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Dear Editor,

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) was identified as the pathogen causing the cor-
onavirus disease (COVID-19), which sometimes resulted in
fatal pneumonia (Hu et al., 2021). SARS-CoV-2 is a bio-
safety level 3 (BSL-3) pathogen, and the requirement for
high containment conditions is a bottleneck for basic re-
search on viral biology. To help general researchers who
wish to study SARS-CoV-2 but do not have access to a BSL-
3 facility, a system that (1) can mimic the real life cycle of the
virus; (2) allows easy genetic manipulation; and (3) shows
high biosafety in BSL-2 laboratory is required. Figure 1A
depicts the split-virus-genome (SVG) system in which the
full-length SARS-CoV-2 ¢cDNA was divided into three parts,
including SARS-CoV-2 S, ORFlab, and StruAS fragments
(Jiang et al., 2021). The corresponding plasmids were co-
transfected into 293 T cells to form infectious virus, named
“reconstituted SARS-CoV-2" (rSARS-CoV-2). Due to the
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presence of packaging signal (PS) sequence, only one RNA
(the one encoding ORF1ab) can be incorporated in rSARS-
CoV-2 (Hsieh et al., 2005). Since rSARS-CoV-2 lacked all
structural genes, no progeny virus was produced. Therefore,
rSARS-CoV-2 can serve as a safe and universal platform for
virological research.

To ensure the expression of each component, we co-
transfected cells with one, two, or three plasmids. As shown
in Figure S1C in Supporting Information, transfection of S
plasmid resulted in the production of S protein. StruAS-
EGFP plasmid was transfected to study the activity of
StruAS (Figure S1A-SIC in Supporting Information).
Transmission electron microscopy (TEM) imaging showed
that the expressed structural proteins were assembled into
reconstituted virus particles (rVPs) without spike proteins
(Figure 1B). N protein was verified to be packaged into rVPs
(StruAS) (Figure S1D in Supporting Information). ORF lab-
mCherry construct was used to verify ORFlab expression
(Figure S1A and S1C in Supporting Information). Next, we
attempted to co-express two plasmids, and successfully ob-
tained rVPs (StruAS-S) and rVPs (StruAS-ORF1ab) (Figure
1B and Figure S1D in Supporting Information).
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Figure 1 Design, construction, and applications of the SVG system. A, Schematic of the full-length SARS-CoV-2 genome and the split sections. The DNA
fragments were assembled in yeast to construct SARS-CoV-2 S, ORFlab, and StruAS plasmids. B, Morphology of rSARS-CoV-2 and rVPs. rSARS-CoV-2
also vituralized using immuno-gold staining with spike protein antibody. Scale bar: 20 nm. C, Confocal microscopy images of EGFP fluorescence in rVPs
(EGFP-PS583)-infected 293T/hACE2 cells, rVPs (EGFP-PS583)-infected 293T cells, and rVPs (EGFP)-infected 293T/hACE2 cells at 48 h post infection.
Scale bar: 20 um. D-E, Sequential snapshots of (D) rSARS-CoV-2 (QD-DiO) entry into a 293T/hACE2 cell, (E) the dissociation of RNA-QD and Env-DiO
in a 293T/hACE2 cell, (F) rSARS-CoV-2 (QD-DiO) entry into a 293T/hACE2-hTMPRSS2 cell. Scale bar: 2 um. G, Statistical analysis of the number of
DiO-labeled rSARS-CoV-2 and rVPs (mut) in cytoplasm. H, Morphology of mutated rVPs. Scale bar: 20 nm. I, Co-localization of DiO and QD signals in
rSARS-CoV-2 (QD-DiO) and mutated rVPs (QD-DiO).

Three plasmids were co-transfected to generate rSARS- N proteins assembled into virions were analyzed using
CoV-2 (Figure S2A-S2B in Supporting Information). TEM western blot (Figure S2B in Supporting Information). Viral
showed round particles with typical crown of spikes, which infectivity was quantified by tissue culture infectious dose

was confirmed by immune-gold labeling (Figure 1B). S and (TCIDsg)/mL titer, with 1g TCIDs/mL=1.5. To address po-
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tential biosafety concerns, the rescued virus was first tested
in BSL-3 laboratory. 293T/hACE2 cells were constructed
and infected with rSARS-CoV-2 (Figure S3A in Supporting
Information). Viral structural proteins were not detected in
cell lysate and supernatant collected from infected cells
(Figure S3B in Supporting Information). Representative
images of 293T/hACE2 cells infected with rSARS-CoV-2
and wild-type SARS-CoV-2 revealed significant differences
in viral titers, which was due to the inability of rSARS-CoV-
2 to replicate (Kim et al., 2020) (Figure S3C in Supporting
Information). Therefore, rSARS-CoV-2 was comfirmed to
be a safe model for the study of virus biology. The assembly
of viral genomic RNA in virions was examined by infecting
293T/hACE2 cells with rSARS-CoV-2 (Figure S2C in
Supporting Information). The mCherry signal was observed
in infected cells, but it was very weak, owing to the inability
of ORFlab to replicate (Figure S2D—S2E in Supporting In-
formation). Fluorescence was not detectable in rVPs
(mCherry)-infected cells, suggesting that mCherry mRNA
failed to be packaged into particles. SARS-CoV-2 PS located
in ORF1lab was thus necessary for the assembly of viral RNA
into particles.

Viral genome incorporation is mediated by the interaction
between nucleocapsid protein and PS sequence. We pre-
dicted the location of SARS-CoV-2 PS near the 3’ terminus
of ORF1b using previously characterized SARS-CoV PS
(Kim et al., 2020). There were two stable stem-loops (SL1
and SL2) in the predicted RNA secondary structures of these
regions in SARS-CoV-2, SARS-CoV, and bat SARS-like
CoV (Figure S4A in Supporting Information). Multiple
alignment confirmed the high conservation of RNA stem-
loops, which may act as PS in SARS-CoV-2 (Figure S4B in
Supporting Information). To test this hypothesis and ex-
perimentally examine packaging activity, we selected two
regions containing the conserved stem-loop structure, PS101
(nt 19900-20000) and PS583 (nt 19773-20335). The plas-
mids pEGFP-N1-PS101 and pEGFP-N1-PS583 were con-
structed and co-transfected into 293T cells with S and
StruAS constructs, respectively. The transcription and ex-
pression of EGFP-PS101 and EGFP-PS583 RNA were fisrt
verified (Figure SSA—S5C in Supporting Information). Next,
rVPs were isolated and their integrity was monitored (Figure
S5D in Supporting Information). The GFP signal was ob-
served within rVPs (EGFP-PS101)- or rVPs (EGFP-PS583)-
infected cells (Figure 1C and Figure SSE-S5F in Supporting
Information). The higher fluorescence intensity of PS583
implied that EGFP-PS583 RNA had better packaging ac-
tivity. rVPs (EGFP)-infected cells failed to show GFP
fluorescence, indicating that in the absence of PS sequence,
EGFP mRNA itself cannot be packaged into rVPs (EGFP).
These results suggested that putative PS sequence lied in the
101 bp sequence near the 3’ end of ORF1b, and was vital for
the assembly of viral genomic RNA.
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The SVG system was attempted to visualize the process of
rSARS-CoV-2 infection in real time. Dual-fluorescent vir-
ions, rSARS-CoV-2 (QD-DiO), was first generated by la-
beling viral RNA with quantum dot (QD) nanobeacon and
labeling viral envelop with DiO (Ma et al., 2021) (Figure
S6A—S6C in Supporting Information). To study the dynamic
process of viral entry, rfSARS-CoV-2 (QD-DiO) was in-
cubated with 293T/hACE2 cells. A dual-color particle was
initially observed on cell membrane, and then transported
into host cell in an active manner (Figure 1D, Figure S6D—6F
and Video S1 in Supporting Information). The release of
viral core from the envelope during endocytic entry into host
cells was also captured. A separation of the red dot from the
green dot was observed during the dynamic movement of the
virion (Figure 1E, Figure S6G-S6I and Video S2 in Sup-
porting Information). The escape of viral core from endo-
some was necessary for successful infection. rSARS-CoV-2
(QD-DiO) was also used to infect 293T/hACE2-hTMPRSS2
cells. Lipid DiO fluorescence disappeared at cell surface and
the QD-labeled viral core sparated rapidly from cell mem-
brane, suggesting virus entry via plasma membrane fusion in
the presence of TMPRSS2 (Hoffmann et al., 2020) (Figure
1F and Video S3 in Supporting Information).

Theoretically, the SVG system can quickly generate and
test mutations throughout the viral genome. Four mutations
were induced at different regions in S protein (Figure S7A in
Supporting Information). The mutated S protein was as-
sembled into rVPs (mut) , which were similar in morphology
and size to rSARS-CoV-2 (Figure S7B in Supporting In-
formation). rVPs (N501Y), rVPs (D614G), and rVPs
(P681H) showed higher infectivity than rSARS-CoV-2, but
the infectivity of rVPs (N331Q) was significantly lower
(Figure 1G), consistenting with previous reports (Li et al.,
2020). The SVG system was further used to systematically
investigate the requirements of structural proteins in viral
assembly and RNA packaging. Since ORF10 is a newly
acquired ORF that is specific to SARS-CoV-2, we also in-
cluded it in our study (Pancer et al., 2020). Using StruAS-
EGFP as a template, four plasmids with deletion of N, E, M,
or ORF10 gene were constructed (Bai et al., 2022) (Figure
S8A in Supporting Information). TEM imaging showed that
spherical rVPs with coronal structures can still be produced
by deleting N, E, M, or ORF10 (Figure 1H). N and S proteins
were present in all these rVPs, except for rVPs (AN), in
which N protein was absent (Figure S8B in Supporting In-
formation). This indicated that none of these genes was ne-
cessary for rVPs assembly. To test viral RNA packaging, we
examined ORFlab-mCherry signal in rVPs-infected cells.
rVPs (AORF10)-infected cells showed red fluorescence,
while rVPs (AN), rVPs (AE), and rVPs (AM) failed to
produce any fluorescence signal (Figure S8C in Supporting
Information). Then, we further verified the incompleteness
of viral packaging through the above dual-labeling. The co-
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localization efficiency of rVPs (AORF10) was similar to that
of rSARS-CoV-2 (~70%), whereas that of rVPs (AE) and
rVPs (AM) were significantly lower. A sharp reduction in
co-localization efficiency was observed when N protein was
absent (Figure 11 and Figure S8D in Supporting Informa-
tion). These results suggested that N is essential for viral
RNA packaging and ORF10 is unnecessary, whereas E and
M are important but not necessary.

In summary, we designed a novel and universal platform
called the SVG system to advance research on each func-
tional component of large-size viruses. Here, the full-length
SARS-CoV-2 cDNA was split into three fragments, and co-
transfected into cells to produce single-round infectious
rSARS-CoV-2. Using rSARS-CoV-2, we systematically
analyzed the function of multiple components and visualized
viral life cycle in real time. The SVG system can serve as a
powerful tool to dissect authentic viology in BSL-2 labora-
tory and facilitate methods development to cease the epi-
demic.
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