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ABSTRACT The specific packaging of the viral RNA genome into virus particles is
an essential step in the replication cycle of coronaviruses (CoVs). Using a single-cycle,
replicable severe acute respiratory syndrome CoV-2 (SARS-CoV-2) mutant, we demon-
strated the preferential packaging of the SARS-CoV-2 genomic RNA into purified virus
particles. Furthermore, based on the sequence of an efficiently packaged defective
interfering RNA of SARS-CoV, a closely related CoV, that was generated after serial
passages of SARS-CoV in cell culture, we designed a series of replication-competent
SARS-CoV-2 minigenome RNAs to identify the specific viral RNA region that is impor-
tant for SARS-CoV-2 RNA packaging into virus particles. We showed that a 1.4-kb-long
sequence, derived from the nsp12 and nsp13 coding regions of the SARS-CoV-2
genomic RNA, is required for the efficient packaging of SARS-CoV-2 minigenome
RNA into SARS-CoV-2 particles. In addition, we also showed that the presence of
possibly the entire 1.4-kb-long sequence is important for the efficient packaging
of SARS-CoV-2 RNA. Our findings highlight the differences between the RNA pack-
aging sequence identified in SARS-CoV-2, a Sarbecovirus, and the packaging signal
of mouse hepatitis virus (MHV), an Embecovirus, which is a 95-nt-long sequence
located at the nsp15 coding region of MHV genomic RNA. Collectively, our data
imply that both the location and the sequence/structural features of the RNA ele-
ment(s) that drives the selective and efficient packaging of viral genomic RNA are not con-
served among the subgenera Embecovirus and Sarbecovirus within the Betacoronavirus
genus.

IMPORTANCE Elucidating the mechanism of SARS-CoV-2 RNA packaging into virus
particles is important for the rational design of antiviral drugs that inhibit this vital
step in the replication cycle of CoVs. However, our knowledge about the RNA pack-
aging mechanism in SARS-CoV-2, including the identification of the viral RNA region
important for SARS-CoV-2 RNA packaging, is limited, primarily due to the logistical
challenges of handing SARS-CoV-2 in biosafety level 3 (BSL3) facilities. Our study,
using a single-cycle, replicable SARS-CoV-2 mutant, which can be handled in a BSL2
lab, demonstrated the preferential packaging of full-length SARS-CoV-2 genomic
RNA into virus particles and identified a specific 1.4-kb-long RNA region in SARS-
CoV-2 genomic RNA that is required for the efficient packaging of SARS-CoV-2 RNA
into virus particles. The information generated in our study could be valuable for
clarifying the mechanisms of SARS-CoV-2 RNA packaging and for the development
of targeted therapeutics against SARS-CoV-2 and other related CoVs.
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The coronavirus disease (COVID-19) pandemic caused by SARS-CoV-2, a novel human co-
ronavirus, has had serious negative impacts on public health and global economy with

over 6 million deaths worldwide. SARS-CoV-2 infection primarily causes cold-like symptoms,
including fever, cough, and headache, but some patients develop more severe respiratory
diseases due to lung tissue damage (1). Accumulating evidence has shown that the systemic
manifestations of SARS-CoV-2 infection extends beyond acute respiratory disease (2, 3).
Currently, the circulating Omicron variants of SARS-CoV-2 are highly transmissible, causing
an adverse effect on human health due to immune evasion in the vaccinated population
(4). Several commercial vaccines designed to express the spike protein of the WA1/2020
strain and the Omicron strain are available and effective at preventing severe COVID-19 (5).
However, there is only one antiviral drug approved by the Food and Drug Administration
(FDA) to treat SARS-CoV-2 patients (6).

SARS-CoV-2, which belongs to the family Coronaviridae and order Nidovirales, is an
enveloped virus carrying a single-stranded positive-sense RNA genome. Among the six differ-
ent CoV genera (Alphacoronavirus, Betacoronavirus, Gammacoronavirus, Deltacoronavirus,
Alphapironavirus, and Alphaletovirus) in the family Coronaviridae, SARS-CoV-2 and SARS-CoV
belong to the genus Betacoronavirus, subgenus Sarbecovirus. The CoV virion is generally
composed of three envelope proteins, namely, S, M, and E, and a helical nucleocapsid com-
posed of N protein and a large (;30 kb) single-stranded positive-sense RNA genome, carry-
ing a 59 cap and a poly(A) tail at the 39-end (7). The S protein plays a critical role in the bind-
ing of CoV particles to a specific receptor and induces membrane fusion (8). The E protein is
essential for virion assembly and budding for some, but not all, CoVs (9). The M protein,
which represents the most abundant viral protein, interacts with other envelope proteins and
the N protein as well as the viral RNA and plays a central role in virion assembly (10, 11). In
infected cells, the intracellular form of the viral genomic RNA, mRNA1, and several subge-
nomic mRNAs are synthesized. These viral mRNAs form a 39 coterminal nested structure and
have the same leader sequence of ;70 nt at the 59 end (7). All viral mRNAs, except for the
smallest subgenomic mRNA, are structurally polycistronic, and the most 59 open reading
frame (ORF) is, in principle, used for translation (7). The 59 two-thirds of the genomic RNA is
called gene 1, which encodes 16 mature nonstructural proteins (nsp1 to nsp16) in the case of
betaCoVs. Most of the gene 1 proteins are essential for viral RNA synthesis (12).

CoV particles primarily contain the genomic RNA and very small amounts of subgenomic
mRNAs (13–15). The packaging of genomic RNA into virus particles is a critical step in the in-
fectious cycle of CoVs. The selective packaging of genomic RNA into CoV particles is driven
by an RNA element designated the packaging signal (PS). Among the CoV PSs, the PS of
mouse hepatitis virus (MHV), a member of the Embecovirus subgenus in the betaCoV genus,
has been well characterized. MHV carries a 95-nucleotide (nt)-long PS within the nsp15 cod-
ing region of gene 1 (16). MHV M interacts with MHVmRNA 1 and replicating MHV defective
interfering (DI) RNAs carrying PS but not subgenomic mRNAs and DI RNAs lacking PS (17),
indicating that the binding of M protein to PS is a determinant of the packaging efficiency
of viral RNAs. The importance of N protein for the selective packaging of genomic RNA has
also been reported (17–19). The existing experimental evidence suggest that the genomic
RNA, carrying the PS, can outcompete the subgenomic RNAs, which lack the PS, for interac-
tions with the structural proteins, namely, M and N, that drive the process of selective ge-
nomic RNA packaging into virus particles (15).

The identification of viral RNA PS and clarifying the mechanism of viral RNA packaging in
highly pathogenic human CoVs, including SARS-CoV, SARS-CoV-2, and Middle East respira-
tory syndrome (MERS)-CoV, has been challenging, due to the technical hurdles of perform-
ing the necessary experiments, including the purification of infectious CoVs in biosafety level
3 (BSL3) labs. Based on the data from other CoVs that can be handled in BSL2 labs, it has
been speculated that the full-length genomic RNA of these highly pathogenic human CoVs
is also selectively packaged into virus particles. However, the experimental data demonstrat-
ing the selective packaging of genomic RNA, but not subgenomic mRNAs, into virus par-
ticles of these CoVs is still lacking. Several studies have shown the packaging of expressed
RNA carrying a putative PS into SARS-CoV virus-like particles (VLPs) (20), SARS-CoV-2 VLPs
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(21), or MERS-CoV VLPs (22). These studies have suggested the presence of a putative PS in
the genomic RNA of SARS-CoV and SARS-CoV-2 in the same region identified as the PS in
MHV genomic RNA, i.e., the nsp15 region of gene 1 (20, 21). However, the sequence corre-
sponding to MHV PS is absent in Sarbecoviruses, and the putative PS of SARS-CoV and that
of SARS-CoV-2 lack the conserved RNA structural features found in the PS of other CoVs (23),
suggesting that the PS of SARS-CoV and SARS-CoV-2 are located elsewhere in the genome.

The present study aimed to identify the specific region in SARS-CoV-2 RNA that is
important for the efficient packaging of viral RNA into SARS-CoV-2 particles, by primarily
using a single-cycle, replicable SARS-CoV-2 mutant (srSARS-CoV-2), which is a BSL2 pathogen
(24). We showed that the genomic RNAs, but not subgenomic mRNAs, are efficiently pack-
aged into purified srSARS-CoV-2 particles. Furthermore, using a series of replication-competent
SARS-CoV-2 minigenome RNAs, we showed the requirement of a ;1.4-kb-long sequence,
derived from the nsp12 and nsp13 coding regions of the genomic RNA, for the efficient pack-
aging of SARS-CoV-2 minigenome RNA into SARS-CoV-2 particles, which suggested that the
structure/sequence of the RNA element(s) that drives the selective and efficient packaging of
SARS-CoV-2 RNA is different from that in MHV.

RESULTS
Efficient packaging of genomic RNA, but not subgenomic mRNAs, into SARS-CoV-2

virions. As a first step toward the goal of identifying the specific region in SARS-CoV-2
RNA that mediates the packaging of viral RNA into SARS-CoV-2 particles, we examined the
packaging profile of viral RNAs in SARS-CoV-2 particles by using a single-cycle, replicable
SARS-CoV-2 mutant (srSARS-CoV-2), which was initially referred to as SARS2-delORF3-E virus
(24), as a surrogate for SARS-CoV-2. srSARS-CoV-2 lacks E and 3a genes, carries a NanoLuc lu-
ciferase gene (24), and undergoes a full cycle of virus replication, including the production
of virus particles, capable of initiating infection in Vero-ORF3-E cells, coexpressing SARS-CoV-
2 3a and E proteins (24). However, srSARS-CoV-2 exhibits a single-cycle, replication property
in cells lacking the coexpression of E and 3a proteins (24).

To test whether the genomic RNA of srSARS-CoV-2 is preferentially packaged into virions,
we first examined the profile of accumulation of viral RNAs in cells infected with srSARS-
CoV-2 and compared it to that in cells infected with infectious SARS-CoV-2. Northern blot
analysis showed the accumulation of mRNA 1, the intracellular form of the genomic RNA,
and subgenomic mRNAs in Vero E6 cells infected with SARS-CoV-2, as well as in srSARS-
CoV-2-infected Vero-ORF3-E cells, coexpressing 3a and E proteins (Fig. 1C, IC). Due to the de-
letion of E and ORF3 genes in srSARS-CoV-2, the accumulation of mRNA 3, encoding 3a, and
mRNA 4, encoding E, did not occur in srSARS-CoV-2-infected cells. As the mRNA 7 of srSARS-
CoV-2 carries a 516-nt-long NanoLuc luciferase gene in place of the 366-nt-long ORF7 gene
(24), the sizes of mRNAs 5, 6, and 7 of srSARS-CoV-2 were larger than the corresponding
mRNAs of SARS-CoV-2. We also detected some noncanonical subgenomic RNAs in srSARS-
CoV-2-infected cells, which most probably represented aberrant transcripts (Fig. 1C, asterisk).
We inoculated srSARS-CoV-2 into Vero-ORF3-E cells, coexpressing E and 3a proteins, and
purified the released virus particles by using continuous sucrose gradient centrifugation.
Western blot analysis of the sucrose gradient fractions showed an enrichment of the viral M
protein in fractions 6 and 7, with buoyant densities between 1.164 and 1.187 g/mL, suggest-
ing the presence of purified virus particles in these fractions (Fig. 1A and B). Northern blot
analysis of the RNAs extracted from the sucrose gradient fractions, by using a 39-end probe
which binds to both the genomic and subgenomic mRNAs of SARS-CoV-2, showed the pres-
ence of genomic RNA in fractions 6 to 8 with the strongest signal in fraction 7 (Fig. 1C, vi-
rion). Very low amounts of subgenomic mRNAs were detected in fractions 6 and 7, and the
ratio of genomic RNA to subgenomic mRNAs in the purified virion was higher than that in
infected cells. These data demonstrated that the full-length genomic RNA is preferentially
packaged into srSARS-CoV-2 particles, released from infected cells.

Characterization of a SARS-CoV defective interfering (DI) RNA. DI RNAs have been
used to identify the cis-acting sequences required for CoV RNA replication and packaging
in other CoVs (16). To this end, we had previously performed serial, undiluted passages of
SARS-CoV in Vero E6 cells during the SARS-CoV outbreak in 2002 to 2003 to generate DI
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RNAs in SARS-CoV-infected cells. We first examined the accumulation of intracellular viral
RNAs in cells infected with the passaged virus samples (Fig. 2A). Northern blot analysis of in-
tracellular RNAs in infected cells, by using a 59-end probe, which hybridizes to the genomic
RNA/mRNA 1, but not subgenomic mRNAs of SARS-CoV, showed the accumulation of
mRNA 1 and a major viral RNA species of;5.5 kb in length in cells infected with virus inocu-
lum from passages 14 to 23. Northern blot analysis using a 39-end probe, which binds to all
SARS-CoV mRNA species, also showed the accumulation of the 5.5-kb-long RNA species (Fig.
2A). Importantly, the accumulation of SARS-CoV mRNA 1 and subgenomic mRNAs was
markedly reduced in cells infected with the serially passaged virus, with the most prominent
reduction observed in cells infected with passage 17 to passage 23 inoculum (Fig. 2A).
These data suggested that the 5.5-kb-long RNA species was stably retained in the serially
passaged virus and its accumulation interfered with SARS-CoV replication, strongly indicat-
ing that the 5.5-kb-long RNA species was a SARS-CoV DI RNA that is efficiently packaged
into SARS-CoV particles. Sequence analysis showed that the SARS-CoV DI RNA is composed
of three distinct and noncontiguous regions of the SARS-CoV genome, as follows: the first
740-nt-long sequence from the 59 end of the genome, an internal sequence derived from
the nsp7 to nsp13 coding region encompassing nt 11976 to 16382, and the terminal 600-
nt-long region from the 39 end of the SARS-CoV genome (Fig. 2B). Like other CoV DI RNAs
(13, 25–27), this DI RNA also encoded an open reading frame (ORF), carrying the first 475 nt
of nsp1 in frame with the internal sequence encompassing nt 11976 to 16382 (Fig. 2B). The
terminal 600-nt-long region from the 39 end of the genome also carried a partial ORF derived

FIG 1 Preferential packaging of srSARS-CoV-2 genomic RNA into purified virions. (A) The virus particles
released from srSARS-CoV-2-infected cells were subjected to continuous sucrose gradient ultracentrifugation,
and the gradient fractions were collected. The density of each sucrose fraction was measured using a
refractometer. The density of sucrose fractions 4 to 9 are shown. (B) Western blot analysis of M protein in
srSARS-CoV-2-infected Vero-ORF3-E cells (IC) and in sucrose gradient fractions 4 to 9. (C) Northern blot
analysis of total intracellular RNAs (IC), in SARS-CoV-2-infected cells and srSARS-CoV-2-infected cells, and
virion RNAs in sucrose gradient fractions 4 to 9 (Virion). The intracellular viral mRNA species of SARS-CoV-2
and srSARS-CoV-2 are indicated by the numbers 1 to 9. The asterisk indicates the noncanonical subgenomic
RNA in srSARS-CoV-2-infected cells.
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from the N gene, but this ORF was not in frame with the upstream ORF. Notably, the SARS-
CoV DI RNA lacked the previously suggested putative PS sequence of SARS-CoV that mapped
to the nsp15 region (20). The SARS-CoV DI RNA also did not carry the sequence corresponding
to the putative SARS-CoV-2 PS that mapped within the nsp15 and nsp16 regions (21).

Evaluating the packaging efficiency of SARS-CoV-2 minigenome RNAs. As SARS-CoV-
2 is closely related to SARS-CoV, we hypothesized that the RNA element(s) required for the
efficient packaging of viral RNA would be located at a similar site in the genome of both
CoVs. To identify the viral RNA region that drives the packaging of SARS-CoV-2 RNA into vi-
rus particles, we generated a series of replication-competent SARS-CoV-2 minigenome
RNAs, designated SARS2-rep RNAs (Fig. 3A), based on the sequence of the SARS-CoV DI
RNA. All the SARS2-rep RNAs carried the following common regions derived from the SARS-
CoV-2 genome at their 59 and 39 ends: the first 742 nt from the 59 end and the terminal
605 nt from the 39 end of the SARS-CoV-2 genome, respectively (Fig. 3A). In addition, each
of the SARS2-rep RNAs used in our study carried a different internal fragment (designated
F1 to F7), ranging in length from 1 kb to 1.7 kb, derived from the nsp7 to the nsp16 coding
regions of SARS-CoV-2 (Fig. 3B). As a previous study suggested the presence of the SARS-
CoV-2 PS at the nsp15 and nsp16 coding regions (21), we included the SARS2-rep RNA cov-
ering the coding regions of nsp14 to nsp16 (designated F4 to F7) for our study, although
this region was lacking in the SARS-CoV DI RNA. For a negative control, we generated the
SARS2-rep-rLuc RNA, in which the Renilla luciferase (rLuc) gene was inserted as the internal
sequence instead of the coding regions from SARS-CoV-2 genome (Fig. 3A). All the SARS2-rep
RNAs carried an ORF, consisting of a partial N-terminal sequence of nsp1 in frame with the in-
ternal sequence encompassing the nsp7 to the nsp16 coding regions. The SARS2-rep-rLuc
RNA encoded an ORF, consisting of the partial nsp1 sequence in-frame with the rLuc gene.

We first tested the replication competence of SARS2-rep RNA by transfecting each
of the SARS2-rep RNAs or SARS2-rep-rLuc RNA into SARS-CoV-2-infected Vero E6 cells, wherein
SARS-CoV-2 served as a helper virus. As a negative control, the RNAs were transfected into
mock-infected cells. Northern blot analysis of intracellular RNAs from the transfected Vero E6

FIG 2 Characterization of SARS-CoV DI RNA after serial passage of SARS-CoV in Vero E6 cells. (A) Northern
blot analysis of total RNAs extracted from Vero E6 cells infected with serially passaged SARS-CoV using the
59-end probe (top) and the 39-end probe (bottom). The passage numbers of the serially passaged SARS-
CoV are indicated. (B) Schematic diagram of the structure of SARS-CoV DI RNA.
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cells showed that the SARS2-rep RNAs as well as the SARS2-rep-rLuc RNA replicated efficiently
in SARS-CoV-2-infected cells but not in mock-infected cells, confirming their replication com-
petence (Fig. 3C).

To evaluate the efficiency of packaging SARS2-rep RNAs into SARS-CoV-2 particles,
we collected the culture supernatants (P0 virus) from SARS-CoV-2-infected Vero E6 cells
that were transfected with each of the SARS2-rep RNAs or SARS2-rep-rLuc RNA, at 19 h postin-
fection (p.i.) and inoculated naive Vero E6 cells with the P0 virus. Northern blot analysis of
intracellular RNAs from P0-infected cells showed that the accumulation of SARS2-rep RNA car-
rying the F3 internal fragment (F3 RNA), derived from the nsp12 and nsp13 coding regions of
SARS-CoV-2 genome, was higher than that of other SARS2-rep RNAs and SARS2-rep-rLuc RNA
(Fig. 3C). The packaging efficiency (P0/IC) of the SARS2-rep RNAs was calculated as the ratio of
the amount of intracellular RNA (IC) in RNA-transfected cells (replication competence) and in
P0-infected cells (P0) (packaging competence) by quantifying the band intensity using densi-
tometry. The P0/IC ratio of F3 RNA was higher than that of other SARS2-rep RNAs and SARS2-
rep-rLuc RNA (Fig. 3C), suggesting that the F3 RNA, but not other minigenome RNAs, was effi-
ciently packaged into SARS-CoV-2 particles released from the RNA-transfected cells, resulting
in the efficient accumulation of F3 RNA in P0-infected cells.

We repeated these experiments using srSARS-CoV-2 as a helper virus to confirm our
results. srSARS-CoV-2-infected Vero-ORF3-E cells, coexpressing E and 3a proteins, were
transfected with each of the SARS2-rep RNAs or SARS2-rep-rLuc RNA. P0 virus samples
were collected at 24 to 30 h p.i. and inoculated into naive Vero-ORF3-E cells. As observed
in Fig. 3C using SARS-CoV-2 as the helper virus, Northern blot analysis of intracellular
RNAs from P0-infected cells also showed a higher accumulation of F3 RNA than that of
other minigenome RNAs (Fig. 3D). We did not calculate the P0/IC ratio for these samples

FIG 3 Packaging efficiency of SARS2-rep RNAs. (A) Schematic diagram of SARS2-rep RNAs and SARS2-rep-rLuc RNA. (B) Schematic
diagram of the SARS-CoV-2 genome. The location and the nucleotide positions of the F1 to F7 regions in the SARS-CoV-2 genome
are indicated. (C) Accumulation of SARS2-rep RNAs in SARS-CoV-2-infected cells. Vero E6 cells were infected with SARS-CoV-2 (Helper
virus 1) or mock infected (Helper virus 2) and then transfected with in vitro-synthesized SARS2-rep RNAs (F1 to F7) or SARS2-rep-
rLuc RNA (rLuc). Culture supernatants (P0 virus) were collected and used for inoculating naive Vero E6 cells. Total RNAs were
extracted from the transfected cells and P0-infected cells and analyzed by Northern blotting using the SARS-CoV-2 59-end probe. The
P0/IC ratio of the given SARS2-rep RNA species was calculated by dividing the band intensity of that RNA in P0-infected cells (P0) by
that in transfected cells (IC). (D) Accumulation of SARS2-rep RNAs in srSARS-CoV-2-infected cells. Vero-ORF3-E cells were infected with
srSARS-CoV-2 (Helper virus 1) or mock infected (Helper virus 2) followed by transfection with in vitro-synthesized SARS2-rep RNAs or
SARS2-rep-rLuc RNA. Culture supernatants (P0 virus) were harvested and used for infecting fresh Vero-ORF3-E cells. Total RNAs were
extracted from the transfected cells and P0-infected cells and analyzed by Northern blotting using the SARS-CoV-2 59-end probe.
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due to the high background signals in P0-infected samples, which prevented the accu-
rate quantification of the band intensities of P0 RNAs. Nevertheless, our data, using
SARS-CoV-2 and srSARS-CoV-2 as helper viruses, strongly suggested that SARS2-rep RNA,
carrying the F3 region, is efficiently packaged into virus particles.

To examine whether the RNA secondary structures in the F3 region are important for effi-
cient F3 RNA packaging, we tested the effect of changing the primary nucleotide sequence of
the F3 region for RNA packaging. We utilized the codon optimization strategy to alter the nu-
cleotide sequence of F3 RNA, which does not change the amino acid sequence but probably
alters the RNA secondary structures in the F3 RNA. We generated two different variants of F3
RNA (Fig. 4A), namely, F3-opt1, carrying E. coli-codon optimized F3 region, and F3-opt2, carry-
ing a bovine codon-optimized F3 region. To further identify the specific region responsible for
the efficient packaging of F3 RNA, we generated three additional chimeric variants, namely,
F3-opt-chimera-1, F3-opt chimera-2, and F3-opt-chimera-3, with each carrying a chimeric F3
sequence derived from F3 and F3-opt1, as shown in Fig. 4A. All these variants had the same
nucleotide length as F3 RNA. We examined the packaging abilities of these F3 RNA-derived
variants, as described in Fig. 3D, by using srSARS-CoV-2 as a helper virus. Northern blot analysis
of intracellular RNAs from transfected cells showed that all the F3 RNA-derived variants repli-
cated efficiently in the presence of the helper virus, srSARS-CoV-2 (Fig. 4B). However, the accu-
mulation of all the F3 RNA-derived variants in P0-infected cells was substantially lower than
that of F3 RNA, suggesting that these variants were not efficiently packaged into srSARS-CoV-
2 particles. Furthermore, our data also indicated the importance of potentially the entire 1.4-
kb-long F3 sequence for the efficient packaging of SARS2-rep RNA into virus particles.

Importance of the 1.4-kb-long F3 region for packaging minigenome RNA into
virus particles. To directly assay the efficient packaging of F3 RNA, but not F3-opt1
RNA, into virus particles, we purified the srSARS-CoV-2 particles, released from

FIG 4 Packaging efficiency of F3 RNA variants. (A) Schematic diagrams of F3 RNA variants, F3-opt1,
F3-opt2, and F3-opt-chimeras. (B) Accumulation of F3 RNA variants in srSARS-CoV-2-infected cells. Experiments
were performed as described in Fig. 3, except that F3 RNA variants were used for transfection into srSARS-
CoV-2-infected Vero-ORF3-E cells.
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srSARS-CoV-2-infected Vero-ORF3-E cells that were transfected with F3 RNA or F3-opt1
RNA. Western blot analysis of intracellular lysates (ICs) and purified virus particles (virion),
using anti-M antibody and anti-N antibody showed similar levels of M and N proteins in
both samples, indicating that similar amounts of virus particles were released from F3
RNA- and F3-opt1 RNA-transfected cells (Fig. 5A). Northern blot analysis of intracellular
RNAs showed the efficient and comparable accumulation of both F3 RNA and F3-opt1
RNA in RNA-transfected cells, whereas the amount of genomic RNA (marked as mRNA 1)
was slightly higher in the sample transfected with F3-opt1 RNA than that with F3 RNA
(Fig. 5B). Importantly, the amount of F3 RNA in the purified virions was substantially
higher than that of F3-opt1, despite the similar intracellular levels of accumulation of
both RNAs (Fig. 5B). Our data directly demonstrated that F3 RNA, but not F3-opt1 RNA, is
efficiently packaged into srSARS-CoV-2 particles, confirming our results obtained using
the indirect packaging assay in Fig. 3 and 4.

DISCUSSION

In the present study, we first experimentally demonstrated that the genomic RNA, but
not the subgenomic RNAs of srSARS-CoV-2, which was used as a surrogate for SARS-CoV-2,
is efficiently packaged into purified srSARS-CoV-2 particles (Fig. 1). The selective packaging
of genomic RNA into srSARS-CoV-2 particles suggested the presence of a region(s) in the ge-
nomic RNA of srSARS-CoV-2 that promotes its efficient packaging into virus particles.

As DI RNAs have been used to identify the RNA PS in other CoVs, we first analyzed the
sequence of a SARS-CoV DI RNA that was generated previously in our laboratory after serial
passages of SARS-CoV in Vero E6 cells. The stable retention of the SARS-CoV DI RNA in the
serially passaged virus strongly indicated that the DI RNA was efficiently packaged into SARS-
CoV particles and, therefore, most probably carried an RNA PS. As SARS-CoV and SARS-CoV-2
are closely related CoVs, in order to identify the region that contributed to the efficient pack-
aging of SARS-CoV-2 genome, we generated a series of replication-competent SARS2-rep
RNAs, carrying noncontiguous regions of the SARS-CoV-2 genome, based on the sequence
of the SARS-CoV DI RNA. Our indirect packaging assay using SARS2-rep RNAs, carrying differ-
ent internal fragments (F1 to F7) derived from the nsp7 to nsp16 coding regions of the
SARS-CoV-2 genome, suggested the efficient packaging of F3 RNA into srSARS-CoV-2 and
SARS-CoV-2 particles (Fig. 3). We also directly demonstrated the efficient packaging of F3
RNA into purified srSARS-CoV-2 particles, confirming our results from the indirect packaging
assay (Fig. 5). As the F3 RNA carried sequences from the nsp12 and nsp13 coding regions of
the SARS-CoV genome, our data indicated that this region is also important for the efficient
packaging of SARS-CoV-2 genomic RNA into virus particles. In addition, the inefficient pack-
aging of the F3-opt-chimeras, which carried up to 800 nt of the F3 region-derived RNA
sequence, suggested that the presence of possibly the entire 1.4-kb-long region or at least
more than 800 nt of the F3 RNA region is required for the efficient packaging of viral RNA

FIG 5 Efficient packaging of F3 RNA, but not F3-opt1 RNA, into purified srSARS-CoV-2 particles.
srSARS-CoV-2-infected Vero-ORF3-E cells were transfected with F3 RNA or F3-opt1 RNA. Culture supernatants
were harvested at 27 h p.i., and the released virus particles in the culture supernatant were purified by
sucrose gradient ultracentrifugation. (A) Western blot analysis of the intracellular lysate (IC) and purified virions
(Virion) to detect SARS-CoV-2 N and M proteins. (B) Northern blot analysis of the total RNA extracted from the
intracellular lysate (IC) and purified virions (Virion) using the SARS-CoV-2 59-end probe.
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into SARS-CoV-2 particles (Fig. 4B). Furthermore, our data showing that sequences in the
nsp12 and nsp13 coding regions of the SARS-CoV-2 genome are important for viral RNA
packaging highlight the different locations of the putative SARS-CoV-2 PS and MHV PS, which
mapped to the nsp15 region of the MHV genome.

Others have reported the generation of SARS-CoV-2 DI RNAs (28), which accumu-
lated efficiently during serial passages of SARS-CoV-2 and inhibited SARS-CoV-2 replication.
Although the packaging efficiencies of these DI RNAs were not experimentally determined,
the presence of these DI RNAs in the passaged virus samples suggested that these DI RNAs
can be efficiently packaged into SARS-CoV-2 particles. Importantly, these DI RNAs also car-
ried the F3 RNA sequence, along with other regions of the SARS-CoV-2 genome, further sup-
porting our data that sequences in the nsp12 and 13 coding region of the SARS-CoV-2 ge-
nome are important for viral RNA packaging into SARS-CoV-2 particles.

Previously, a putative SARS-CoV-2 PS was identified by examining the packaging of
a series of expressed SARS-CoV-2 RNA fragments, each of which carried a different
region of gene 1, into SARS-CoV-2 VLPs (21). Among the expressed RNA fragments,
RNA T20, carrying nt 20080 to 22222 (T20 region) of the SARS-CoV-2 genome, was
most efficiently packaged into the VLPs (21), implying that the T20 region includes an
RNA element(s) that facilitates viral RNA packaging into SARS-CoV-2 VLPs. However,
the SARS-CoV-2 DI RNAs did not carry the sequences corresponding to the T20 region
(28), suggesting that the T20 region may not be as efficient as the F3 region, identified
in our study, for the packaging of SARS-CoV-2 genomic RNA. Furthermore, the packag-
ing efficiencies of T15 and T16 RNAs, carrying nt 14010 to16085 and nt 16011 to 18186
of the SARS-CoV-2 genome, respectively, were lower than that of the T20 RNA. As these
RNAs carried only a part of the F3 sequence, it is possible that the inefficient packaging
of these RNAs into SARS-CoV-2 VLPs could be due to the absence of the entire F3
sequence, further confirming our data in Fig. 4.

As SARS-CoV and SARS-CoV-2 are closely related CoVs, it is highly likely that the
selective and efficient packaging of their genomic RNAs is mediated by a specific RNA
region that is located at a similar site in their genomes. Our study using SARS-CoV DI
RNA, which was stably retained during serial passage of SARS-CoV in Vero E6 cells and
inhibited SARS-CoV mRNA synthesis (Fig. 2), strongly suggested that it was efficiently
packaged into SARS-CoV particles. As the SARS-CoV DI RNA carried the region of SARS-
CoV genome corresponding to the F3 region of SARS-CoV-2, it is reasonable to specu-
late that this specific RNA region in the SARS-CoV genome is also important for viral
RNA packaging into SARS-CoV particles.

To identify the presence of conserved RNA structural elements among the F3 region
of SARS-CoV-2 and the corresponding region of the SARS-CoV genome, we compared the
RNA secondary structures of these regions in SARS-CoV-2 and SARS-CoV genomes (Fig. 6).
While the RNA secondary structure of the SARS-CoV-2 genome was determined previously by
in vivo SHAPE analysis (29), we used an in silico RNA fold program (30) to predict the RNA sec-
ondary structure of the SARS-CoV (Urbani isolate) genome. Our comparative analysis showed
the presence of six similar stem-loop structures in the F3 region of SARS-CoV-2 genome and
the corresponding region of SARS-CoV genome (Fig. 6). An in silico RNA secondary structure
analysis of the F3 regions of F3-opt1, F3-opt2, and the F3-opt-chimeras showed the disruption
of all six stem-loop structures (SL1 to SL6) in F3-opt1 and F3-opt2, and some of the stem-loop
structures in the F3-opt-chimeras (Table 1). As our data suggested the requirement of poten-
tially the entire F3 region for the efficient packaging of SARS2-rep RNAs into virus particles, it
is possible that the presence of all six stem-loop structures in the F3 region may be important
for viral RNA packaging. Alternatively, a specific core three-dimensional RNA structure, the for-
mation of which is facilitated by the presence of a long flanking sequence in the F3 region,
may be required to promote the efficient packaging of SARS-CoV-2 RNA. It is worth noting
that the six stem-loop structures in the F3 region of the SARS-CoV-2 genome lack the con-
served structural feature of the RNA PS in MHV (16), including the repeated sequence motifs
in the stem-loop structure (Fig. 6), suggesting that the packaging-competent structural
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conformation of viral genomic RNA is not conserved among the subgenera Embecovirus
and Sarbecovirus within the Betacoronavirus genus.

MATERIALS ANDMETHODS
Cells and viruses. Vero-ORF3-E cells (24) and SARS2-delORF3-E virus (24) were obtained from Pei-

Yong Shi at the University of Texas Medical Branch (UTMB). The SARS2-delORF3-E virus was generated
based on the sequence of the SARS-CoV-2 USA-WA1/2020 strain (MN985325.1) and is a single-cycle rep-
licable mutant, lacking the ORF3 and E genes (24). srSARS-CoV-2 exhibits a single-cycle, replication prop-
erty in naive cells (24), due to which srSARS-CoV-2 has been approved by the UTMB Biosafety
Committee and National Institutes of Health for handling in a BSL2 lab. The SARS2-delORF3-E virus that
carried adaptive mutations in nsp1, nsp4, and S genes (24) was amplified in Vero-ORF3-E cells, which
coexpress SARS-CoV-2 ORF3 and E proteins in a doxycycline-inducible manner. Vero-ORF3-E cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS), 1% peni-
cillin-streptomycin, and 10 mg/mL of puromycin. For the induction of 3a and E protein expression, Vero-
ORF3-E cells were incubated in DMEM supplemented with 2% FBS and 100 ng/mL of doxycycline for

FIG 6 Predicted stem-loop RNA structures in the F3 region of SARS-CoV-2 (SARS2) and the corresponding
region of SARS-CoV (SARS1). SL1 to SL6 represent the six stem-loop structures in SARS-CoV-2 (SARS2) and SARS-CoV
(SARS1) RNAs, as determined by an in vivo SHAPE analysis (29) and an in silico RNA fold program (30), respectively.
MHV PS represents the RNA secondary structure of MHV PS (15), which was generated by an RNA secondary
structure visualization tool, forna (37).
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24 h. Vero E6 cells were maintained in DMEM containing 10% FBS and 1% penicillin-streptomycin. For
our studies, we used the SARS2-delORF3-E virus that was passaged 4 times in Vero-ORF3-E cells, desig-
nated as srSARS-CoV-2. The recombinant infectious clone of SARS-CoV-2 used in this study was gener-
ated using the SARS-CoV-2 reverse genetics system, according to established protocols, as described previ-
ously (31). The titers of SARS-CoV-2 and srSARS-CoV-2 were determined by standard plaque assay in Vero E6
and Vero-ORF3-E cells, respectively. The SARS-CoV Urbani strain (AY278741.1) was grown in Vero E6 cells.

Purification of virus released from srSARS-CoV-2-infected cells. Vero-ORF3-E cells were treated
with doxycycline for 24 h and infected with srSARS-CoV-2. Intracellular RNA and culture supernatants
were harvested at 30 h p.i. Sucrose solutions were prepared in NTE buffer (0.1 M NaCl, 10 mM Tris-HCl [pH 7.5],
and 1 mM EDTA). Culture supernatant was clarified by centrifugation at 800 � g for 15 min at 4°C and sub-
jected to sucrose gradient ultracentrifugation, using a 20% to 60% continuous sucrose gradient, at 4°C for 18 h
at 26,000 rpm using a SW28 rotor (Beckman). Twelve fractions (1.6 mL each) were collected from the bottom
of the tube. The collected fractions were diluted with NTE buffer and pelleted by ultracentrifugation through a
20% sucrose cushion at 4°C for 2 h at 38,000 rpm using a SW41 rotor (Beckman). For protein analysis, the pel-
lets were suspended in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer
and incubated at 37°C for 30 min. For RNA analysis, the pellets were suspended in TRIzol reagent (Ambion)
and RNAs were extracted according to the manufacturer’s protocol.

Serial passage of SARS-CoV in Vero E6 cells. Serial undiluted passage of SARS-CoV was performed
in a blind manner in Vero E6 cells until passage 23. Culture fluid was collected at 24 h to 48 h postinfec-
tion (p.i.). The virus supernatant from different passages was used to infect naive Vero E6 cells, and intra-
cellular RNAs were extracted at 18 h p.i. Total RNA was extracted from the SARS-CoV-infected cells and
subjected to cDNA synthesis using random primers. The DNA fragment was amplified by PCR using a
forward primer (59-CGCAGTATAAACAATAATAAATTTTACTGTCGTTGAC -39), which binds to the 59
untranslated region (UTR) of SARS-CoV genomic RNA, immediately downstream of the leader sequence,
and a reverse primer (59-GTCATTCTCCTAAGAAG -39), which binds to the 39 UTR of SARS-CoV genomic
RNA. The sequence of the DNA fragment was determined by Sanger sequencing, and the sequence data
were deposited to GenBank (accession number OR113691).

Plasmid construction and in vitro RNA synthesis. All the plasmids encoding SARS2-rep RNAs were
designed based on the sequence of the SARS-CoV-2 USA-WA1/2020 strain (MN985325.1) (32, 33). For the con-
struction of the plasmid encoding SARS2-rep-rLuc RNA (Fig. 3A), we generated a DNA fragment, composed of
the 59-end region of the SARS-CoV-2 genome, which included a partial sequence of the nsp1 ORF fused to the
rLuc gene, the 39-end region of SARS-CoV-2 genome, and a 29-nt-long poly(A) tail sequence, along with an
Esp3I site for plasmid linearization, by recombinant PCR. The DNA fragment was inserted into the T7-pro-
moter-containing pT7 plasmid (34). The plasmid encoding the SARS2-rep RNA carrying F1 fragment (Fig. 3A)
was also generated by recombinant PCR as described above, except that the F1 sequence was used in place of
the rLuc gene. A BstBI restriction enzyme site was inserted between the F1 sequence and the 39-end sequence
in the plasmid encoding the SARS2-rep RNA carrying F1 region, to facilitate the cloning of plasmids encoding
SARS2-rep RNAs, carrying the F2 to F7 fragments (Fig. 3A). Plasmids encoding SARS2-rep RNAs, carrying the F2
to F7 regions, were generated by replacing the F1 fragment with other fragments using NdeI and BstBI restric-
tion sites (Fig. 3A). For the fragments carrying the internal BstBI site, blunt end cloning was performed to insert
the fragments. The plasmids were linearized using Esp3I and were purified by phenol-chloroform extraction.
For the fragments carrying an internal Esp3I site, a BciVI site was inserted after the poly(A) sequence and used
for linearization. Next, 59-capped mRNAs were synthesized using the mMessage mMachine T7 transcription kit
(ThermoFisher Scientific).

Assay to determine the packaging efficiency of SARS-CoV-2 minigenome RNAs. Vero E6 cells
were infected with SARS-CoV-2 at a multiplicity of infection (MOI) of 1. After 1 h of incubation, cells were
transfected with in vitro-synthesized RNA using the TransIT mRNA reagent (Mirus). Infected cell lysates
and culture supernatants (P0 virus) were harvested at 19 h p.i. Vero E6 cells were inoculated with P0 vi-
rus supernatant, and total RNA was extracted from the P0-infected cells at 20 h p.i. using TRIzol reagent
(Ambion) and analyzed by Northern blotting. The intensity of bands in the chemiluminescent Northern
blots was quantified by densitometry using Fiji software (version 2.3.0).

For the experiment using Vero-ORF3-E cells, doxycycline-treated Vero-ORF3-E cells were infected
with srSARS-CoV-2 at an MOI of 0.1, followed by transfection with in vitro-synthesized RNA using
TransIT mRNA reagent (Mirus) after 1 h of incubation with the virus. Infected cell lysates and culture
supernatants (P0 virus) were harvested at 24 h to 30 h p.i. Doxycycline-treated Vero-ORF3-E cells
were inoculated with the P0 virus sample, and intracellular RNAs were extracted 24 h to 30 h p.i.
using TRIzol reagent (Ambion).

TABLE 1 Disruption of SL structures in F3-opt and F3-opt-chimerasa

SL in F3 region

Result of:

F3 F3-opt1 F3-opt2 Chimera 1 Chimera 2 Chimera 3
SL1 1 2 2 2 1 1/2
SL2 1 2 2 2 1 1
SL3 1 2 2 2 2 1
SL4 1 2 2 1 2 2
SL5 1 2 2 1 1 2
SL6 1 2 2 1 1 2
aSL, step loop;1, SL is maintained;2, SL is not maintained;1/2, SL is partially maintained.
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For the purification of virus particles, carrying the SARS-CoV-2 minigenome RNAs, doxycycline-
treated Vero-ORF3-E cells were infected with srSARS-CoV-2 at an MOI of 0.5. After 1 h of virus inoculation, cells
were transfected with in vitro-synthesized RNA using the TransIT mRNA reagent (Mirus). After 1 h posttransfec-
tion, the cells were washed twice with PBS and incubated in culture media. Culture supernatant was harvested
at 27 h p.i., clarified by low-speed centrifugation at 800 � g for 15 min at 4°C, and subjected to sucrose gradi-
ent ultracentrifugation, using a discontinuous sucrose gradient consisting of 60, 50, 30, and 20% sucrose (wt/
vol) in NTE buffer, at 4°C for 18 h at 26,000 rpm using a SW28 rotor (Beckman). The particles at the interface
between 30 and 50% were collected and pelleted by ultracentrifugation through a 20% sucrose cushion at 4°C
for 2 h at 38,000 rpm using a SW41 rotor (Beckman). The pellets were suspended in SDS sample buffer for pro-
tein analysis and TRIzol reagent for RNA analysis.

Northern blot. For the detection of SARS-CoV RNAs, we used two digoxigenin (DIG)-labeled DNA
probes, namely, one corresponding to the nucleotide positions 81 to 420 from the 59 end of the SARS-
CoV genome to detect the SARS-CoV genomic RNA (59-end probe) and the other corresponding to nu-
cleotide positions 29084 to 29608 of the SARS-CoV genome to detect all the SARS-CoV mRNAs (39-end
probe). These probes were generated using DIG-high prime DNA labeling and detection starter kit II
(Roche). For the detection of SARS-CoV-2 RNAs, a DIG-labeled RNA probe (59-end probe) corresponding
to nucleotide positions 84 to 600 from the 59 end of the SARS-CoV-2 genome was generated using a
DIG RNA labeling kit (Roche). A DIG-labeled DNA probe (31) (39-end probe), corresponding to nucleotide
positions 28999 to 29573 of the SARS-CoV-2 genome, was generated using DIG-high prime DNA labeling
and detection starter kit II (Roche). The same amount of total RNA was separated on a 1.2% denaturing
agarose-formaldehyde gel and transferred onto a nylon membrane (Roche). Detection was performed
using a DIG luminescent detection kit (Roche Applied Science).

Western blot.Western blot was performed as described previously (35). Rabbit anti-SARS-CoV N pol-
yclonal antibody (32) and rabbit anti-SARS-CoV M polyclonal antibody (36) (a gift from Carolyn Machamer at
Johns Hopkins University) were used. A goat anti-rabbit horseradish peroxidase (HRP)-linked antibody was
used as a secondary antibody (Cell Signaling Technology). A conformation-specific mouse anti-rabbit antibody
(Cell Signaling Technology) was used as a secondary antibody for the Western blot analysis of immunoprecipi-
tated samples.

In silico RNA secondary structure analysis. A web-based in silico RNA fold program (30) (http://rna
.tbi.univie.ac.at//cgi-bin/RNAWebSuite/RNAfold.cgi) was used for the RNA secondary structure analysis.
forna, an RNA secondary structure visualization tool (37) (http://rna.tbi.univie.ac.at/forna/), was used to
graphically display the secondary structure of MHV PS.
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