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Circular DNAs derived from single-stranded RNA viruses play important roles in
counteracting viral infection. However, whether double-stranded RNA viruses generate
functional circular DNAs is still unknown. Using circDNA sequencing, divergent PCR, DNA
in situ hybridization and rolling circular amplification, we presently confirmed that in
silkworm, Bombyx mori cytoplasmic polyhedrosis virus (BmCPV), a double-stranded
RNA virus belonging to cypovirus, is prone to produce a BmCPV-derived circular DNA
termed as vcDNA-S7. We have also found that vcDNA-S7 formation is mediated by
endogenous reverse transcriptase (RT), and the proliferation of BmCPV can be inhibited
by vcDNA-S7 in vitro and in vivo. Moreover, we have discovered that the silkworm RNAi
immune pathway is activated by vcDNA-S7, while viral small interfering RNAs (vsiRNAs)
derived from transcribed RNA by vcDNA-S7 can be detected by small RNA deep
sequencing. These results suggest that BmCPV-derived vcDNA-S7, mediated by RT,
can serve as a template for the biogenesis of antiviral siRNAs, which may lead to the
repression of BmCPV infection. To our knowledge, this is the first demonstration that a
circular DNA, produced by double stranded RNA viruses, is capable of regulating
virus infection.

Keywords: BmCPV, viral circular DNA, vcDNA-S7, reverse transcriptase activity, RNAi
INTRODUCTION

Due to its limited genome size and more restricted number of genes, viruses typically depend on
host cells to achieve its proper infection and proliferation. Thus, viruses mostly fulfill their own life
cycle, involving processes such as replication, transcription, and virus assembly, by hijacking or
utilizing host factors. At the same time, the host starts its own defense system to resist the infection
of the virus, as soon as virus invasion is surveilled (1–3). Therefore, both host and virus act as
“opponents” fighting for their own survival.
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Circular DNAs (circDNAs) are ubiquitous forms of DNA that
are generally found in the mitochondria and chloroplasts of
eukaryotes, bacteria, and DNA viruses. Recent studies have
reported that chromosomes from a variety of eukaryotes can
form extrachromosomal circular DNAs (eccDNAs) that may
play important roles during tumorigenesis (4–7). In addition,
some studies have shown that certain single-stranded RNA
viruses can produce viral circular DNAs (vcircDNAs),
mediated by the host retrotransposon, which have an
important role in controlling virus infection (8, 9). For
instance, the genomic RNA of a number of viruses, such as
Drosophila C virus (DCV), flow house virus (FHV), Sindbis virus
(SNV), and chikungunya virus (CHIKV), can form stable and
chimeric vcircDNAs, mediated by retrotransposons. These
vcircDNAs have transcriptional ability and can stably (and
continuously) transcribe RNAs to produce a higher abundance
of vsiRNAs, leading to a persistence of the viral infection by
RNAi pathways (8, 9). However, all reported vcircDNAs are
circDNAs derived from single-stranded RNA viruses. In fact, it is
not yet known whether double stranded RNA viruses can also
form vcircDNAs during viral infection.

Bombyx mori cytoplasmic polyhedrosis virus (BmCPV) is a
typical species of cytoplasmic polyhedrosis virus (Reoviridae
family), whose genome contains 10 double-stranded RNA
segments. BmCPV specifically infects the midgut cells of
silkworm, leading to the occurrence of cytoplasmic polyhedrosis
(10) and consequent failure of sericulture. It has been reported that
BmCPV can enter cells via the endocytic pathway (11, 12) and
evade the silkworm immune-related pathways, such as Toll and
IMD (13), which hijacks silkworm mRNAs (14–17), lncRNAs (18),
miRNAs (19), circRNAs (20), protein expression (21) as well as
metabolic progression (22) to favor the proliferative replication of
viruses. In addition, studies have indicated that the BmCPV-related
transcripts can be processed to form viral miRNAs and promote
viral infection and favors viral replication (23, 24). However, how
does silkworm may defend itself from BmCPV invasion? Studies
have indicated that, when attacked by BmCPV, the defense system
of silkworm can target the BmCPV genome as well as its transcripts
to produce virus-derived small interfering RNAs (vsiRNAs) (25) as
a means to resist virus infection. A recent study has shown that
silkworm can also use BmCPV S5 segment dsRNA to encode small
peptide vSP27 and control BmCPV infection (26, 27). Altogether,
these results deepen the understanding of BmCPV interaction with
silkworm and the control of BmCPV infection process. Yet, we
believe that additional BmCPV-derived molecules may also be
produced to control the virus infection process.

In this study, we confirmed that in silkworm, BmCPV can
produce a circDNA termed as vcDNA-S7 whose formation is
mediated by reverse transcriptase (RT) and the proliferation of
BmCPV can be inhibited by vcDNA-S7. Moreover, we found that
the RNAi pathway can be activated by vcDNA-S7, while viral small
RNAs derived from transcribed RNA by vcDNA-S7 can be detected
by small RNA deep sequencing. These results suggest that the
BmCPV-derived vcDNA-S7 mediated by reverse transcriptase can
regulate BmCPV infection via RNAi pathway. Collectively, our
results show that silkworm can restrict BmCPV infection by a novel
Frontiers in Immunology | www.frontiersin.org 2
nucleic acid-based antiviral mechanism, which is dependent on
RT activities.
MATERIALS AND METHODS

BmCPV Virions Preparation
BmCPV virions was prepared according to our previous reports
(12). Briefly, the 3rd instar silkworms were fed with fresh
mulberry leaves, coated with 108/ml of BmCPV polyhedra
suspension, for 8 h. After further feeding, midgut of infected
silkworms was dissected at 7–10 days post-infection. Polyhedra
was purified from midgut. To obtain related virions, purified
polyhedra was resuspended with 0.01 mol/L Na2CO3-0.09 mol/L
NaHCO3 buffer at 28°C for 20 min, followed by adjustment of
pH to 8.0 with 1 M HCl. BmCPV virions were stored at 4°C for
subsequent studies.

BmCPV Infection
The BmN cell line was derived from silkworm ovary. Previously,
we have developed an BmCPV in vitro infection model based on
BmN cells to study BmCPV–silkworm interaction in an easier-
to-handle in vitro system (12, 27–29). Herein, the cells (1×105/
well) were seeded in 6-well plates and cultured for 48 h in TC-
100 insect medium (Germany, PanReac Applichem, A2017)
supplemented with 10% fetal bovine serum (USA, BI, 04-001-
1A-US). Then, the medium was removed and retained, and cells
were incubated for 1 h with 5 µL BmCPV virions (1×105 cleaved
polyhedra/µL) in serum free TC-100 medium. After that, cells
were carefully washed once with phosphate-buffered saline (PBS)
and cultured in complete medium. Fourth instar silkworms
(strain Jingsong) were injected with 1µL BmCPV virions
(1×105 cleaved polyhedra/µL).

Circle-Seq
The midgut of 4th instar BmCPV-infected silkworms (Jingsong
strain) was dissected and circDNA sequencing was performed by
CloudSeq Biotech Inc. (Shanghai, China) according to published
procedures with slight modification [1]. Briefly, high molecular
weight DNA was extracted from the midgut of infected silkworm
with BmCPV, followed by removing linearized DNA with
exonucleases Plasmid-Safe ATP-dependent DNase (USA,
Epicentre, E3101K) to obtain eccDNAs. The enriched eccDNAs
were amplified by phi29 polymerase (China, Beyotime, D7053S).
This amplified DNA was sheared and fragmented by sonication
(Belgium, Bioruptor) and then utilized for the library construction
using the NEBNext® Ultra II DNA Library Prep Kit for Illumina
(USA, New England Biolabs). Sequencing procedures were carried
out according to the manufacturer’s instructions (USA, Illumina
NovaSeq 6000 with 150bp paired-end reads). For Circle-seq data
analysis, Fastqc software was used to evaluate the quality of the
original data (30). This analysis was followed by a comparison
between the original data and the BmCPV genomic RNA
sequences using BWA software. The processing of the sam file
to fit the format required by Circle-MAP was performed using
Sam tools (30). Finally, eccDNA was identified by Circle-MAP,
March 2022 | Volume 13 | Article 861007
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and respective genes were annotated accordingly (30). The raw
sequencing data have been uploaded to NCBI database (accession
number SRR16977180).

DNA Extraction and vcDNA-S7 Test
BmCPV-infected silkworm midgut or cells were grounded with
cold 1×PBS. Thereafter, DNA was purified by phenol-
chloroform extraction. The isolated DNA samples were
incubated with RNase A (USA, Thermo Fisher, Cat: EN0531)
and plasmid-safe DNase (USA, Epicentre, Cat: E3101K) mix at
37°C for 30 min. Reactions were terminated by addition of 10
mM EDTA. PCR was then performed using mock-treated or
DNase-digested samples. Primer sequences used for the
identification of viral circDNA (vcDNA-S7), derived from
BmCPV genomic RNA S7, are shown in Table S1.

DNA FISH
DNA FISH assays were performed using a Ribo™ Fluorescent in
situ Hybridization Kit (China, BOSTER, Cat: MK1030)
according to the manufacturer’s protocol. The FISH probe
targeting the junction site sequence of vcDNA-S7 (5’Biotin-
CAGACGCCAACAAGGATCCTCAACCAC) was synthesized
by Sangon Biotech (China, Shanghai). In brief, 1×104 BmN
cells were digested with proteinase K at 48 h post-infection of
BmCPV. Then, BmCPV-infected BmN cells were hybridized
with FISH probe at 37°C overnight. Hybridization signals were
detected using CY3 labeled streptomycin. Cell nuclei were
counterstained with 4, 6-diamidino-2-phenylindole (DAPI).
Cell images were captured using a Leica DM2000 microscope
(Leica, Wetzlar, Germany).

Rolling Circular Amplification (RCA)
RCA can be used to confirm the circular configuration of a
targeted molecule (31). For this, the total DNA of silkworm
midgut infected with BmCPV was extracted. After linear DNA
and RNA were respectively removed using DNase- plasmid safe
and RNase A, RCA was carried out with a vcDNA-S7-F primer
(which crossed the junction site of vcDNA-S7) in a final reaction
volume of 20 µl containing 1×buffer, 1×dNTPmix, 1mg DNA, 2.5
µM primer, and ddH2O (up to 19 µl). In this experiment, the
sequence flanking the junction site of vcDNA-S7 was cloned into
the vector pMD-19T (China, TaKaRa, D104A) to construct the
plasmid pMD19T-S7 as positive control. The RCA reaction was
incubated at 95°C for 5 min and rapidly placed in an ice bath for
2 min, followed by the addition of 1 µl (10 U) phi29 DNA
polymerase (China, Beyotime, Cat: D7053S) and then incubated
at 30°C for additional 2 h. After a final incubation at 65°C for
10 mins, the RCA products were identified by PCR using primers
(vcDNA-S7F and vcDNA-S7R) (Table S1).

Drug Treatment
Azidothymidine (AZT) is a widely used RT inhibitor that can
inhibit endogenous RT activity (9). GSK-LSD1, an inhibitor of
histone H3 lysine 9 (or histone H3 lysine 4) demethylases, has
been reported to increase the methylation level of histone H3
lysine 9, thus increasing RT activity in mammalian cells. In this
study, AZT (China, Absin, Cat: abs810874) and GSK-LSD1
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(USA, Selleck, Cat: S7574) were used to modulate the
retrotransposon activity of RT in BmN cells. MTT assays were
carried out to determine the proper drug concentration for
subsequent experiments. Briefly, 103 BmN cells were seeded in
96-well plates and treated with different concentrations of AZT
(0, 1, 5, 10, 25, 50, 100 mM) or GSK-LSD1 (0, 1, 5, 10, 25, 50, 100
nm) for 24 h. Cells viability was evaluated by MTT. According to
MTT assay, BmN cells were treated with 5 mM AZT and/or 50
nM GSK-LSD1 in the subsequent experiments. Before further
treatments, BmN cells were seeded in 6-well plates at the density
of 1× 106 cells/well and cultured for one day. Thereafter,
cells were pretreated with 5 mM AZT for 4–6 h or 50 nM
GSK-LSD1 for 24 h, followed by BmCPV infection and other
downstream assays.

Sequence Alignment Analysis of the
Silkworm RT
To determine the source of RT activity involved in the formation
of vcDNA-S7, sequence alignment analysis of the silkworm RT
was carried out using NCBI Neighbor Joining Blast (https://
www.ncbi.nlm.nih.gov/blast/treeview/treeView.cgi?request=
page&blastRID=YEZ2B06S016&queryID=gb|AAA17752.1|
&entrezLim=&ex=&exl=&exh=&ns=100&screenWidth=
1920&screenHeight=1080). The RT sharing homologous amino
acid sequences were divided into a group.

siRNA Knockdown
Gene-specific siRNAs were designed and synthesized by Sangon
Biotech (Shanghai, China). The sequences of respective siRNAs
targeting RT genes are shown in Table S2. A total of 100 pmol
siRNA was transfected into 1×106 BmN cells using Roch-X gem
(Switzerland, Roche, Cat: 6366236001). At 48 h post-
transfection, cells were infected with BmCPV, followed by real-
time PCR to evaluate the expression level of target genes as well
as the number of vcDNA-S7 copies at 48h post-infection.

Reverse Transcriptase (RT) Activity Assay
RT activity assay was performed according to previous studies
(32). For this, BmN cells were washed three times with cold PBS
and then lysed with CHAPS lysis buffer (China, ZYSW, ZY-25-
01380) supplemented with 1×protease inhibitor (Switzerland,
Roche, 11873580001). Cell lysis was performed at 0°C for 30
min, followed by centrifugation at 13,000 rpm at 4°C for 10 min
to collect respective supernatants. BCA Protein Assay Kit
(China, Sangon, C503021) was used to determine the protein
concentration of each cell extract. RT activity was tested as
follows. In vitro transcribed green fluorescent protein (GFP)
gene RNA was served as a template in a 20 ml reaction volume,
containing 10 mg or 1 mg of cell extracts, 10 ng of GFP RNA, 20 U
of RNase inhibitor (USA, Promega, N251B), 10 nmol of GFP
reverse primer, 0.2 mM dNTP, 1× reverse transcription buffer
(China, TransGen, AT101) and nuclease-free water. The reaction
mixture was incubated at 25°C for 5 min, and at 37°C for 30 mins,
followed by incubation at 85°C for 5 min. Reactions devoid of
cellular protein extract were set as negative controls. One unit of
M-MLV reverse transcriptase (China, TransGen, AT101) was
March 2022 | Volume 13 | Article 861007
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used as a positive control. Reverse-transcribed GFP cDNA was
quantitated by real-time PCR using GFP-specific primers (Table
S1). The relative RT activities between samples were compared
according to the GFP cDNA levels.

Preparing vcDNA-S7 In Vitro
Based on the analysis of vcDNA-S7 linear sequence, there was a
NheI restriction endonuclease site at its 3’ terminal end.
Therefore, we designed specific primers carrying a NheI site
and then performed PCR using a plasmid pIZT-CS7 containing
the full-length cDNA of BmCPV genomic dsRNA S7 segment as
a template. The amplified product was further digested withNheI
and then circularized to obtain vcDNA-S7, using T4 DNA ligase.
Finally, the ligation products were treated with plasmid safe™

ATP-dependent DNase in order to remove any linear and non-
circular DNA. A flowchart for the in vitro synthesis of vcDNA-S7
is presented (Figure S1).

Quantitative Real-Time PCR
To explore the copy numbers of vcDNA-S7, 1×106 BmN cells
were firstly inoculated with BmCPV. DNA was further extracted
from infected cells, and the copies of vcDNA-S7 were determined
by absolute quantitative real-time PCR using primers vcDNA-
S7F and vcDNA-S7R (Table S1). Total RNA was extracted from
BmN cells or silkworm tissues, and then reverse transcribed to
cDNA using random primers (First Strand cDNA Synthesis Kit,
Transgene, Beijing, China). The expression levels of genes were
determined by real-time PCR using primers as shown in Table
S1. The expression level of translation initiation factor eIF-4A
(TIF-4A) gene was utilized as normalizer.

Western Blotting
Total protein lysates (30 µg/lane) were separated by SDS-PAGE
and transferred onto Nitrocellulose filter membrane (USA,
Millipore, HATF00010). Membranes were blocked with 3%
BSA in phosphate-buffered saline (PBS) containing 0.05%
Tween 20, followed by incubation with respective primary
antibodies. The primary antibodies used were anti-H3K9me3
(China, ABclonal, A2360), anti-a-tubulin (USA, Proteintech,
66031-1-Ig), anti-BmCPV VP7 (viral structural protein 7) (27,
29) and anti-BmCPV Polh (polyhedrin) (prepared by our
laboratory). The secondary antibodies presently used were
HRP-labeled goat anti-rabbit IgG or goat anti-mouse IgG, at
1:5000 dilution (USA, Proteintech, SA00001-1). Protein-specific
signals were measured using an enhanced chemiluminescence
(ECL) Western blot detection kit (Sangon, Shanghai).
Quantitative analysis of the visible bands was performed by
ImageJ program.

Small RNA Sequencing
To assess whether small RNAs derived from vcDNA-S7 were
present in vitro, 1×107 BmN cells were transfected with 6 µg
vcDNA-S7. The BmN cells were collected at 48 h post-
transfection, and small RNAs was then extracted for deep
sequencing. Sequencing was carried out by Shanghai oebiotech
Co., Ltd (Shanghai, China). The obtained small RNAs were further
analyzed using vcDNA-S7 as a reference sequence. The raw
Frontiers in Immunology | www.frontiersin.org 4
sequencing data have been uploaded to NCBI database with the
accession number SRR17050376.

Statistical Analyses
Data was expressed as mean ± SD (standard deviation).
Statistical analyses were performed by one-way ANOVA and
t-test to determine statistical significance between the groups,
using GraphPad Prism6 software. p-value ≤0.05 was considered
as a threshold of statistical significance.
RESULTS

BmCPV-Derived vcDNA-S7 Is Present in
BmCPV-Infected Cells
circDNAs ubiquitous forms of DNA that are generally found in
DNA viruses, bacteria, as well as the mitochondria and
chloroplasts of eukaryotes. Recent studies have reported that
chromosomes of a variety of eukaryotes can form eccDNAs to
perform important biological functions (4–7). To explore
whether BmCPV infection could affect the generation of
eccDNAs in B. mori, we performed circDNA sequencing of
midgut from B. mori infected with BmCPV. Previous studies
have shown that some single-strand RNA viruses are able to
form viral circDNAs (vcircDNAs) (9). Interestingly, some
BmCPV-derived vcircDNAs have also been identified when we
presently aligned the sequenced data with BmCPV genome.
Herein, we selected a vcircDNA termed as vcDNA-S7 with the
highest abundance from BmCPV genomic dsRNA S7 for further
investigations. The vcDNA-S7 is derived from the region 426-
1045 nt of the sense strand of BmCPV genomic dsRNA S7
(GenBank: GQ150538.1). To further confirm whether vcDNA-
S7 is a circular DNA molecule, total DNA was extracted from
silkworm midgut infected with BmCPV. The obtained DNA was
analyzed by PCR using primer pairs for the respective detection
of vcDNA-S7s, mitochondrial DNA and the promoter of Bmotu
gene (Potu) after treatment with DNase Plasmid-Safe to properly
remove linear DNA. Specific PCR products amplified from
mitochondrial (mtDNA) and Potu DNAs were observed in
samples not treated with DNase Plasmid-Safe (Figure 1A).
However, only mtDNA was amplified in samples treated with
DNase Plasmid-Safe, suggesting that linearized DNA was
selectively removed by this DNase treatment (Figure 1A).
vcDNA-S7 was present in both DNase-treated and non-treated
DNA samples from BmCPV-infected silkworm, but not in
uninfected silkworm. Furthermore, the junction site
representing vcDNA-S7 was confirmed by Sanger sequencing
of PCR product (Figure 1B). A RCA assay (31) was further
performed to confirm whether vcDNA-S7 structure is circular.
As shown in Figure 1C, we observed RCA products at different
molecular weights that were consistent with the theoretical
values (Figure 1C). Moreover, in situ hybridization targeting
vcDNA-S7 was conducted in BmN cells infected with BmCPV.
As expected, vcDNA-S7 was identified in BmCPV-infected cells
(Figure 1D). Collectively, our results confirmed that vcDNA-S7
is detectable in BmCPV-infected cells.
March 2022 | Volume 13 | Article 861007
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RT Activity Affects the Formation of
vcDNA-S7
Viral RNAs can solely form DNA by reverse transcription.
Specifically, retroviral RNAs can generate viral DNA (vDNA)
by a RT encoded by the virus itself, while some non-retroviral
RNAs can form vDNA using the RT of host retrotransposon (8).
BmCPV is a non-retroviral RNA virus. As such, we speculated
that the formation of vcDNA-S7 may also depend on silkworm
RT activity. Previously, we have developed an BmCPV in vitro
infection model utilizing BmN cells. Therefore, the effects of RT
activity on the vcDNA-S7 formation were evaluated in BmN cells
treated with RT inhibitor AZT or RT activator GSK-LSD1. As
expected, AZT treatment was able to reduce RT activity
(Figure 2A) as well as to inhibit vcDNA-S7 formation
(Figure 2B). GSK-LSD1 treatment dramatically increased the
level of H3K9me3 (Figures 2C, D) in BmN cells, as well as RT
activity (Figure 2A). In particular, the formation of vcDNA-S7
was also promoted by GSK-LSD1 treatment (Figure 2E).
Collectively, these results suggested that silkworm RT activity
is involved in vcDNA-S7 formation.

In order to determine the source of RT activity involved in the
formation of vcDNA-S7, we carried out a sequence alignment
Frontiers in Immunology | www.frontiersin.org 5
analysis of the silkworm’s RT. As shown in Figure 3A, the RT of
silkworm can be divided into 9 groups. We designed siRNAs
based on the common sequence to knock down the expression of
the corresponding RT genes. Analysis of siRNA interference
efficiency showed that the designed siRNAs were able to inhibit
the expression of corresponding RT genes (Figure 3B). When
the RT genes in group 2 and 6 were silenced, the formation of
vcDNA-S7 was inhibited (Figure 3C), suggesting that RT genes
in group 2 and 6 were related to vcDNA-S7 formation. Since 18
RT genes are distinctively present in these two groups, the
specific gene(s) involved in the formation of vcDNA-S7 is not
fully clear. In the future, we expect to design specific siRNAs for
each one of these 18 genes to better dissect which gene(s) is
involved in vcDNA-S7 formation.

vcDNA-S7 Inhibits the Proliferation of
BmCPV
To determine the biological functions of vcDNA-S7, we firstly
explored the expression profile of vcDNA-S7 in different tissues
of BmCPV-infected silkworm at the third day of the fifth instar.
These tissues presently analyzed included the midgut,
hemolymph, Malpighian tubule, ovary and testis, trachea
A B

DC

FIGURE 1 | mori produces BmCPV-derived circular DNA vcDNA-S7. (A) vcDNA-S7 was verified by divergent PCR. left, Schematic of primer to validate the junction
site of vcDNA-S7. Green arrow represents divergent primers. Right, electrophoresis of PCR product from flanking sequence of the junction site of vcDNA-S7. DNA
from BmCPV infected silkworm midgut and healthy silkworm midgut were extracted. RNAs and linear DNAs were respectively removed with RNase A and Plasmid-

Safe™ ATP-Dependent DNase. mtDNA representing mitochondrial DNA as a positive control; Potu representing genomic linear DNA as a negative control.
(B) Sanger sequencing of the products of divergent PCR. The green arrow represents the divergent primer and the red arrow represents the junction site of vcDNA-
S7. (C) RCA validated that vcDNA-S7 is a circular molecule. Upper, schematic of RCA of circular molecules. Under, electrophoretic detection of RCA products. ‘BmN+CPV’
represents the BmN cells infected with BmCPV. The plasmid pMD19T-S7 containing the sequence flanking the junction site of vcDNA-S7 used as positive control. The
genomic DNA from BmN cells were used a negative control. (D) Validation of vcDNA-S7 by in situ hybridization. Top row is normal cultured BmN cells and bottom row is
BmN cells infected with BmCPV. Red fluorescence indicates the biotin labeled vcDNA-S7-specific probe, and blue indicates that the nuclei were stained by DAPI.
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plexus, and silk gland. Significant differences in vcDNA-S7
expression in different tissues were noticed, where the highest
expression was observed in the midgut (Figure 4A). Since
BmCPV can specifically infect the intestinal epithelial cells of
silkworms, we suggested that vcDNA-S7 levels correlated with
BmCPV infection. To understand the expression pattern of
vcDNA-S7, the expression levels of vcDNA-S7 and viral
structural protein 1 and 7 (VP1 and VP7) genes were
determined by real-time PCR. In BmN cells, the expression of
vp1 and vp7 genes increased rapidly and reached the peak at 48 h
post infection (hpi), followed by a downward trend (Figure 4B).
The expression pattern of vcDNA-S7 was similar to those of
these viral genes (Figure 4C). Similar results were observed in
the midgut of BmCPV-infected silkworm (Figures 4D, E).

Previous studies have indicated that RNA virus-derived
DNAs may play roles in antiviral response of host (8, 9). To
test the function of vcDNA-S7, BmN cells were transfected with
vcDNA-S7, followed by infection with BmCPV at 24h post
transfection. Total RNA and protein were extracted at 48 hpi,
and the relative expression levels of BmCPV vp1 gene and Polh
protein were detected by real-time PCR and Western blotting,
respectively. As shown in Figures 5A–C, the levels of vp1 gene
and Polh protein decreased in transfected cells with vcDNA-S7.
To validate these results in vivo, 1 µg vcDNA-S7 was injected into
the larvae at day 3 of fourth instar. At 24 h post-injection,
silkworms were infected with BmCPV, and total RNA and
protein of silkworm midgut were extracted at 48 hpi to verify
the relative expression levels of BmCPV vp1 gene as well as VP7
protein. Our results indicated that, the expression levels of
BmCPV vp1 gene as well as VP7 protein decreased in the
Frontiers in Immunology | www.frontiersin.org 6
midgut of injected silkworm with vcDNA-S7 compared with
the control (Figures 5D–F). These data suggested that vcDNA-
S7 can inhibit BmCPV infection.

Moreover, we have also evaluated the effects of RT activity on
BmCPV infection. Our results indicated that expression levels of
vp1 gene and VP7 protein in BmCPV-infected cells pretreated
with AZT increased, while the results were the opposite when cells
were pretreated with GSK-LSD1 (Figures 6A–C). Moreover, we
have also found that treatment of cells with GSK-LSD1 could
enhance the ability of vcDNA-S7 to inhibit BmCPV infection
(Figures 6D–F). These results support the notion that RT activity
cooperates with vcDNA-S7’s antiviral function.

vcDNA-S7 Provides vsiRNAs for RNAi
Pathway
To understand the antiviral mechanism of vcDNA-S7, we tested
the effects of vcDNA-S7 on key genes related to the innate
immune pathway (including RNAi pathway, JAK-STAT
pathway, Imd pathway, and Toll pathway) in silkworm. In
BmN cells transfected with vcDNA-S7, the expression levels of
peptidoglycan-recognition protein LB (BmPGRP-LB, Imd
pathway), suppressor of cytokine signaling 6 (Bmspz-1, JAK-
STAT pathway), and BmCS2 (Toll pathway) were not
significantly changed, whereas the expression levels of
BmDicer-2 and BmAgo-2 (RNAi pathway) were upregulated
(Figure 7A), indicating that RNAi pathway was activated by
vcDNA-S7. Since the molecules examined by the RNAi system
are heterologous dsRNA while vcDNA-S7 is a DNA molecule,
how is RNAi pathway activated by vcDNA-S7. Previous studies
have indicated that RNA virus-derived circular DNAs can serve
A B

D E

C

FIGURE 2 | Reverse transcriptase activity is involved in the formation of vcDNA-S7. (A) Endogenous reverse transcriptase activity was measured in BmN cells. BmN
cells were pre-treated with 5mM AZT or 50nM GSK-LSD1 for 24 h and then the cells were lysed and the reverse transcriptase activity was measured. Relative reverse
transcriptase activity was calculated to 1U of commercialized M-MLV reverse transcriptase. (B) Effect of AZT treatment on the formation of vcDNA-S7. 1×106 BmN cells
were pre-treated with AZT at the indicated concentrations for 24 h and were infected with BmCPV for additional 48 h. The copies of vcDNA-S7 were determined by real-
time PCR. (C, D) GSK-LSD1 treatment improved the level of histone H3K9me. 1×106 BmN cells were pre-treated with GSK-LSD1 at the indicated concentrations for 24
h. The level of histone H3K9me was analyzed by western blotting (C). The grayscale of Western blotting signal bands is analyzed by software Image J (D, E) Effect of
GSK-LSD1 treatment on the formation of vcDNA-S7. 1×106 BmN cells were pre-treated with GSK-LSD1 at the indicated concentrations for 24 h and were infected with
BmCPV for another 48 h. The copies of vcDNA-S7 were determined by real-time PCR. (n=4, **P<0.01; ***P<0.001; ****P<0.0001; ns, no significance).
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A B
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FIGURE 4 | The expression pattern of vcDNA-S7. (A) The express pattern of vcDNA-S7 in different tissues of BmCPV infected silkworm. (B) mRNA levels of
BmCPV vp1 and vp7 genes in BmCPV infected BmN cells at different stages were determined by real-time PCR. (C) copies of vcDNA-S7 in BmCPV infected BmN
cells at different stages were determined by real-time PCR. (D) mRNA levels of BmCPV vp1 and vp7 genes in BmCPV infected silkworm midgut at different stages
were determined by real-time PCR. (E) copies of vcDNA-S7 in BmCPV infected silkworm midgut at different stages were determined by real-time PCR (n=3).
A B

C

FIGURE 3 | The source of reverse transcriptase activity involved in vcDNA-S7 formation. (A) Cluster analysis of genes encoding reverse transcriptase in silkworm.
reverse transcriptases genes in the silkworm were divided into 9 groups. (B) Silencing efficiency of siRNAs on 9 groups of genes encoding reverse transcriptase.
siRNA. 1×106 BmN cells were transfected with siRNAs for 48 h, and were infected with BmCPV for another 48 h. Total RNA was extracted and the expression level
of reverse transcriptase genes relative to housekeeper gene TIF-4A was detected by real-time PCR. (C) 1×106 BmN cells were transfected with siRNAs for 48 h, and
were infected with BmCPV for another 48 h. The copies of vcDNA-S7 were determined by real-time PCR. (n=3, *, P<0.05; **P<0.01; ***P<0.001; ****P<0.0001).
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as a template for the biogenesis of antiviral siRNAs (33). To
determine if vcDNA-S7 can serve as a template for generation of
virus-specific siRNAs, we transfected BmN cells with vcDNA-S7,
and the purified small RNAs at 48 h post transfection were
Frontiers in Immunology | www.frontiersin.org 8
subjected to deep sequencing. Using vcDNA-S7 as a reference
sequence, we detected a total of 200 vcDNA-S7-specific viral
small RNAs within a range of 15 to 40 nt (Figure 7B). The
predominant classes of viral small RNAs are 15-nt and 16-nt.
A

B
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C

FIGURE 6 | Endogenous reverse transcriptase activity inhibited BmCPV infection. (A–C) Endogenous reverse transcriptase activity inhibited virus infection in BmN
cells. 1×106 BmN cells were pre-treated with 5 mM AZT or 50 nM GSKLSD1 and infected with BmCPV for 24 h. The relative RNA level of BmCPV vp1gene was
determined by real-time PCR (A). The protein level of VP7 was analyzed by western blotting (B). The grayscale of western blotting signal bands is analyzed by
software Image J (C). (D–F) Effect of endogenous reverse transcriptase activity on the inhibitory effect of vcDNA-S7 on virus. 1×106 BmN cells were pre-treated with
5mM AZT or 50 nM GSKLSD1 and were transfected 1mg vcDNA-S7 for 24 h. Then, the cells were infected with BmCPV for another 48 h. The relative RNA level of
BmCPV vp1gene was determined by real-time PCR (D). The level of VP7 protein was analyzed by western blotting (E). The grayscale of western blotting signal
bands is analyzed by software Image J (F). (n=2, *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001).
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FIGURE 5 | vcDNA-S7 inhibited BmCPV infection. (A–C) vcDNA-S7 down-regulated the expression level of BmCPV vp1 gene and polh protein in BmN cells. BmN
cells (1×106) were transfected with 1 mg vcDNA-S7 for 24 h and were infected with BmCPV for another 48 h. The expression levels of vp1 gene relative to translation
initiation factor (TIF-4A) were investigated by real-time PCR (A). The level of Polh protein was analyzed by western blotting (B). The grayscale of western blotting
signal bands is analyzed by software Image J (C). (D–F) Injection of vcDNA-S7 into silkworm down-regulated the expression level of BmCPV vp1 gene and VP7
protein in BmN cells. The silkworm larvae of fourth instar were injected 1mg of vcDNA-S7 for 24 h and were infected with BmCPV for another 48 h. The expression
levels of vp1 gene relative to translation initiation factor (TIF-4A) were investigated by real-time PCR (D). The protein level of VP7 was analyzed by western blotting
(E). The grayscale of western blotting signal bands is analyzed by software Image J (F). (n=2, *P<0.05; **P<0.01).
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Besides, an abundant 20-nt vsiRNAs class originating from
vcDNA-S7 was also observed, which is considered to be the
product of Dicer-2 (25). These data suggest that vcDNA-S7 may
serve as a template for the biogenesis of antiviral siRNAs.
DISCUSSION

In the present study, we have shown that a circular DNA vcDNA-
S7 derived from BmCPV belonging to double-stranded RNA virus
can be generated in the infected cells by endogenous RT and
vcDNA-S7 can serve as a template for the biogenesis of antiviral
siRNAs. Active RTs can be encoded by a series of intracellular
retroelements, including long terminal repeat (LTR)
retrotransposons, non-LTR retrotransposons, and endogenous
retroviruses (34). Although most retroelements have been
mutated during evolution, their open reading frames encoding
RT remain mostly intact. In Drosophila and mosquito, LTR
retrotransposons have been reported to be the main source of the
reverse-transcriptase activity (8, 9, 35). In mouse embryonic stem
cells, retroelements encoding MusD appear to provide a RT activity
(32). In this study, silkworm RTs were clustered into 9 groups based
on the sequence similarity, and two groups of them (including 18
genes) were found to be involved in the formation of vcDNA-S7.
Domain analysis has indicated there are typical exonuclease-
endonuclease phosphatase and RT superfamily domains in RT of
these two groups, implying these two distinct domains might be
critical for the formation of the vcDNA-S7. It has been previously
reported that, in cells infected by virus, such as DCV, FHV, SNV,
and CHIKV, viral genomic RNA forms chimeric DNA of virus-
derived DNA as well as LTR-retrotransposon mediated by LTR-
retrotransposon (8, 9). In this case, LTR sequences can mediate
these chimeras to form chimeric circular DNAs by DNA repair
mechanisms (8, 9). However, in this study, we found that vcDNA-
S7 is completely derived from BmCPV genomic dsRNA S7 and
does not contain any LTR sequence. Thus, it is unlikely that
vcDNA-S7 could be formed by homologous end repair mediated
by LTR sequence, thus suggesting that the mechanism of vcDNA-
S7 formation may be distinct from previous studies (8, 9). In fact,
Frontiers in Immunology | www.frontiersin.org 9
previous reports have suggested that FHV may form a DNA
molecule entirely derived from truncated genome of FHV but,
nevertheless, unrelated to chimeras of viral DNA and LTR sequence
(8). Moreover, it has been reported that a DNA complementary to
vesicular stomatitis virus (VSV) (a non-retroviral RNA virus) RNA
can be generated by reverse transcription via the long-interspersed
element-1 retrotransposons (36). Interestingly, only virus-derived
DNA sequences were detected, but no host-virus chimeric DNA
sequences were found. Based on this observation, the authors
proposed that VSV RNA alone is reverse transcribed into DNAs
and that the virus-derived DNAs are present as extrachromosomal
DNAs (36). However, the details of reverse transcription
mechanism are unknown in this model. The route of vcDNA-S7
formation may be similar to that of VSV. Moreover, it is not yet
known whether the formation of vcDNA-S7 does depend on the
sequences flanking the split sites of vcDNA-S7. Further mechanistic
studies focusing the formation mechanism of vcDNA-S7 are
still warranted.

In the present study, we found that vcDNA-S7 is able to
diminish BmCPV gene expression both in vivo and in vitro,
implying that BmCPV-derived vcDNA-S7 produced by
silkworms plays an important role in controlling the process of
viral infection. Important antiviral immune cascades present in
silkworm include RNAi, JAK-STAT, IMD, and Toll signaling
pathways (13). In this study, vcDNA-S7 was found to activate the
RNAi pathway, but not other antiviral pathways. Our previous
study also showed that BmCPV infection is unable to activate
silkworm JAK-STAT, IMD, and Toll antiviral pathways, mainly
activating the RNAi pathway (13). It has confirmed that FHV-
derived vcircDNAs can be stably and continuously transcribed,
thus elevating dsRNA yields. This increase on dsRNA levels leads
to a higher abundance of viral vsiRNAs inDrosophila, which may
boost an RNAi-mediated antiviral immune response (8, 9, 35). In
this study, Small RNA deep sequencing showed that vcDNA-S7
mediated by RT can serve as a template for the biogenesis of
antiviral siRNAs. To date, the study have demonstrated that, in
silkworms, the predominant vsiRNA class generated by Dicer-2
is 20-nt in length (25). Herein, we also observed an abundant 20-
nt vsiRNAs class originating from vcDNA-S7, which is
A B

FIGURE 7 | vcDNA-S7 can provide vsiRNAs for RNAi pathway. (A) Effects of vcDNA-S7 on the main immune pathways of mori. BmN cells (1×106) were transfected
with 1mg vcDNA-S7 for 48 h. The relative RNA level of the key genes in the immune pathways (including RNAi, JAK-STAT, Imd, and Toll pathway) was determined
by real-time PCR (n=2, ***P<0.001). (B) 1×107 BmN cells were transfected with 6 mg vcDNA-S7 for 48 h and small RNAs were deep sequenced. Size distribution of
vsiRNAs derived from vcDNA-S7 was shown.
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considered to be a Dicer-2 product. However, another
predominant classes of vsiRNAs were those of 15-nt and 16-nt.
Previous study showed that an abundant 17-nt vsiRNAs class
originating from BmCPV S7 segment was observed, which are
produced by a yet-to-be-defined mechanism (25). Therefore, we
guessed that the predominant classes of 15-nt, 16-nt vsiRNAs are
also produced by an unknown RNase of silkworm. Generally, it is
thought that Dicer-2 acts on the cleavage of BmCPV dsRNAs
into vsiRNAs (particularly on the silkworm surveillance of
BmCPV genomic dsRNAs), and then act on viral RNAs to
defend against antiviral infection (25). Our study provides a
novel explanation for the source of vsiRNAs in B. mori resistance
to BmCPV by mediating RNAi pathway. Studies have also shown
that vcircDNAs are formed during the process of recognizing self
vs. non-self in mosquito (37). Thus, a response of host towards
the virus genome to produce vcircDNAs can be regarded as a
defense against virus. In Drosophila, vcircDNAs derived from
FHV can improve the tolerance of Drosophila to FHV (9). B.
mori cytoplasmic polyhedrosis caused by BmCPV infection is a
chronic disease, which may also be related to the presence of
circular DNAs derived from BmCPV.

One latest study has shown that the endogenous reverse-
transcriptase can convert the viral RNA into DNA in mouse
embryonic stem cells during virus infection. Thereafter, these viral
DNAs and viral RNAs form a DNA/RNA hybrid structure. This
DNA : RNA heteroduplex recruits RNase H1 to hydrolyze the viral
RNA present in this hybrid, resulting in the suppression of viral
replication (32). Our preliminary results showed that knockdown of
silkworm RNase H1 promote BmCPV gene expression. Conversely,
overexpression of RNase H1 inhibits BmCPV gene expression (data
not shown), suggesting that RNase H1 plays an important role in
BmCPV infection. RNase H proteins are the most ancient and
abundant proteins in eukaryotes. In this context, the production of
vcDNA by endogenous RT and the RNase H1-mediated antiviral
Frontiers in Immunology | www.frontiersin.org 10
pathway could also be involved in the control of virus infection in
insects. Further mechanistic studies resolving this topic should be
performed in the future.

To combat viral infection, multicellular organisms evolved
mechanisms to limit replication of viral pathogens. Adaptive
immunity (also known as specific immunity) is an effective means
to combat viral infection, where the organism obtains immune
memory due to pathogen infection to resist any re-infection
process eventually conducted the pathogenic agent. It is well
known that, in jawed vertebrates, a protein-based antiviral
response provides a reservoir of immunological memory to target
specific viral pathogens. Immunological memory also exists in
nucleic acid immunity. For instance, CRISPR-Cas9 is related to an
adaptive immune defense, developed by bacteria and archaea during
long-term evolution, against invading viruses and foreign DNA (38).
vcDNA-mediated RNAi antiviral response is essentially one subtype
of nucleic acid immunity. Recent studies have shown that RNAi
antiviral effects, mediated by RNA virus-derived vcircDNAs, can be
transferred in insects, thus allowing offspring to possess immune
memory and be protected from invasion by the same pathogen (39).
In this study, vcDNA-S7 can also be found in other tissues, including
gonads in addition to the midgut, suggesting that the generated
vcDNA-S7 in BmCPV-infected midgut can be transferred into other
tissues in some other manners. According to our study, vcDNA-S7
may exist as episomes (a extrachromosomal genetic determinant
which can reproduce autonomously or as an integral part of the
chromosomes) (37) or integrated into silkworm genome to create a
DNA-based template for an antiviral response appears to allow some
sustained immunological memory.

In addition to its role in antiviral response, circular DNAs are
commonly found in a number of species, including Drosophila
(40), Arabidopsis (41), yeast (4), mouse (5), and human cell lines
(42). Circular DNAs have attracted increasing attention due to
their various biological functions, including driving genome
FIGURE 8 | Mechanism of BmCPV-derived circular DNA vcDNA-S7 controlling BmCPV infection. Silkworm infected with BmCPV produce viral-derived vcDNA-S7
mediated by reverse transcriptase. vcDNA-S7 can be transcribed to RNA and produce vsiRNAs to control BmCPV infection by RNAi pathway.
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rearrangement (43), carrying enhancers to regulate the
expression of certain oncogenes (44), accelerating adaptive
evolution (6), and stimulating innate immunity (45). In this
regard, vcDNA-S7 may have similar biological functions which
need to be further explored.

In conclusion, BmCPV can produce a viral-derived vcDNA-
S7 mediated by endogenous RT and vcDNA-S7 can serve as a
template for the biogenesis of antiviral siRNAs, resulting in the
repression of BmCPV infection (Figure 8). To our knowledge,
this is the first report disclosing the formation of vcircDNAs by
double-stranded RNA viruses. This research not only provides a
new perspective to understand the genetic information carried by
BmCPV genome, but also provides new directions to study the
interplay between BmCPV and their hosts.
DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found below: https://www.ncbi.nlm.nih.gov/,
SRR16977180 https://www.ncbi.nlm.nih.gov/, SRR17050376.
AUTHOR CONTRIBUTIONS

CG was responsible for conception and design of the study. MZ
and JP were responsible for data acquisition and analysis and all
Frontiers in Immunology | www.frontiersin.org 11
other authors were responsible for drafting manuscript and
figures. RX, GC, and XH were responsible for providing
general guidance. All authors contributed to the article and
approved the submitted version.
FUNDING

This study was funded by the National Natural Science
Foundation of China (32072792, 31972620 and 31872424),
China Postdoctoral Science Foundation (2019M661937,
2019M651952) and Priority Academic Program of Development
of Jiangsu Higher Education Institutions.
ACKNOWLEDGMENTS

We would like to express our gratitude to EditSprings (https://
www.editsprings.com/) for the expert linguistic services
provided. Thank reviewers for their constructive comments.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2022.861007/
full#supplementary-material
REFERENCES
1. Nelemans T, Kikkert M. Viral Innate Immune Evasion and the Pathogenesis

of Emerging RNA Virus Infections. Viruses (2019) 11:961. doi: 10.20944/
preprints201909.0212.v1

2. Uno N, Ross TM. Dengue Virus and the Host Innate Immune Response.
Emerg Microbes Infect (2018) 7:167. doi: 10.1038/s41426-018-0168-0

3. Verzosa AL, McGeever LA, Bhark SJ, Delgado T, Salazar N, Sanchez EL.
Herpes Simplex Virus 1 Infection of Neuronal and Non-Neuronal Cells Elicits
Specific Innate Immune Responses and Immune Evasion Mechanisms. Front
Immunol (2021) 12:644664. doi: 10.3389/fimmu.2021.644664

4. Hull RM, King M, Pizza G, Krueger F, Vergara X, Houseley J. Transcription-
Induced Formation of Extrachromosomal DNA During Yeast Ageing. PloS
Biol (2019) 17:e3000471. doi: 10.1101/744896

5. Kumar P, Dillon LW, Shibata Y, Jazaeri AA, Jones DR, Dutta A. Normal and
Cancerous Tissues Release Extrachromosomal Circular DNA (eccDNA) Into
the Circulation. Mol Cancer Res (2017) 15:1197–205. doi: 10.1158/1541-
7786.MCR-17-0095

6. Molin WT, Yaguchi A, Blenner M, Saski CA. The EccDNA Replicon: A
Heritable, Extranuclear Vehicle That Enables Gene Amplification and
Glyphosate Resistance in Amaranthus Palmeri. Plant Cell (2020) 32:2132–
40. doi: 10.1105/tpc.20.00099

7. Paulsen T, Shibata Y, Kumar P, Dillon L, Dutta A. Small Extrachromosomal
Circular DNAs, microDNA, Produce Short Regulatory RNAs That Suppress
Gene Expression Independent of Canonical Promoters. Nucleic Acids Res
(2019) 47:4586–96. doi: 10.1093/nar/gkz155

8. Goic B, Vodovar N, Mondotte JA, Monot C, Frangeul L, Blanc H, et al. RNA-
Mediated Interference and Reverse Transcription Control the Persistence of
RNA Viruses in the Insect Model Drosophila. Nat Immunol (2013) 14:396–
403. doi: 10.1038/ni.2542

9. Poirier EZ, Goic B, Tome-Poderti L, Frangeul L, Boussier J, Gausson V, et al.
Dicer-2-Dependent Generation of Viral DNA From Defective Genomes of
RNA Viruses Modulates Antiviral Immunity in Insects. Cell Host Microbe
(2018) 23:353. doi: 10.1016/j.chom.2018.02.001

10. Swevers L, Feng M, Ren FF, Sun JC. Antiviral Defense Against Cypovirus 1
(Reoviridae) Infection in the Silkworm, Bombyx Mori. Arch Insect Biochem
(2020) 103:e21616. doi: 10.1002/arch.21616

11. Chen F, Zhu LY, Zhang YL, Kumar D, Cao GL, Hu XL, et al. Clathrin-
Mediated Endocytosis Is a Candidate Entry Sorting Mechanism for Bombyx
Mori Cypovirus. Sci Rep (2018) 8:7268. doi: 10.1038/s41598-018-25677-1

12. Zhang YL, Cao GL, Zhu LY, Chen F, Zar MS, Wang SM, et al. Integrin Beta
and Receptor for Activated Protein Kinase C Are Involved in the Cell Entry of
Bombyx Mori Cypovirus. Appl Microbiol Biot (2017) 101:3703–16. doi:
10.1007/s00253-017-8158-z

13. Liu W, Liu JB, Lu YH, Gong YC, Zhu M, Chen F, et al. Immune Signaling
Pathways Activated in Response to Different Pathogenic Micro-Organisms in
BombyxMori.Mol Immunol (2015) 65:391–7. doi: 10.1016/j.molimm.2015.02.018

14. Guo R, Wang SM, Xue RY, Cao GL, Hu XL, Huang ML, et al. The Gene
Expression Profile of Resistant and Susceptible Bombyx Mori Strains Reveals
Cypovirus-Associated Variations in Host Gene Transcript Levels. Appl
Microbiol Biot (2015) 99:5175–87. doi: 10.1007/s00253-015-6634-x

15. Jiang L, Peng ZW, Guo YB, Cheng TC, Guo HZ, Sun Q, et al. Transcriptome
Analysis of Interactions Between Silkworm and Cytoplasmic Polyhedrosis
Virus. Sci Rep (2016) 6:24894. doi: 10.1038/srep24894

16. Kolliopoulou A, Van Nieuwerburgh F, Stravopodis DJ, Deforce D, Swevers L,
Smagghe G. Transcriptome Analysis of Bombyx Mori Larval Midgut During
Persistent and Pathogenic Cytoplasmic Polyhedrosis Virus Infection. PloS
One (2015) 10:e0121447. doi: 10.1371/journal.pone.0121447

17. Wu P, Wang X, Qin GX, Liu T, Jiang YF, Li MW, et al. Microarray Analysis of the
Gene Expression Profile in the Midgut of Silkworm Infected With Cytoplasmic
Polyhedrosis Virus.Mol Biol Rep (2011) 38:333–41. doi: 10.1007/s11033-010-0112-4

18. Zhang ZD, Zhao Z, Lin S, Wu WM, Tang WM, Dong YF, et al. Identification
of Long Noncoding RNAs in Silkworm Larvae Infected With Bombyx Mori
Cypovirus. Arch Insect Biochem (2021) 106:1–12. doi: 10.1002/arch.21777
March 2022 | Volume 13 | Article 861007

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.editsprings.com/
https://www.editsprings.com/
https://www.frontiersin.org/articles/10.3389/fimmu.2022.861007/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.861007/full#supplementary-material
https://doi.org/10.20944/preprints201909.0212.v1
https://doi.org/10.20944/preprints201909.0212.v1
https://doi.org/10.1038/s41426-018-0168-0
https://doi.org/10.3389/fimmu.2021.644664
https://doi.org/10.1101/744896
https://doi.org/10.1158/1541-7786.MCR-17-0095
https://doi.org/10.1158/1541-7786.MCR-17-0095
https://doi.org/10.1105/tpc.20.00099
https://doi.org/10.1093/nar/gkz155
https://doi.org/10.1038/ni.2542
https://doi.org/10.1016/j.chom.2018.02.001
https://doi.org/10.1002/arch.21616
https://doi.org/10.1038/s41598-018-25677-1
https://doi.org/10.1007/s00253-017-8158-z
https://doi.org/10.1016/j.molimm.2015.02.018
https://doi.org/10.1007/s00253-015-6634-x
https://doi.org/10.1038/srep24894
https://doi.org/10.1371/journal.pone.0121447
https://doi.org/10.1007/s11033-010-0112-4
https://doi.org/10.1002/arch.21777
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Zhu et al. vcDNA-S7 Regulates BmCPV Infection
19. Wu P, Han SH, Chen T, Qin GX, Li L, Guo XJ. Involvement of MicroRNAs
in Infection of Silkworm With Bombyx Mori Cytoplasmic Polyhedrosis
Virus (BmCPV). PloS One (2013) 8:e68209. doi: 10.1371/journal.pone.
0068209

20. Hu XL, Zhu M, Zhang X, Liu B, Liang Z, Huang LX, et al. Identification and
Characterization of Circular RNAs in the Silkworm Midgut Following
Bombyx Mori Cytoplasmic Polyhedrosis Virus Infection. RNA Biol (2018)
15:292–301. doi: 10.1080/15476286.2017.1411461

21. Gao K, Deng XY, Shang MK, Qin GX, Hou CX, Guo XJ. iTRAQ-Based
Quantitative Proteomic Analysis of Midgut in Silkworm Infected With
Bombyx Mori Cytoplasmic Polyhedrosis Virus. J Proteomics (2017)
152:300–11. doi: 10.1016/j.jprot.2016.11.019

22. Zhu FF, Li D, Song DD, Huo SH, Ma SS, Lu P, et al. Glycoproteome in
Silkworm Bombyx Mori and Alteration by BmCPV Infection. J Proteomics
(2020) 222:103802. doi: 10.1016/j.jprot.2020.103802

23. Guo JY, Wang YS, Chen T, Jiang XX, Wu P, Geng T, et al. Functional Analysis
of a miRNA-Like Small RNA Derived From Bombyx Mori Cytoplasmic
Polyhedrosis Virus. Insect Sci (2020) 27:449–62. doi: 10.1111/1744-
7917.12671

24. Pan ZH, Wu P, Gao K, Hou CX, Qin GX, Geng T, et al. Identification and
Characterization of Two Putative microRNAs Encoded by Bombyx Mori
Cypovirus. Virus Res (2017) 233:86–94. doi: 10.1016/j.virusres.2017.03.009

25. Zografidis A, Van Nieuwerburgh F, Kolliopoulou A, Apostolou-Karampelis K,
Head SR, Deforce D, et al. Viral Small-RNA Analysis of Bombyx Mori Larval
Midgut During Persistent and Pathogenic Cytoplasmic Polyhedrosis Virus
Infection. J Virol (2015) 89:11473–86. doi: 10.1128/JVI.01695-15

26. Hu XL, Chen F, Zhu LY, Yu L, Zhu M, Liang Z, et al. Bombyx Mori Cypovirus
Encoded Small Peptide Inhibits Viral Multiplication. Dev Comp Immunol
(2019) 96:51–7. doi: 10.1016/j.dci.2019.02.017

27. Zhang YS, Zhang X, Dai K, Zhu M, Liang Z, Pan J, et al. Bombyx Mori Akirin
Hijacks a Viral Peptide Vsp27 Encoded by BmCPV circRNA and Activates the
ROS-NF-Kappa B Pathway Against Viral Infection. Int J Biol Macromol
(2022) 194:223–32. doi: 10.1016/j.ijbiomac.2021.11.201

28. Wang Z, Zhang Y, Dai K, Liang Z, Zhu M, Zhang M, et al. Circegg Regulates
Histone H3K9me3 by Sponging bmo-miR-3391-5p and Encoding Circegg-
P122 Protein in the Silkworm, Bombyx Mori. Insect Biochem Mol Biol (2020)
124:103430. doi: 10.1016/j.ibmb.2020.103430

29. Zhu M, Pan J, Zhang MT, Tong XY, Zhang YS, Zhang ZY, et al. Bombyx Mori
Cypovirus (BmCPV) Induces PINK1-Parkin Mediated Mitophagy via
Interaction of VP4 With Host Tom40. Dev Comp Immunol (2022)
126:104244. doi: 10.1016/j.dci.2021.104244

30. Zhao X-K, Xing P, Song X, Zhao M, Zhao L, Dang Y, et al. Food Amplications
Are AssociatedWith Chromothripsis Events and Diverse Prognoses in Gastric
Cardia Adenocarcinoma. Nat Commun (2021) 12(1):6489. doi: 10.1038/
s41467-021-26745-3

31. Boss M, Arenz C. A Fast and Easy Method for Specific Detection of Circular
RNA by Rolling-Circle Amplification. Chembiochem (2020) 21:793–6. doi:
10.1002/cbic.201900514

32. Wu JY, Wu CY, Xing F, Cao L, Zeng WJ, Guo LP, et al. Endogenous Reverse
Transcriptase and RNase H-Mediated Antiviral Mechanism in Embryonic
Stem Cells. Cell Res (2021) 31:998–1010. doi: 10.1038/s41422-021-00524-7

33. Han YH, Wu QF, Ding SW. Templating Antiviral RNAi in Insects. Cell Host
Microbe (2018) 23:290–2. doi: 10.1016/j.chom.2018.02.010

34. Kassiotis G, Stoye JP. Immune Responses to Endogenous Retroelements:
Taking the Bad With the Good. Nat Rev Immunol (2016) 16:207–19. doi:
10.1038/nri.2016.27
Frontiers in Immunology | www.frontiersin.org 12
35. Goic B, Stapleford KA, Frangeul L, Doucet AJ, Gausson V, Blanc H,
et al. Virus-Derived DNA Drives Mosquito Vector Tolerance to
Arboviral Infection. Nat Commun (2016) 7:12410. doi: 10.1038/
ncomms12410

36. Shimizu A, Nakatani Y, Nakamura T, Jinno-Oue A, Ishikawa O, Boeke JD,
et al. Characterisation of Cytoplasmic DNA Complementary to Non-
Retroviral RNA Viruses in Human Cells. Sci Rep (2014) 4:5047. doi:
10.1038/srep05074

37. Tassetto M, Kunitomi M, Whitfield ZJ, Dolan PT, Sanchez-Vargas I, Garcia-
Knight M, et al. Control of RNA Viruses in Mosquito Cells Through the
Acquisition of vDNA and Endogenous Viral Elements. Elife (2019) 8:e41244.
doi: 10.7554/eLife.41244

38. Zhang F, Wen Y, Guo X. CRISPR/Cas9 for Genome Editing: Progress,
Implications and Challenges. Hum Mol Genet (2014) 23:R40–6. doi:
10.1093/hmg/ddu125

39. Mondotte JA, Gausson V, Frangeul L, Suzuki Y, Vazeille M, Mongelli V, et al.
Evidence For Long-Lasting Transgenerational Antiviral Immunity in Insects.
Cell Rep (2020) 33:108506. doi: 10.1016/j.celrep.2020.108506

40. Cohen S, Yacobi K, Segal D. Extrachromosomal Circular DNA of Tandemly
Repeated Genomic Sequences in Drosophila. Genome Res (2003) 13:1133–45.
doi: 10.1101/gr.907603

41. Wang KY, Tian H, Wang LQ, Wang L, Tan YC, Zhang ZT, et al. Deciphering
Extrachromosomal Circular DNA in Arabidopsis. Comput Struct Biotec
(2021) 19:1176–83. doi: 10.1016/j.csbj.2021.01.043

42. Kumar P, Kiran S, Saha S, Su ZL, Paulsen T, Chatrath A, et al. ATAC-Seq
Identifies Thousands of Extrachromosomal Circular DNA in Cancer and Cell
Lines. Sci Adv (2020) 6:eaba2489. doi: 10.1126/sciadv.aba2489

43. Yerlici VT, Lu MW, Hoge CR, Miller RV, Neme R, Khurana JS, et al.
Programmed Genome Rearrangements in Oxytr icha Produce
Transcriptionally Active Extrachromosomal Circular DNA. Nucleic Acids
Res (2019) 47:9741–60. doi: 10.1093/nar/gkz725

44. Zhu YF, Gujar AD, Wong CH, Tjong H, Ngan CY, Gong L, et al. Oncogenic
Extrachromosomal DNA Functions as Mobile Enhancers to Globally Amplify
Chromosomal Transcription. Cancer Cell (2021) 39:694. doi: 10.1016/
j.ccell.2021.03.006

45. Wang YG, Wang M, Djekidel MN, Chen H, Liu D, Alt FW, et al. eccDNAs
Are Apoptotic Products With High Innate Immunostimulatory Activity.
Nature (2021) 599:308–14. doi: 10.1038/s41586-021-04009-w

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zhu, Pan, Tong, Qiu, Zhang, Zhang, Sun, Feng, Xue, Cao, Hu and
Gong. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner(s) are
credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.
March 2022 | Volume 13 | Article 861007

https://doi.org/10.1371/journal.pone.0068209
https://doi.org/10.1371/journal.pone.0068209
https://doi.org/10.1080/15476286.2017.1411461
https://doi.org/10.1016/j.jprot.2016.11.019
https://doi.org/10.1016/j.jprot.2020.103802
https://doi.org/10.1111/1744-7917.12671
https://doi.org/10.1111/1744-7917.12671
https://doi.org/10.1016/j.virusres.2017.03.009
https://doi.org/10.1128/JVI.01695-15
https://doi.org/10.1016/j.dci.2019.02.017
https://doi.org/10.1016/j.ijbiomac.2021.11.201
https://doi.org/10.1016/j.ibmb.2020.103430
https://doi.org/10.1016/j.dci.2021.104244
https://doi.org/10.1038/s41467-021-26745-3
https://doi.org/10.1038/s41467-021-26745-3
https://doi.org/10.1002/cbic.201900514
https://doi.org/10.1038/s41422-021-00524-7
https://doi.org/10.1016/j.chom.2018.02.010
https://doi.org/10.1038/nri.2016.27
https://doi.org/10.1038/ncomms12410
https://doi.org/10.1038/ncomms12410
https://doi.org/10.1038/srep05074
https://doi.org/10.7554/eLife.41244
https://doi.org/10.1093/hmg/ddu125
https://doi.org/10.1016/j.celrep.2020.108506
https://doi.org/10.1101/gr.907603
https://doi.org/10.1016/j.csbj.2021.01.043
https://doi.org/10.1126/sciadv.aba2489
https://doi.org/10.1093/nar/gkz725
https://doi.org/10.1016/j.ccell.2021.03.006
https://doi.org/10.1016/j.ccell.2021.03.006
https://doi.org/10.1038/s41586-021-04009-w
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	BmCPV-Derived Circular DNA vcDNA-S7 Mediated by Bombyx mori Reverse Transcriptase (RT) Regulates BmCPV Infection
	Introduction
	Materials and Methods
	BmCPV Virions Preparation
	BmCPV Infection
	Circle-Seq
	DNA Extraction and vcDNA-S7 Test
	DNA FISH
	Rolling Circular Amplification (RCA)
	Drug Treatment
	Sequence Alignment Analysis of the Silkworm RT
	siRNA Knockdown
	Reverse Transcriptase (RT) Activity Assay
	Preparing vcDNA-S7 In Vitro
	Quantitative Real-Time PCR
	Western Blotting
	Small RNA Sequencing
	Statistical Analyses

	Results
	BmCPV-Derived vcDNA-S7 Is Present in BmCPV-Infected Cells
	RT Activity Affects the Formation of vcDNA-S7
	vcDNA-S7 Inhibits the Proliferation of BmCPV
	vcDNA-S7 Provides vsiRNAs for RNAi Pathway

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


