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Abstract
Background The mechanism by which coronavirus-defective viral genomes (DVGs) affect coronavirus and host 
cells during infection remains unclear. A variety of DVGs with different RNA structures can be synthesized from 
coronavirus-infected cells, and these DVGs can also encode proteins. Consequently, in the present study, we first 
dissected the effects of individual DVGs on the synthesis of IFNβ and ISG15 mRNAs at the RNA, protein and combined 
levels, and then examined whether different coronavirus-DVGs have different effects on the synthesis of IFNβ and 
ISG15 mRNAs and coronavirus replication both individually and collectively under different infection conditions.

Methods To dissect the effects of individual DVGs on the synthesis of IFNβ and ISG15 mRNAs at the RNA, protein 
and combined levels, DVG 2.2 and DVG 5.1, which were previously identified in coronavirus-infected cells, and their 
mutants were constructed followed by transfection. Western blot and RT‒qPCR were used to detect the synthesis 
of protein and to quantify the synthesis of IFNβ and ISG15 mRNAs, respectively. To examined whether different 
coronavirus-DVGs have different effects on the synthesis of IFNβ and ISG15 mRNAs and coronavirus replication both 
individually and collectively under different infection conditions, different naturally occurring DVGs were selected and 
constructed followed by transfection after or before coronavirus infection and by RT‒qPCR and hemagglutination 
assay.

Results These results suggested that (i) coronavirus-DVGs at the RNA, protein and combined levels have different 
effects on the synthesis of IFNβ and ISG15 mRNAs, (ii) coronavirus-DVGs can inhibit coronavirus replication at least 
partly through interferon signaling and (iii) different DVGs have different effects on the synthesis of IFNβ and ISG15 
mRNAs and coronavirus replication both individually and collectively under different infection conditions.

Conclusions Coronavirus replication can be regulated by diverse coronavirus-derived DVGs at least partly through 
innate immunity. Such regulation may contribute to the pathogenesis of coronavirus. The DVG populations in 
coronavirus-infected cells with the ability to inhibit coronavirus replication are expected to be potential resources 
for the identification of antivirals at the level of RNA, protein or in combination, and the methods used in the current 
study can be used as a platform for this purpose.
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Background
Coronaviruses (CoVs), which belong to the family 
Coronaviridae, order Nidovirales, contain the largest 
known viral RNA genome (~ 30 kilobases) [1, 2]. CoVs 
are important pathogens both in humans and animals 
and have caused widespread and costly diseases, such 
as COVID-19 caused by severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) [3–6]. In addition 
to genomic RNA, the synthesis of a nested set of subge-
nomic mRNAs (sgmRNAs) is a feature of Nidovirales. 
Other coronavirus transcripts, including defective viral 
genomes (DVGs), have also been identified in coronavi-
rus-infected cells via next-generation sequencing [7–9].

DVGs are byproducts derived from their parental viral 
genomes and have been identified in most RNA viruses 
[10]. DVGs are speculated to be synthesized through a 
copy-choice template-switching recombination process, 
resulting in a variety of genome structures with muta-
tions, truncations or rearrangements [11]. The deletion 
type of DVGs or double-stranded RNA intermediates 
generated during the replication of DVGs can also induce 
the expression of interferon (IFN) and IFN-stimulated 
genes (ISGs) through the activation of pattern recogni-
tion receptors and IFN pathways [12–14]. Character-
ization of coronavirus DVGs suggests that DVGs are 
reproducible overall under regular infection, but the spe-
cies and amounts of DVGs are altered under different 
infection environments and selection pressures [8]. These 
characteristics of DVGs may suggest their important 
roles in the pathogenesis of RNA viruses.

Recognition of viral RNA structures by the cytosolic 
RNA helicases melanoma differentiation-associated gene 
5 (MDA5) and retinoic acid-inducible gene 1 (RIG-I) can 
lead to the activation of downstream transcription fac-
tors, including IRF3, IRF7, AP-1 and NF-ĸB, and then 
to initiate the gene expression of IFN [15, 16]. RIG-I is 
responsible for the recognition of uncapped 5’ triphos-
phates on viral RNA [17, 18], and MDA5 can detect sec-
ondary or tertiary RNA structures and double-stranded 
RNA motifs [19–22]. The expressed IFN can bind to the 
IFN receptor to activate JAK1, TYK2 and downstream 
STAT transcription factors, inducing the expression of 
IFN-stimulated genes (ISGs) and limiting viral replica-
tion [23, 24]. In terms of virus‒host interactions, innate 
immunity can be activated in coronavirus-infected cells, 
and coronavirus proteins can inhibit the IFN signaling 
pathway through interactions with IFN signaling-related 
proteins to counteract host defenses, ensuring efficient 
coronavirus replication [25].

Studies on the mechanism by which coronavirus 
DVG affects coronavirus and host cells during infection 
are still limited. Previous studies have shown that the 
number of DVGs derived from SARS-CoV-2 is corre-
lated with the level of host IFN response and the stage 

of disease development [26]. Although it has been sug-
gested that the DVG species vary under different infec-
tion conditions [8], whether different DVG species can 
lead to different virus‒host interactions under different 
infection environments remains to be clarified. In addi-
tion, another study suggested that the protein expressed 
from a SARS-CoV-2 DVG species identified after 20 virus 
passages can attenuate virus replication [27]. However, in 
addition to the DVG-encoded proteins, whether DVGs 
can attenuate virus replication at the level of RNA or at 
the level of both the RNA and protein also remains to be 
determined.

Accordingly, in contrast to previous studies, in the 
present study, we investigated the effects of individual 
DVGs on the synthesis of IFN signaling-related mRNAs 
at the RNA, protein and combined levels, and found that 
DVGs at the RNA, protein or combined levels have dif-
ferent effects the synthesis of IFNβ and ISG15 mRNAs. It 
is important to dissect the function of DVGs at the levels 
of RNA, protein, and both because the identified func-
tions may have the potential to be antivirals if they have 
the ability to inhibit coronavirus replication. In addition, 
we also examined whether different DVGs have differ-
ent effects on the synthesis of IFNβ and ISG15 mRNAs 
and coronavirus replication both individually and col-
lectively under different infection conditions. The identi-
fied effects of coronavirus DVGs on the synthesis of IFNβ 
and ISG15 mRNAs and coronavirus replication may 
advance our understanding of coronavirus pathogenesis. 
Coronavirus-DVGs with the ability to inhibit coronavirus 
replication are expected to be potential resources for the 
identification of antivirals at the level of RNA, protein or 
in combination.

Methods
Virus and cells
The Mebus strain of bovine coronavirus (BCoV) (Gen-
Bank: U00735.2) obtained from David A. Brian (Uni-
versity of Tennessee, TN) and human embryonic kidney 
293T (HEK-293T) cells were used in this study. HEK-293 
cells were grown in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% fetal bovine serum at 
37 °C with 5% CO2.

Construction of naturally occurring DVGs and in vitro 
transcription
The DVGs used in the present study were constructed 
according to the previously identified naturally occur-
ring BCoV DVGs via RT‒PCR and nanopore direct RNA 
sequencing [8, 28, 29] and were subsequently cloned and 
inserted into plasmids. In brief, 10 µg of RNA collected 
from BCoV-infected cells at 24 hours post infection (hpi) 
was subjected to reverse transcription (RT) via Super-
Script III reverse transcriptase (Thermo Fisher Scientific, 
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Waltham, USA) according to the manufacturer’s instruc-
tions. For the construction of DVG species with 5’ and 
3’ UTRs, the resulting cDNA was then used for the 
identification of DVG species via PCR using AccuPrime 
DNA polymerases (Thermo Fisher Scientific, Waltham, 
USA) with primers L20(-) and the corresponding reverse 
primer (Table S1). To construct DVG species with no 5’, 
3’ or both UTRs, primers were designed (Table S1) on 
the basis of previous results of nanopore direct RNA 
sequencing [8, 28]. Overlapping PCR was performed with 
AccuPrime DNA polymerases (Thermo Fisher Scientific, 
Waltham, USA). For DVG constructs 5.1 and 2.2 with 
the introduction of a stop codon (∆DVG 5.1 and ∆DVG 
2.2, respectively), overlapping PCR was also employed 
with the respective primers (Table S1). The resulting PCR 
products were subsequently cloned and inserted into 
the pCR-XL-2-TOPO vector (Thermo Fisher Scientific, 
Waltham, USA). To prepare DVG transcripts in vitro, the 
constructed DVG plasmids were used as templates for 
amplification by PCR with forward primer T7 (-) and the 
corresponding reverse primer (Table S1). The PCR prod-
ucts were precipitated and then in vitro-transcribed into 
RNA transcripts using mMESSAGE mMACHINE™ T7 
Transcription Kit (Thermo Fisher Scientific, Waltham, 
USA).

Transfection of DVG transcripts into HEK-293T cells
The in vitro-transcribed DVG transcripts were used in 
35-mm-diameter dishes at a concentration of 2000 ng 
(for the transfection of DVGs individually) or 100 ng per 
DVG (for the transfection of DVGs collectively) via the 
Lipofectamine™ 2000 reagent (Thermo Fisher Scientific, 
Waltham, USA) according to the manufacturer’s transfec-
tion protocol. Consequently, HEK-293T cells at 70 ~ 80% 
confluency in 35-mm-diameter dishes were infected 
with BCoV at an MOI of 10 before or after the transfec-
tion of DVGs. The total cellular RNA was collected at the 
desired time points according to the experimental design, 
as illustrated in each figure. Total cellular RNA was 
extracted with TRI Reagent™ (Molecular Research Cen-
ter, Cincinnati, USA) for RT‒qPCR, and the cell lysates 
were collected with Triton X-100 lysis buffer for Western 
blot.

Western blot
To detect the DVG-encoded proteins, cell lysates were 
prepared from cells treated with Triton X-100 lysis buf-
fer, and the concentrations of the collected cell lysates 
were quantified via the Bradford protein assay [30]. Equal 
amounts of cell lysates were subjected to electrophore-
sis with a 10% SDS polyacrylamide gel for the separation 
of proteins. After electrophoresis, the proteins in the gel 
were transferred to polyvinylidene difluoride (PVDF) 
membranes. Primary antibodies against proteins encoded 

by DVG 2.2 and DVG 5.1 and β-actin were added and 
then incubated at 4  °C for 16 h. Finally, secondary anti-
bodies against the corresponding primary antibodies 
were incubated at 25 °C for one hour. To detect the tar-
get proteins, enhanced chemiluminescence (ECL) was 
employed, followed by exposure to Kodak XAR-5 film 
(Kodak, Rochester, NY, USA) for imaging.

RT‒qPCR
To quantify the DVGs, genomic RNA of BCoV and the 
cellular mRNAs of IFNβ and ISG15, the extracted total 
cellular RNA was reverse transcribed via random hexam-
ers and SuperScript III Reverse Transcriptase (Thermo 
Fisher Scientific, Waltham, USA). The synthesized cDNA 
was then used for qPCR with SYBR® Green amplifica-
tion mix (Roche Applied Science, Mannheim, Germany) 
according to the manufacturer’s protocol. The primer for 
the detection of DVGs, genomic RNA of BCoV and the 
cellular mRNAs of IFNβ and ISG15 are listed in Table S1. 
Note that the primers used for detecting genomic RNA 
of BCoV cannot bind to the DVGs selected in the pres-
ent study. Plasmids containing the same genes encoding 
DVGs, viral RNA or the cellular mRNAs IFNβ and ISG15 
were diluted (109 to 102 copies per plasmid) and run in 
parallel with the quantitated cDNA for use in a standard 
plot. In addition, to compare the effects of diverse DVGs 
on the synthesis of IFNβ and ISG15 mRNAs and corona-
virus RNA on the same basis, the amounts of IFNβ and 
ISG15 mRNAs and coronavirus RNA were normalized to 
the amounts of individual DVGs. The amounts of quanti-
tated individual DVGs are illustrated in Figs. S1–S6.

Hemagglutination (HA) assay
Serial twofold dilutions of the supernatant collected from 
DVG-transfected HEK-293T cells infected with BCoV 
were prepared in 50 µL amounts in a 96-well V-bottom 
microtiter plate. An equal volume (50 µL) of mouse 
erythrocytes (1% v/v) in PBS was added to each well, with 
PBS used as a negative control. The mixtures were incu-
bated at 25 °C for 1 h. The HA titer was identified as the 
reciprocal of the highest antigen dilution showing com-
plete agglutination of the erythrocytes [31, 32].

Results
Dissecting the effects of DVG 2.2 on the synthesis of IFNβ 
and ISG15 mRNAs
The synthesis of different defective viral genomes (DVGs) 
with various RNA structures is a feature of RNA virus 
infection, including coronavirus infection [33, 34]. A 
previous study suggested that the synthesized coronavi-
rus DVGs in infected cells can collectively induce inter-
feron signaling based on a transcriptome analysis [26]; 
however, because (i) RNA structures are associated with 
the activation of interferon signaling [17–20] and (ii) 
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coronavirus DVGs can encode proteins [35], it remains 
to be clarified whether the induction of interferon signal-
ing is derived from the DVG at the level of RNA or pro-
tein or both. In addition, because (i) HEK-293T cells have 
a high transfection efficiency [36], (ii) bovine coronavirus 
(BCoV) can replicate in HEK-293T cells, and (iii) IFNβ 
and downstream ISG15 mRNAs can also be synthesized 
in HEK-293T cells in response to stimulation [37, 38], 
HEK-293T cells and BCoV were selected for this study. 
Therefore, DVG 2.2, which was previously identified in 
BCoV-infected cells [8, 29], was selected and examined in 
HEK-293T cells. DVG 2.2, which consists

of genes encoding partial nsp1 and complete nucleo-
capsid protein, and both 5’ and 3’ UTRs at the termi-
nus (Fig.  1A), has been employed as a surrogate of the 

coronavirus full-length genome for the study of coro-
navirus gene expression [29, 35, 39–44]. This DVG can 
encode an in-frame fusion protein containing partial 
nsp1 and a complete nucleocapsid protein with a molec-
ular weight of ~ 60.5 kDa (Fig. 1A). Consequently, to clar-
ify that the induction of interferon signaling (Fig. 1B) by 
DVG 2.2 is at the level of the RNA, protein or both, DVG 
2.2 with a stop codon downstream of the start codon 
was constructed (designated ∆DVG 2.2) (Fig.  1A). The 
in vitro-transcribed DVG 2.2 and ∆DVG 2.2 were then 
respectively transfected into HEK-293T cells, and cellular 
protein and RNA were collected at 24 h post transfection 
(hpt) to detect protein synthesis via Western blot and 
the synthesis of IFNβ and ISG15 mRNAs via RT‒qPCR 
(Fig.  1B and C). As shown in Fig.  1D, DVG-expressed 

Fig. 1 Dissecting the effects of DVG 2.2 on the synthesis of IFNβ and ISG15 mRNAs. (A) The genome structure of BCoV, DVG 2.2 and ΔDVG 2.2. DVG 2.2 
consists of partial nsp1 and the complete nucleocapsid protein-encoding gene, and the UTR at its 5’ and 3’ termini is expected to encode a fusion pro-
tein of ~ 60.5 kDa. The numbers shown in each DVG structure are the nucleotide positions at which recombination occurred. The ΔDVG 2.2 has a stop 
codon downstream of the start codon and thus is expected to lose its protein-coding ability. (B) Schematic diagram depicting IFNβ signaling and its 
downstream interferon-stimulated gene ISG15 induced by DVG 2.2 or ΔDVG 2.2. (C) Diagram depicting the experimental procedure used to examine the 
effects of DVG 2.2 or ΔDVG 2.2 on interferon signaling. (D) Detection of proteins encoded by DVG 2.2 and ΔDVG2.2 by Western blot. (E) Comparison of the 
relative expression of IFNβ mRNA (left penal) and ISG15 mRNA (right penal) between DVG2.2- and ΔDVG2.2-transfected HEK-293T cells. “Mock” indicates 
the amount of mRNA detected from mock-transfected cells. The “Folds of DVG/mock” on the y-axis is presented as relative units of mRNA compared with 
the amount of mRNA in mock-transfected cells (the amount of mRNA in mock-transfected cells = 1). *p < 0.05, **p < 0.01
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proteins were detected in DVG 2.2-, but not ∆DVG 
2.2-, transfected HEK-293T cells. Compared with that 
in mock-transfected cells, an increase (~ 605-fold) in 
IFNβ mRNA in cells transfected with ∆DVG 2.2 was 
observed after 24 h of transfection (Fig. 1E, left panel)). 
Similar increases also occurred in ISG15 mRNA levels 
(~ 330-fold) (Fig. 1E, right panel). In addition, compared 
with those in mock-transfected cells, the levels of IFNβ 
(~ 1272-fold) and ISG15 (~ 443-fold) mRNAs in cells 
transfected with DVG 2.2 were also greater than those in 
mock-transfected cells. These results together suggested 
that DVG 2.2 at the level of RNA (∆DVG 2.2, Fig. 1E) and 
DVG 2.2 at the level of both the RNA and protein com-
bined (DVG 2.2, Fig. 1E) can induce the interferon signal-
ing pathway. Furthermore, the synthesis of IFNβ mRNA 
in DVG 2.2-transfected cells (~ 1272-fold) was greater 
than that (~ 605-fold) in ∆DVG 2.2-transfected cells, as 
was the synthesis of ISG15 mRNA (~ 330-fold in ∆DVG 
2.2-transfected cells vs. ~443-fold in DVG 2.2-trans-
fected cells). Consequently, because the synthesis of IFNβ 
and ISG15 mRNAs was greater in DVG 2.2-transfected 
cells (at the level of both the RNA and the protein com-
bined) than in ∆DVG 2.2-transfected cells (at the level 
of only RNA), the results may also suggest that the DVG 
2.2-expressing protein potentially has positive effect on 
the induction of interferon signaling. Together, these 
results suggest that DVG 2.2 can induce interferon sig-
naling at the RNA, protein and combined levels.

The effects of DVG 2.2 on coronavirus replication vary 
under different infection conditions
Since DVG 2.2 can induce interferon signaling, we next 
examined whether DVG 2.2-induced interferon signal-
ing can inhibit coronavirus RNA synthesis. To this end, 
DVG 2.2 was first transfected into HEK-293T cells, 
and at 24 hpt, the cells were infected with BCoV. At 8 h 
postinfection (hpi), supernatant and total cellular RNA 
were collected (Fig.  2A). RT‒qPCR revealed that the 
RNA synthesis of BCoV was inhibited (Fig.  2B, upper 
panel), as were the viral titers (Fig. S7A), in the presence 
of DVG 2.2 at 8 hpi. Moreover, during RNA collection, 
the IFNβ and ISG15 mRNAs in DVG 2.2-transfected and 
BCoV-infected cells (Fig.  2B, middle and lower panels, 
respectively) were also increased compared with those 
in mock-transfected BCoV-infected HEK-293T cells. 
These results suggested that DVG 2.2 can inhibit coro-
navirus RNA synthesis and that this inhibitory effect is 
correlated with the level of interferon signaling based on 
the increased amounts of the IFNβ and ISG15 mRNAs 
(Fig. 2B, middle and lower panels, respectively). Further-
more, because DVGs can be synthesized during coro-
navirus infection, it remains to be determined whether 
DVGs still have an inhibitory effect on coronavirus rep-
lication when cells have been previously infected with 

coronavirus. To examine this possibility, HEK-293T cells 
were first infected with BCoV, and at 3, 5 and 8 hpi, the 
cells were then transfected with DVG 2.2, followed by 
RT‒qPCR to evaluate the efficiency of BCoV RNA syn-
thesis (Fig.  2C). The results, as shown in Fig.  2D, sug-
gested that, in comparison with that in mock-transfected 
cells, the BCoV RNA synthesis was slightly increased in 
DVG 2.2-transfected cells that had been first infected 
with BCoV for 3 h (Fig. 2D, upper panel). However, the 
BCoV RNA synthesis was inhibited in DVG 2.2-trans-
fected cells that had been first infected with BCoV for 
5 and 8  h (Fig.  2D, upper panel). The virus titers were 
decreased in DVG 2.2-transfected cells that had been 
first infected with BCoV for 3. 5 and 8  h (Fig. S7B). In 
addition, although both the IFNβ and ISG15 mRNAs in 
DVG 2.2-transfected cells were still detected, the inhibi-
tory effect on BCoV RNA synthesis was not correlated 
with the level of interferon signaling (Fig. 2D, middle and 
lower panels). It is speculated that the effects of DVG 2.2 
at the RNA, protein or combined level on cells may be 
altered when cells are first infected with coronavirus fol-
lowed by transfection, leading to different effects of DVG 
2.2 on BCoV RNA synthesis and titers under different 
infection conditions (for a detailed explanation, please 
see the discussion). Together, these results suggest that 
although DVG 2.2 has the ability to inhibit coronavirus 
RNA synthesis and titers, its effect on coronavirus repli-
cation varies under different infection conditions.

Dissecting the effects of DVG 5.1 on the synthesis of IFNβ 
and ISG15 mRNAs
DVG 5.1 (Fig.  3A), which is also a BCoV-derived DVG 
and was identified from a previous study [8], consists of 
genes encoding complete nsp1; parts of the nsp2, nsp14, 
nsp15 and E proteins; the complete M and N proteins; 
and UTRs at its 5’ and 3’ termini (Fig.  3A). During the 
synthesis of DVG 5.1, a stop codon was introduced into 
the nsp14 gene due to recombination, resulting in the 
fusion protein encoded from DVG 5.1 containing com-
plete nsp1, partial nsp2 and out-of-frame nsp14 with 
a molecular weight of ~ 36.7  kDa (Fig.  3A). To examine 
whether DVG 5.1, which has a different genome structure 
than DVG 2.2, has a similar behavior to that of DVG 2.2 
in terms of its effect on the synthesis of IFNβ and ISG15 
mRNAs (Fig. 3B) at the level of RNA or protein or both, a 
stop codon was also introduced into DVG 5.1 (designated 
∆DVG 5.1, Fig. 3A) to block protein synthesis, followed 
by the transfection of DVG 5.1 or ∆DVG 5.1.

(Fig.  3C). As shown in Fig.  3D, DVG-expressing pro-
teins were detected in DVG 5.1-transfected but not 
in ∆DVG 5.1-transfected HEK-293T cells. RT‒qPCR 
(Fig.  3E, left panel) revealed an increase (~ 34-fold) in 
IFNβ mRNA in cells transfected with DVG 5.1 com-
pared with mock-transfected cells. Interestingly, the 
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synthesis of IFNβ mRNA in DVG 5.1-transfected cells 
(~ 34-fold) was lower than that in ∆DVG 5.1-transfected 
cells (~ 230-fold). Similar results were also observed 
for the synthesis of ISG15 mRNA (~ 90-fold in DVG 
5.1-transfected cells vs. ~330-fold in ∆DVG 5.1-trans-
fected cells) (Fig.  3E, right panel). These results, similar 
to those derived from DVG 2.2, suggested that, either at 
the level of RNA or at the level of both the RNA and pro-
tein combined, DVG 5.1 can induce interferon signaling. 
However, in contrast to the results derived from DVG 

2.2, the activation strength at the combined level of both 
RNA and protein (DVG 5.1) was lower than that at the 
level of only RNA (∆DVG 5.1). Based on these results, we 
suggested that the DVG 5.1-expressed protein may have 
a negative effect on the induction of interferon signal-
ing. Consequently, dissecting the function of DVG 5.1 in 
interferon signaling suggested that DVG 5.1 can induce 
interferon signaling at the level of RNA and at the level of 
both the RNA and protein combined; however, DVG5.1 
at the level of its encoded protein may have a negative 

Fig. 2 The effect of DVG 2.2 on coronavirus RNA synthesis under different infection conditions. (A) and (C) Diagram depicting the experimental pro-
cedure used to examine the effects of DVG 2.2 on coronavirus RNA synthesis, in which DVG 2.2 transfection was performed before (A) or after (C) BCoV 
infection. (B) and (D) Comparison of the relative amounts of BCoV RNA, IFN-β mRNA and ISG15 mRNA between mock-transfected (inf.) and DVG 2.2-trans-
fected (DVG 2.2) HEK-293T cells infected with BCoV after (B) or before (D) transfection. “Mock” indicates that the HEK-293T cells were mock-transfected 
and mock-infected. Upper panel: The “Folds/inf.” on the y-axis is presented as relative units of BCoV RNA in DVG 2.2-transfected and BCoV-infected cells 
compared with the amount of BCoV RNA in mock-transfected and BCoV-infected cells (the amount of BCoV RNA in mock-transfected and BCoV-infected 
cells (inf.) = 1). Middle and lower panels: The “Folds/mock” on the y-axis is presented as relative units of mRNA compared with the amount of mRNA in 
mock-transfected and mock-infected cells (the amount of mRNA in mock-transfected and mock-infected cells (mock) = 1). **p < 0.01, ***p < 0.001
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effect on interferon signaling based on the amounts of 
the IFNβ and ISG15 mRNAs (Fig. 3E).

The effects of DVG 5.1 on coronavirus replication efficiency 
also vary under different infection conditions
The results of the previous study shown in Fig.  2 sug-
gest that DVG 2.2 can inhibit coronavirus replication, 
although its effects on coronavirus replication vary under 
different infection conditions. Consequently, to further 
examine whether DVG 5.1 has similar effects on the inhi-
bition of coronavirus replication under different infection 
conditions, DVG 5.1 was first transfected into HEK-
293T cells for 24 h, followed by infection with BCoV, and 
supernatant and RNA were collected at 8 hpi followed by 
RT‒qPCR and HA assay (Fig. 4A and Fig. S8A). As shown 

in Fig. 4B and Fig. S8A, the efficiency of BCoV RNA syn-
thesis and the virus titers, respectively, was lower in DVG 
5.1-transfected and BCoV-infected cells than in mock-
transfected and BCoV-infected cells. In addition, com-
pared with those in mock-transfected and BCoV-infected 
cells, increases in both the IFNβ and ISG15 mRNAs were 
detected in DVG 5.1-transfected and BCoV-infected cells. 
These results suggested that, similar to DVG 2.2, DVG 5.1 
has the ability to inhibit coronavirus RNA synthesis and 
that this inhibitory effect is also correlated with the level 
of interferon signaling based on the increased amounts of 
the IFNβ and ISG15 mRNAs (Fig. 4B, middle and lower 
panels, respectively). On the other hand, the previous 
results for DVG 2.2 also suggested that the efficiency of 
coronavirus RNA synthesis and virus titers in cells firstly 

Fig. 3 Dissecting the effects of DVG 5.1 on the synthesis of IFNβ and ISG15 mRNAs. (A) The genome structure of BCoV, DVG 5.1 and ΔDVG 5.1. DVG 5.1, 
which consists of genes encoding complete nsp1; parts of nsp2, nsp14, nsp15 and the E protein; complete M and N proteins; and UTRs at the 5’ and 3’ 
termini, is expected to encode fusion proteins of ~ 36.7 kDa. The numbers shown in each DVG structure are the nucleotide positions at which recombina-
tion occurred. The ΔDVG 5.1 has a stop codon downstream of the start codon and thus is expected to lose protein-coding ability. (B) Schematic diagram 
depicting IFNβ signaling and its downstream interferon-stimulated gene ISG15 induced by DVG 5.1 or ΔDVG 5.1. (C) Diagram depicting the experimental 
procedure used to examine the effects of DVG 5.1 or ΔDVG 5.1 on interferon signaling. (D) Detection of proteins encoded by DVG 5.1 and ΔDVG 5.1 by 
Western blot. (E) Comparison of the relative expression of IFNβ mRNA (left penal) and ISG15 mRNA (right penal) between DVG 5.1- and ΔDVG 5.1-trans-
fected HEK-293T cells. “Mock” indicates the amount of mRNA detected from mock-transfected cells. The “Folds of DVG/mock” on the y-axis is presented as 
relative units of mRNA compared with the amount of mRNA in mock-transfected cells (the amount of mRNA in mock-transfected cells = 1). ***p < 0.001
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infected with BCoV followed by the transfection varied in 
comparison with that in cells firstly infected with BCoV 
followed by the mock transfection (Fig. 2D, upper panel). 
To examine whether similar results can occur for DVG 
5.1, HEK-293T cells were first infected with BCoV fol-
lowed by the transfection or mock-transfection of DVG 
5.1 (Fig.  4C). Compared with that in mock-transfected 
and BCoV-infected cells, the efficiency of BCoV RNA 
synthesis (Fig. 4D, upper panel) and virus titers (Fig. S8B) 
was inhibited in DVG 5.1-transfected and BCoV-infected 

cells, which were first infected with BCoV for 3 and 5 h. 
However, the efficiency of BCoV RNA synthesis slightly 
increased in transfected cells that were first infected with 
BCoV for 8 h (Fig. 4D, upper panel) although virus titers 
were still decreased (Fig. S8B). In addition, the inhibitory 
effect on BCoV RNA synthesis was not correlated with 
the levels of both the IFNβ and ISG15 mRNAs (Fig. 4D, 
middle and lower panels). Consequently, similar to the 
results acquired from DVG 2.2, those derived from DVG 
5.1 suggest that DVG 5.1 also has the ability to inhibit 

Fig. 4 The effect of DVG 5.1 on coronavirus RNA synthesis under different infection conditions. (A) and (C) Diagram depicting the experimental proce-
dure used to examine the effects of DVG 5.1 on BCoV RNA synthesis, in which DVG 5.1 transfection was performed before (A) or after (C) BCoV infection. 
(B) and (D) Comparison of the relative amounts of BCoV RNA, IFN-β mRNA and ISG15 mRNA between mock-transfected (inf.) and DVG 5.1-transfected 
(DVG 5.1) HEK-293T cells infected with BCoV after (B) or before (D) transfection. “Mock” indicates that the HEK-293T cells were mock-transfected and 
mock-infected. Upper panel: The “Folds/inf.” on the y-axis is presented as relative units of BCoV RNA in DVG 5.1-transfected and BCoV-infected cells com-
pared with the amount of BCoV RNA in mock-transfected and BCoV-infected cells (the amount of BCoV RNA in mock-transfected and BCoV-infected cells 
(inf.) = 1). Middle and lower panels: The “Folds/mock” on the y-axis is presented as relative units of mRNA compared with the amount of mRNA in mock-
transfected and mock-infected cells (the amount of mRNA in mock-transfected and mock-infected cells (mock) = 1). **p < 0.01, ***p < 0.001
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coronavirus RNA synthesis and titers and that the inhibi-
tion efficiency varies when cells are infected with BCoV 
before or after transfection.

Effects of different DVG species on the synthesis of IFNβ 
and ISG15 mRNAs and coronavirus replication
Previous studies have revealed that many DVG species 
with a variety of genome structures can be produced 
in coronavirus-infected cells [8, 9]. To further explore 
whether different DVG species have different effects 
on the synthesis of IFNβ and ISG15 mRNAs, a series of 
DVGs (Fig.  5A) were selected and constructed on the 
basis of the results of identified DVG species in a previous 
study [8]. The selected DVGs have the following features 
in common: (i) they all have 5’ and 3’ UTRs, and (ii) they 
all have the potential to encode fusion proteins. The dif-
ferences are as follows: (i) the selected DVGs all contain 
both nsp and N protein genes, but the lengths of nsp and 
N protein genes are different, and (ii) the selected DVGs 
contain in-frame (DVG 678, DVG 722, DVG 823, DVG 
930, DVG 1066, DVG 378, DVG 825, DVG 836 and DVG 
2.2) or out-of-frame (DVG 857 and DVG 5.1) ORFs com-
pared with the full-length BCoV genome structure. Con-
sequently, to examine whether the different DVGs with 
different genome structures had different effects on the 
synthesis of IFNβ and ISG15 mRNAs, these DVGs were 
respectively transfected into HEK-293 cells, followed 
by RNA collection at 24 hpt and RT‒qPCR (Fig. 5B). As 
shown in Fig. 5C, the selected DVGs all induced the syn-
thesis of IFNβ and ISG15 mRNAs, at 24 hpt, although the 
induced strength varied among the selected DVGs. Nota-
bly, the amount of the expressed IFNβ mRNA was cor-
related with that of the expressed ISG15 mRNA overall 
for each of the selected DVGs, even though the expressed 
amounts varied among the selected DVGs. On the basis 
of the results above, all the selected DVGs can induce 
interferon signaling on the basis of the amounts of IFNβ 
and ISG15 mRNAs, although the induced strength varies 
among the selected DVGs.

To further examine whether the selected DVGs have 
the ability to affect coronavirus RNA synthesis and virus 
titers, the selected DVGs (Fig. 5A) were also respectively 
transfected into HEK-293T cells, and at 24 hpt, the cells 
were infected with BCoV, followed by supernatant and 
RNA collection at 4 and 8 hpi (Fig. 5D and Fig. S9B). As 
shown in Fig. 5E, the synthesis efficiency of BCoV RNA 
decreased at different levels among the selected DVGs. 
However, the decreased levels of coronavirus RNA syn-
thesis (Fig.  5E) and titer (Fig. S9C) among the selected 
DVGs were not always closely related (for a detailed 
explanation, please see the discussion). Together, the 
results shown in Fig. 5C and E suggested that the selected 
DVGs all have the ability to affect coronavirus replica-
tion, including RNA synthesis and titers, at least partly 

through the induction of interferon signaling, although 
the strength of the induction of interferon signaling and 
efficiency of coronavirus RNA synthesis is not closely 
related. Combined, similar to DVG 5.1 and DVG 2.2, the 
selected DVGs can induce interferon signaling in terms 
of the synthesis of IFNβ and ISG15 mRNAs, and have 
the ability to affect coronavirus replication when cells 
are first transfected with DVG followed by infection with 
BCoV, although the aforementioned effects among the 
selected DVGs are diverse.

Different DVG species have different inhibitory effects 
on coronavirus replication under different infection 
conditions
The results of the previous experiments (Figs. 2B, 4B and 
5E) suggest that coronavirus DVG can inhibit coronavi-
rus replication when DVG is first transfected into cells, 
followed by infection with coronavirus. Because DVG 
can be synthesized during infection, we also examined 
whether DVGs 5.1 and 2.2 still have an inhibitory effect 
on coronavirus RNA synthesis and titers when cells have 
been previously infected with coronavirus for different 
periods of time; however, the results suggested that the 
inhibitory effect varies between DVG 5.1 and 2.2 under 
such infection conditions (Figs. 2D and 4D). It is there-
fore speculated that the inhibitory effect may also vary 
between the different DVG species when cells are first 
infected with coronavirus followed by the transfection of 
respective DVGs. To this end, HEK-293T cells were first 
infected with BCoV, and at 3, 5 and 8 hpi, the cells were 
then transfected with the respective DVGs for 16 h, fol-
lowed by RT‒qPCR and HA assay to evaluate their ability 
to inhibit BCoV replication (Fig. 6B and S10B). As shown 
in Fig.  6C and F, left panel and Fig. S10C, compared 
with mock-transfected BCoV-infected cells, the selected 
DVG species presented different levels of BCoV replica-
tion including RNA synthesis and virus titers when the 
cells had been previously infected with BCoV for differ-
ent periods of time. Overall, some of the selected DVGs 
(DVG 678, DVG 823 and DVG 930) had no inhibitory 
effect on BCoV RNA synthesis, but the others had such 
inhibitory effects, although the inhibition occurred at 
different time points of postinfection (3, 5 and 8 hpi) 
prior to transfection (Fig. 6F, left panel). In addition, the 
levels of IFNβ and ISG15 mRNA synthesis also varied 
and were not always correlated with the levels of BCoV 
RNA synthesis efficiency (Fig.  6D, E and F, middle and 
right panels). In terms of the individual selected DVGs, 
the inhibitory patterns varied at different time points of 
postinfection (3, 5 and 8 hpi) prior to transfection (DVG 
722, DVG 1066, DVG 378, DVG 825, DVG 836, DVG 
857, DVG 2.2 and DVG 5.1) (Fig. 6F, left panel). Specifi-
cally, the efficiency of BCoV RNA synthesis increased and 
then gradually decreased (DVG 722, DVG 1066 and DVG 
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857); the efficiency of BCoV RNA synthesis increased, 
decreased and then increased at different time points 
of postinfection prior to infection (DVG 378); and the 
efficiency of BCoV RNA synthesis decreased and then 
gradually increased (DVG 825). Note that the inhibitory 
effects of DVG 2.2 and DVG 5.1 on BCoV RNA synthe-
sis have been described in Figs. 2D and 4D. On the other 

hand, different DVG species also had different effects on 
the virus titers (Fig. S10C) although the decreased levels 
of the coronavirus RNA synthesis (6 C and 6F, left panel) 
and titer (Fig. S10C) among the selected DVGs were 
not always closely related. Consequently, these results 
together suggest that (i) different DVG species have dif-
ferent effects on the efficiency of BCoV replication, 

Fig. 5 Effects of different DVG species on interferon signaling and coronavirus RNA synthesis. (A) The genome structures of the naturally occurring BCoV 
DVGs selected for this experiment. The numbers shown in each DVG structure are the nucleotide positions at which recombination occurred. (B) Diagram 
depicting the experimental procedure used to examine the effects of the selected DVG species on interferon signaling. (C) Comparison of the relative 
expression of IFNβ mRNA (upper penal) and ISG15 mRNA (lower penal) between mock-transfected HEK-293T cells and HEK-293T cells respectively trans-
fected with the selected DVGs shown in (A). “Mock” indicates the amount of mRNA detected from mock-transfected cells. The “Folds of DVG/mock” on the 
y-axis is presented as relative units of mRNA compared with the amount of mRNA in mock-transfected cells (the amount of mRNA in mock-transfected 
cells = 1). (D) Diagram depicting the experimental procedure used to examine the effects of selected DVGs on BCoV RNA synthesis, in which the transfec-
tion of selected DVGs was performed before BCoV infection. (E) Comparison of the relative amounts of BCoV RNA between mock-transfected (inf.) and 
DVG-transfected HEK-293T cells infected with BCoV after transfection. “Mock” indicates that the HEK-293T cells were mock-transfected and mock-infected. 
The “Folds/inf.” on the y-axis is presented as relative units of BCoV RNA compared with the amount of BCoV RNA in mock-transfected and BCoV-infected 
cells (the amount of BCoV RNA in mock-transfected and BCoV-infected cells (inf.) = 1). *p<0.05, **p < 0.01, ***p < 0.001
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Fig. 6 Effect of different DVG species on coronavirus RNA synthesis in HEK-293T cells in which transfection is performed after infection. (A) The genome 
structures of the naturally occurring BCoV DVGs selected in the experiment. The numbers shown in each DVG structure are the nucleotide positions 
at which recombination occurred. (B) Diagram depicting the experimental procedure used to examine the effects of the selected DVGs on BCoV RNA 
synthesis, in which DVG transfection is performed after BCoV infection. (C) Comparison of the relative amounts of BCoV RNA between mock-transfected 
and DVG-transfected HEK-293T cells that were first infected with BCoV and then respectively transfected with the selected DVGs at 3 (upper panel), 5 
(middle panel) and 8 (lower panel) hpi. “Mock” indicates that the HEK-293T cells were mock-transfected and mock-infected. The “Folds/inf.” on the y-axis is 
presented as relative units of BCoV RNA compared with the amount of BCoV RNA in mock-transfected and BCoV-infected cells (the amount of BCoV RNA 
in mock-transfected and BCoV-infected cells (inf.) = 1). (D) and (E) Comparison of the relative expression of IFNβ mRNA (D) and ISG15 mRNA (E) between 
mock-transfected HEK-293T cells and DVG-transfected HEK-293T cells, which were first infected with BCoV and then respectively transfected with the 
selected DVGs at 3, 5 and 8 hpi. The “Folds/mock” on the y-axis is presented as relative units of mRNA compared with the amount of mRNA in mock-
transfected and mock-infected cells (the amount of mRNA in mock-transfected and mock-infected cells (mock) = 1). (F) Summary of the data derived from 
(C)-(E) showing the different effects of the individual DVG species on BCoV RNA synthesis (left panel) and on interferon signaling (middle and right panels) 
in HEK-293T cells, which were first infected with BCoV and then transfected with DVG at 3, 5 and 8 hpi. ns, not significant. *p < 0.05, **p < 0.01, ***p < 0.001
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including RNA synthesis and virus titers and (ii) the lev-
els of IFNβ and ISG15 mRNA synthesis are not always 
correlated with the levels of the efficiency of BCoV rep-
lication in the environment where cells are first infected 
with coronavirus, followed by the transfection of DVGs.

Coronavirus DVGs can collectively affect coronavirus 
replication
It has been documented that DVGs are synthesized 
abundantly, but the number of individual DVGs is not 
high in coronavirus-infected cells [8]. Consequently, it is 
speculated that DVGs may exert their functions on coro-
navirus and host cells collectively but not individually. 
Thus, to examine whether coronavirus DVGs still has an 
inhibitory effect on coronavirus replication when differ-
ent DVG species are transfected together into the same 
cultured cells, the selected DVGs shown in Fig. 7A were 
mixed together (100 ng for each DVG) and then trans-
fected into HEK-293T cells that had been infected with 
BCoV for 3. 5 or 8 h. After 16 h of transfection, RNA and 
supernatant were collected and subjected to RT‒qPCR 
and HA assay (Fig.  7B and S11B). As shown in Fig. 7C, 
an inhibitory effect was observed at 3 and 5, but not 8 hpi 
prior to transfection, and the levels of IFNβ and ISG15 
mRNA synthesis (Fig. 7D and E) were not correlated with 
the inhibition levels of BCoV RNA synthesis (Fig. 7C). In 
addition, the virus titers were all decreased at 3, 5 and 8 
hpi prior to transfection (Fig. S11C). Thus, the selected 
coronavirus DVG still has an inhibitory effect on coro-
navirus replication when a population of DVG species 
are present in the same cultured cells. The inhibitory 
results were also obtained when DVGs with no 5’ or 3’ 
UTRs or both UTRs (Fig. 7F and S11D) were transfected 
together into the same cultured cells which have been 
infected by BCoV for 8 h (8 hpi) (Fig. 7H, left panel and 
S11F). In addition, the levels of IFNβ and ISG15 mRNA 
synthesis (Fig. 7H, middle and right panels) were not cor-
related with the inhibition levels of BCoV RNA synthesis 
and titer (Fig. 7H, left panel and S11F). Note that DVG 
30,015, DVG 1353 and DVG 472 contain in-frame ORFs 
and DVG 30,073, DVG 1557 and DVG 314 contain out-
of-frame ORFs. Consequently, DVGs can collectively 
affect coronavirus RNA replication, although their inhib-
itory strength is not correlated with the levels of IFNβ 
and ISG15 mRNAs.

Discussion
Coronavirus DVGs are minigenomes derived from the 
coronavirus genome through recombination. In the pres-
ent study, we dissected the function of individual DVGs 
at the level of their RNA structure, their encoded pro-
teins and both in interferon signaling. We also showed 
that different DVGs have different effects on the syn-
thesis of IFNβ and ISG15 mRNAs and the inhibition of 

coronavirus replication either individually or collec-
tively. In addition, because (i) the aim of this study was 
to examine the effects of DVGs on the synthesis of IFNβ 
and ISG15 mRNAs and coronavirus RNA and (ii) the 
measurement of IFN and ISGs at the mRNA level has 
been extensively employed for the study of innate immu-
nity [37, 45, 46], (i) to be consistent and then to compare 
the synthesis efficiency of IFNβ and ISG15 mRNAs and 
coronavirus RNA on the same basis and (ii) to connect 
the alteration of IFNβ mRNA with that of downstream 
ISG15 mRNA and with subsequent coronavirus RNA 
synthesis, quantitation of IFNβ and ISG15 and corona-
virus replication at the RNA level was performed. Thus, 
based on the results of the study, coronavirus RNA syn-
thesis can be regulated by its genome-derived DVGs at 
least partly through the interferon signaling pathway in 
different infection settings. The biological relevance and 
potential antiviral applications derived from this study 
are discussed below.

The number of DVGs derived from SARS-CoV-2 is 
correlated with the level of host IFN response and dis-
ease development [26]. However, whether the induc-
tion of interferon signaling is due to the RNA structure 
of the DVG or DVG-encoded protein, or the combina-
tion of both remains to be clarified. Consequently, unlike 
previous studies, by specifically dissecting individual 
coronavirus DVG 2.2 and DVG 5.1 at the levels of RNA, 
protein and both in the present study, it is suggested that 
the DVG, DVG-encoded protein, and the combination 
of both can affect interferon signaling. In addition, the 
RNA structure and the encoded protein derived from 
the same individual DVG may have different effects on 
the induction of interferon signaling (for example, DVG 
5.1, Fig.  3). Furthermore, previous studies have sug-
gested that (i) coronaviruses can synthesize a variety of 
DVGs with different RNA structures (8); (ii) that corona-
virus-DVGs can encode proteins [35]; and (iii) that RNA 
structures are correlated with the induction of innate 
immunity [19, 20]. Thus, the diversity of RNA structures, 
encoded proteins and combinations of both RNAs and 
proteins resulting from the diverse DVGs synthesized in 
coronavirus-infected cells may have various effects on 
coronavirus replication and cellular biological processes 
through different pathways, including innate immu-
nity. Consequently, these characteristics of coronavirus 
DVGs derived from the previous and the present studies 
may explain why the DVGs with different genome struc-
tures selected in the present study have diverse effects on 
innate immunity and coronavirus replication.

Like other positive-strand RNA viruses, coronavi-
ruses can produce a double-strand (ds) RNA genome 
via coronavirus RNA-dependent RNA polymerase 
(RdRp) [47–50]. With respect to the DVG, the DVG 
cannot replicate by itself in uninfected cells because the 
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Fig. 7 Coronavirus DVGs can collectively affect coronavirus RNA synthesis. (A) The genome structures of the naturally occurring BCoV DVGs selected 
in this experiment. The numbers below each DVG structure are the nucleotide positions at which recombination occurred. (B) Diagram depicting the 
experimental procedure used to examine the effects of the selected DVGs on BCoV RNA synthesis, in which the selected DVGs were transfected together 
in the same plate after BCoV infection. (C) Comparison of the relative amounts of BCoV RNA between mock-transfected and DVG-transfected HEK-293T 
cells that were first infected with BCoV and then transfected with DVGs at 3 (upper panel), 5 (middle panel) and 8 (lower panel) hpi. “Mock” indicates that 
the HEK-293T cells were mock-transfected and mock-infected. The “Folds/inf.” on the y-axis is presented as relative units of BCoV RNA compared with the 
amount of BCoV RNA in mock-transfected and BCoV-infected cells (the amount of BCoV RNA in mock-transfected and BCoV-infected cells (inf.) = 1). (D) 
and (E) Comparison of the relative expression of IFNβ mRNA (D) and ISG15 mRNA (E) between mock-transfected HEK-293T cells and DVG-transfected 
HEK-293T cells, which were first infected with BCoV and then transfected with DVG at 3, 5 and 8 hpi. The “Folds/mock” on the y-axis is presented as relative 
units of mRNA compared with the amount of mRNA in mock-transfected and mock-infected cells (the amount of mRNA in mock-transfected and mock-
infected cells (mock) = 1). (F) The genome structures of the naturally occurring BCoV DVGs with missing 5’ (Δ5’ DVG) or 3’ (Δ3’ DVG) or both (Δ5’3’ DVG) 
UTRs selected in this experiment. (G) Diagram depicting the experimental procedure used to examine the effects of the selected DVGs (F) on BCoV RNA 
synthesis, in which the selected DVGs were transfected together in the same plate after BCoV infection. (H) Effects of the DVGs shown in (F) collectively 
on coronavirus RNA synthesis (left panel) and interferon signaling (middle and right panels) in HEK-293T cells, which were first infected with BCoV and 
then transfected with DVGs at 8 hpi. **p < 0.01, ***p < 0.001
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DVG cannot encode RdRp due to the internal deletion 
of the DVG (compared with the full-length coronavirus 
genome). Consequently, to replicate [29], the coronavi-
rus DVG needs to use its standard coronavirus-encoded 
RdRp in standard coronavirus-infected cells to produce 
the negative-strand DVG via the positive-strand DVG 
genome as a template, and the dsDVG, which consists of 
DVG and antiDVG hybrids (that is, the replicative form), 
can therefore be generated. Confirming the synthesis of 
the dsDVG would be interesting since a dsDVG can be 
synthesized. However, because (i) the dsDVG can be 
synthesized only in the presence of its standard corona-
virus and (ii) both the full-length standard coronavirus ds 
RNA genome and dsDVG can be generated in standard 
coronavirus-infected cells, specifying which fluorescence 
signals are derived from the full-length standard corona-
virus ds RNA genome and which signals are derived from 
the dsDVG is unlikely. Consequently, the identification of 
dsDVGs was not performed in this study. Nevertheless, 
on the basis of the results of the present study, it is specu-
lated that (i) in uninfected cells, the synthesis of IFNβ and 
ISG15 mRNAs can be induced by the DVG RNA struc-
ture (Figs. 1, 3 and 5), and (ii) in BCoV-infected cells, the 
synthesis of IFNβ and ISG15 mRNAs can be induced by 
both the DVG RNA structure and dsDVG (Figs. 2, 4 and 
6).

To confirm whether only the encoded protein itself 
is the sole factor impacting the synthesis of IFNβ and 
ISG15 mRNAs, the transfection of the DVG-containing 
plasmid instead of the in vitro-transcribed DVG was con-
sidered. However, as suggested above, the RNA struc-
tures of DVGs themselves, which are produced from 
plasmids via the cellular transcription machinery, are 
also likely to affect the synthesis of the IFNβ and ISG15 
mRNAs. Consequently, both (i) the transcribed DVG 
and (ii) the encoded protein derived from the plasmid, 
but not the encoded protein itself derived from the plas-
mid, are factors affecting the synthesis of the IFNβ and 
ISG15 mRNAs. These experimental conditions actually 
resemble those in the current study shown in Figs. 1 and 
3, in which DVGs 2.2 and 5.1 can also affect the synthesis 
of IFNβ and ISG15 mRNAs at both the RNA and protein 
levels. The only difference between the two experiments 
is that the generation of the DVG transcript is from in 
vitro transcription (Figs. 1 and  3) or from the cellular 
transcription machinery if a transfected plasmid is used. 
Therefore, such an experimental design based on plasmid 
transfection may not confirm that the encoded protein is 
the sole factor affecting the synthesis of IFNβ and ISG15 
mRNAs.

To examine the effects of coronavirus-DVGs on coro-
navirus RNA synthesis under different infection condi-
tions, DVGs were transfected into cells before or after 
coronavirus infection. The resulting strength of innate 

immunity is highly correlated with that of inhibitory effi-
ciency of coronavirus RNA synthesis in cells first trans-
fected with DVGs followed by infection (Figs. 2B, 4B and 
5E), suggesting that DVGs have the ability to inhibit coro-
navirus RNA synthesis through the induction of innate 
immunity. However, the correlation between the strength 
of DVG-induced innate immunity and the inhibitory effi-
ciency of coronavirus RNA synthesis was not obvious in 
cells first infected with coronavirus and then transfected 
with DVG, as shown in Figs.  2D, 4D, 6 and 7. The rea-
sons leading to the differences are explained as follows. 
In cells first infected with coronavirus followed by DVG 
transfection, coronavirus–host interactions are initiated 
before the transfection of DVGs. During coronavirus‒
host interactions, the cell defense system is activated, and 
coronavirus also triggers its inhibitory effects to coun-
teract cellular defenses. The altered cell environment 
caused by virus‒host interactions may subsequently 
affect the functions of the transfected DVGs at the RNA, 
protein and combined levels, resulting in altered bio-
logical processes, including DVG-induced interferon 
signaling. Consequently, in addition to various levels of 
innate immunity, other biological processes or pathways 
may also affect coronavirus RNA synthesis. Thus, there 
is no obvious correlation between the strength of DVG-
induced innate immunity and the inhibitory efficiency 
of coronavirus RNA synthesis in cells first infected with 
coronavirus and then transfected with DVGs. Accord-
ingly, when DVG 5.1 is used as an example, in cells first 
transfected with DVGs followed by infection, DVG 5.1 
can induce interferon signaling. Thus, it is reasonable 
to conclude that the innate immunity previously acti-
vated by the transfection of DVG 5.1 is the main factor 
leading to the inhibition of coronavirus RNA synthesis. 
However, in cells first infected with coronavirus and then 
transfected with DVG 5.1, DVG 5.1 may not have the 
same ability to induce interferon signaling because coro-
navirus‒host interactions alter the infection environment 
and subsequent biological processes. Thus, the altered 
biological processes may affect the induction strength of 
interferon signaling derived from DVG 5.1 at the RNA, 
protein or combined levels. In line with this, because (i) 
the assembly of viral particles is related to the viral titer 
and (ii), as mentioned above, the altered cell environment 
caused by virus‒host interactions and the functions of 
the transfected DVGs may also alter cellular biological 
processes and thus the efficiency of virus assembly, the 
altered levels of coronavirus RNA synthesis may there-
fore not always be closely related to those of coronavirus 
titers (Figs. 2, 4, 5, 6 and 7 and S7-S11). Consequently, in 
addition to innate immunity, other factors derived from 
altered biological processes may also affect the efficiency 
of coronavirus RNA synthesis and titers, leading to no 
obvious correlation (i) between innate immunity and the 
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inhibitory efficiency of coronavirus RNA synthesis and 
(ii) between virus titer and coronavirus RNA synthesis 
in the infection cells transfected with DVGs. Notably, 
the different strengths of the induction of innate immu-
nity and the inhibition of coronavirus RNA synthesis in 
DVG-transfected cells before or after infection may also 
indicate that DVGs may have different regulatory func-
tions in coronavirus RNA synthesis at different stages of 
infection.

Furthermore, the coronavirus DVG is also called a 
defective interfering (DI) RNA because, similar to the 
DI RNAs of other RNA viruses, it has been postulated 
to interfere with the replication of its parental (standard) 
virus by competing with replication resources [1, 51, 52]. 
On the basis of the data shown in Figs. S1–S6, the DVGs 
have the potential to replicate in the presence of standard 
BCoV; thus, DVGs with greater replication efficiency may 
compete with the standard virus BCoV for replication 
resources, leading to a reduced level of BCoV replication. 
Consequently, because the DVGs selected in this study 
can all induce the synthesis of IFNβ and ISG15 mRNAs 
(Fig. 6), it is speculated that, in addition to innate immu-
nity, the inhibitory effect of DVGs on BCoV replication 
shown in this study may also result from the competition 
of replication resources between DVGs and the BCoV 
standard virus.

Previous studies have shown that DVG species can be 
altered under different infection environments [8] and 
undergo mutations under the selection pressures of anti-
virals and persistent infection [53]. Since (i) coronavirus 
DVG species can be altered under different infection 
environments [8], (ii) coronavirus DVGs have diverse 
effects on innate immunity (Fig. 5C), and (iii) DVGs have 
different effects on coronavirus RNA synthesis (Fig. 5E), 
it is proposed that, under altered infection environments, 
coronaviruses may synthesize different DVGs to regu-
late virus‒host interactions, such as innate immunity and 
coronavirus RNA synthesis, altering coronavirus‒host 
interactions to enhance the survival of coronaviruses. 
Consequently, in addition to the regular infection envi-
ronment, coronaviruses may also regulate coronavirus 
RNA synthesis and subsequent protein synthesis via 
their DVGs to optimize their infection in altered infec-
tion environments. Such regulation between the coro-
navirus genome and coronavirus DVGs may therefore 
affect pathogenesis and increase the complexity of con-
trolling the virus. Additionally, such characteristics may 
benefit the survival of coronaviruses because the regula-
tion of coronavirus RNA synthesis by DVGs may halt the 
adverse effects on cell integrity, and thus coronaviruses 
can replicate in cells for a longer time to produce more 
virus progeny. This finding also supports and explains the 
previous results in which persistent infection with para-
myxovirus was correlated with DVGs [54].

The aim of this study was to examine whether differ-
ent coronavirus DVGs with different RNA structures can 
induce different levels of IFN-β mRNA and downstream 
ISG15 mRNA and thus affect coronavirus replication 
via the transfection of in vitro-synthesized DVGs. Con-
sequently, cells (i) with a high transfection efficiency, (ii) 
in which the IFN response can be triggered by in vitro-
synthesized DVGs and (iii) that are permissive to BCoV 
infection are considered. Because (i) HEK-293T cells have 
a high transfection efficiency [36], (ii) BCoV can replicate 
in HEK-293T cells and (iii) IFNβ and downstream ISG15 
mRNAs can also be induced in HEK-293T cells [37, 38], 
HEK-293T cells and BCoV are selected for this study. 
Although HEK-293T cells are not primary cells, the IFN 
response can still be activated through detection of the 
viral RNA structure in the cytoplasm, as indicated by 
the results derived from previous studies [37, 38, 45, 46, 
55] and our current results (Figs.  1, 2, 3, 4, 5, 6 and 7), 
in which the IFNβ mRNA and downstream ISG mRNA 
can be induced in HEK-293 and HEK-293T cells. Conse-
quently, although the current study is not performed in 
a physiologically relevant setting for BCoV and has the 
aforementioned limitations, the current results still can 
support the aim of the study that different DVGs can 
lead to different synthesis efficiencies of IFNβ and down-
stream ISG15 mRNAs and affect coronavirus replica-
tion via the transfection of in vitro-synthesized DVGs in 
HEK-293T cells.

Thus, the findings of the present study suggest that 
coronavirus DVGs can induce innate immunity and 
inhibit coronavirus replication with different strengths at 
the level of RNA or protein or both, either individually 
or collectively. The diverse RNA structures and encoded 
proteins resulting from diverse DVG populations syn-
thesized in coronavirus-infected cells can lead to diverse 
effects on coronavirus–host interactions, including dif-
ferent levels of activation in innate immunity and inhi-
bition of coronavirus replication. These diverse effects 
caused by coronavirus DVGs may regulate coronavirus 
replication and overcome adverse environments, con-
tributing to the survival and pathogenesis of this disease. 
Thus, in addition to its role in innate immunity, DVGs 
may also exert their functions via their RNA structure or 
encoded protein to affect coronavirus‒host interactions 
through other biological pathways. On the other hand, 
since DVGs have the ability to inhibit coronavirus RNA 
synthesis at the level of RNA, protein or both, it is argued 
that the DVG populations in infected cells are resources 
for the identification of antivirals. Consequently, the 
experimental system used in the present study can be 
used as a platform to identify antivirals from DVG pop-
ulations on the basis of their RNA structures, encoded 
proteins or both.
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Conclusions
In the present study, by dissecting the function of individ-
ual DVGs, it is suggested that DVGs have different effects 
on interferon signaling at the level of RNA, encoded pro-
teins or both. In addition, different DVGs have different 
effects on the induction of interferon signaling and the 
inhibition of coronavirus replication both individually 
and collectively under different infection conditions. 
Thus, coronavirus replication can be regulated by coro-
navirus genome-derived DVGs. Such regulation between 
the coronavirus genome and coronavirus DVGs may 
enhance the survival of coronavirus and therefore is cor-
related to pathogenesis. Lastly, because DVGs can induce 
innate immunity at the level of RNA, protein or both and 
coronavirus RNA synthesis can be inhibited by DVGs at 
least through induction of innate immunity, the diverse 
DVG populations in infected cells are resources for the 
identification of antivirals, and the methods used in the 
current study can be used as a platform for this purpose.
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