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ABSTRACT The emergence of severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has reignited global interest in animal coronaviruses and their potential for human
transmission. While bats are thought to be the wildlife reservoir of SARS-CoV and SARS-
CoV-2, the widespread human coronavirus OC43 is thought to have originated in rodents.
Here, we sampled 297 rodents and shrews, representing eight species, from three munici-
palities of southern China. We report coronavirus prevalences of 23.3% and 0.7% in
Guangzhou and Guilin, respectively, with samples from urban areas having significantly
higher coronavirus prevalences than those from rural areas. We obtained three coronavi-
rus genome sequences from Rattus norvegicus, including a Betacoronavirus (rat coronavirus
[RCoV] GCCDC3), an Alphacoronavirus (RCoV-GCCDC5), and a novel Betacoronavirus (RCoV-
GCCDCA4). Recombination analysis suggests that there was a potential recombination
event involving RCoV-GCCDC4, murine hepatitis virus (MHV), and Longquan Rl rat corona-
virus (LRLV). Furthermore, we uncovered a polybasic cleavage site, RARR, in the spike (S)
protein of RCoV-GCCDC4, which is dominant in RCoV. These findings provide further infor-
mation on the potential for interspecies transmission of coronaviruses and demonstrate
the value of a One Health approach to virus discovery.

IMPORTANCE Surveillance of viruses among rodents in rural and urban areas of
South China identified three rodent coronaviruses, RCoV-GCCDC3, RCoV-GCCD(4,
and RCoV-GCCDC5, one of which was identified as a novel potentially recombinant
coronavirus with a polybasic cleavage site in the spike (S) protein. Through reverse
transcription-PCR (RT-PCR) screening of coronaviruses, we found that coronavirus
prevalence in urban areas is much higher than that in rural areas. Subsequently, we
obtained three coronavirus genome sequences by deep sequencing. After different
method-based analyses, we found that RCoV-GCCDC4 was a novel potentially
recombinant coronavirus with a polybasic cleavage site in the S protein, dominant in
RCoV. This newly identified coronavirus RCoV-GCCDC4 with its potentially recombi-
nant genome and polybasic cleavage site provides a new insight into the evolution
of coronaviruses. Furthermore, our results provide further information on the poten-
tial for interspecies transmission of coronaviruses and demonstrate the necessity of a
One Health approach for zoonotic disease surveillance.
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even coronaviruses (CoVs) are known to cause respiratory disease in human popu-

lations, with symptoms ranging from mild to severe. These include human corona-
virus (HCoV) HKU1, HCoV-NL63, HCoV-OC43, HCoV-229E (1-4), severe acute respiratory
syndrome CoV (SARS-CoV), Middle East respiratory syndrome CoV (MERS-CoV), and
severe acute respiratory syndrome CoV 2 (SARS-CoV-2). These viruses represent a sig-
nificant threat to public health due to their contribution to seasonal respiratory and
emerging pandemic diseases (5-7). Beyond this health burden, the emergences of
SARS, MERS, and coronavirus disease 2019 (COVID-19) have also led to enormous eco-
nomic costs at a global level. CoVs have been reported in domestic and wild mammal,
bird, and reptile species (8-13), but all seven known human pathogens are thought to
have their origins in mammals.

Rodents (order Rodentia), comprising the largest group of mammalian species (14),
are widely distributed globally and are known to be the reservoirs of several zoonotic
viruses (15). The prototypic murine hepatitis virus strain 1 (MHV-1) is a Betacoronavirus
that was first identified and isolated in mice in 1949 (16), and it is one of the recog-
nized animal models for multiple sclerosis (17). Although a number of diverse viruses
have recently been described in rodents from China (18), most research on wildlife
CoVs has focused on bat hosts due to their role as reservoirs of SARS-CoV, and likely
also of MERS-CoV and SARS-CoV-2 (7, 19, 20).

Although the natural host of SARS-CoV-2 remains unidentified, evidence implies
the origin of SARS-CoV-2 in wild animal reservoirs, such as pangolins (11) and bats (21),
with the potential for introduction by contamination of imported cold-chain products
(22). The HCoVs OC43 and HKU1 are believed to have originated from rodent-associ-
ated viruses (23). Given the close contact between humans and free-ranging rodents
around homes and workplaces and the relative paucity of research on rodent CoVs, we
conducted a One Health project to analyze the presence of potentially zoonotic CoVs
in rodents and shrews across a range of habitats in southern China.

As an RNA virus with the largest genome at approximately 30 kb (24), CoV has been
categorized by the International Committee on Taxonomy of Viruses (ICTV) into four
genera, Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and Deltacoronavirus.
Among these, betacoronaviruses are classified into lineages A, B, C, and D (25). HCoVs
0C43 and HKU1 belong to lineage A, whereas SARS-CoV/SARS-CoV-2 and MERS-CoV
are in lineages B and C, respectively. CoVs undergo complex replication and transcrip-
tion processes. The RNA replication of CoVs is a continuous process that produces a ge-
nome-length template. In contrast, the transcription of CoV RNA relies on the discon-
tinuous synthesis of negative RNA strands to produce a set of sub-genome-length
mRNAs (26, 27). Approximately two-thirds of the 5’-proximal region of the CoV ge-
nome, divided into open reading frame 1a (ORF1a) and ORF1b, encodes nonstructural
proteins (NSPs) involved in proteolysis and viral replication. The remaining one-third of
the genome from 5’ to 3’ encodes four structural proteins, namely, spike (S), envelope
(E), membrane (M), and nucleocapsid (N) (28). Some CoVs also contain other structural
proteins, such as hemagglutinin esterase (HE) located upstream of the S gene in MHV-
1 and in HCoVs OC43 and HKU1 in lineage A of Betacoronavirus (24). The S protein,
which consists of approximately 1,300 amino acids, is divided into S1 and S2. S1 plays
an important role in host cell receptor recognition, whereas S2 facilitates membrane
fusion (29). There is a polybasic cleavage site between S1 and S2 in some CoVs, which
enhances receptor binding efficacy and membrane fusion to form syncytia (30). In this
way, the cleavage site can facilitate virus entry to cells and enable propagation.
Moreover, this cleavage site is relatively conserved in some contagious viruses, repre-
senting a potentially ideal target to design universal drugs to protect from infection.
For SARS-CoV-2, the cleavage site is used as a target for peptides and some antiviral
compounds, which could reduce the binding of the receptor binding domain (RBD) to
ACE2, inhibiting S2 production and syncytium formation (30, 31).

Here, we surveyed the prevalence of coronaviruses from rodents in southern China
and identified three, namely, Betacoronavirus rat coronavirus (RCoV) GCCDC3 and
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TABLE 1 Prevalence of CoV in rodents and shrews in Guangdong Province and Guangxi Zhuang Autonomous Region, China

Journal of Virology

No. of CoV-positive samples/total no. of samples from“:

Guangzhou
Species Guilin (farm) Hotel Passenger station Field Meizhou (field) All locations
Rattus norvegicus 0/10 11/29 17/47 5/59 — 33/145
Rhizomys pruinosus 1/121 — — — 0/2 1/123
Rattus pyctoris — 0/4 — 1/2 — 1/6
Rattus tanezumi 0/2 0/1 — 0/3 — 0/6
Niviventer confucianus — — 0/1 — 0/1 0/2
Niviventer huang 0/1 — — — 0/2 0/3
Niviventer sp. 1 — — — — 0/9 0/9
Crocidura tanakae — — — — 0/3 0/3
All species 1/134 11/34 17/48 6/64 0/17 35/297

a—, No rodents captured.

RCoV-GCCDC4 and Alphacoronavirus RCoV-GCCDC5. RCoV-GCCDC4 was recognized as
a novel CoV with unique characteristics. Our study reveals the epidemiology of the
coronaviruses among humans in contact with rodents that may serve as reservoirs for
zoonotic CoVs.

RESULTS

CoV prevalence in rodents and shrews. We collected samples from 297 rodents
representing eight species in three municipalities in Guangdong Province and the
Guangxi Zhuang Autonomous Region of China, comprising 134 rodents from Guilin and
Guangxi, 146 from Guangzhou and Guangdong, and 17 from Meizhou, Guangdong
(Table 1 and Fig. 1). All captured animals belonged to three families, namely, Muridae,
Rhizomyidae, and Soricidae.

Viral RNA was extracted from oral and anal swabs to screen for CoVs using reverse
transcription-PCR (RT-PCR) with universal degenerate primers (32). The partial RNA-de-
pendent RNA polymerase (RdRp) sequences obtained from RT-PCR were searched
against the National Center for Biotechnology Information (NCBI) database. In total, 35
rodents were identified as CoV positive, including 33 of 145 (22.8%) Rattus norvegicus
individuals, one of six (16.7%) Rattus pyctoris individuals, and one of 123 (0.8%)
Rhizomys pruinosus individuals. Of the CoV-positive rodents, 97% (34 of 35), were from
populated places such as hotels (11/35; 31%) and passenger stations (17/35; 49%) in
Guangzhou; only one was from a bamboo rat farm (1/35; 3%) (Table 1 and Fig. 1).
Using a chi-squared test, the prevalence of CoVs was found to be highly significantly
greater in populated sites compared to that in rural regions (y? = 36.55; P < 0.005).

Virus isolation. We attempted to isolate virus from CoV-positive samples using
African green monkey kidney cells (Vero-E6) and human epithelial colorectal adenocar-
cinoma (Caco-2) cells. Cell lines were inoculated with CoV-positive samples and culti-
vated in a constant-temperature incubator. Each sample was cultivated in three blind
passages with or without trypsin treatment. No cytopathic effect was observed in any
passage of any sample. RNA extraction from the culture supernatant of each cell line
passage was tested by RT-PCR, and supernatants and cell lysates were analyzed with
an electron microscope. Virus isolation was unsuccessful.

Identification of three CoVs in rodents. CoV-positive samples were identified
through RT-PCR with universal degenerate primers (32). RNA of corresponding samples
was analyzed using next-generation sequencing. When we calculated the coverage ra-
tio by mapping the clean reads to assembled virus genomes of the three viruses, the
coverage ratios for the genomes of RCoV-GCCDC3, RCoV-GCCDC4, and RCoV-GCCDC5
were all 100%, with good sequencing depths (Fig. 2). We obtained the full-length
genomic sequence of RCoV-GCCDC3 with the 5" and 3’ ends determined (Fig. 3) and
the nearly full-length genome sequences of RCoV-GCCDC4 and RCoV-GCCDCS5. Of the
three viruses, RCoV-GCCDC3 and RCoV-GCCDC5 displayed high similarity to known
CoVs, according to a Basic Local Alignment Search Tool (BLAST) search. The genomic
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FIG 1 Sampling locations and positivity rates of rat coronaviruses (RCoVs). Green, Guangxi Zhuang Autonomous Region; blue, Guangdong Province; purple,

the cities of Guilin, Guangzhou, and Meizhou; red, positive proportions.

sequence of RCoV-GCCDC4 exhibited low similarity to known CoVs, suggesting that it
is a novel CoV. According to the BLAST analysis, the whole-genome sequence of RCoV-
GCCDC3 had a 96% similarity to that of China Rattus CoV HKU24 (HKU24), which sup-
ports a murine origin of Betacoronavirus 1. RCoV-GCCDC5 was 97% identical to
Lucheng Rn rat CoV (LRNV), a recombinant CoV identified in Zhejiang Province.
Phylogenetic analysis of RCoVs. We next determined the phylogenetic relation-
ships between RCoV-GCCDC3, RCoV-GCCDC4, RCoV-GCCDC5, and other existing CoVs.
We constructed phylogenetic trees based on the nucleotide sequences encoding poly-
proteins 1a and 1b and the S, E, M, and N proteins. The phylogenetic trees of these six
proteins showed that RCoV-GCCDC3 and RCoV-GCCDC4 belonged to Betacoronavirus ge-
nus lineage A, whereas RCoV-GCCDC5 belonged to the Alphacoronavirus genus. RCoV-
GCCDC3 and RCoV-GCCDC4 were located in two separate clades within lineage A of the
Betacoronavirus genus. Notably, in the S, E, M, and N gene trees, RCoV-GCCDC4 formed a
monophyletic group with Longquan Rl rat coronavirus (LRLV). However, in 1a and 1b
gene trees, RCoV-GCCDC4 clustered with some rodent-derived viruses, such as MHV-1
and rat CoV. RCoV-GCCDC5 and LRNV formed a distinct clade in the Alphacoronavirus ge-
nus, which includes CoVs discovered in humans, pigs, and other animals (Fig. 4).
Recombination analysis of RCoV-GCCDC4. We conduct a detailed sequence analy-
sis to investigate possible virus recombination events. The genomes of RCoV-GCCDC4,
MHV-1, and LRLV were aligned and examined for recombination using SimPlot and
RDPA4. Similarity plots indicated that the putative recombination site was located at nu-
cleotide position “20, 170,” which separated the genome of RCoV-GCCDC4 into two
parts. The similarity of LRLV to RCoV-GCCDC4 in the region of the structural and acces-
sory genes was significantly higher, at 95.3%, than that of MHV-1 to RCoV-GCCDC4, at
81.6% (Fig. 5A). The same recombination event was confirmed by RDP4 (Fig. 5B).
Genomic organization of RCoV-GCCDC4. The size of the RCoV-GCCDC4 genome
was determined to be 31,383 bp, with a G+C content of 40.13%. Like other A lineage
betacoronaviruses, the genome of RCoV-GCCDC4 had the same gene order, that is,
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FIG 2 Sequencing depths of three RCoV genomes identified in this study. The ordinate value represents the
index. (A) Schematic diagrams for the genomes of RCoV-GCCDC3, RCoV-GCCDC4, and RCoV-GCCDC5. (B)
Sequencing depths of RCoV-GCCDC3, RCoV-GCCDC4, and RCoV-GCCDC5. Purple, red, and blue represent RCoV-
GCCDC3, RCoV-GCCDC4, and RCoV-GCCDCS5, respectively.

5'-ORF1ab-HE-S-E-M-N-3'. Furthermore, we found several genes encoding accessory
proteins such as NS2a, NS5a, and NS5b (Table 2 and Fig. 6A). The amino acid sequence
of the most conserved M protein was 37.99% to 86.40% identical to those of known
betacoronaviruses. Conversely, the similarity of the N protein to that in representative
betacoronaviruses ranged from 27.09% to 86.18%.

Following the criteria for CoV species defined by the International Committee on
Taxonomy of Viruses (ICTV) (24), we selected seven conserved replicase domains of RCoV-
GCCDC3, RCoV-GCCDC4, and RCoV-GCCDC5 for further analysis (33, 34), namely, ADP-
ribose 1-phosphatase, chymotrypsin-like protease, RdRp, helicase, exoribonuclease, nidovi-
ral endoribonuclease specific for uridylate, and ribose-2'-O-methyltransferase.
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with ClustalW and ESPript. (A) Multiple-sequence alignment of 5’ ends of CoV genomes. (B) Multiple-sequence alignment of 3’

ends of CoV genomes.
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FIG 4 Phylogenetic analyses of the nucleotide sequences of the three identified CoVs and other representative CoVs. The
nucleotide sequences of open reading frame 1a (ORF1a), ORF1b, S, E, M, and N in RCoV-GCCDC3, RCoV-GCCDC4, RCoV-
GCCDCS5, and other representative CoVs were analyzed. All trees were constructed by the maximum-likelihood method in
MEGA. Bootstrap values above 50% are shown. The three RCoV sequences acquired in this study are shown in bold. The
accession numbers of CoVs used in this analysis are shown in Table 7.
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FIG 5 Recombination within the genome of RCoV-GCCDC4. (A) Recombination analysis through SimPlot. Curves display whole-genome
similarities of murine hepatitis virus strain 1 (MHV-1) (blue) and Longquan Rl rat coronavirus (LRLV) (red) with RCoV-GCCDC4 (“query”),
respectively. The dashed line shows the recombination site, and the location is indicated at the bottom. The background color of sequence
with recombination origin is gray. (B) Recombination analysis through RDP4. Curves display whole-genome pairwise identity of MHV-1-LRLV
(yellow), MHV-1-GCCDC4 (cyan), and LRLV-GCCDC4 (purple). The pink background indicates the tract of sequence with a recombinant origin.

The amino acid sequences of the seven concatenated domains in RCoV-GCCDC4
were less than 90% similar to those in the known CoVs. According to the ICTV criteria
of CoV species demarcation, RCoV-GCCDC4 likely represents a novel CoV in the
Betacoronavirus genus (Table 3). However, RCoV-GCCDC3 and RCoV-GCCDC5 did not
demonstrate sufficient sequence divergence to represent novel species.

Critical sites within the genome of RCoV-GCCDC4. We predicted the S protein of
RCoV-GCCDC4, consisting of 1,361 amino acids, to be a class | viral fusion protein,
including primarily an N-terminal domain (NTD), a C-terminal domain (CTD), fusion
peptide (FP), and two heptad repeats (HR1/HRN and HR2/HRC). A notable feature of
RCoV-GCCDC4 was its polybasic cleavage site (RARR) within the S protein. The cleavage
site between S1 and S2 was in residue 756, contributing to protease activation (Fig.
6B). The corresponding amino acid sequence in MHV-A59 is RADR. However, furin-like
protease prefers K/R in the third position. Therefore, the S protein of RCoV-GCCDC4
possesses higher cleavage activity and efficiency (35).

The putative leader and body transcription regulatory sequences (TRS) and their
genomic locations in RCoV-GCCDC4 were predicted by comparing them with those of
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TABLE 2 Similarities between the genes of RCoV-GCCDC4 and those of other representative CoVs

Pairwise amino acid sequence identities between GCCDC4 and other coronaviruses

Genome feature (%)°
G+C
Coronaviruses Size (nt) content (%) 3CLpro RdRp HEL HE S E M N
Betacoronavirus lineage A
HCoV-HKU1 29,926 32.06 85.48 91.27 82.87 49.53 64.10 5341 78.95 69.67
HCoV-0C43 30,741 36.69 83.83 90.41 84.10 57.70 64.37 64.44 83.55 71.77
BCoV 31,028 37.02 84.82 91.06 84.40 59.08 65.07 63.33 83.12 71.83
ECoV 30,992 37.23 84.82 91.06 85.02 57.60 66.88 63.33 83.55 70.83
CRCoV 31,028 37.01 84.49 90.84 84.25 59.08 64.64 62.22 83.98 71.33
MHV-A59 31,357 41.78 94.72 96.55 88.38 59.11 78.42 78.41 86.40 84.68
RCoV 31,250 41.26 93.40 96.44 88.38 80.41 86.56 90.91 84.65 86.18
LRLV 30,821 39.06 91.42 95.04 85.02 93.88 95.61 96.59 98.69 94.74
RabbitCoV-HKU14 31,100 37.64 88.12 90.95 84.86 58.39 65.55 67.78 84.42 72.43
RatCoV-HKU24 31,249 40.07 83.17 89.98 83.33 55.73 63.28 61.36 83.98 68.71
DcCoV-HKU23 31,052 36.96 84.82 90.95 84.10 58.85 65.08 63.33 84.42 71.62
Betacoronavirus lineage B
SARS-CoV 29,751 40.80 50.33 65.59 61.98 27.27 25.00 37.99 30.00
SARS-CoV-2 29,903 37.97 50.33 65.70 61.98 26.46 25.00 39.30 29.72
BatCoV-HKU3 29,728 41.15 50.00 65.45 62.14 26.74 25.00 38.43 30.00
Betacoronavirus lineage C
MERS-CoV 30,119 41.18 53.59 68.20 61.68 29.29 26.14 42.11 30.89
Ty-BatCoV HKU4 30,286 37.82 53.27 68.09 62.14 28.89 26.14 42.11 29.74
Betacoronavirus lineage D
Ro-BatCoV HKU9 29,114 41.05 49.67 65.77 62.29 26.47 22.73 41.67 27.09
Ro-BatCoV GCCDC1 30,161 45.40 47.06 65.77 61.07 26.67 22.73 39.47 28.97

a3CLpro, 3-chymotrypsin-like protease; RdRp, RNA-dependent RNA polymerase.

other Betacoronavirus. A putative TRS motif, 5'-CUAAAC-3’, was found upstream of
each ORF, except for the NS2a, HE, E, and M genes in the genome of RCoV-GCCDC4.
Moreover, the NS2a, HE, E, and M genes had variant TRS, namely, 5'-GUAAAG-3’, 5'-
CUAAAA-3’, 5'-CUAAAA-3’, and 5'-AUAAUC-3’, respectively (Table 4).

We also predicted NSPs in ORFlab of RCoV-GCCDC4 encoding the replicase. The
protein sizes, amino acid positions, and cleavage sites of NSP1 to NSP16 were deter-
mined (Table 5). Previous studies reported that the P1 position cleavage sites in the
peptide sequence of 3-chymotrypsin-like protease (3CLpro) were exclusively occupied
by glutamine (Q) (36, 37). However, at nucleobase positions 18338 to 18340, the codon
was ATA, resulting in a Q-to-I mutation. Additionally, there was no Q residue in the
sequence from —318 to +153 around the site. Therefore, LI|SL may be the potential
cleavage site by 3CLpro between NSP13 and NSP14 (Table 5).

DISCUSSION

In this study, we tested nearly 300 rodents collected from urban and rural sites in
southern China. We found that CoV prevalence in rodents from urban areas was much
higher than that in rural regions and even higher than those reported in Hong Kong and
in Zhejiang Province (<5%) (13, 38). Remarkably, the urban sites with the highest CoV-pos-
itive proportions of rodents were passenger stations and hotels with high population den-
sity and mobility in Guangzhou. Therefore, there is a potential risk of CoV transmission to
humans via close contact. In 2018, swine acute diarrhea syndrome CoV (SADS-CoV) origi-
nated from bats, infected piglets, and induced a series of fatal swine disease outbreaks
(39). During the current COVID-19 pandemic, transmission of SARS-CoV-2 has emerged
between humans and minks (40). Notably, a recent study reported the isolation of a novel
canine-feline recombinant Alphacoronavirus from a child with pneumonia (41). Thus, con-
sidering the increasing transspecies transmissions of CoVs in recent years, we cannot
underestimate the potential risk of CoV spillover from animals in close contact with

November 2021 Volume 95 Issue 22 e01173-21 jviasm.org 9


https://jvi.asm.org

Lietal.

A

Journal of Virology

NS2a NS5

GCCDC4 - ORF1a

ORF1b |

NS5b

MHV-1 ORF1a

NS2 NS
ORFiD | MELS. NS
NS5

LRLV | ORF1a

NS2a NS5b
ORF1b | |

L
NS5aE
2
HKU1 ¢ ORF1a ORFib  HE..S |
NS4 N
B S$1 S2
756
[ NTD ] 1D [ FRN [T |
FP HRC
20
GCCDC4 HRARRSISTGMKLT T)3N
LRLV HRARRSISTGMKLT T3
MHV-1 HRARRSISTGMRLT TN
RCoV HRARR|SVSTGMKLT T3
MHV-2 HRARSSVSTGMKLT TN
RCoV-8190 HRARRSVSTGMKLT T3
RCoV-681 HRARR|SVSTGMKLT T3
MHV-S HRARTSVSTGRMKLT T3
g MHV-S/3239-17 HRARTSVSTGMKLT T3
MHV-A59 RRADRSVSTGMKLT T}
MHV-JHM RRARRSVSTGRRLTTIRA| A tineage of
MHV-M1 RRARRSVSTGHMR LT TN | Betacoronavirus
MHV-3 RRARRSVSTGMRLT T)3A
MHV-RJHM/A RRARRSVSTGMRLT T}
MHV-RA59/SJHM RIRARRISVSTGpR L T T3
MHV-ML-10 RRAHRSVSTGMRLT T
MHV-SA59/RJHM RRAHRSVSTGMRLT T3
MHV-RA59/R13 RRAHRSVSTGRRLT T3
GCCDC3 RRAKRDLNT Gp4R L T N}
HKU24-05 WRAKRDLNTGp4R L T N8
|0C43 RRSRGAITTGMRF T NjJA
HKU1 RRKRRSISASMRFV T)EA
LAMV .GAPRETYTGHMRTL T NI
GCCDC5

LRNV-Lijiang-71
LRNV-Ruian-83
LRNV
LRNV-Lijiang-170

’

GNGIMCWYDVNVTGEPVVGNIINTOUWHD TIIYARP I L
GNGMCWYDVNVTGEPVVGNIINTQOIJHD TN YARP I L
GNGIRICMDVNVTGEPVVGNIINRTOWHD TIBIYARP I L

DVNVTGPVVGNIIQHDTYARP IL
GNGHCINDVNVTGNIPVVGNINMIQIZHD TIBJ)YARP I L

Alphacoronavirus

FIG 6 Comparison of genomic organization between RCoV-GCCDC4, MHV-1, LRLV, and HKU1, and predicted domain and polybasic cleavage
site of the S gene. (A) Predicted structural genes are indicated by blue boxes, and ORFs and nonstructural genes are indicated by yellow
boxes. (B) Amino acid sequences of the polybasic cleavage site in different CoVs are presented. Multiple-sequence alignments within the S
protein. Residues in red are completely conserved, residues boxed in blue are represent 80% conserved, and common amino acids are
shown in black. Black boxes indicate the major cleavage site in lineage A of Betacoronavirus. Orange dots represent CoVs identified in this
study. The multiple-sequence alignments were generated by ClustalW and ESPript. NTD, N-terminal domain; CTD, C-terminal domain; FP,

fusion peptide; HRN, heptad repeat N; HRC, heptad repeat C.
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TABLE 3 Pairwise comparison of the conserved domains in replicase polyprotein between RCoV-GCCDC4 and other betacoronaviruses

Journal of Virology

Amino acid identity (%)

RCoV-GCCDC4“ nt® positions (start-end) No. of amino acids LRLV MHV-1 MHV-A59 RatCoV  GCCDC3 GCCDC5
NSP3 (ADRP) 2784-8738 1,985 71.2 79.7 77.9 78.2 54.3 12.7
NSP5 (3CLpro) 10227-11135 303 91.4 93.7 94.7 93.4 83.5 244
NSP12 (RdRp) 13596-16378 928 95.0 95.8 96.6 96.4 90.3 55.2
NSP13 (HEL, NTPase) 16379-18340 654 85.0 88.2 88.4 88.4 83.6 53.7
NSP14 (ExoN, NMT) 18341-19741 467 79.3 85.4 85.0 85.4 76.2 46.9
NSP15 (NendoU) 19742-20863 374 89.6 88.2 89.3 87.4 773 40.6
NSP16 (O-MT) 20864-21760 299 97.0 90.6 92.3 91.0 86.1 57.6
Concatenated domains 84.7 88.3 87.9 87.8 73.8 34.4

9ADRP, ADP-ribose 1-phosphatase; 3CLpro, 3-chymotrypsin-like protease; RdRp, RNA-dependent RNA polymerase; HEL, helicase; ExoN, exoribonuclease; NendoU, nidoviral

endoribonuclease specific for uridylate; O-MT, ribose-2’-O-methyltransferase.
bnt, nucleotide.

humans, in addition to that from wildlife. Therefore, effective surveillance and early warn-
ing of zoonotic viral diseases is vitally necessary. Daily cleaning, including sterilization, dis-
infection, and deratization, in passenger stations and hotels, is crucial and necessary to pre-
vent the spillover of CoVs from rodents to humans. Conversely, we only detected one
CoV-positive bamboo rat sample from the tested bamboo rat farms that supplied rats for
food. Hence, the limited contact between humans and other animals in bamboo rat farms
may restrict the transmission of CoVs from breeding bamboo rats compared with that
from rodents in urban settings.

To the best of our knowledge, according to the current literature, just one species
of rodent CoV was reported before 2014 (42). However, in recent years, an increasing
number of rodent-associated CoVs have been detected or isolated (18), suggesting
that wild rodents represent a potential reservoir for the spillover of CoVs into people.
This is particularly important for species like Rattus norvegicus, which inhabits
residential and indoor areas and has a high human contact potential. Our findings
indicate the significance of virus surveillance in animals in close contact with humans
in addition to wildlife, which is important and effective supplementary work for the
prevention of emerging infectious diseases.

According to the criteria defined by the ICTV, we have identified a novel CoV, RCoV-
GCCDCA4. It belongs to lineage A of the Betacoronavirus genus, which is most closely
related to MHV-1. Notably, recombination analysis shows that there was a potential recom-
bination event between MHV-1 and LRLV, thus implying a more diverse RCoV genome in
RCoV-GCCDC4. Although we cannot determine the recombination ancestor within this
potential event, the phenomenon implies an important issue, namely, that the RCoVs
could exchange one-third of the 3’-proximal region of the genome. This region covers the
receptor-binding S protein and also the polybasic cleavage site within it. Thus, RCoV-
GCCDC4 might acquire/provide its S protein and also the polybasic cleavage site from/to
other CoVs through such recombination to present novel virulence features. As reported

TABLE 4 Locations of the predicted ORFs in the genome of RCoV-GCCDC4

TRS sequence(s)
ORF  Location (nt positions) Length (nt/aa)® Frame(s) TRS location (distance to ATG)"
1lab 288-21763 21,477/7,157 +3,+2 142 CUAAAC(140)ATG
NS2a 21753-22565 813/270 +3 21720 GUAAAG(27)ATG
HE 22610-23896 1,287/428 +2 22464 CUAAAA(140)ATG
S 23905-27990 4,086/1,361 +1 23899 CUAAACATG
NS4a 28110-28463 354/117 +3 28016 CUAAAC(88)ATG
NS5a 28445-28768 324/107 +2 28372 CUAAAC(67)ATG
E 28761-29027 267/88 +3 28619 CUAAAA(136)ATG
M 29024-29710 687/228 +2 29010 AUAAUC(8)ATG
N 29726-31084 1,359/452 +2 29713 CUAAAC(7)ATG

aBoldface indicates putative transcription regulatory sequences (TRS).
baa, amino acid.
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TABLE 5 Prediction of NSP1 to NSP16 and the cleavage sites of polyprotein 1ab of the RCoV-GCCDC4

Journal of Virology

NSP First and last amino acid positions Protein size (aa) Cleavage site® Function

NSP1 M'-G*7 247 LKGYRG|VKPILF Unknown

NSP2 \/248_p\832 585 WRFPCA|GKKVGF Unknown

NSP3 GB33-G28V7 1,985 FSLKGG]|AILSNL ADRP, PL1P°, PL2P
NSP4 AB18_Q3313 496 SFLQISGIV Hydrophobic domain
NSP5 g3314_Q3e10 303 VKLQ|SKRT 3CLpro

NSP6 §3617_Q3903 287 SQIQ|SRLT Hydrophobic domain
NSP7 §3904_(QQ3992 89 TVLQ|ALQS Unknown

NSP8 A3993_Q*189 197 AVLQ|NNEL Unknown

NSP9 N#190-Q#299 110 VRLQ|AGVA Unknown

NSP10 AT300_ Q436 137 TQFQ|SKDT Growth-factor-like
NSP11 G4437_| 4443 7 — Unknown (short peptide at the end of ORF1a)
NSP12 Sa437_Q>364 928 AVMQ|SVGA RdRp

NSP13 §365_|6018 654 SRLI|SLMG NTPase/helicase
NSP14 §6019_(Q6485 467 TKLQ|SLEN ExoN

NSP15 56486_(Q6859 374 PRLQ|ASAE NendoU

NSP16 ASB60_K7158 299 — Methyltransferase
aBoldface indicates a potential cleavage site. “—" indicates that no cleavage site was found.

previously by Menachery et al.,, a recombinant bat CoV can replicate in human airway cells
and produce obvious pathological changes in the mouse lung, thus showing a potential
risk for human infection via recombination (43). Although recombination is common in
similar CoV species, it occur rarely among different CoV species to generate novel viruses.
Here, the potential recombination event between RCoV-GCCDC4, MHV, and LRLV may
indicate an uncommon recombination between different CoV species. Meanwhile, accord-
ing to the phylogenetic analysis, LRLV is closely related to human CoVs HKU1 and OC43.
The recombination event between LRLV and RCoV-GCCDC4 may increase the potential of
cross-species transmission of RCoVs.

Moreover, insertion of a furin-like protease cleavage site at the S1/52 site of SARS-
CoV may enhance virus entry and syncytium formation (44). Efficient cleavage of the
MERS-CoV S protein enables the MERS-like CoV to adapt from infecting bats to infect-
ing human cells (45). In avian influenza virus, acquisition of a polybasic site by the he-
magglutinin (HA) protein through genomic insertion and recombination enables the
virus to change from low to high pathogenicity (46). Notably, SARS-CoV-2 is currently
the only CoV in Betacoronavirus lineage B that possesses this polybasic cleavage site
(47); this characteristic may be the reason that SARS-CoV-2 has higher infectivity and
pathogenicity than other identified human-infecting CoVs. Thus, the highly polybasic
residue site within the S protein of RCoV-GCCDC4 may be crucial for virulence and the
potential expansion of the host range to include humans.

We found that the amino acid sequence of RCoV-GCCDC4 located at the polybasic
cleavage site is RARR, whereas the corresponding sequence for MHV-A59 is RADR. For
furin-like protease, the preference of amino acid sequence motif RXK/RR shows that
RCoV-GCCDC4 may demonstrate more efficient cleavage of the S protein (35). Although
this polybasic cleavage site is diverse in different RCoVs, the bi-arginine motif RXXR is im-
portant for inducing syncytium formation and production of S2. The side chains of these
two arginines at this site were on the protein surface, thus facilitating interactions with
proteases for efficient cleavage. Furthermore, this bi-arginine motif is conserved and
present in other highly contagious viruses, such as HIV, respiratory syncytial virus (RSV),
and some avian influenza viruses, indicating potential pathogenicity and infectiousness
of RCoV-GCCDC4 (30). Moreover, this cleavage site is relatively conserved in some conta-
gious viruses and may be an ideal target to design universal drugs to protect from infec-
tion. Recently, it has been reported that the polybasic cleavage site can be bound by tet-
rapeptide EELE to reduce the strength of SARS-CoV-2 RBD binding to ACE2 (31).

During the replicative cycle of MHV, NSP1 is the first mature protein after MHV
enters the host cells, and MHV cannot efficiently infect cells following NSP1 deletion in
the coding region (48). Moreover, NSP1 is a virulence factor and contributes to host

November 2021 Volume 95 Issue 22 e01173-21

jvi.asm.org

12


https://jvi.asm.org

A Novel Recombinant Rodent Coronavirus

TABLE 6 Primers used in this study

Application of primer Sequence

Barcoding
CytB_F 5'-GAGGMCAAATATCATTCTGAGG-3’
CytB_R 5'-TAGGGCVAGGACTCCTCCTAGT-3’
CO1_long_F 5'-AACCACAAAGACATTGGCAC-3'
CO1_long_R 5'-AAGAATCAGAATARGTGTTG-3'
CO1_short_F 5'-GCAGGAACAGGWTGAACCG-3'
CO1_short_R 5'-AATCAGAAYAGGTGTTGGTATAG-3’

RT-PCR
CoV-FWD1 5'-CGTTGGIACWAAYBTVCCWYTICARBTRGG-3’
CoV-RVS1 5'-GGTCATKATAGCRTCAVMASWWGCNACATG-3’
CoV-FWD2 5-GGCWCCWCCHGGNGARCAATT-3’
CoV-RVS2 5'-GGWAWCCCCAYTGYTGWAYRTC-3'
CoV-FWD3 5'-GGTTGGGAYTAYCCHAARTGTGA-3'
CoV-RVS3 5’-CCATCATCASWYRAATCATCATA-3’
CoV-FWD4 5'-GAYTAYCCHAARTGTGAYAGAGC-3’

liver pathogenesis during infection (49). It was reported previously that the LLRKxGxKG
region (L191-G199) within NSP1 is involved in virulence, innate immune response, and
inhibition of cellular gene expression (50). Meanwhile, this pathogenicity factor can be
targeted for design of attenuated viral vaccines with low virulence but sound T-cell
responses (51). In our study, through multiple-sequence alignments, RCoV-GCCDC3
and RCoV-GCCDC4 NSP1 proteins were found to be relatively conserved in the
LLRKXGXKG region. This may indicate potential pathogenicity of these two CoVs and a
threat to human health via the wildlife-livestock-human chain.

Our study revealed that distinct alphacoronaviruses and betacoronaviruses circulate
in Rattus norvegicus populations in urban areas of Guangdong Province, China, espe-
cially in places with dense or highly mobile human populations. These findings demon-
strate the potential value of a One Health approaches to virus discovery focusing on
human-livestock-wildlife interfaces. Monitoring these interfaces through targeted viral
discovery efforts may help prevent the emergence and reemergence of viruses with
zoonotic potential (52, 53). The newly identified CoV RCoV-GCCDC4, with its features of
potential recombination and an efficient cleavage site, provides new insight into the
evolution of CoVs and highlights the value of One Health surveillance of potential zoo-
notic pathogens.

MATERIALS AND METHODS

Sample collection. The study was conducted in three municipalities of Guangzhou, Guilin, and
Meizhou in southern China across different environmental contexts, including both urban and rural
areas, as well as domesticated wildlife farms where interactions between humans and rodents had been
observed. Free-ranging rodents and shrews were captured using metal box traps, set open at sunset
and checked at sunrise at selected locations recorded by Global Positioning System (GPS) coordinates
and place names. Captured animals were removed from the traps for specimen collection and identified
morphologically by experienced biologists, with follow-up confirmation by DNA barcoding. Rectal and
oral swabs were collected from all captured individuals and placed into a cryogenic vial with viral trans-
port medium (VTM). Small intestine specimens were collected in the case of accidental death before or
during the sampling, or when dead animals were available opportunistically for sampling, and were
placed in cryogenic vials with VTM. All samples were temporarily stored in liquid nitrogen before being
transported to the laboratory and stored at —80°C.

Ethics statement. Field animal capture and sampling protocols were reviewed and approved by the
Institutional Animal Care and Use Committee of UC Davis (protocol no. 19300) and by the Institutional
Review Board of the Wuhan Institute of Virology, Chinese Academy of Sciences (approval no.
WIVA05201705). No rodent species in the study was a protected species according to the Law of the
People’s Republic of China on the Protection of Wildlife, nor considered endangered by the Red List of
China’s Vertebrates or the International Union for Conservation of Nature Red List of Threatened
Species.

Barcoding. The identity of each species in the study was confirmed using DNA barcoding. DNA was
extracted from swabs and small intestine samples using the Ex-DNA kit (Tianlong, Xi'an, China). Nested
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TABLE 7 Selected CoVs and corresponding accession numbers used in this phylogenetic analysis

Journal of Virology

Virus strain Abbreviation GenBank accession no.
Severe acute respiratory syndrome coronavirus 2 isolate Wuhan-Hu-1 SARS-CoV-2 NC_045512
Betacoronavirus Erinaceus/VMC/DEU/2012 isolate ErinaceusCoV/2012-216/GER/2012 CoV2012-216 GER KC545386
Rousettus bat coronavirus isolate GCCDC1 356 GCCDC1 KU762338
BtRs-BetaCoV/GX2013 GX2013 KJ473815
Human coronavirus HKU1 strain SC2521 HKU1 MK167038
Bat coronavirus HKU4 HKU4 EF065505
Bat coronavirus HKU5 HKU5 EF065509
Bat coronavirus HKU9 HKU9 EF065513
Betacoronavirus HKU24 strain HKU24-R05010I HKU24 KM349744
Bat Hp-betacoronavirus/Zhejiang2013 Hp-7J2013 KF636752
Middle East respiratory syndrome coronavirus MERS-CoV NC_019843
Murine coronavirus MHV-1 MHV-1 FJ647223
Mouse hepatitis virus strain MHV-A59 C12 mutant MHV-A59 NC_001846
Rat coronavirus Parker RCoV NC_012936
Human coronavirus OC43 HCoV-0C43 AY391777
SARS coronavirus GDO1 SARS-CoV AY278489
Bat SARS-like coronavirus isolate bat-SL-CoVZC45 SARS-like ZC45 MG772933
Coronavirus BtRI-BetaCoV/SC2018 SC2018 MK211374
BtRs-BetaCoV/YN2013 YN2013 KJ473816
Human coronavirus 229E HCoV-229E NC_002645
Lucheng Rn rat coronavirus isolate Lucheng-19 LRNV KF294380
Porcine epidemic diarrhea virus PEDV NC_003436

PCR was performed using primers (Table 6) to amplify the target gene CytB (CO1). The expected ampli-
con using CytB_F and CytB_R primers was a 457-bp product. The expected amplicon lengths of two
rounds of nested PCR were 663 bp (using primers CO1_long_F and CO1_long_R) and 324 bp (using pri-
mers CO1_short_F and CO1_short_R). Purified DNA products were sequenced bidirectionally with pri-
mers we provided on an ABI Prism 3730XL DNA analyzer (Applied Biosystems, USA). To identify species,
sequences were searched against the Basic Local Alignment Search Tool (BLAST) database (https://blast
.ncbi.nlm.nih.gov/Blast.cgi).

RNA extraction. Viral RNA was extracted from 140 ul of VTM suspension of each oral and anal swab
using a QlAamp viral RNA minikit (Qiagen, Germany) according to the manufacturer’s protocol. RNA was
eluted with 60 ul of AVE buffer, 20 ul of which was used as the reverse transcription-PCR (RT-PCR) tem-
plate; the remainder was stored at —80°C.

RT-PCR screening of CoVs. Viral RNA was extracted from oral and anal swabs to screen for CoVs
using RT-PCR with universal degenerate primers, as previously reported (32). The primers used (Table 6)
targeted two nonoverlapping regions of the sequence encoding the RNA-dependent RNA polymerase
(RdRp) in ORF1b. Both regions were used for phylogenetic discrimination. After RNA reverse transcrip-
tion (Toyobo, Japan), the cDNA was used for seminested or nested PCR. The expected amplicon lengths
of two rounds were 520 bp (using primers CoV-FWD1 and CoV-RVS1), 328 bp (using primers CoV-FWD2
and CoV-RVS2), 440 bp (using primers CoV-FWD3 and CoV-RVS3), and 434 bp (using primers CoV-FWD4
and CoV-RVS3). Purified DNA products were sequenced bidirectionally with the primers we provided
(Table 6) on an ABI Prism 3730XL DNA analyzer.

Genomic sequencing. A volume of 560 wl of CoV-positive sample was used to extract RNA for deep
sequencing. RNA was subjected to next-generation sequencing using the HiSeq 150-bp paired-end
(PE150) platform (lllumina). The original sequencing reads were assembled de novo using MEGAHIT to
produce three nearly full-length genomic sequences, named RCoV-GCCDC3, RCoV-GCCDC4, and RCoV-
GCCDCS5, respectively.

Rapid amplification of cDNA ends. As described previously (33), according to the genome sequen-
ces of RCoV-GCCDC3, RCoV-GCCDC4, and RCoV-GCCDC5, we designed gene-specific primers for further
rapid amplification of cDNA ends (RACE) experiments. A volume of 200 ul of corresponding sample was
used to extract total RNA with TRIzol. First-strand cDNA was synthesized to generate RACE-ready cDNA.
Subsequently, rapid amplification of cDNA ends was performed with the 5’- and 3’-Full RACE kit
(TaKaRa, Japan). Purified DNA products were sequenced bidirectionally with the primers on an ABI Prism
3730XL DNA analyzer.

Sequence analysis. The genome sequence of RCoV-GCCDC4 was compared with the sequences of
other known representative CoVs in the BLAST database (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The
ORFs, cleavage sites, and amino acid sequences of RCoV-GCCDC4 were predicted by ZCURVE_CoV 2.0
(36). Sequence alignment and editing were performed using DNAMAN, EditSeq, and MegAlign. The
leader and body transcription regulatory sequences (TRS) were acquired by comparison with the
sequence of HKU24 (13). Phylogenetic analysis of polyproteins 1a and 1b and the S, E, M, and N proteins
was conducted using the maximum-likelihood method in MEGA 7 (54), with bootstrap values calculated
from 1,000 replicate trees.

November 2021 Volume 95 Issue 22 e01173-21

jvi.asm.org

14


https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://www.ncbi.nlm.nih.gov/nuccore/NC_045512
https://www.ncbi.nlm.nih.gov/nuccore/KC545386
https://www.ncbi.nlm.nih.gov/nuccore/KU762338
https://www.ncbi.nlm.nih.gov/nuccore/KJ473815
https://www.ncbi.nlm.nih.gov/nuccore/MK167038
https://www.ncbi.nlm.nih.gov/nuccore/EF065505
https://www.ncbi.nlm.nih.gov/nuccore/EF065509
https://www.ncbi.nlm.nih.gov/nuccore/EF065513
https://www.ncbi.nlm.nih.gov/nuccore/KM349744
https://www.ncbi.nlm.nih.gov/nuccore/KF636752
https://www.ncbi.nlm.nih.gov/nuccore/NC_019843
https://www.ncbi.nlm.nih.gov/nuccore/FJ647223
https://www.ncbi.nlm.nih.gov/nuccore/NC_001846
https://www.ncbi.nlm.nih.gov/nuccore/NC_012936
https://www.ncbi.nlm.nih.gov/nuccore/AY391777
https://www.ncbi.nlm.nih.gov/nuccore/AY278489
https://www.ncbi.nlm.nih.gov/nuccore/MG772933
https://www.ncbi.nlm.nih.gov/nuccore/MK211374
https://www.ncbi.nlm.nih.gov/nuccore/KJ473816
https://www.ncbi.nlm.nih.gov/nuccore/NC_002645
https://www.ncbi.nlm.nih.gov/nuccore/KF294380
https://www.ncbi.nlm.nih.gov/nuccore/NC_003436
https://jvi.asm.org

A Novel Recombinant Rodent Coronavirus

The parameters were set with a window size of 400 bp and a step size of 200 bp.
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Cell culture and virus isolation. African green monkey kidney (Vero-E6) cells and human epithelial
colorectal adenocarcinoma (Caco-2) cells (33) were cultured in Dulbecco’s modified Eagle medium with
10% and 20% fetal bovine serum, respectively, in 5% CO, at 37°C. Virus isolation with the 35 CoV-posi-
tive samples was performed under trypsin concentration gradients of 0, 1, and 2 wg/ml for Vero-E6 and
0,1,2,3,4,and 5 ug/ml for Caco-2 cell lines. Subsequently, samples were cultured in Vero-E6 cells with
2 pg/ml and in Caco-2 cells with 5 wg/ml trypsin. After adding samples and incubating for 1 h, mainte-
nance solution containing the corresponding trypsin concentration was added. Each sample was culti-
vated in three blind passages with or without trypsin treatment. The cultured supernatant of each cell
line passage was harvested for RT-PCR.
Recombination analysis. Genomic sequences of RCoV-GCCDC4, MHV-1, and Longquan Rl rat coro-
navirus (LRLV) were aligned using SimPlot (55) and RDP4 (56) to detect possible recombination events.

Data availability. The complete genome sequences of RCoV-GCCDC3, RCoV-GCCDC4, and RCoV-
GCCDC5 have been deposited in GenBank and assigned accession numbers MW802581, MW773844,
and MW802582, respectively.
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