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ARTICLE INFO ABSTRACT

Keywords: The current pandemic of COVID-19 caused by a novel coronavirus, severe acute respiratory syndrome coronavirus-2
Bat (SARS-CoV-2), threatens human health around the world. Of particular concern is that bats are recognized as one of
Coronavirus the most potential natural hosts of SARS-CoV-2; however, coronavirus ecology in bats is still nascent. Here, we
;‘:ii;gz:;ims performed a degenerate primer screening and next-generation sequencing analysis of 112 bats, collected from Hainan
Furin Province, China. Three coronaviruses, namely bat betacoronavirus (Bat CoV) CD35, Bat CoV CD36 and bat alpha-

coronavirus CD30 were identified. Bat CoV CD35 genome had 99.5% identity with Bat CoV CD36, both sharing the
highest nucleotide identity with Bat Hp-betacoronavirus Zhejiang2013 (71.4%), followed by SARS-CoV-2 (54.0%).
Phylogenetic analysis indicated that Bat CoV CD35 formed a distinct clade, and together with Bat Hp-betacoronavirus
Zhejiang2013, was basal to the lineage of SARS-CoV-1 and SARS-CoV-2. Notably, Bat CoV CD35 harbored a canonical
furin-like S1/S2 cleavage site that resembles the corresponding sites of SARS-CoV-2. The furin cleavage sites between
CD35 and CD36 are identical. In addition, the receptor-binding domain of Bat CoV CD35 showed a highly similar
structure to that of SARS-CoV-1 and SARS-CoV-2, especially in one binding loop. In conclusion, this study deepens our
understanding of the diversity of coronaviruses and provides clues about the natural origin of the furin cleavage site of

Cleavage site

SARS-CoV-2.

1. Introduction

The ongoing pandemic of coronavirus disease 2019 (COVID-19) un-
derscores that some coronaviruses (CoVs) are highly transmissible,
which remains a major threat to human health and public safety (Jiang
and Shi, 2020; Singh et al., 2020; Hu et al., 2021). CoVs belong to the
family Coronaviridae, which is divided into four genera Alphacoronavirus,
Betacoronavirus, Gammacoronavirus, and Deltacoronavirus (Hu et al.,
2018, 2021; Zhu et al., 2021a). CoVs are a group of single-stranded
positive-sense RNA viruses that can infect a wide range of animals
including humans, causing mild to lethal diseases (Frutos et al., 2021).
Over the past 20 years, seven CoVs, which can cause human diseases,
have been identified, including human coronavirus (HCoV)-NL63
belonging to genus Alphacoronavirus, severe acute respiratory syndrome
coronavirus (SARS-CoV-1), HCoV-HKU1, Middle East respiratory syn-
drome coronavirus (MERS-CoV), and SARS-CoV-2 belonging to the genus

* Corresponding authors.
E-mail addresses: yangjing@icdc.cn (J. Yang), lushan@icdc.cn (S. Lu).

https://doi.org/10.1016/j.virs.2023.04.009
Received 7 January 2023; Accepted 24 April 2023
Available online 2 May 2023

Betacoronavirus (Frutos et al., 2021). The structure of SARS-CoV-2 spike
(S) protein, which determines the binding affinity to the host-cell re-
ceptor, plays an important role in viral infections and also determines the
host range of the virus (Letko et al., 2020a; Li MY et al., 2020). After
binding to the host-cell receptor, the S protein is cleaved by a variety of
cellular proteases, including furin, at an S1/S2 cleavage site [motif
(R/K)-(2X)n-(R/K)|, where/= or, X = any amino acid (aa),n =0, 1, 2, or
3 spacer aa, | = cleavage site, bold font = key aa], producing the S1 and
S2 subunits, which determine the cellular tropism and pathogenesis of
the virus (Duckert et al., 2004; Coutard et al., 2020; Letko et al., 2020a).
The receptor-binding domain (RBD) within the S1 subunit can fold
independently of the rest of the S protein and is the determining
component for the virus to entry host cells (Letko et al., 2020a). The S2
protein has another proteolytic site (S2') downstream of S1/S2 cleavage
site, which is also important for virus entry process (Coutard et al., 2020).
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Although the origin of SARS-CoV-2 remains unknown, accumulating
evidence indicates that SARS-CoV-2 originates from bats naturally,
including the fact that the closest relatives of SARS-CoV-2 are bat
coronaviruses from Yunnan Province of China and Lao PDR (Letko et al.,
2020b; Zhou P et al., 2020; Li et al., 2021). To investigate the origin, it is
essential to track the diversity of animal coronaviruses, particularly the
bat coronaviruses, and identify the potential sequences contributing to
SARS-CoV-2 mosaicism (Temmam et al., 2022). Bats exhibit enormous
diversity, with more than 1400 species inhabiting different environments
(Burgin et al., 2018). During gaining their unique traits (the ability to fly)
among mammals, bats seem to have acquired a variety of antiviral im-
mune response genes that limit self-damaging inflammation (Frutos
et al., 2021). Bats are important reservoir hosts for a variety of zoonotic
viruses (Chen et al., 2014), and have acquired increasing attention after
being implicated in SARS-CoV-2 related viruses (SARSr-CoV-2),
including RaTG13, RmYNO2, ZC45, PrC31, BANAL-20-52,
BANAL-20-103, and BANAL-20-236 (Hu et al., 2018; Zhou P et al.,
2020; Li et al., 2021; Temmam et al., 2022). However, none of the
SARSr-CoV-2 harbors the furin-like cleavage site within the S protein,
which is associated with enhanced pathogenicity in humans and present
in all the sequenced SARS-CoV-2.

The investigation of coronaviruses circulating in bats may provide
vital clues to trace the origin of SARS-CoV-2 and to identify the unknown
pathogens. In this study, we present the genetic characterizations of a
novel bat betacoronavirus with a furin-like cleavage site from Baoting
County, Hainan Province, China.

2. Materials and methods
2.1. Sample collection

Between March 30 and April 1, 2021, 112 bats were captured using
nylon netting from two abandoned caves (18°24'N, 109°36’E) in Baoting
County, Hainan Province, China (Zhu et al., 2022). The captured bats
were put into airtight bags and anesthetized with ether. The bats were
dissected, and their intestinal tissue specimens were collected. Due to
biosafety, to prevent contamination, all dissecting experiments were
conducted in a biosafety cabinet of Baoting Center for Disease Control
and Prevention (CDC). Then, the samples were transported to the Na-
tional Institute for Communicable Disease Control and Prevention of
China CDC and stored at —80 °C until further use. The bat species were
confirmed by morphology and PCR amplification targeting NADH de-
hydrogenase subunit 1 (Ge et al., 2016).

2.2. Screening of coronaviruses

The total RNA of each sample was extracted using the RNeasy Plus
Universal Mini Kit (QIAGEN, Diisseldorf, Germany) according to the
manufacturer's instruction. The pan-coronavirus reverse transcription
(RT)-PCR targeting a 440-bp fragment of the RNA-dependent RNA po-
lymerase (RdRp) gene of CoVs was used for CoV screening (Lau et al.,
2012; Zhu et al., 2021b). RT-PCR was performed as previously described
(Zhu et al., 2021c), and PCR products were gel purified and subjected to
Sanger sequencing. The obtained sequences were blasted against the
NCBI non-redundant protein database.

2.3. Next-generation sequencing and whole genome confirmation

The total RNA of the positive sample was selected for next-generation
sequencing (NGS) on the [llumina HiSeq2000 platform. The nucleic acids
were digested using DNase I, and rRNA was removed using the Ribo-Zero
Gold rRNA Removal (Epidemiology) Kit. Libraries were then constructed
with Truseq Stranded Total RNA Library Prep Gold Kit (Illumina, San
Diego, USA) following the manufacturer's instructions. The raw data was
subjected to quality control to remove adapters, low-quality reads, and
rRNA sequences. The clean data were used for de novo assembly using
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Trinity (Grabherr et al., 2011), and the obtained contigs were annotated
using Diamond in non-redundant protein database with an E-value of
1 x 107° (Buchfink et al., 2015). Based on the NGS genome, paired
primers (Supplementary Table S1) were designed to amplify the different
fragments of the genome in all positive samples. The PCR products were
sequenced and aligned to confirm the genomic sequence.

2.4. Phylogenetic analysis

The open reading frames (ORFs) were searched by comparing the
sequences with those of other coronaviruses and using ORFfinder with
default parameters (https://www.ncbi.nlm.nih.gov/orffinder/). Signal
peptides and the protein family were predicted using SignalP and Inter-
ProScan (Quevillon et al., 2005; Almagro Armenteros et al., 2019),
respectively. The nucleotide and aa sequences were aligned using MAFFT
(Katoh and Standley, 2013). The most appropriate substitution models
were confirmed by ModelFinder (Kalyaanamoorthy et al., 2017).
Phylogenetic trees were built using PhyML 3.0 with 1000 bootstrap
replicates, with infectious bronchitis virus (IBV) used as the outgroup,
and visualized in iTOL (Guindon et al., 2010; Letunic and Bork, 2016).
The accession numbers used in this study were labeled in the bracket
after the corresponding taxa in Fig. 1.

2.5. Structural analysis

The furin cleavage sites and scores were estimated by the ProP server
(v1.0) with default parameters (Duckert et al., 2004). The RBD
three-dimensional structures were modeled by SWISS-MODEL with the
RBD structure of SARS-CoV-2 (PDB: 7a91.1) as the template (Waterhouse
et al., 2018; Yang et al., 2021). The model results were visualized using
PyMOL 2.4 program (https://pymol.org/2/#opensource).

3. Results
3.1. Identification of CoVs in bats

A total of 112 intestinal tissues of bats were collected and used to
screen CoVs with a pan-coronavirus RT-PCR approach (Lau et al.,
2012). Results showed that seven (7/112, 6.3%) intestinal samples
were positive for coronaviruses. Sequencing of the amplification prod-
ucts (a 440-bp fragment in the RdRp genes) revealed that these seven
sequences belonged to two lineages. Among them, six (6/112, 5.4%)
RdRp partial sequences shared homology with betacoronaviruses, with a
100% nucleotide identity to each other, which were sampled from
Hipposideros armiger (H. armiger). The remaining sequence was from
H. pomona (sample ID: CD30), showing highly homology to an alpha-
coronavirus (Bat coronavirus HKU10).

3.2. Genomic characteristics

To better understand the genomic features, almost full-length genome
sequences were obtained using NGS. The strain from H. pomona (sample
ID: CD30) was named as bat alphacoronavirus CD30 (accession number
OK017907), sharing 83.0%-86.0% genome identity and 92.8%-93.1% aa
identity in ORFlab with the corresponding sequences of Bat coronavirus
HKU10 species (Lau et al., 2012). Another two viruses identified from two
of those six positive samples of H. armiger were tentatively named as bat
betacoronavirus CD35 (Bat CoV CD35, accession number OK017908) and
Bat CoV CD36 (accession number 0Q469322), respectively. Based on the
genome from NGS, all six positive samples were further verified by
RT-PCR using paired primers (Supplementary Table S1) targeting multiple
genomic sites. The results suggested that CoVs from the six positive
samples belonged to the same betacoronavirus, indicative of the most
dominant CoV circulating in the two bat colonies. Bat CoV CD35 was
selected for following analyses, which shared 99.5% nucleotide identity
with Bat CoV CD36 based on almost full-length genome sequence.
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Fig. 1. Genomic characteristics and identity. A Schematic diagram of the genomes of Bat CoV CD35 and related CoVs. Step, 150; Window, 1500. B Nucleotide
sequence identities between Bat CoV CD35 with representative CoVs. The similarity was calculated using T-RECs software. Bat Hp-betaCoV Zhejiang2013, Bat
Hp-betacoronavirus Zhejiang2013; SARS-CoV-2 WIV02, Severe acute respiratory syndrome coronavirus 2 WIV02; SARS-CoV-1 BJ01, Severe acute respiratory syn-
drome coronavirus 1 BJO1; Pangolin CoV GX-P5L, pangolin/GX/P5L/2017; Bat CoV RaTG13, Bat Coronavirus RaTG13; Bat CoV RmYNO02, BetaCoV/Rm/Yunnan/

YN02/2019; Bat SARS CoV HKU3, Bat SARS coronavirus HKU3.

The almost full-length genome of Bat CoV CD35 contained 31,252
nucleotides, with a G + C content of 41% (Table 1). The genomic orga-
nization of Bat CoV CD35 was identical to that of Bat Hp-betacoronavirus
(Bat Hp-betaCoV) Zhejiang2013, and was similar to those of SARS-CoV-2
WIV02 and SARS-CoV-1 BJ01, except that the ORF2 protein was absent
in SARS-CoV-2 WIV02 and SARS-CoV-1 BJO1 (Supplementary Table S2
and Fig. 1A). The full genome of Bat CoV CD35 shared the highest
nucleotide identity with Bat Hp-betaCoV Zhejiang2013 (71.4%), fol-
lowed by SARS-CoV-2 WIV02 (54.0%) (Fig. 1B and Table 1). In the
conserved replicase domains, Bat CoV CD35 shared 68.3%-91.5% aa
identity in the 3C-like protease (3CLpro) region, 77.0%-93.1% in the
RdRp region, and 81.0%-89.2% in the helicase (Hel) region with the
corresponding sequences of Bat Hp-betaCoV Zhejiang2013, SARS-CoV-2,
SARS-CoV-1, SARSr-CoV-1 (HKU3), and SARSr-CoV-2 (GX-P5L, RaTG13,
and RmYNOQ2) (Table 1).

Unexpectedly, the S protein of Bat CoV CD35 was significantly
distinct from its related CoVs (Table 1), showing only 70% aa identity to
Bat Hp-betaCoV Zhejiang2013, and far lower aa identity (<40%) to
SARSr-CoV-2 and SARSr-CoV-1. For envelope (E), membrane (M), and
nucleocapsid (N) proteins, Bat CoV CD35 showed relatively higher aa
identity with its relatives, while sharing the highest similarity to the
corresponding protein of Bat Hp-betaCoV Zhejiang2013 (Table 1).

3.3. Phylogenetic analyses

Phylogenetic analysis based on the complete genome revealed that
bat alphacoronavirus CD30 fall within genus Alphacoronavirus and was
grouped with the members within Bat coronavirus HKU10 species (Fig. 2
and Supplementary Fig. S1). Meanwhile, Bat CoV CD35 belonged to the
genus Betacoronavirus and formed a separate clade grouping together
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with Bat Hp-betaCoV Zhejiang2013, which was basal to the cluster of
SARSr-CoV-1 (HKU3) and SARSr-CoV-2 (GX-P5L, RaTG13, and
RmYNO2) (Fig. 2). In addition, phylogenetic trees based on the aa se-
quences of ORFlab, S, M, and N proteins (Fig. 3) showed similar topo-
logical structures. The results also revealed that the closest relative of Bat
CoV CD35 was Bat Hp-betaCoV Zhejiang2013, both sharing ancestors
with SARSr-CoV-1 (HKU3) and SARSr-CoV-2 (GX-P5L, RaTG13, and
RmYNO02). The results of the evolutionary analyses were identical to that
of the similarity plot, suggesting that Bat CoV CD35 was most closely
related to Bat Hp-BetaCoV Zhejiang2013, followed by SARSr-CoV-2 and
SARSr-CoV-1. The absence of discrepancies in clades among the phylo-
genetic trees and the values in Table 1 indicate that there may be no
recombination events for Bat CoV CD35. Indeed, the recombination
analysis based on the genomes of related CoVs did not detect recombi-
nation events for Bat CoV CD35.

3.4. Furin-like cleavage site

During infection, the S protein of SARS-CoV-2 must be cleaved by
host furin-like proteases at both the S1/S2 and S2' cleavage sites, which
play a significant role in viral entry into cells (Coutard et al., 2020). The
furin-like S1/S2 cleavage site in Bat CoV CD35 had the RXXR| motif with
position (P)1 and P4 as basic residues, which were identical to those of
SARS-CoV-2, MERS-CoV, HCoV-HKU1, and HCoV-OC43 (Table 2 and
Supplementary Fig. S2). Based on experimental results derived from the
literatures, the scores of cleavage sites could be estimated using artificial
neural networks that were calculated by 4-fold cross-validation. The
higher the score (between zero and one), the more confident the pre-
diction is (Duckert et al., 2004). The score of the S1/S2 cleavage site for
Bat CoV CD35 was estimated at 0.646 (Table 2), which was higher than



W. Zhu et al.

Table 1

Virologica Sinica 38 (2023) 344-350

The genomic information and sequence identity of Bat CoV CD35 with representative CoVs.

Coronaviruses Genome size (nt) G + C content (%) Pairwise identity (%)
Genome (nt) 3CLpro (aa) RdRp (aa) Hel (aa) S (aa) E (aa) M (aa) N (aa)

Bat Hp-betaCoV Zhejiang2013 31,491 41.3 71.4 91.5 93.1 89.2 70.0 76.0 79.4 76.1
SARS-CoV-2 WIV02 29,825 38.0 54.0 69.0 77.2 81.5 36.8 59.5 52.7 50.4
Pangolin CoV GX-P5L 29,806 38.5 53.4 68.3 78.0 81.0 36.2 59.5 52.7 49.9
Bat CoV RaTG13 29,855 38.0 53.9 68.6 77.0 81.7 36.7 59.5 53.4 50.4
Bat CoV RmYN02 29,671 38.2 53.5 68.3 77.0 81.5 36.4 59.5 53.4 50.4
SARS-CoV-1 BJO1 29,725 40.8 52.8 69.0 77.6 81.5 36.4 60.8 53.9 49.3
Bat SARS CoV HKU3 29,728 41.1 52.8 68.6 77.6 81.7 36.6 60.8 54.3 49.0

SARSr-CoV-1: HKU3. SARSr-CoV-2: GX-P5L, RaTG13, and RmYNO2. Bat Hp-betaCoV, Bat Hp-betacoronavirus Zhejiang2013; SARS-CoV, Severe acute respiratory
syndrome coronavirus. Pangolin CoV GX-P5L, pangolin/GX/P5L/2017; Bat CoV RaTG13, Bat Coronavirus RaTG13; Bat CoV RmYNO02, BetaCoV/Rm/Yunnan/YN02/

2019; Bat SARS CoV HKU3, Bat SARS coronavirus HKU3.

those of SARS-CoV-2 (0.620), MERS-CoV (0.563), HCoV-OC43 (0.551),
and Bat Hp-betaCoV Zhejiang2013 (0.608) but lower than that of
HCoV-HKU1 (0.882). However, the motif of the S2' cleavage site in Bat
CoV CD35 was replaced with a monobasic motif (R|S), which was
slightly different from those of SARS-CoV-1 and SARS-CoV-2 but was
identical to other human CoVs, including MERS-CoV, HCoV-OC43,
HCoV-NL63, and HCoV-229E (Table 2), suggesting a higher restriction or
a less efficient cleavage by furin proteases (Coutard et al., 2020). S2'
cleavage site scores of Bat CoV CD35 and SARS-CoV-1 were almost the
same, which were lower than that of SARS-CoV-2 (Table 2). In addition,
according to the (R/K)-(2X)n-(R/K)| motif (when n = 0 and 1) and
monobasic motif, the polybasic (furin-like) S1/S2 cleavage site in
SARS-CoV-2 (R|R|AR|) was also present in Bat CoV CD35 (R|AK|R]),
which was absent in all relatives of SARS-CoV-2, including pangolin
coronaviruses (GX/P5E and GX/PS5L) and bat-origin coronaviruses
(BANAL-20-52, BANAL-20-103, and BANAL-20-236 from Laos, RaTG13
and PrC31 from China) (Coutard et al., 2020; Lam et al., 2020; Zhou P
et al., 2020; Li et al., 2021; Temmam et al., 2022). In addition, the furin
cleavage sites between Bat CoV CD35 and CD36 are identical.

BetaCoV

3.5. Structural comparison of the RBDs

The RBD in the S1 region determines the host tropism of SARS-CoV-2
by interacting with angiotensin converting enzyme 2 (ACE2) receptor of
host cells (Scialo et al., 2020). Therefore, the three-dimensional struc-
tures of the RBD of Bat CoV CD35, Bat Hp-betaCoV Zhejiang2013,
SARS-CoV-1, and SARS-CoV-2 were built using homology modeling. The
RBD structure of Bat CoV CD35 had similar conformations to those of
SARS-CoV-1 and SARS-CoV-2, and there were two loops (A and B) near
the receptor binding site (Fig. 4A). The loop A of Bat CoV CD35 was
consistent with those of SARS-CoV-1 and SARS-CoV-2, while the loop B
of Bat CoV CD35 was longer than those of SARS-CoV-1 and SARS-CoV-2
but shorter than that of Bat Hp-betaCoV Zhejiang2013. The conserved
disulfide bond in SARS-CoV-1 and SARS-CoV-2 was missing in Bat CoV
CD35 and Bat Hp-betaCoV Zhejiang2013, which may reduce the binding
affinity of Bat CoV CD35 RBD with ACE2 or even may cause the RBD fail
to bind to ACE2. Although the conformations were similar, the Bat CoV
CD35 RBD shared low aa identity (20%) with the RBDs of SARS-CoV-1
and SARS-CoV-2 (Fig. 4B). Additionally, an intersection (Fig. 4B) was
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Fig. 3. Phylogenetic analysis based on amino acid sequences of four proteins (ORF1ab, S, M, and N). The tree (IBV as outgroup) was built by the maximum-likelihood
method with the Dayhoff model and 1000 bootstrap replicates. Only bootstrap values > 80% are shown. The virus from this study is labeled with a red star and red
font. The background colors are labeled with corresponding subgenus. IBV, infectious bronchitis virus; SARS-CoV, SARS coronavirus; MERS-CoV, MERS coronavirus;

MHV, mouse hepatitis virus.

Table 2
Comparative sequences of the spike protein cleavage site in Bat CoV CD35 and
other human coronaviruses.

Coronavirus S1/S2 site (score) S2' site (score)

Bat CoV CD35
SARS-CoV-2 WIV02
SARS-CoV-1 BJO1
MERS-CoV HCoV-EMC
HCoV HKU1

HCoV 0C43 ATCC VR-759
HCoV NL63 Amsterdam I
HCoV 229E

NTRAKR|STNS (0.646)
SPRRAR|SVAS (0.620)
TVSLLR|STGQ (0.123)
TPRSVR|SVPG (0.563)
SRRKRR |SFSISA (0.882)
KNRRSR|GAITT (0.551)
IPVRPR|NSSDN (0.105)
IAVQPR|NVSYD (0.152)

NNFQTR/SA (0.241)
SKPSKR |SF (0.333)
LKPTKR|SF (0.261)
GSRSAR|SA (0.707)
CGSSSR|SF (0.116)
SKASSR|SA (0.144)
SRIAGR|SA (0.168)
SRVAGR|SA (0.212)

The canonical furin-like cleavage motif is (R/K)-(2X)n-(R/K)|. Cleavage sites are
indicated by arrows, and basic residues are labeled in bold. The scores between
zero and one are estimated using a furin-specific network based on experimental
results derived from the literature. The higher the score, the more confident the
prediction is (Duckert et al., 2004).

responsible for the longer loop B on the right side of the Bat CoV CD35
RBD (Fig. 4A).

In addition, six key aa residues (L455, F486, Q493, S494, N501, and
Y505) of the RBD play a pivotal role in binding to the ACE2 receptor
(Wan et al., 2020). The alignment showed that only one (position 494 aa)
of these six aa residues of Bat CoV CD35 was identical to that of
SARS-CoV-2 WIV02 (Fig. 4B and Table 3).

348

4. Discussion

Bats are natural reservoirs of various emerging viruses, including
SARS-CoV, Ebola virus, Hendra virus, and Marburg virus (Hu et al.,
2021). The ongoing pandemic of COVID-19 reminds us that CoVs,
especially bat betacoronaviruses, may emerge, re-emerge, and even
cause new outbreaks in the future (Li B. et al., 2020). In this study, Bat
CoV CD35, a distant relative of SARS-CoV-2 belonging to subgenus
Hibecovirus was identified in bat intestinal tissues, showing the highest
identity to Bat Hp-betaCoV Zhejiang2013, followed by SARS-CoV-2.
Until now, the only member in the subgenus Hibecovirus was Bat
Hp-betaCoV Zhejiang2013, with only one genome available. Thus, this
study greatly broadens the biodiversity of CoVs in the subgenus Hibeco-
virus. Bat CoV CD35 was present in 5.4% (6/112) of the sampled bats,
which is lower than the carrier rate of CoVs in bats worldwide (Frutos
et al., 2021). Their host (H. armiger), also known as the great roundleaf
bat and the great Himalayan leaf-nosed bat, has a large population and is
recorded in the south of China, Myanmar, Thailand, Laos, Vietnam, and
Malaysia, indicating that Bat CoV CD35 may circulate in the great
roundleaf bats throughout South and Southeast Asia.

Viruses, such as influenza virus and CoVs, containing a furin-like
cleavage site, which is cleaved by different cellular proteases including
furin, have high pathogenicity and exert extensive cell tropism (Sun
etal., 2010; Kido et al., 2012; Coutard et al., 2020). Bat CoV CD35 shares
the identical furin-like S1/S2 site to that of SARS-CoV-2 and MERS-CoV,
and identical furin-like S2' cleavage site to those of MERS-CoV,
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Fig. 4. Characterization of the receptor-binding domains (RBDs) of Bat CoV CD35 and representative beta CoVs. A Homology modeling structures of Bat CoV CD35,
Bat Hp-betaCoV Zhejiang2013, SARS-CoV-2 WIV02, and SARS-CoV-1. The three-dimensional structures were conducted by the Swiss-Model program, with PDB
7a91.1 as the template. Binding loops are labeled with red circles. B Alignment of RBD amino acid sequences of Bat CoV CD35 and representative beta CoVs. The six
critical amino acid residues for binding affinity are labeled with black stars. The strictly conserved residues in the column are labeled using white characters on a red
background. The red characters on a white background within blue frames are colored when the similarity global score is greater than 0.7.

Table 3

Comparison of the key amino acid residues for SARS-CoV-2 binding to ACE2.
CoV/Position (aa) 455 486 493 494 501 505
Bat CoV CD35 N S K S M N
Zhejiang2013 S N N S M N
SARS-CoV-2 WIV02 L F Q S N Y
Bat CoV RaTG13 L L Y R D H
Pangolin CoV GX-P5L L L E R T Y
Bat CoV RmYNO02 S - S T \% Y
Bat SARS CoV HKU3 S - S T v Y
SARS-CoV-1 BJO1 Y L N D T Y

HCoV-NL63, and HCoV-OC43, supporting efficient cleavage of the S
protein, which may contribute to human or animal infection by Bat CoV
CD35. Furthermore, the recently isolated bat SARS-like CoV, RmYNO2,
contains a polybasic aa insertion in the S1/S2 site (Zhou H. et al., 2020);
however, RmYNO2 does not possess the furin-like cleavage site. Hence,
Bat CoV CD35 is so far the closest relatives of SARS-CoV-2 with a poly-
basic furin-like site, strongly suggesting that the cleavage site is of natural
origin, which provides clues to the evolutionary origin of the furin
cleavage site of SARS-CoV-2.

Although sharing low homology with SARS-CoV-2, the spike RBD of
Bat CoV CD35 shows a similar structure to that of SARS-CoV-2, especially
in one binding loop. One of the six critical aa residues in the spike RBD is
identical between Bat CoV CD35 and SARS-CoV-2. The docking energy
score of Bat CoV CD35 with ACE2 of H. armiger is nearly identical to that
of SARS-CoV-2 with hACE2 (—321.98 vs. —324.84), suggesting of the
ACE2 as entry receptor for Bat CoV CD35 seems possible.
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5. Conclusions

The new beta CoV identified in this study is a distant relative of SARS-
CoV-2 and harbors a polybasic furin-like cleavage site similar to SARS-
CoV-2, strongly indicating that the SARS-CoV-2 furin cleavage site was
naturally originated. However, the potential of Bat CoV CD35 to spill
over into humans and/or animals remains unknown and needs further
investigation.
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