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Viral infectious clones (ICs) serve as robust platforms for studying viral biology and screening antiviral agents 
using reverse genetics. However, the molecular profiles and complex limitations of human coronaviruses 
(HCoVs) pose a challenge to ICs development. In this study, we report a novel platform to develop the ICs 
for HCoV‐OC43‐VR1558 using a one‐step assembly method in yeast by transformation‐associated recombina-
tion (TAR) technology. Recombinant HCoV‐OC43‐VR1558, named as rOC43(1558)‐WT, was rapidly generated 
by TAR. In addition, recombinant HCoV‐OC43‐VR1558‐expressing reporter genes, named as rOC43(1558)‐ 
ns2FusionRluc, was also generated based on TAR by inserting the ns2 region of the IC with Renilla luciferase 
(Rluc). We further characterized their replication through virus titration using 50 % tissue culture infective 
dose (TCID50) and indirect immunofluorescence assay (IFA), luciferase reporter assay, and western blotting 
(WB) assay. The genetic stability of the recombinant HCoV‐OC43 was assessed through viral genome sequenc-
ing following passaging in BHK‐21 cells. These reporter viruses were validated as screening tools for inhibitors 
in vitro by evaluating the antiviral activities of remdesivir and chloroquine. The phenotypes of HCoV‐OC43‐ 
VR1558 and HCoV‐OC43‐VR759 were compared in vitro and in vivo. The TAR‐based one‐step assembly of IC 
was successfully applied, facilitating the rapid generation of recombinant HCoV‐OC43 and providing a useful 
platform for the investigation of biological mechanisms, development of vaccines and diagnostic tests, and 
screening inhibitors of HCoVs. 
© 2024 Published by Elsevier B.V. on behalf of Chinese Medical Association Publishing House. This is an open 

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 
1. Introduction 

Coronaviruses (CoVs) are enveloped viruses with positive‐sense 
single‐stranded ribonucleic acid (RNA) genomes of approximately 
30 kb. They are widespread in animals and can cause a range of respi-
ratory or enteric diseases in humans, varying from mild‐to‐severe 
[1,2]. Seven human CoVs (HCoV) have been identified, including 
HCoV‐229E, HCoV‐OC43, HCoV‐NL63, HCoV‐HKU1, severe acute res-
piratory syndrome (SARS)‐CoV, Middle East respiratory syndrome 
(MERS)‐CoV and SARS‐CoV‐2. The global pandemic coronavirus dis-
ease 2019 (COVID‐19) was caused by the SARS‐CoV‐2. As of October 
6, 2024, more than 776 million cases of COVID‐19 and over 7.0 mil-
lion fatalities have been reported globally (https://covid19.who.int/). 
To prepare for the future pandemics caused by HCoVs, a comprehen-
sive understanding of the HCoVs biology and the development of pre-
ventive and therapeutic measures against HCoVs are essential.

Generating recombinant viruses using reverse genetics approaches 
represents a powerful tool for addressing important questions regard-
ing the biology of viral infections, including the mechanisms, patho-
genesis, and diseases [3]. The use of reverse genetics techniques also 
offers the possibility of generating recombinant viruses expressing 
reporter genes for use in cultured cells or in vivo models of infection, 
whereby reporter gene expression can be used as a valid surrogate 
to identify the presence of the virus in infected cells [4,5]. Several 
HCoVs infectious clones (ICs) have been constructed, although this
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HIGHLIGHTS 

Scientific question 

Genome-wide reassembly of coronavirus infectious clones 

has long been hampered by the large size of the viral gen-

ome (–30 kb) and the presence of several toxic viral 

sequences that limit standard molecular cloning strate-

gies. 

Evidence before this study 

Rapid construction of recombinant virus-carrying reporter 

genes by reverse genetics provided an important strategy 

for the high-throughput, visualization, and safe operation 

of coronaviruses. The development of infectious clones 

for human coronaviruses (HCoVs)-OC43 VR1558 and 

VR759 with methods of in vitro transcription and bacterial 

artificial chromosome have been reported. However the 

comparison studies for HCoV-OC43 VR759 and VR1558 

were limited. 

New findings 

HCoV-OC43 VR1558 wild type [rOC43(1558)-WT] and 

reporter virus expressing Renilla luciferase [rOC43(1558)-

ns2FusionRluc] were constructed by transformation-

associated recombination technology in yeast. A high-

throughput and visualization anti-coronavirus inhibitor 

platform was established with the reporter virus in vitro 

and in vivo. A comparison study for HCoV-OC43 VR759 

and VR1558 demonstrated that, although more significant 

cytopathic effects for VR1558 in vitro, HCoV-OC43 VR759 

exhibited higher virulence than that of the VR1558 in mice 

model. 

Significance of the study 

The luciferase readout of the reporter virus rOC43(1558)-

ns2FusionRluc can be used to visually reflect the neurolog-

ical symptoms caused by coronavirus infection and to 

evaluate broad-spectrum anti-coronavirus inhibitors 

in vitro and in vivo. 
has proven difficult, given the length of the viral genome and the pres-
ence of unstable viral complementary deoxyribonucleic acid (cDNA) 
regions in bacteria [6,7]. During the past two decades, with the 
advancement in modern molecular tools and reagents, several creative 
approaches, including the vaccinia virus vector method [4,8,9], in vitro 
ligation [10,11], bacterial artificial chromosome (BAC) [12,13], yeast 
artificial chromosome (YAC) [14–16], cyclic polymerase extension 
reaction (CPER) [17,18] and the recently reported infectious sub‐ 
genome amplicon (ISA) technology [19]. Consequently, there is a need 
to explore alternative strategies to overcome these limitations. 

HCoV‐OC43, an endemic low‐risk HCoVs belonging to the beta-
coronavirus family, was first isolated from a patient with upper respi-
ratory tract disease in the 1960s. It has garnered attention as an 
attractive and safe model for studying HCoVs in the low‐risk research 
setting [biosafety level (BSL)‐2]. In contrast, highly pathogenic beta-
coronaviruses, such as SARS‐CoV, MERS‐CoV, and SARS‐CoV‐2, 
require the use of a cumbersome BSL‐3 confinement facility. Patients 
infected with MERS‐CoV and SARS‐CoV‐2 have displayed some neuro-
logical symptoms [20,21], while patients infected with HCoV‐OC43 
also had reported to suffer from fatal encephalitis [22]. Previous 
research had utilized HCoV‐OC43 as a safe surrogate for studying 
SARS‐CoV‐2 [23]. 
Several approaches have been reported to assemble HCoV‐OC43 
infectious clones, contributing significantly to the screening of antivi-
rals against coronavirus. Currently, the most widely used HCoV‐OC43 
strains include the VR759 and VR1558 (American Type Culture Collec-
tion, ATCC). The HCoV‐OC43 VR1558 is a tissue culture adapted vari-
ant of VR759, which was originally derived from a virus passaged in 
mice (https://www.atcc.org/products/vr-1558). BAC platform for 
the HCoV‐OC43‐VR759 strain IC has been reported [13]. Subse-
quently, several ICs of HCoV‐OC43‐VR759 were generated and used 
for functional characterization and high‐throughput screening assays 
[24–31]. To date, the development of a recombinant HCoV‐OC43 
VR1558 reporter virus expresses nano‐luciferase by the method of 
in vitro transcription has been demonstrated and applied for screening 
antiviral compounds against coronaviruses [32]. However, no compar-
ison studies of HCoV‐OC43 VR759 and VR1558 were reported. 

The transformation‐associated recombination (TAR) technology is 
a one‐step assembly method that utilizes a highly efficient homologous 
recombination system in yeast to assemble multiple DNA fragments 
with overlapping sequences [33]. This method employs the pYES1L 
vector, a linearized BAC ⁄ YAC shuttle vector capacity of cloning up 
to 110 kb of DNA fragments [34]. Due to its ability to facilitate homol-
ogous recombination in yeast and the high stability of the construct in 
Escherichia coli (E. coli), the TAR cloning technology has been success-
fully applied to assemble the full‐length cDNA clone of several coron-
aviruses [14–16]. 

In this study, a novel infectious cDNA clone of HCoV‐OC43‐ 
VR1558 was rapidly generated through one‐step assembly in yeast 
using the TAR technology with the pYES1L vector. The recombinant 
HCoV‐OC43 (rHCoV‐OC43) was successfully rescued, and its replica-
tion, reporter expression, and genetic stability were investigated. 
The reporter virus was effectively employed to evaluate the antiviral 
activities of remdesivir and chloroquine in vitro and in vivo. Further-
more, this study compared the phenotypes of rHCoV‐OC43‐VR1558 
and rHCoV‐OC43‐VR759 both in vitro and in vivo. 

2. Materials and methods 

2.1. Cell, virus, plasmids, and antibodies 

BHK‐21 (ATCC no. CCL‐10) and HEK‐293T (ATCC no. CRL‐3216) 
cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) 
supplemented with 10 % fetal bovine serum (FBS). HCoV‐OC43 was 
obtained from ATCC (VR‐1558). Viruses of rOC43(759)‐WT and 
rOC43(759)‐ns2DelRluc used in this study were previously rescued 
in our laboratory [29]. The HCoV‐OC43 nucleocapsid antibody 
(40643‐T62) was purchased from Sino Biological (Beijing, China) 
and anti‐β‐actin (13E5) rabbit monoclonal antibodies were obtained 
from Cell Signaling Technology (Danvers, MA, USA). 

2.2. Construction and rescue of rOC43(1558)-WT and rOC43(1558)-
ns2FusionRluc 

The full‐length cDNA clone of HCoV‐OC43 was constructed using 
the TAR technology, with the pYES1L vector (Thermo Fisher, USA) 
containing the YAC / BAC, as previous reports [34]. The YAC / BAC 
enables this infectious cDNA clone replicate in both yeast and E. coli. 
Recombinant viruses were rescued from the infectious cDNA clones 
pYB‐rOC43(1558)‐WT and pYB‐rOC43(1558)‐ns2FusionRluc. Briefly, 
eight overlapping DNA fragments were amplified and assembled into 
pYB‐rOC43(1558)‐WT. To facilitate the assembly of the viral genome 
and incorporate genetic tags to distinguish the rOC43(1558)‐WT clone 
from the natural isolate, a silent mutation was introduced in the viral 
N gene [29,309 nucleotides (nt) G → A]. To generate the reporter‐ 
expressing rOC43(1558)‐ns2FusionRluc, the non‐structure (ns) 2 gene 
was modified with Rluc in the pYB‐rOC43(1558)‐WT plasmid carrying 
the remaining viral genome, to produce pYB‐rOC43(1558)‐

https://www.atcc.org/products/vr-1558
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Fig. 1. Assembly of HCoVs-OC43 infectious clones. Strategy for TAR of HCoV-OC43 full-length cDNA clone fragments in yeast. The genome structure of HCoV-
OC43 relevant sequences is indicated. Abbreviations: HCoVs, human coronaviruses; cDNA, complementary deoxyribonucleic acid; TAR, transformation-associated 
recombination; PCR, polymerase chain reaction; CMV, cytomegalovirus promoter; ORF, open reading frame; BGH, bovine growth hormone termination. 
ns2FusionRluc plasmids for viral rescue (Fig. 1). The construct strategy 
was followed previous reports [29,34]. 

The successful recovery of rOC43(1558)‐WT was confirmed by 
indirect immunofluorescence assay (IFA) and western blot (WB) anal-
ysis. In this study, no helper plasmid expressing the nucleoprotein (NP) 
gene was utilized. Therefore, the expression of NP for the rescued virus 
rOC43(1558)‐WT and rOC43(1558)‐ns2FusionRluc infected BHK‐21 
cells at a multiplicity of infection (MOI) of 0.01 was determined with 
anti‐OC43‐NP‐PcAb. As the molecular weight for NP and β‐actin are 
very closely, the WB analysis was conducted in two different gels. 
More details are described in the Supplemental Materials. 
2.3. Reporter-based inhibition assay for identifying anti-HCoVs 

BHK‐21 cells were inoculated in a 96‐well plate with rescued 
viruses at a MOI of 0.01 for 1 h at 33 °C. Following viral adsorption, 
cells were washed and incubated in 100 μL of infection medium 
(DMEM with 2 % FBS) containing three‐fold serial dilutions of remde-
sivir, chloroquine or 0.1 % dimethyl sulfoxide (DMSO) as vehicle con-
trol. After 72 h, the cells in each well were assayed for relative light 
units (RLU) using the Renilla‐Glo luciferase assay system (Promega) 
following the manufacturer’s protocol. 
2.4. Animal experiments 

10‐day‐old BALB / c suckling mice were obtained from Sibeifu 
Beijing Biotechnology (Beijing, China). BALB / c mice were intracere-
brally inoculated with rOC43(759)‐ns2DelRluc, rOC43(1558)‐ 
ns2FusionRluc, or rOC43(1558)‐WT for subsequent assays. For com-
parative analysis, the BALB / c suckling mice were randomly divided 
into groups, with one group mice were intracranially inoculated with 
2 × 102 50 % tissue culture infective dose (TCID50) rOC43(759)‐ 
ns2DelRluc as control. The remaining groups were intracranially 
incubated with 2 × 106 TCID50, 2 × 104 TCID50, and 2 × 102 

TCID50 of the recombinant virus rOC43(759)‐ns2DelRluc or rOC43 
(1558)‐ns2FusionRluc according to previous trials in our laboratory 
and the references [27,35–38]. The experiment followed previous 
reports [27]. Additional details are provided in the Supplementary 
Materials. 

2.5. Protein structural modelling 

The structure of the HCoV‐OC43 S glycoprotein trimer was pre-
dicted using the web‐based homology modelling server, SWISS‐ 
MODEL (https://swissmodel.expasy.org/). A Basic Local Alignment 
Search Tool for protein (BLASTp) search was performed against the 
Protein Data Bank (PDB) (https://www.rcsb.org/pdb) using default 
parameters to identify suitable templates for homology modelling. 
Based on its high sequence identity, QMEAN Z‐score, coverage, and 
low e‐value, the crystal structure of HCoV‐OC43 S (PDB code: 6owb) 
was selected as the template. 

2.6. Statistical analysis 

Statistical analyses were performed using GraphPad Prism 8. Differ-
ences were considered statistically significant using Student’s t test. 
Differences were considered statistically significant at P < 0.05. 

3. Results 

3.1. Characterization of rOC43(1558)-WT and rOC43(1558)-
ns2FusionRluc in vitro 

The full‐length cDNA clone of pYB‐rOC43(1558)‐WT was success-
fully constructed and confirmed by sequencing. The designed silent 
mutation for the N gene (G29309A) of rOC43(1558)‐WT was verified 
by DNA sequencing analyses (Fig. 2A). 

Subsequently, N protein expression levels were evaluated by west-
ern blotting using cell lysates from either rOC43(1558)‐WT or rOC43 
(1558)‐ns2FusionRluc‐infected cells and using antibodies against the 
viral NP and β‐actin as a loading control (Fig. 2B). As expected, viral 
NP expression was detected in the lysates of all viruses, indicating that 
the recombinant virus could be stably passaged in vitro. As the Rluc 
reporter was inserted into NS2 region and does not affect the molecu-
lar weight of N protein, there is no difference in the size of the NP pro-

https://swissmodel.expasy.org/
https://www.rcsb.org/pdb
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Fig. 2. Characterization of recombinant HCoVs-OC43 (rHCoV-OC43). A) Chromatograms of Sanger sequencing results. Silent mutation introduced to the site (G to  
A) is shown in the black box. B) Western blot analysis of N protein expression of rOC43(1558)-WT and rOC43(1558)-ns2FusionRluc. BHK-21 cells were infected 
(MOI of 0.01) with various passages of rOC43(1558)-WT or rOC43(1558)-ns2FusionRluc, and lysed for western blotting to monitor the expression of N protein. β-
actin was used as a loading control. C) Fluorescence analysis of HCoV-OC43 infected cells. BHK-21 cells were infected with rOC43(1558)-WT or rOC43(1558)-
ns2FusionRluc at an MOI of 0.01. Cells were fixed and immune-stained with a polyclonal antibody against the HCoV-OC43 N protein 24 hpi. Goat anti-rabbit IgG 
H&L (Alexa Fluor® 488, green) secondary antibodies were used, and nuclei were visualized with DAPI. Scale bars represent 50 μm. D) Replication kinetics of 
HCoV-OC43-VR1558, rOC43(1558)-WT, and rOC43(1558)-ns2FusionRluc. BHK-21 cells were infected (MOI of 0.01) with HCoV-OC43-VR1558, rOC43(1558)-
WT, and rOC43(1558)-ns2FusionRluc. At 1, 2, 3, 4, 5, 6, and 7 days post-infection, the presence of infectious virus in the tissue culture supernatants was 
determined using a TCID50 assay. Abbreviations: HCoVs, human coronaviruses; MOI, multiplicity of infection; TCID50, 50 % tissue culture infective dose; hpi, 
hours post-infection; DAPI, 4 ,6-diamidino-2-phenylindole; NP, nucleoprotein; WT, wild type. 
tein between rOC43(1558)‐WT and rOC43(1558)‐ns2FusionRluc as 
confirmed by the marker labels. Similarly, the successful recovery of 
rHCoV‐OC43 was confirmed by indirect immunofluorescence assay 
(IFA) using an antibody against HCoV‐OC43 NP to detect rHCoV‐ 
OC43 infection (Fig. 2D). 

To determine whether the recombinant viruses displayed similar 
growth kinetics as the parental strain, the growth kinetics were 
assessed at different times post infection. The BHK‐21 cells were 
infected with HCoV‐OC43‐VR1558, rOC43(1558)‐WT and rOC43 
(1558)‐ns2FusionRluc. Virus titers were determined and compared. 
As shown in Fig. 2C, all recombinant viruses exhibited similar growth 
kinetics. The titre for HCoV‐OC43‐VR1558 was slightly higher than 
that of the other viruses. 

3.2. Reporter-based inhibition assay for the identification of antivirals 
in vitro and in vivo 

To demonstrate the sensitivity of rHCoV‐OC43 to coronavirus 
(CoVs) inhibitors with different mechanisms of action, several inhibi-
tion experiments were conducted in BHK‐21 cells. The compounds 
selected for initial studies were remdesivir and chloroquine. Replica-
tion inhibition was determined by measuring the reduction of viral 
RNA copies numbers or luciferase activities relative to DMSO 
control‐treated cells at 72 h post‐infection (hpi). As shown in Fig. 3 
A–D, both compounds exhibited antiviral activities in a dose‐ 
dependent manner, using either copies or luciferase as a readout. 
The half maximal effective concentration (EC50) of chloroquine in 
inhibiting the rOC43(1558)‐ns2FusionRluc replication, as determined 
either using percent viral copies or percent luciferase activity, were 
0.66 or 0.50 μmol/L, respectively. For remdesivir, the EC50 for inhibit-
ing rOC43(1558)‐ns2FusionRluc replication, determined by either 
viral copies or luciferase activity, was 0.28 or 0.78 μmol/L, respec-
tively. The EC50 values obtained from both methods were comparable, 
highlighting the advantage of luciferase‐based readouts for fast assay 
development. 

To assess the potential utility of bioluminescence imaging (BLI) in 
rOC43(1558)‐ns2FusionRluc‐infected mice for evaluating the efficacy 
of antiviral drugs in vivo, mice were administered chloroquine 2 h 
prior to viral inoculation on day 0 at a dose of 30 mg/kg, with subse-
quent daily administration, following a previous study on HCoV‐OC43‐ 
WT [27]. Mice were intracerebrally infected with 2 × 106 TCID50 of 
rOC43(1558)‐ns2FusionRluc, and BLI was measured daily (Fig. 3E),
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Fig. 3. Reporter-based inhibition assay for the identification of antivirals agents. The dose-dependent responses of HCoVs-OC43-VR1558 activity to chloroquine 
and remdesivir were assessed. BHK-21 cells were either mock-treated or infected with MOI of 0.01 with rOC43(1558). At 1 h post-infection, medium containing 
three-fold serial dilutions of chloroquine (A, C) and remdesivir (B, D) was added to the cells. At 72 h post-infection, EC50 was determined using a dose–response 
curve drawn based on viral RNA copies in infected cells using four-parameter nonlinear regression. In the case of cells infected with rOC43(1558)-ns2FusionRluc, 
luciferase activity was determined at 72 h post-infection by a luciferase assay. The activities were determined by luciferase signals compared to dimethyl sulfoxide-
treated cells. E) BLI of BALB / c mice treated with or without chloroquine after rOC43(1558)-ns2FusionRluc inoculation. Mice infected intracerebrally with 106 of 
TCID50 of rOC43(1558)-ns2FusionRluc were either untreated (intermediate panel) or treated (right panel) with chloroquine (30 mg/kg) daily, followed by daily 
measurement of BLI by intraperitoneal injection of Rluc substrate and capture of photon emission using the in vivo F Pro system. A representative BLI image from 
one mouse is shown. Abbreviations: HCoVs, human coronaviruses; MOI, multiplicity of infection; EC50, the half maximal effective concentration; BLI, 
bioluminescence imaging; TCID50, 50 % tissue culture infective dose; Rluc, Renilla luciferase. 
confirming the disparity in rOC43(759)‐ns2DelRluc replication 
between mice treated with or without chloroquine. These findings 
demonstrate the potential of rOC43‐ns2DelRluc‐infected mice as a 
highly responsive in vivo model for evaluating the efficacy of antiviral 
drugs targeting HCoV‐OC43 and compounds with activities against a 
broad spectrum of CoVs. 
3.3. Comparison of biological characteristics of HCoV-OC43 

The differences between the HCoV‐OC43‐VR1558 and HCoV‐ 
OC43‐VR759 were evaluated both in vitro and in vivo. We character-
ized HCoV‐OC43‐VR1558 and HCoV‐OC43‐VR759 by assessing the 
differential development of cytopathic effects (CPE) and the expres-
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Table 1 
Nucleotide and amino acid difference of human coronaviruses (HCoVs)-OC43 
(759 → 1558). 

Coding sequence Nucleotide Amino acid 

1ab C1158A R317C 
C1240A A344V 
G1487T M426I 
T1924C F572S 
C2647A A813N 
C5259T H1684Y 
C7652T S2488F 
A8986G N2926S 
A11555C R3782S 
T16840A S5545R 
A18384C D6059A 
G18569A G6121S 

NS2 C21991T P162P 
G22145T V214L 

HE T23498C L392S 
C23500T P393S 

S 23715insertCTAGTT D24-I26insTSY 
C24805T T148I 
A24190G H183R 
T23463C Y241H 
24420insertAGGATGGTTTTA K259-T260insVKNGF 
A24735G S365G 
G24805C G388A 
25242insertAAGCTA P533-T534insKAT 
G25903T R754I 
T26047A V802E 
C26247T L869C 
T26248G L869C 
26340insertTCAATGCTTATG K899-A900insVNAYA 
T26562G W974L 
C26563T W974L 
G26577C G979R 
G26972C M1110I 
C26993T V1117V 
T27280G V1213G 
C27488T I1282I 
A27542G V1300V 

N T29157G F33V 
sion levels of Rluc in cell cultures. Compared to rOC43(759)‐WT, cells 
infected with HCoV‐OC43‐VR1558 exhibited typical CPE character-
ized by cell shedding, fusion, and a high refractive index (Fig. 4A). 
There was no significant increase in Rluc expression levels observed 
for rOC43(759)‐ns2DelRluc and rOC43(1558)‐ns2FusionRluc, but 
high levels of Rluc expression were detected in the culture super-
natants of both rOC43(759)‐ns2DelRluc‐ and rOC43(1558)‐ns2Fu 
sionRluc‐infected cells (Fig. 4B). 

For comparative analysis, BALB / c mice were intracranially inocu-
lated with rOC43(1558)‐WT, rOC43(1558)‐ns2FusionRluc, and rOC43 
(759)‐ns2DelRluc. In the low‐dose infection group of rOC43(759)‐ns2 
DelRluc2×102 TCID50, mice bodyweight decline started on day 3 post 
infection (DPI), accompanied by the development of a hunched back by 
day 4 DPI, followed by restlessness, leading to mortality by day 5, with 
complete fatality by day 7 DPI. Similar symptoms were observed in the 
rOC43(1558)‐WT and rOC43(1558)‐ns2FusionRluc infection groups, 
but only for high‐dose of 2 × 106 TCID50 (Fig. 4C and 4D). 

In vivo imaging demonstrated Rluc signals in the brain tissues on 
the third‐day post‐infection, reaching peak signals on the fourth day 
for both strains. These findings indicated that both HCoV‐OC43 strains 
primarily induced neurological symptoms in mice (Fig. 4E). However, 
the luciferase signals were observed only under high‐dose conditions, 
2 × 106 TCID50. At a dose of 2 × 102 TCID50, the rOC43(1558) strain 
exhibited lower virulence in mice compared to the rOC43(759) strain 
(data not shown). No significant pathological changes were observed 
in the cortex, hippocampus, thalamus, and other regions of the brain 
in the mock mice. However, neuronal condensation, necrosis, nuclear 
fragmentation, and disintegration can be observed in various regions 
of the mouse brain, particularly in the hippocampus in rOC43(759)‐ 
ns2DelRluc infected mice. In the rOC43 (1558)‐ns2FusionRluc virus 
infection groups, with the increased virus dose, more severe symptoms 
appeared, such as neuronal condensation and necrosis, nuclear frag-
mentation and disintegration, residual and unquantifiable cell frag-
ments, and infiltration of inflammatory cells such as microglia and 
lymphocytes (Fig. 4F). Following the infection with both viral strains, 
viral RNA was predominantly detected in the brain tissues (Fig. 4G). 
We successfully established a lethal mouse infection model using the 
rOC43(1558) strain, and an in vivo animal model employing the 
rOC43(1558)‐ ns2FusionRluc strain. 

As the introduction about HCoV‐OC43 VR‐1558 on the website of 
ATCC, the HCoV‐OC43 VR‐1558 is a tissue culture‐adapted item 
derived from virus passaged in mice (ATCC VR‐759). The complete 
genome sequence for ATCC VR‐1558 exhibits over 98 % homology 
to that of VR‐759 (AY585228.1). To explore the molecular basis of 
phenotype between HCoV‐OC43‐VR1558 and HCoV‐OC43‐VR759, 
we investigate the divergence in the amino acids of rOC43(1558)‐ 
WT and rOC43(759)‐WT strain. Compared to rOC43(759)‐WT, the 
rOC43(1558)‐WT strain harbours 38 amino acids differences, of which 
21 are located in the spike protein's coding region, including 17 amino 
acid mutation and 4 amino acid insertion (see Table 1). The specific 
amino acid positions of HCoV‐OC43 spike domain are illustrated in 
Fig. 5A, while Fig. 5B depicts the four insertion mutations identified 
in the spike protein. 
Fig. 4. Biological characteristics of HCoVs-OC43-VR1558 and HCoV-OC43-VR75
Cytopathic effects (CPE) were observed at 144 h post-transfection. Representative i
Time course analysis of the reporter gene expression. Cells were either mock-infe
(759)-ns2DelRluc. At 48 h post-infection, Rluc expression in cell culture supernata
were infected with the rOC43(759)-ns2DelRluc, rOC43(1558)-ns2FusionRluc and 
infected or infected with different doses of rOC43 (n = 4 / group). Body weight (C)
lost 25 % of their initial body weight were humanely euthanized. Error bars represe
after infection with rOC43(1558)-ns2FusionRluc (106 TCID50) and rOC43(759)-ns2
Rluc substrate and capture of photon emission using the in vivo F Pro system. Rep
sectioned for hematoxylin and eosin (H & E) staining. G) The presence of each virus
Abbreviations: HCoVs, human coronaviruses; MOI, multiplicity of infection; TCID
Renilla luciferase; WT, wild type; RLU, relative light unit; PBS, phosphate buffered

◂ 
4. Discussion 

The reverse genetic system represents one of the most powerful 
tools in molecular virology, enabling the genetic manipulation of 
infectious recombinant virus from a cDNA clone of the viral genome. 
However, the assembling of full‐length cDNA clones for CoVs poses 
significant challenges due to their large viral genome size, the pres-
ence of bacteria‐toxic features, cryptic transcription elements, splicing 
mechanisms, recombination events and termination signals, all of 
which can lead to deleterious mutations [39]. 

Our prior research found that inserting a reporter gene into the ns2 
region rescues rOC43(759) successfully, whereas modifications to 
ns12.9 do not yield similar results [28,29]. In this study, we report 
for the first time, the successful application of a one‐step assembly
9. A) Bright-field images of the BHK-21 cells infected with different viruses. 
mages of mock-infected and transfected cells are shown. Scale bars: 200 μm. B) 
cted or infected (MOI of 0.01) with rOC43(1558)-ns2FusionRluc and rOC43 
nts were analysed using the Renilla-Glo luciferase assay system. C) – G) Mice 
rOC43(1558)-WT. Notably, 10-day-old suckling mice were either mock-(PBS) 
 and survival (D) were evaluated at the indicated days post-infection. Mice that 
nt the standard deviations of the mean for each group. E) BLI of BALB / c mice 
DelRluc (102 TCID50). BLI was performed daily by intraperitoneal injection of 
resentative BLI images are shown. F) Histology of brain sections. Brains were 
 load in various tissues of mice (brain, lung, liver, spleen, kidney, respectively). 
50, 50 % tissue culture infective dose; BLI, bioluminescence imaging; Rluc, 
 saline. 
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Fig. 5. Structure of the human coronaviruses (HCoVs)-OC43 spike glycoprotein predicted by SWISS-MODEL homology modelling. Models were generated using 
the spike structure of HCoV-OC43. A) Schematic diagram of the S glycoprotein organization. B) – C) Surface representation of the OC43 spike protein. The 
rectangle shows amino acid insertion sites. 
technique in yeast for the rapid generation of recombinant HCoV‐ 
OC43‐VR1558 wild type (WT) or with reporters. This approach pro-
vide a valuable platform for the investigation of viral biology and 
screening of inhibitors for HCoVs. 

Although several ICs of the HCoV‐OC43‐VR759 have been devel-
oped and used for subsequent studies, the tissue culture‐adapted 
HCoV‐OC43‐VR1558, derived from a virus passaged in mice (HCoV‐ 
OC43‐VR759), has not been reported to possess the ability to develop 
an infectious clone. Our reverse genetics approach on HCoV‐OC43 
using TAR enabled us to rescue rOC43(1558)‐WT and rOC43(1558)‐ 
stably expressing the Rluc reporter gene. We partially edited ns2 
region and incorporated reporter genes, which showed no significant 
impact on viral replication. The feasibility of removing viral genes 
and inserting reporter genes demonstrates the genetic plasticity of 
the HCoV‐OC43 genome and suggests the possibility of generating 
recombinant viruses. Reporter‐expressing replicating competent 
viruses can be used to monitor viral infections, assess viral fitness, 
and evaluate and/or identify antivirals, and reporter gene expression 
can be used as a valid surrogate for virus detection in infected cells 
[12]. Notably, despite genome editing of ns2 and the insertion of a 
reporter gene, the reporter‐expressing rHCoV‐OC43 constructs exhib-
ited growth kinetics similar to those of their wild‐type counterparts.
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This observation suggests that the ns2 region may not be a critical ele-
ment for HCoV‐OC43 replication. As expected, viral infection was 
observed in real‐time, alleviating the need for additional approaches 
to detect the virus in infected cells. The correlation between the kinet-
ics of the reporter gene and the level of viral replication underscores 
the efficacy of using these reporter genes as reliable surrogates to 
assess viral infection. 

The antiviral properties of remdesivir and chloroquine have been 
previously reported. In this study, we demonstrated that reporter‐ 
expressing rHCoV‐OC43 constructs provide a robust platform for the 
rapid identification and characterization of antivirals for the therapeu-
tic and/or prophylactic treatment of HCoV‐OC43 infections. Multiple 
factors contribute to this difference, including the sensitivity of the 
methods, the variations in cell states, and the potential errors inherent 
in experimental techniques. The EC50 determined by percent viral 
copies is a classic method that relied on the proliferation of viral nucleic 
acids, while the Rluc activity method is fundamentally based on the 
activity of luciferase and the interpretation of substrate results, influ-
enced by factors such as substrate expression, cell stability, and enzyme 
activity. For remdesivir, the EC50 results are different by 3‐fold for per-
cent viral copies and percent RLuc activity, while a difference of about 
23 % is observed for chloroquine. These differences may be related to 
the distinct anti‐viralmechanisms between remdesivir and chloroquine, 
and the sensitive and influences factor for these methods. Nonetheless, 
the results remained within an acceptable range of effective concentra-
tions. Importantly, the EC50 obtained for our reporter‐expressing viruses 
were consistent with those reported in previously studies, demonstrat-
ing the feasibility of using our reporter‐based assays for the rapid iden-
tification of antivirals [28,40,41]. 

Moreover, we further evaluated the feasibility of using rOC43 
(1558)‐ns2FusionRluc in mice. Infection of mice by HCoV‐OC43 was 
affected by many variables, such as the virus strains, the route of inoc-
ulation, the challenge dose, mice age and its genetic background [35]. 
Previous studies showed that BALB/c mice were more resistant than 
C57BL / 6 when infected with the same dose HCoV‐OC43, researchers 
have tried different inoculation routes to analysis the properties of 
HCoV‐OC43 in BALB / c and C57BL / 6 mice, such as intraperitoneal, 
intraoral, and intranasal inoculation route, their results showed that 
the viral RNA was mainly found in the brain for the 1‐week‐old mice, 
but could not detect the virus in tissues of spinal cord, heart, lung, 
liver, and spleen, indicated the neurotropic and neuroinvasive proper-
ties of HCoV‐OC43 in mice [27,35]. In this study, we focus on the dif-
ferent virulence of HCoV‐OC43 VR759 and VR1558, so the 
intracerebral inoculation method of infection was chosen. This model 
provides a compelling visualization of neurological symptoms caused 
by coronavirus infection in real‐time, allowing us to illustrate both 
geographical and temporal progression of the infection. Additionally, 
it facilitates the evaluation of broad‐spectrum anti‐coronavirus inhibi-
tors in vitro and in vivo. 

Furthermore, the differences between HCoV‐OC43‐VR759 and 
HCoV‐OC43‐VR1558 were compared both in vitro and in vivo. In vitro, 
BHK‐21 cells infected with rOC43(1558)‐WT and rOC43(1558)‐ 
ns2FusionRluc‐ exhibited significant cytopathic effects, whereas 
BHK‐21 cells incubated with rOC43(759)‐WT and rOC43(759)‐ 
ns2DelRluc showed no cytopathic effects. Several investigations were 
conducted with the VR759 strains in our previous work [27,28]. With 
a specific focused on the capabilities of the reporter system of VR1558 
strains, allowing for quantitative measurement and real time monitor 
of virulent, we used the recombinant rOC43(759)‐ns2DelRluc as a pos-
itive control and compare the virulence for rOC43(1558)‐ 
ns2FusionRluc to that of rOc43(1558)‐WT. Based on assessments of 
changes in mice body weight, survival rate and neurological symp-
toms, our results demonstrated that the virulence for rOC43(1558)‐ 
ns2FusionRluc is comparable to that of rOc43(1558)‐WT, but less vir-
ulent when compared to that of rOC43(759)‐ns2DelRluc, the real‐time 
luciferase signals were consistent to that of the clinical symptoms. 
According to the references, HCoV‐OC43 was originally isolated 
after passage in human embryonic tracheal organ cultures, this virus 
caused neurological disease in suckling mice (termed HCoV‐OC43NV) 
[42]. Subsequently, this virus was propagated in tissue culture cells 
and generating a tissue culture‐adapted variant (termed HCoV‐ 
OC43TC). In fact, most recent studies have used neurovirulent viruses 
that have undergone further propagated in tissue culture cells [35]. 
HCoV‐OC43 is known to possesses inherent neuroinvasive and neu-
rotropic properties in humans [43]. Nevertheless, the direct link 
between HCoV‐OC43 and neurological disorders remains unsubstanti-
ated [44]. Studies have identified mutations in the spike glycoprotein 
due to the continuous proliferation of HCoV‐OC43 in human brain cell 
cultures. Infection with HCoV‐OC43 containing two amino acids muta-
tions in the spike glycoprotein (rOC / Us183‐241) led to a significant 
increase in cell death in both murine and human neural cells [45]. 
Specifically, the point mutations in the S glycoproteins (H183R and 
Y241H), the mutant HCoV‐OC43 caused a more pronounced unfolded 
protein response and reduced protein translation. Therefore, this 
mutant virus led to greater neuronal damage and was associated with 
increased viral spread, enhanced T‐c‐cell infiltration, and elevated 
release of cytokines that promote inflammation [46,47]. These find-
ings may explain why the CPE of HCoV‐OC43‐VR1558 was more sig-
nificant in BHK‐21 cell lines compared with HCoV‐OC43‐VR759. As 
mutants of H183R and Y241H in S protein resulted in a significant 
increase in cell death in both murine and human neuro cells, caused 
an increased neuronal cell death by apoptosis. 

Effective cleavage of the spike protein is associated with the neu-
rovirulence of HCoV‐OC43 [48]. A previous study demonstrated that 
themodified sequence KASSAS (derived from the original KASSRS) ren-
ders the HCoV‐OC43 virus becoming avirulent, as indicated by the 
absence of neurological symptoms and mortality [48]. Notably, in the 
present study,five amino acidswere inserted at the putative S2 position 
(K899 A900insVNAYA). Data from animal experiment indicated a sig-
nificant reduction in neurovirulence compared to HCoV‐OC43‐VR759, 
likely attributable to the inhibition of protease cleavage. 

While the luciferase reporter system provides advantages for study-
ing viral replication and evaluating antiviral agents, it also presents 
notable limitations. The requirement for luciferin substrate and spe-
cialized chemiluminescence instrumentation pose practical challenges. 
However, this limitation could potentially be overcome by replacing 
the luciferase reporter in rOC43(1558)‐ns2FusionRluc with alternative 
reporter. 

In summary, we successfully generated a robust and stable 
luciferase‐based recombinant HCoV‐OC43 strain by replacing ns2 
and employing the TAR strategy. To the best of our knowledge, this 
is the first report detailing the construction of a HCoV‐OC43‐VR1558 
IC and a systematic comparison with the prototype strain, HCoV‐ 
OC43‐VR759. This reporter virus is expected to apply on screening 
for broad‐spectrum drugs or host factors that influence HCoV replica-
tion. The rapid construction and comprehensive application of an IC 
system for coronavirus facilitates further research on virus biology 
and its mechanisms, improved diagnostic tests, vaccine production, 
and screening antiviral compounds. 
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