication efficiency. These two most critical events improved the adaptive ability of SARS-CoV and 

SARS-CoV-2 to new hosts and allowed for sustained transmission that can lead to significant outbreaks. The 

occurrences of all recombination events in bats are prerequisite for speciation of SARS-CoV and SARS-

CoV-2. However, they are not the most critical reasons for the pandemics of SARS and COVID-2019. 

Another gene, ORF3b, may also play a role in the host adaptability of betacoronaviruses. In our 

previous study, we discovered a special genomic region (AY274119: 25689-26153) encoding a complete 

ORF (named ORF3b) in SARS-CoV [1]. However, this region encodes several ORFs in other 

betacoronaviruses. Given that this region is not always an ORF, we used Nankai CDS (a 465- or 468-bp 

genomic region) to name ORF3b and its homologous sequences in all coronaviruses. We found that the 

alternative translation of Nankai CDS could produce more than 17 putative proteins that may be responsible 

for host adaptation. Nankai CDS encodes ORF3b in SARS-CoV, while it encodes shorter genes in many 

other SARS-like CoVs. ORF3b in SARS-CoV was predicted to be translated into a 155-aa (amino acid 

residue) protein—the largest one among all putative proteins predicted from Nankai CDS in SARS-CoV and 

SARS-like CoVs. 
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A previous study showed that the integrity of ORF8 facilitates the replication of SARS-CoV in cell 

lines [6]. However, another study suggested that the function of ORF8 may be more relevant for replication 

in cells from the actual animal reservoir than for replication in human or primate cell cultures [9]. Using data 

from an individual bat, we estimated that type 2 ORF8 genes could increase replication efficiency to 9 times 

that of type 3 ORF8 genes. Type 1 ORF8 genes are likely to exhibit similar replication efficiency to type 3 

ORF8 genes, given the high identities between their nucleotide sequences. This also explains why SARS-

CoV-2 (with type 1 ORF8 genes) caused mild or asymptomatic disease in most cases compared to SARS-

CoV (with type 2 ORF8 genes). The significant differences in replication efficiency caused by the three 

types of ORF8 provide insight into SARS-CoV pandemics. 

 

Materials and Methods 

The software Fastq_clean [10] was used for sRNA data cleaning and quality control. The genomes of 

RmYN01 and RmYN02 (GISAID: EPI_ISL_412976 and EPI_ISL_412977) were reassembled by aligning 

RNA-seq data on two closest reference genomes JX993988 and MN908947. SVDetect v0.8b and SVFilter 

[11] were used to removed abnormal aligned reads. Several haploid contigs (Supplementary 1) highly 

similar to the complete RmYN01 genome were also assembled. This suggested that there exists more than 

one betacoronavirus strain belonging to the SARS-like CoV cluster in the same sample, from which 

RmYN01 and RmYN02 were detected. 

1,265 complete genomes of betacoronavirus were downloaded from the NCBI Virus database 

(https://www.ncbi.nlm.nih.gov/labs/virus). Among these genomes, 292 belongs to the subgroup B of 

betacoronavirus. 35 complete genomes of betacoronavirus were also downloaded from the GISAID database. 

In our previous study, 10 complete genomes of betacoronavirus (GenBank: JX993987, JX993988, 

GQ153539, GQ153540, GQ153542, DQ071615, DQ412043, AY515512, AY572034 and DQ497008) were 

downloaded from the NCBI GenBank database and used for the analysis [12]. To trace the origin of SARS-

CoV, five compelte genomes were added. They are DQ412042 (SARS-like CoV from Rhinolophus 

ferrumequinum), AY274119 (SARS-like CoV from human in Toronto, Tor2 [13]), AY278489 (SARS-like 

CoV from human in Guangdong, GD01 [14]), AY304486 (SARS-like CoV from civet [15]) and KF367457 

(SARS-like CoV from bat [16]). DQ497008 was removed as a redundant sequence of AY274119 and 

AY278489. To trace the orgin of SARS-CoV-2, three compelte genomes were added. They are MN908947 

(SARS-CoV-2), MN996532 (SARS2-like CoV hosted in Intermediate Horseshoe bats (Rhinolophus affinis) 

from Yunnan) and MG772934 (SARS2-like CoV hosted in Chinese horseshoe bats (Rhinolophus sinicus) 

from Zhejiang). A SARS2-like CoV (GISAID: EPI_ISL_410721) from pangolins (Collected in Guangdong, 

China) and a SARS2-like CoV (GenBank: MT040334) from pangolins (Collected in Guangxi, China) were 

also used. Plus RmYN01 and RmYN02 (GISAID: EPI_ISL_412976 and EPI_ISL_412977), totally 21 

complete genomes were used for the phylogenetic analysis applying the neighbour joining (NJ) method. For 
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phylogenetic analysis, large segments spanning from S2 to ORF15 (Supplementary 1) were trimmed to 

only include CDS regions. Sequence alignment was performed using the Bowtie v0.12.7 software with 

paired-end alignment allowing 3 mismatches; mutation detection and other data processing were carried out 

using Perl scripts; the phylogenetic analysis was performed using MEGA v7.0.26; Statistics and plotting 

were conducted using the software R v2.15.3 the Bioconductor packages [17]. The structure of S 

(Supplementary 2) was predicted using trRosetta [18]. 
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