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Abstract

:

Coronaviruses are well known as a diverse family of viruses that affect a wide range of hosts. Since the outbreak of severe acute respiratory syndrome, a variety of bat-associated coronaviruses have been identified in many countries. However, they do not represent all the specific geographic locations of their hosts. In this study, full-length genomes representing newly identified bat coronaviruses in South Korea were obtained using an RNA sequencing approach. The analysis, based on genome structure, conserved replicase domains, spike gene, and nucleocapsid genes revealed that bat Alphacoronaviruses are from three different viral species. Among them, the newly identified B20-97 strain may represent a new putative species, closely related to PEDV. In addition, the newly-identified MERS-related coronavirus exhibited shared genomic nucleotide identities of less than 76.4% with other Merbecoviruses. Recombination analysis and multiple alignments of spike and RBD amino acid sequences suggested that this strain underwent recombination events and could possibly use hDPP4 molecules as its receptor. The bat SARS-related CoV B20-50 is unlikely to be able to use hACE2 as its receptor and lack of an open reading frame in ORF8 gene region. Our results illustrate the diversity of coronaviruses in Korean bats and their evolutionary relationships. The evolution of the bat coronaviruses related ORF8 accessory gene is also discussed.
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1. Introduction


Bats have been recognized as a natural reservoir host and source of infection for several microorganisms, including several zoonotic viruses that can cause severe human diseases, such as Marburg, Nipah and Hendra viruses [1]. In addition, bats carry several other viruses with zoonotic potential that are genetically related to emerging human pathogens, including ebolaviruses and coronaviruses. Bats have a wide geographical distribution and the ability of flight [2]. The microbial transmission of coronaviruses from bats to wildlife and domestic animals and humans can occur both directly and indirectly. Some zoonotic viruses associated with bats have been identified, including pathogens that can cause severe human diseases, such as Ebola virus, Marburg virus, Nipah virus, and more recently, SARS-CoV-2 [1].



During the past two decades, numerous bat coronaviruses (BatCoVs) have been detected with a high prevalence and great genetic diversity worldwide [3]. They belong to the Alphacoronavirus (αCoV) and Betacoronavirus (βCoV) genera. Before the COVID-19 pandemic, a number of bat coronaviruses were identified with highly similar genomic sequences to human coronaviruses (HCoV-229E [4], HCoV-NL63 [5], SARS-CoV [6], and MERS-CoV [7]) and porcine coronaviruses (PEDV [8] and SADS-CoV [9]), which suggests that almost all human coronaviruses have zoonotic origins [10]. Afterward, bat coronaviruses that were closely related to SARS-CoV-2 were detected in bats from China and Southeast Asia [11,12,13]. However, predicting the potential pathogenicity of a newly discovered bat coronavirus is still difficult because most attempts to isolate bat coronaviruses have been unsuccessful [14].



Coronaviruses (CoVs) exhibit a large, positive, single-stranded RNA genome (~26–32 kb in length). They belong to the subfamily Coronavirinae under the family Coronaviridae. At present, CoVs are classified into four genera: Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and Deltacoronavirus [15,16]. The complete genome contains five major open reading frames (ORFs) flanked by a 5′-untranslated region (UTR) and a 3′- UTR. The major ORFs encode replicase polyprotein (ORF1ab) and four structure proteins including spike glycoprotein (S), envelope protein (E), membrane protein (M), and nucleocapsid protein (N) [15]. A variable number of other ORFs that apparently encod nonstructural proteins were identified to be virus- or group-specific [17].



In South Korea, bat coronaviruses were identified based on their conserved partial RNA-dependent RNA polymerase (RdRp) gene sequences [18,19]. To date, two complete genomes of bat coronavirus have been described, including BatCoV HCQD-2020 and bat SARS-like CoV [20,21]. Hence, further studies are needed to understand the features of the complete genomic bat coronavirus representatives and their relationships. This will be essential to estimating their pathogen potential and evolution to prevent the spread of bat coronaviruses to humans.



In this study, we utilized a RNA-seq approach to complete genomic sequences of bat coronaviruses. The phylogenetic and genomic characteristics of these viruses were previously underestimated. Herein, we report newly described αCoVs, SARS-related, and newly-identified MERS-related coronaviruses. Furthermore, their complete genomic characteristics were analyzed to infer their evolutionary relationships with known viruses.




2. Materials and Methods


2.1. Sample Collection and RNA Isolation for RNA-Seq


Coronavirus-positive samples (Table 1) were detected from bat feces collected in South Korea from 2018 to 2021, as previously described [19]. The samples were confirmed positive in nested pan-CoV RT-PCR and sequencing [22].



The positive samples (10% (w/v) fecal samples in transport medium (Universal Transport Medium, Noble Biosciences™, Gyeonggi, Korea) were centrifuged at 14,000× g for 10 min at 4 °C and filtered with a 0.22 μm pore-size filter. The samples were treated with DNase I before RNA was extracted using a QIAamp viral RNA mini kit (Qiagen, Helden, Germany). Total isolated RNA was cleaned up and concentrated using the RNeasy Mini Kit (Qiagen). The total RNA was submitted to the Macrogen Co., Ltd. (Seoul, Korea) for cDNA library construction using a TruSeq stranded total RNA LT sample Prep Kit (Gold) following the manufacturer’s protocol. Sequencing was performed using a NovaSeq 6000 platform.



Bat species were identified using specific primers for the Cytochrome b gene as previously described [23].




2.2. De Novo Assembly of Genomic Sequences


The raw read data were imported into Geneious Prime version 2022.0.2 (https://www.geneious.com/, accessed on 10 January 2022) for data processing. Paired reads were created from R1 and R2 files. The reads were trimmed to remove adapter sequences and filtered to remove low-quality reads with the cutoff threshold for average base quality score, which was set at 30 using the BBDuk plugin version 38.84. The raw reads and trimmed reads were checked and rechecked with FASTQC.



The trimmed reads were assembled de novo in QIAGEN CLC Genomics Workbench (v21.0.5). The resulting contig sequences of greater than 20 kb were blasted and aligned to reference sequences retrieved from GenBank for coronaviruses and other viruses. The mapping reads were conducted in Geneious Prime. A consensus sequence was generated by mapping the trimmed reads to the full-genome-length contig coronaviruses. To map the reads, 5–10 iterations were performed with the high sensitivity settings, e.g., maximum mismatches per read, minimum overlap identity, maximum gap size. The consensus sequences were aligned with the de novo contig sequences to confirm the newly assembled complete genomes.




2.3. Virus Genome Annotation


The ORFs of assembled genomes were annotated using the closest related reference sequences retrieved from GenBank. For the newly identified virus genome, the potential ORFs were predicted and annotated by the conserved signature of coronaviruses and aligned with the closest matching sequences, which were identified using BLAST and Geneious Prime.




2.4. Phylogenetic Analysis


Coronavirus reference sequence sets representing the whole genome, ORFab1, S and N genes were downloaded from GenBank. Sequence alignments were performed using the MAFFT algorithm in Geneious Prime. The best-fit model of nt substitutions was determined using jModelTest2 [24]. Preliminary phylogenetic analyses were conducted using the Neighbor-Joining method based on the Tamura-Nei model. The main phylogenetic analyses were performed under a Bayesian statistical framework implemented in BEAST (version 1.10.4) [25], and were displayed in FigTree (version 1.4.4).




2.5. Recombination Analysis


Potential recombination events in the history of the identified bat coronaviruses were assessed using RDP4 [26] and SimPlot (v3.5.1) [27]. The RDP4 analysis was conducted based on the complete genome sequence, using RDP, GENECONV, BootScan, maximum chi square Chimera, SISCAN, and 3SEQ methods.





3. Results


3.1. Genome Organization and Sequence Similarity Analysis


3.1.1. Newly Described Bat Alphacoronaviruses


The complete genomes of four αCoV strains of B20-97, B20-104-1, B20-104-2, and B20-177 were assembled and characterized.



The lengths of the four αCoV genomes ranged between 27.8 kb and 28.1 kb with G + C contents between 40.8 and 43.8%. The assembled genome had classic coronavirus genome organization in which the replicase gene and structural protein genes were arranged in the order 5′ORF1ab-S-3-E-M-N-(8), as presented in Figure 1. The putative transcription regulatory sequence leader (TRS-L) motif was conserved for all identified genome sequences, 5′-CAACUAAACGAAAUU-3′. The TRS body (TRS-body) preceded each ORF, including ORF8, which is a putative ORF coding for unknown functional proteins (Table 2).



ORF3, located between the S and E genes, codes for an accessory protein. B20-97 ORF3 was predicted to encode a protein of 225 amino acids similar to the accessory membrane protein PEDV (predicted by Pfam, https://pfam.xfam.org, accessed on 30 March 2022). Both ORF3s of the B20-104-1 and B20-104-2 code a similar uncharacterized protein, which was identified by ORF3 of BtMr-SAX2011, with predicted proteins of 220 and 208 amino acids (aa), respectively. A non-structural protein 3 of B20-177, 226 aa long was identified as BatCoV-512 virus. Downstream of the N gene in all the identified αCoVs, there was an ORF named ORF8 that was predicted to encode the 112–131-aa protein.




3.1.2. Sequence Similarity Analysis


B20-97 isolated from Myotis petax bat was similar to the partial JTAC2 sequence (KU182966) from greater tube-nosed bats (Murina leucogaster) in China, with amino acid identities of 99.3% in the RdRp. However, the strain shared high identity values with PEDV with nucleotide identities of 67.4% in total genome and amino acid identities of 59.1% and 56.1% in the S and N sequences, respectively. The whole genome similarity is presented in Figure 2. A separate comparison of the amino acid sequences of seven conserved ORFab domains is presented in Table 3, as suggested by the International Committee on Taxonomy of Viruses (ICTV). A comparison of the amino acid sequences of the seven concatenated domains for coronavirus species demarcation showed that the BatCoV B20-97 possess <90% of amino acid identities compared to those of two closely related viruses (PEDV and BatCoV-512), indicating that B20-97 represents the new identified species of αCoV.



The complete sequences B20-104-1 and B20-104-2 were isolated from the total RNA extracted from one feces sample collected from Rhinolophus ferrumequinum, sharing 71.7% of their genomic nucleotide identities, and 63.1% and 71.2% of their amino acid identities in the S and N protein, respectively. They are both closely related to the strain Anlong-57 and BtMr-SAX2011, sharing 71–81% of their average nucleotide identities (Figure 2 and Table 3), respectively. The sequence identities of the concatenated domains of these two newly identified viruses and the Myotis ricketti Alphacoronavirus Sax-2011 are around 95% and 90% (B20-104-1 and B20-104-2, respectively), which suggests that they are the same viral species as proposed by the ICTV.



B20-177 was identified in Myotis macrodactylus belonging to the most abundant Alphacoronavirus K1 group in Korea, as in our previous study [19]. The complete genome shared the same features as almost all αCoVs. Notably, there are two open reading frames inside the N gene, which encode two possible internal proteins (Figure 1 and Table S1). The sequence was most closely related to the BatCoV-Jingmen isolate (Jingmen Miniopterus schreibersii alphacoronavirus 2, access number: MZ328300), which shared 72.4% of the complete genomic nucleotide identities and 75.4% and 69.1% amino acid similarity by aligning in the S and N residue amino acid sequences, respectively. With around 90% of the concatenated conserved domains of ORF1ab polyprotein, the B20-177 and BatCoV-Jingmen are supposed to be same viral species, but distinguished from PEDV species.




3.1.3. SARS-Related and Newly Identified MERS-Related Coronaviruses


Two complete genome sequences of B20-50 and B20-180 were both obtained from feces of the same bat species (Rhinolophus ferrumequinum) collected in 2020.



The SARS-related coronavirus B20-50 genome size was 29,612 nucleotides long and shared a similar genome layout with known SARS-related CoV viruses, including TRS-L and TRS-B sequences. The genome sequence of B20-50 shared a high nucleotide identity to the closely related BatCoV 16BO133 (KY938558) (97.6%), which was identified from a swab of Rhinolophus ferrumequinum bat in Korea [21]. They shared more than 99% and 99.6% amino acid similarities in the coronavirus conserved domains of the replicase polyprotein gene and S gene, respectively. B20-50 shared 74.6% and 70.4% of full spike amino acid identities to SARS-CoV (NC_004718) and SARS-CoV-2 (NC_045512), respectively. Two deletions of 5 and 14 amino acids were observed within the B20-50 receptor binding motif (RBM) (Figure 3).



Nine nucleotide deletions were observed in the gene ORF7b, resulting in an earlier stop codon. Thus, the ORF7b protein of B20-50 was only 46 amino acids long. No open reading frame was observed within 316nt following the ORF7b and preceding N gene, where the ORF8 or ORF8a/ORF8b gene of SARS-related CoVs is usually located, named hypothetical ORF8. Sequence multiple alignments of the region showed that both B20-50 and 16BO133 lacked an open reading frame and shared high nucleotide identities with SARS-CoV Tor2 (Figure S1 and Table S2).



The complete genomic sequence of B20-180 is 30110 nucleotides long, with a G + C content of 39.1%. The strain B20-180 exhibits a similar genomic structure to MERS-CoV (Table 3). The B20-180 sequence showed 76% nt identities to the closest sequence (MG021452: BtCoV/li/GD/2014-422) and ≤74% with MERS-CoV or the other Merbecoviruses. A separate comparison of the amino acid sequences of seven conserved ORF1ab domains and S and N proteins is presented in Table 3. According to the ICTV definition, the newly-identified B20-180 belongs to the MERS-related coronavirus species. The predicted RdRp sequences of B20-180 shared 94.4% amino acid identities with those of MERS-CoV. The full spike protein of B20-180 shared 68.2 to 77.0% aa identities with MERS-CoV, BatCoV HKU4, HKU5, HKU25, and 422 (Figure 3 and Table S4). The predicted receptor binding domain (RBD) of BatCoV B20-180 shared 69.9%, 60.8%, and 34.1% aa identities with BatCoV HKU4, MERS-CoV, and HKU5, respectively.



In the receptor binding motif (RBM) of BatCoV B20-180, five conserved residues for human dipeptidyl peptidase 4 (hDPP4) binding (Y499, L506, E513, D537 (D542 in HKU4), and V555 in MERS-RBD; K506, S540 in HKU4) were found (Figure 3).





3.2. Phylogenetic Analysis


Phylogenetic analyses based on the nucleotide sequences of the ORF1ab, S and N genes were conducted in BEAST (v1.10.4).



In all the analyzed genes (Figure 4), B20-97 and B20-177 were most closely related to PEDV and BatCoV_Jingmen, respectively, and these viruses cluster with bat CDPHE15. Taken together, we suppose that B20-97 and B20-177 are putative species under subgenus Pedacovirus. In B20-104-1 and B20-104-2, they are closely related to BtMr-SAX2011 and BatCoV Anlong-57. In the ORF1ab gene and N gene trees, their species group clusters with a putative new species BatCoV HCQD-2020. However, they also cluster with BatCoV_1A in the S gene tree.



Phylogenetic trees (Figure 5) showed that B20-50 is closely related to SARS-related BatCoV-JTMC15 and BatCoV_16BO133, under the subgenus Sarbecovirus. The MERS-related B20-180 strain is more closely related to other bat MERS-related CoVs than MERS-CoV based on the ORF1ab gene tree. In contrast, the S gene tree showed that the strain is closely related to strain Bat-CoV-422 and, together, these cluster with HKU4 virus. Based on the N gene, the B20-180 is separated from all MERS-related CoVs within the Merbecovirus subgenus.




3.3. Recombination Analysis


Recombination detection was performed among genomes of each subgenus to which the identified strains belonged using the SimPlot software and RDP4. Possible recombination events were detected in the MERS-related B20-180 strain. To confirm the sequences, we designed five pairs of primers to obtain the S gene sequence of B20-180 using Sanger sequencing. The S gene sequences obtained by the Sanger sequencing matched the metagenomic sequences (Figure S2).



We further focused on the spike protein, which is responsible for receptor binding and virus entry. Based on our analysis, recombination events were observed among the S gene of the B20-180 strain and two sequences belonging to the Merbecovirus subgenus. At least two breakpoints were identified among RBD and the S2 subunit of S gene by BootScan (RDP4), breakpoints at 24467–24742 (nt) from parent HKU4 and breakpoints at 24743–25154 (nt) from parent HKU5 as supported by BootScan p-value of 9.765 × 10−10 and 3.883 × 10−10, respectively. The potential recombination events were confirmed using the similarity plot and BootScan analyses implemented in Simplot (Figure 6).





4. Discussion


The emerging infectious diseases originating from zoonotic viruses significantly threaten global public health. Bats are one of the most important natural hosts of many zoonotic potential viruses that may cross the barriers to humans and livestock. The database covers more than 12,000 bat-associated viruses as of August 2021 [30]. Since the SARS-CoV epidemic, bats are the group of mammals in which the largest number of CoVs have been detected [3].



By the International Committee on Taxonomy of Viruses (2021), the Alphacoronavirus genus consists of 15 subgenera with 26 species, while Betacoronavirus includes five subgenera with 14 species. Most of these viral species have been found in bats, and it is suggested that all αCoVs originate from bats [31]. The genus αCoV is comprised of several viruses that cause infectious diseases in swine (including TGEV, PEDV, porcine respiratory coronavirus, and SADS-CoV) and humans (NL63-CoV and 229E-CoV). In this study, two identified αCoVs were defined as belonging to the same subgenus as PEDV. Recombinations and mutations occur at high frequencies in coronaviruses, especially recombination events within subgenera [32,33]. Therefore, the newly discovered viruses should be further studied to investigate their zoonotic potential. Synthetic recombinant viruses within subgenus could be used to investigate potential transmission mechanisms.



We successfully completed genomic descriptions of newly identified coronaviruses that were identified in different bat species, including Myotis macrodactylus, Myotis petax, and Rhinolophus ferrumequinum. In our previous study, several different bat species were observed to crow, co-roost or co-hibernate which increases the potential for intra- or interspecies transmission [19]. The B20-104-1 and B20-104-2 strains were co-infected in a sample collected from Rhinolophus bats, although they were identified as Myotis ricketti Alphacoronavirus Sax-2011, which supports the interspecies transmission of coronaviruses between bats.



In this study, four newly identified αCoVs are from three viral species belonging to two subgenera (Pedacovirus and Myotacovirus). BatCoV B20-104-1 and B20-104-2 are supposed to belong to the Myotis ricketti Alphacoronavirus Sax-2011. BatCoV B20-177 is supposed to be the same unclassified viral species under the Pedacovirus subgenus as BatCoV-Jingmen. BatCoV B20-97 represents a new putative species under the subgenus Pedacovirus. However, they have a similar genomic organization, containing ORF1ab-S-3-E-M-N-8. A putative ORF8 was found at the 3′ terminator of the genome, which encodes a heterologous protein of unknown function. The whole genome comparison and single gene analyses indicated that the B20-97 strain is more closely related to PEDV than BatCoV-512. However, the B20-97 strain has a similar genomic structure to BatCoV-512, as the PEDV genome lacks an ORF8 gene downstream of the N gene. Genome expansion is believed to be associated with virus adaptation to specific or new hosts in CoVs [34]. In addition, human coronaviruses could evolve through gene gains and losses [34]. We suggested that BatCoV B20-97 and PEDV shared the same origin and could be undertaking a different evolution pathway by adjusting the genome. This supports the hypothesis that PEDV may have originated from bats.



The emergence of SARS-CoV and SARS-CoV-2 has threatened global public health [35,36]. Rhinolophus bats are natural reservoirs of bat SARS-like coronaviruses [6]. The accessory gene of ORF8 is the second location variation in SARS-related coronavirus genomes after the S gene [10]. In the case of SARS-CoV, the ORF8 genes underwent adaptation during the transmission from animals to humans by losing genes [37]. Deletions in the ORF8 gene are associated with SARS-CoV-2 pathogenicity [38]. In the present study, the B20-50 genome lacks the open reading frame in the ORF8 gene region, similar to the bat SARS-related CoVs 16BO133 detected in Korea in 2016. A deletion (9 bp) downstream of the ORF7b gene of B20-50 led to the missing the start codon of the ORF8 gene. In contrast, the ORF8 gene of BatCoV JTMC15 (KU182964), found in the same bat species from China, was deleted. Moreover, large deletions were observed in the same region in SARS-CoV Tor2, B20-50, and BatCoV 16BO133 (highlighted in a red box, Figure S1), in which the deletion resulted in splitting the ORF8 of SARS-CoV in two ORF8a and ORF8b. The BatCoV B20-50 has one more deletion upstream of the hypothetical ORF8 compared with BatCoV 16BO133. Thus, we hypothesize that the ORF8 may be evolving among bat SARS-related CoVs in Korea, with a tendency to undergo deletions.



Bat SARS-like CoV with two deletions in S sequences is unlikely to use ACE2 as a receptor for cell entry [39]. B20-50 spike RBD shared 3 of 8 conserved amino acid residues, in which the RBM of SARS-related CoVs interacts with the ACE2 receptor [28]. The BatCoV B20-50 is unlikely to be able to use ACE2 molecules as its receptor.



Some MERS-related coronaviruses belonging to the Merbecovirus subgenus can infect or circulate in humans, camels, and bats [40,41,42]. MERS-CoV is a highly pathogenic virus that causes an acute infectious disease of the respiratory system with a relatively high fatality ratio (approximately 35%) (https://www.who.int/, accessed on 15 March 2022). Bat coronavirus HKU4 and HKU25 related to MERS-CoV use the same human DPP4 receptor for cell entry [7,43,44]. We first described the complete genome of a bat MERS-related CoV from a fecal sample identified as Rhinolophus ferrumequinum bat in Korea. However, MERS-related CoVs are highly associated with Vespertilionidae bats [41]. We cannot exclude the possibility of cross-contamination because the sampling used environmental feces in multi-species sites. A further study on a sampling direct from a single bat is needed to confirm whether the Rhinolophus bat is a host of these strains or cross-contamination. MERS-CoV can undergo recombination events during frequent co-infection with distinct species [45]. We provided additional evidence for genetic recombination among the Merbecoviruses circulating in bat reservoirs. At least two recombination events were detected in the S gene of the newly identified MERS-related CoV B20-180. As a result, the S gene of BatCoV B20-180 is composed of three regions: the NTD region is more closely related to MERS-CoV; RBD and S2 subunits are acquired from HKU4 and HKU5, respectively. The RBM of B20-180 did not have two deletions (Figure 3). BatCoV HKU25 can use hDPP4 as its receptor for cell entry with lower efficiency than MERS-CoV and BatCoV HKU4 [43]. We found that the RBM of BatCoV B20-180 had more conserved residues binding to hDPP4 than that of BatCoV HKU25. The newly-identified MERS-related CoV could possibly use DPP4 as its receptor. More studies are essential to confirm and measure the receptor binding ability for human cell entry, such as protein-protein interactions, binding and pseudovirus assays.




5. Conclusions


The current study reveals the diversity features of the complete genome of bat-associated coronaviruses circulating in South Korea. The present study provides evidence for interspecies infection and the evolution pathway among Alphacoronaviruses. The genome data of newly described coronaviruses show a bigger picture of the diversity of coronaviruses in Korean bats. Furthermore, the study implies that newly identified MERS-related coronaviruses may have potential zoonosis, as they share the same host receptor as MERS-CoV due to recombination events. It is necessary to continue the long-term surveillance of these viruses and their genome analysis to predict zoonotic potential and prevent the future emergence of bat-borne infectious diseases. Thus, further studies should assess the zoonotic potential of these strains and the risk of cross-species transmission.
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Figure 1. Genome organization of six strains. The general genomic structure is depicted at the top. The expanded regions below show the structural and accessory protein in the 3′ regions of the αCoVs (B20-97, B20-104-1, B20-104-2, and B20-177) and βCoVs (B20-50 and B20-180). The expanded regions are drawn to scale. 
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Figure 2. Genomic sequence identities between newly described bat CoVs and other closed αCoVs. The similarity identities were generated using Simplot (v3.5.1). 
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Figure 3. Multiple alignments of the amino acid sequence of the receptor-binding motif (RBM) of the spike protein of SARS-related CoVs (A) and Merbecoviruses (B). (A) Red arrows indicate the position with conserved residues binding between SARS-CoV and SARS-CoV-2 to human angiotensin-converting enzyme 2 (ACE2) in SARS-CoV based on [28]. (B) Red and purple arrows indicate the position with conserved residues binding to hDPP4 in MERS-CoV [29] and BatCoV HKU4 [7], respectively. Our sequence name was highlighted in the red box. Amino acid residues were colored by their polarity. Multiple alignments were performed by the MAFFT algorithm in Geneious Prime. 
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Figure 4. Maximum clade credibility (MCC) tree estimated by Bayesian Evolutionary Analysis Sampling Trees (BEAST) of full ORF gene from the complete genome sequences with reference sequence from αCoVs. Sequence names are provided in taxon labels. Strains identified in this study are colored in red. The (A–C) trees are based on ORF1ab, S, and N gene, respectively. The scales represent evolutionary distance. Statistical support (posterior probability) of all nodes was greater in value than 0.99. 
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Figure 5. Maximum clade credibility (MCC) tree estimated with dated branches based on the full ORF gene from the complete genome sequences with reference sequence from βCoVs. Sequence names are provided in taxon labels. Strains identified in this study are colored in blue. The (A–C) trees are based on ORF1ab, S and N gene, respectively. Statistical support (posterior probability) of all nodes was greater in value than 0.98. 
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Figure 6. Comparison of genomic sequence identities between BatCoV B20-180 and other Merbecoviruses (A) and evidence for recombination events (B). The SimPlot and BootScan plots were generated using Simplot (v3.5.1). 
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Table 1. Bat sample information.
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	Sample No.
	Identified Bat Species in Sample
	Date of Collection
	Location
	Sample Type





	B20-50
	Rhinolophus ferrumequinum
	30 March 2020
	Jeonnam
	Feces



	B20-180
	Rhinolophus ferrumequinum
	20 September 2020
	Gangwon
	Feces



	B20-97
	Myotis petax
	16 May 2020
	Gangwon
	Feces



	B20-104
	Rhinolophus ferrumequinum
	18 May 2020
	Gangwon
	Feces



	B20-177
	Myotis macrodactylus
	21 September 2020
	Gangwon
	Feces
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Table 2. Putative transcription regulatory sequences (TRS) of six genome sequences (distance base to AUG).
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Genome

	
TRS-L

	
TRS-B




	
S

	
E

	
M

	
N

	
Other ORFs






	
Betacoronavirus




	
B20-50

	
AAACGAACUUUAAAAU (180)

	
AACGAA (1)

	
UACGAA (3)

	
AACGAA (45)

	
AACGAA (6)

	
ORF3: AACGAA (3)

ORF7: AACGAA(1)




	
B20-180

	
UAACGAACUUAAAU (163)

	
AACGAA (46)

	
AACGAA (2)

	
AACGAA (10)

	
AACGAA (18)

	
ORF5: AACGAA (2)

ORF4b: AACGAA (209)

ORF3: AACGAU (7)




	
Alphacoronavirus




	
B20-97

	
CAACUAAACGAAAUU (211)

	
AACUAU (8)

	
AACUAA (6)

	
AACGAA (0)

	
CUAAAC (6)

	
ORF3: AACUAA (10)

ORF8: AACUAA (3)




	
B20-104-1

	
CAACUAAACGAAAUU (218)

	
AACUAA (5)

	
ACGAAA (23)

	
AACUAA (4)

	
AACUAA (3)

	
ORF3: AACUAA (39)

ORF8: CGAAAU (61)




	
B20-104-1

	
CAACUAAACGAAAUU (217)

	
AACCAA (1)

	
AACUAACGAA (5)

	
AACUAA (4)

	
AACUAA (3)

	
ORF3: UACGAA (23)

ORF8: UAAACG (0)




	
B20-177

	
CAACUAAACGAAAUU (213)

	
UACGAA (0)

	
GAAAUU (13)

	
AACGAA (0)

	
GAAAUU (0)

	
ORF3: AACUAA (42)

ORF8: AACGAA (0)
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Table 3. Comparison of newly-identified bat coronaviruses with related viruses in conserved replicase domains, structural proteins, and genomes (%).
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Query Sequences

	
Close Sequences

	
% Nucleotide or Amino Acid Identity *




	
Genome

	
ADRP

nsp3

	
3CLpro

nsp5

	
RdRp

nsp12

	
Hel

nsp13

	
ExoN

nsp14

	
NendoU

nsp15

	
O-MT

nsp16

	
S

	
N

	
Concatenate Domains






	
Alphacoronavirus




	
B20-97

	
PEDV

	
67.4

	
70.4

	
78.7

	
90.0

	
93.7

	
89.2

	
84.9

	
92.3

	
59.1

	
56.1

	
87.3




	
BatCoV_512

	
64.1

	
65.6

	
75.0

	
86.4

	
85.6

	
84.3

	
79.2

	
89.6

	
57.2

	
55.9

	
83.5




	
B20-104-1

	
BatCoV Anlong-57

	
80.5

	
83.3

	
91.9

	
96.9

	
97.9

	
94.1

	
91.0

	
97.0

	
83.2

	
84.5

	
94.6




	
BtMr-SAX2011

	
81.2

	
85.6

	
92.9

	
97.5

	
96.8

	
95.5

	
91.6

	
96.3

	
82.5

	
82.6

	
95.3




	
B20-104-2

	
BatCoV Anlong-57

	
72.6

	
74.6

	
84.1

	
94.4

	
95.8

	
90.4

	
88.4

	
92.3

	
63.7

	
68.8

	
90.6




	
BtMr-SAX2011

	
71.7

	
69.6

	
84.8

	
94.6

	
93.7

	
91.2

	
84.5

	
93.3

	
63.6

	
68.8

	
90.6




	
B20-177

	
BatCoV_Jingmen

	
72.4

	
76.0

	
85.5

	
91.1

	
95.8

	
93.1

	
92.8

	
97.4

	
75.4

	
69.1

	
90.8




	

	
PEDV

	
67.2

	
72.0

	
77.0

	
86.7

	
88.5

	
85.7

	
81.9

	
91.9

	
60.1

	
55.1

	
85.4




	
Betacoronavirus




	
B20-50

	
BatCoV 16BO133

	
97.6

	
99.2

	
99.3

	
99.9

	
100

	
100

	
100

	
100

	
99.6

	
99.3

	
99.8




	
B20-180

	
MERS-CoV

	
74.0

	
80.6

	
86.9

	
94.4

	
97.9

	
95.0

	
90.1

	
89.2

	
68.8

	
78.1

	
92.2




	

	
HKU4

	
69.1

	
67.9

	
78.1

	
89.7

	
92.6

	
86.3

	
77.8

	
84.8

	
71.8

	
72.4

	
86.0








* Nucleotide identities are shown for genome. Amino acid identities are shown for other protein. PEDV: JQ023161; BatCoV Anlong-57: KY770851; BtMr-AlphaCoV/SAX2011: NC_028811; BatCoV_Jingmen: MZ328300; BatCoV 16BO133: KY938558; MERS-CoV: KF192507; HKU4: NC_009019.
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