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ABSTRACT

An Autographa californica nucleopolyhedrovirus-encoded microRNA (miRNA), AcCMNPV-miR-1, downregulates the ac94 gene,
reducing the production of infectious budded virions and accelerating the formation of occlusion-derived virions. In the current
study, four viruses that constitutively overexpress AcMNPV-miR-1 were constructed to further explore the function of the
miRNA. In addition to the ac94 gene, two new viral gene targets (ac18 and ac95) of ACMNPV-miR-1 were identified, and the pos-
sible interacting proteins were verified and tested. In the context of AcMNPV-miR-1 overexpression, acl8 was slightly upregu-
lated, and ac95 was downregulated. Several interacting proteins were identified, and a functional pathway for ACMNPV-miR-1
was deduced. AcMNPV-miR-1 overexpression decreased budded virus infectivity, reduced viral DNA replication, accelerated
polyhedron formation, and promoted viral infection efficiency in Trichoplusia ni larvae, suggesting that ACMNPV-miR-1 re-
strains virus infection of cells but facilitates virus infection of larvae.

IMPORTANCE

Recently, microRNAs (miRNAs) have been widely reported as moderators or regulators of mammalian cellular processes, espe-
cially disease-related pathways in humans. However, the roles played by miRNAs encoded by baculoviruses, which infect numer-
ous beneficial insects and agricultural pests, have rarely been described. To explore the actions of virus-encoded miRNAs, we
investigated an miRNA encoded by Autographa californica nucleopolyhedrovirus (AcMNPV-miR-1). We previously identified
this miRNA through the exogenous addition of ACMNPV-miR-1 mimics. In the current study, we constitutively overexpressed
AcMNPV-miR-1 and analyzed the resultant effects to more comprehensively assess what is indeed the function of this miRNA
during viral infection. In addition, we widely explored the target genes for the miRNA in the viral and host genomes and pro-
posed a possible functional network for ACMNPV-miR-1, which provides a better general understanding of virus-encoded
miRNAs. In brief, our study implied that AcMNPV-miR-1 constrains viral replication and cellular infection but enhances larval

infection.

icroRNAs (miRNAs) are short RNAs ~22 nucleotides

(nt) in length that are derived from transcripts that fold
back on themselves to form distinctive hairpin structures (1).
miRNAs modulate the stability and/or translational potential
of their mRNA targets (2, 3) to achieve regulatory control over
virtually every biological process. In many cases, a single
miRNA can regulate abundant targets (4, 5), and one mRNA
can interact with several miRNAs (6). Therefore, the network
formed between miRNAs and their target mRNAs is compre-
hensive and complex.

Over the last decade, there have been many developments in
the understanding of virus-encoded miRNAs. In 2005, miRNAs
encoded by simian vacuolating virus 40 (SV40) were reported to
reduce the expression of viral T antigens (7). Since then, several
virus-encoded miRNAs have been reported. For example, miR-
BART, which is encoded by Epstein-Barr virus (EBV), was dem-
onstrated to modify transcription of the BALF5 gene (8). Addi-
tionally, the insect Heliothis virescens ascovirus-encoded miRNA
HvAV-miR-1, derived from the major capsid protein gene, was
shown to downregulate the expression of viral DNA polymerase I
(9). In a recent review, viral miRNAs were further summarized as
moderators or mediators of virus-host interactions and were sug-
gested to play a role in the immune response (10). These findings
indicate that virus-encoded miRNAs may be vital for the attack
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and counterattack mechanisms that exist between hosts and vi-
ruses.

Autographa californica nucleopolyhedrovirus (AcMNPV) is a
model species of the Baculoviridae family, which contains viruses
that infect numerous beneficial insects and agricultural pests. Bac-
ulovirus-encoded miRNAs have been shown to participate in sev-
eral activities during viral infection (11, 12). In our previous study,
we identified the ACMNPV-encoded miRNA known as AcCMNPV-
miR-1. This miRNA is 20 nt in length and is encoded in the reverse
strand of the ac94 gene coding sequence (CDS). The precursor of
this miRNA is 58 nt in length and is transcribed at an early stage of
virus infection. The mature ACMNPV-miR-1 accumulates at ap-
proximately 12 h postinfection (h p.i.) and downregulates the
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mRNA level of the viral gene ac94 (ODV-E25), an early gene re-
quired for infectious budded virion (BV) production and occlu-
sion-derived virion (ODV) formation (13). In the presence of an
AcMNPV-miR-1 mimic, we demonstrated a reduction in the in-
fectivity of BVs and an increase in the formation of ODVs (14).
However, the mechanism by which endogenous ACMNPV-miR-1
acts during a natural viral infection is unknown. In the current
study, we further explored the function of AcCMNPV-miR-1 and
detected an extensive array of activities in which this miRNA is
involved.

MATERIALS AND METHODS

Viruses and cell lines. The bacmid bMON14272 (Invitrogen), which con-
tains an AcMNPV genome, was maintained in DH10B cells as previously
described (15). Spodoptera frugiperda IPLB-Sf21-AE clonal isolate 9 (Sf9)
insect cells were cultured at 27°C in Grace’s medium (Gibco) containing
10% fetal bovine serum (Gibco). The viral inoculum was allowed to ad-
sorb to cells for 1 h of infection, or the bacmid was applied to cells for 4 h
of transfection at 27°C. BV titers were determined by a 50% tissue culture
infective dose (TCIDs,) endpoint dilution assay in Sf9 cells as previously
described (16). Time zero was defined as the time when the viral inoculum
was replaced.

Construction of viruses overexpressing ACMNPV-miR-1. To gener-
ate viruses that constitutively overexpressed ACMNPV-miR-1, four donor
plasmids (pFB1-1X-GP, pFB1-2X-GP, pFB1-4X-GP, and pFB1-8X-GP)
were constructed as follows. A 199-bp fragment containing one copy of the
AcMNPV-miR-1 precursor was synthesized (Beijing Genomics Institute-
ShenZhen Co. [BGI-ShenZhen]) and ligated downstream of the IE-1 pro-
moter and upstream of the SV40 poly(A) sequence in the pBlueScript plas-
mid. Then, the three-component fragment was digested by Sacl and XhoI and
inserted into a pFastBacl-PH-GFP (where PH is polyhedrin, and GFP is
green fluorescent protein [pFB1-GP]) plasmid to generate the donor plasmid
pFB1-1X-GP. To generate the plasmid pFB1-2X-GP, one copy of the
AcMNPV-miR-1 precursor fragment was digested with BamHI and PstI and
ligated into the pFB1-1X-GP plasmid that had been digested with PstI and
BglII. The pFB1-4X-GP and pFB1-8 X -GP donor plasmids were constructed
in a similar manner. A nonrelated artificial stem-loop structure in pcDNA6.2
was used as a negative control (NC), and the donor plasmid pFB1-NC-GP
was constructed by inserting the control sequence into the pFB1-PH-GFP
plasmid. The donor plasmids were transformed into DH10B cells containing
the bacmid bMON14272 and the helper plasmid pMON7124. As a result, five
viruses (VACNC—PHfGFP [NC] , VACl X-PH-GFP [1 X ] , VACZX—PH—GFP [2 X ]’
VACHPHEGEP 1451 and vAC#PH-GP [8X]) were generated. A wild-type
(WT) control virus, vAC"W TSP (WT), was generated by the insertion of
polh and gfp into bMON14272.

RT-qPCR analysis of AcCMNPV-miR-1 expression. RNA samples
were extracted using an miRNA extraction kit (Ambion) and reverse tran-
scribed using a stem-loop primer and a PrimeScript RT reagent kit
(TaKaRa) in a 20-pl reaction mixture. The reverse transcription (RT)
product was used to perform quantitative real-time PCR (qPCR) with a
real-time PCR detection system (LightCycler 480; Roche).

The 10-pl qQPCR mixture contained 1 pl of cDNA, 5 pl of 2X SYBR
Premix Ex Taq II (TaKaRa), 0.75 uM primers, and nuclease-free water to
make up the total volume. The PCR was conducted on a LightCycler 480
system (Roche) with an 8-min denaturation at 95°C, followed by 40 cycles
of 10 s at 95°C and 30 s at 60°C. Then, a program of 95°C for 1 s, 65°C for
15 s, and 95°C continuously was used to obtain melting curves. The RT-
gPCR data for each sample were calculated using the 2227 (where C is
threshold cycle) method (17). A 5S rRNA reverse transcript that was gen-
erated from random primers (TaKaRa) was used as a reference. Each
reaction was performed in at least three independent experiments in trip-
licate.

Quantitative real-time PCR analysis of viral DNA copies. To deter-
mine the number of genomic DNA copies, QPCR was performed using
SYBR Premix Ex Taq II (TaKaRa). Primers (data not shown) for gp41, a
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gene unique to AcCMNPV, were used for amplification on a LightCycler
480 real-time PCR system (Roche). The qPCR mixture and cycles were the
same as those described above. The concentration of viral DNA genome
copies within each sample was calculated using a standard curve generated
from a dilution series of AcMNPV bacmid DNA. Each of the reactions was
performed in three independent experiments in triplicate.

Analysis of BV titers and production. Sf9 cells were infected (1 PFU/
cell) with the NC, WT, 1X, 2X, 4X, and 8X viruses. Supernatants con-
taining BVs were harvested, and BV titers were determined in triplicate
using a TCID, endpoint dilution assay (16). To determine the total cop-
ies of BVs, genomic DNA in the BVs was extracted from the supernatants
(200 pl) of infected cells at the times indicated in the legend to Fig. 2 using
a MiniBEST Viral RNA/DNA Extraction Kit (TaKaRa) according to the
manufacturer’s instructions. The DNA was quantified using a NanoDrop
2000c spectrophotometer (Thermo Scientific). The gPCR was conducted
as described above.

Quantitative analysis of viral DNA replication. To quantify viral
DNA replication, gPCR was performed. Sf9 cells were infected in triplicate
with the NC, WT, and the four overexpression viruses. The total DNA in
each sample was purified using a Universal Genomic DNA Extraction Kit
(TaKaRa) and resuspended in 100 pl of double-distilled water. Prior to
qPCR, the DNA samples were quantified using a NanoDrop 2000c spec-
trophotometer (Thermo Scientific); 100 ng of DNA was used in each
reaction mixture.

Polyhedron purification and viral DNA extraction. Polyhedra were
isolated from infected cells and purified as described by Braunagel and
Summers (18). The concentration of the purified polyhedra was measured
using a counting chamber (13). Briefly, 10 million polyhedra were incu-
bated in polyhedron lysis buffer at 37°C for 15 min and centrifuged at
10,000 rpm for 5 min. The supernatant was supplemented with protease K
(200 pg/ml) and incubated in a 55°C water bath for 2.5 h. Then, the
mixture was incubated at 50°C for 30 min with 1% sodium dodecyl sulfate
(SDS) and adequately mixed with an equal volume of Tris-phenol. The
samples were centrifuged at 12,000 rpm (Sigma) for 10 min, and the
pellets were washed with a mixture of phenol, chloroform, and isoamyl
alcohol (25:24:1) and precipitated with 95% ethanol. After the samples
were centrifuged at 12,000 rpm (Sigma) for 15 min and washed twice with
75% ethanol, the viral DNA was resuspended in 40 pl of double-distilled
water and quantified using a NanoDrop 2000c spectrophotometer
(Thermo Scientific).

TEM. Transmission electron microscopy (TEM) samples were pre-
pared as previously described (19) with some modifications. Infected Sf9
cells were dislodged with a rubber policeman and centrifuged at 3,000 X g
for 5 min. Then, the cell pellet was fixed in 2.5% glutaraldehyde overnight
at 4°C, washed three times with phosphate-buffered saline (PBS), and
postfixed in 1% osmium tetroxide in PBS for 1 h at 4°C. The cells were
washed three times with PBS, dehydrated in graded ethanol, and soaked in
acetone. Spurr’s medium was prepared using Spurr resin (Sigma-Aldrich)
in gelatin capsules. Thin sections were stained with aqueous uranyl acetate
and lead citrate and observed under a JEOL JEM-1400 transmission elec-
tron microscope at an accelerating voltage of 120 kV.

Insect bioassays. To determine the 50% lethal dose (LDs,), newly
molted third-instar Trichoplusia ni (T. ni) larvae were reared individually
at 27°Cin 12-well plates. Then, the larvae were infected by allowing them
to feed on a diet contaminated with concentrations of 0 (control), 2 X 10%,
1 X 10% 2 X 10%,and 1 X 10* polyhedral inclusion bodies (PIBs) of each
virus as previously described (20, 21). A control experiment was con-
ducted with an uncontaminated diet. Each experiment was repeated three
times. Twenty-four larvae per dosage were used in the experiments. Mor-
tality was recorded at 12-h intervals until the larvae died or pupated. The
data were analyzed by probit analysis. The 50% lethal time (LTs,) values
were determined in T. ni larvae using droplet feeding assays as previously
described (19). Orally infected larvae were maintained individually in the
dark at 27°C, and mortality was recorded every 12 h until the larvae died or
pupated. Twenty-four larvae were used per treatment group, and the ex-
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periments were repeated three times. The data were analyzed using a Ka-
plan-Meier estimator (22).

Dual-luciferase reporter assay. To determine whether AcMNPV-
miR-1 regulated the candidate target genes, the predicted binding site of
each gene was amplified. Restriction sites for NotI and Xhol were added to
the oligonucleotides at their 5" and 3’ ends. The PCR products were di-
gested with Notl and Xhol (TaKaRa) and inserted into a psicheck-2 vector
(supplied by Promega) in a multiple cloning site (MCS) downstream of
the Renilla luciferase gene according to the manufacturer’s instructions.
Selected plasmids with binding-site fragments were sequenced (BGI) and
then quantified using a NanoDrop 2000c spectrophotometer (Thermo
Scientific). The mutational sequence to each binding site was synthesized
by BGI and cloned into the psicheck-2 vector using the method described
above. The mutations were confirmed by sequencing.

Using the above strategies, for each possible target gene, two types of
plasmids were constructed. For example, to verify that the acI8 gene is a
target gene of ACMNPV-miR-1, the plasmid psicheck-ac18 was con-
structed by inserting the predicted ACMNPV-miR-1 binding-site segment
from the acl8 transcript into the psicheck-2 vector (Promega) to generate
a reporter gene with the ACMNPV-miR-1 target site. As a control, a psi-
check-ac18-mut plasmid with a mutated binding site in the acI8 tran-
script was constructed. Additionally, an unrelated target sequence (Bom-
byx mori actin 3 [A3]) was inserted into the same vector as a universal
control for all genes. Cel-miR-239b-5p, an miRNA from Caenorhabditis
elegans, was used as the miRNA control for the ACMNPV-miR-1 mimic.

Because interactions between viral miRNAs and their hosts are com-
plex (23), nonrelated cell lines were used to verify the possible targets of
the miRNAs to avoid unknown virus-host interactions. In this study, the
human embryo kidney 293 cell line was chosen. The 293 cells were a lab
stock recovered from cryopreservation in liquid nitrogen and incubated
in Dulbecco’s modified Eagle’s medium (DMEM; Gibco) containing 10%
fetal bovine serum (Gibco) at 37°C in 5% CO,. Approximately 50% of the
cells were seeded in a 96-well plate 1 day before transfection. The cells were
cotransfected with 0.05 g of each reconstructed plasmid and 50 nM
miRNA mimic using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s protocol. A dual-luciferase assay was performed at 48 h
posttransfection (h p.t.) using a dual-luciferase reporter assay system
(Promega) according to the manufacturer’s instructions using a multi-
mode reader (Tecan Infinite M200). Briefly, the cells were harvested using
passive lysis buffer, and 20 pl of each cell lysate was transferred to an
enzymatic reaction with a previously assessed background value (I,
where I is light intensity). For each reaction mixture, 50 pl of the LARII
reagent from Promega’s dual-luciferase assay kit was added automatically
to the cell lysate, and the firefly luciferase activity (I,;) was immediately
measured. Then, 50 pl of Stop and Glo reagent was automatically added to
the mixture, and the Renilla luciferase activity (I,) was assessed. The Re-
nilla luciferase activity was normalized against the firefly luciferase activ-
ity, which was mediated by an independent promoter in the psicheck-2
vector. The ac94 gene was used as a positive control. The relative luciferase
activity for each reconstructed reporter plasmid was calculated as follows:
relative luciferase activity = RR vinpy-mir-1/RRne> Where RR is the raw
ratio, calculated as (I, — I))/(I;, — I,).

PCR. Each 20-pl PCR mixture included 1.0 pl of cDNA, 2 pl of 10X
PCR buffer, 0.2 pl of 10 mM deoxynucleoside triphosphates (dNTPs;
TaKaRa), 1.5 pl each of 10 wM forward and reverse primers, and 0.25 p.l
of Taq polymerase (TaKaRa). PCR was performed using a PTC-101TM
Peltier thermal cycler (Bio-Rad) and 200-pl microtubes. The PCR pro-
gram was as follows: 5 min at 95°C, followed by 30 cycles of 30 s at 95°C, 30
sat 55°C, and 30 s at 72°C, with a final extension at 72°C for 8 min. In total,
3 pl of PCR product was resolved by agarose gel electrophoresis contain-
ing ethidium bromide and imaged under UV light using an Alphalmager
EP system (Alpha InnoTech).

Construction of HA-tagged viruses. Viruses with hemagglutinin
(HA) tags on target genes were generated using ET recombination as
previously described (19), with some modifications. To illustrate the
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above process, the acI8 gene will be used as an example. First, we ligated
two SV40 poly(A) sequences (an HA tag was introduced prior to the stop
codon in one of the sequences using the primer PstI-HA-SV40-F) and a
Zeocin gene into a pBlueScript plasmid to construct the pBlue-HA-SV40-
Zeocin-SV40 plasmid (see Fig. 4D). The two SV40 poly(A) sequences
were inserted in opposite directions, and the Zeocin gene was inserted
between them. Then, PCR products from the upstream (US) homology
arm and the downstream (DS) homology arm were ligated into pBlue-
HA-SV40-Zeocin-SV40 to generate pBlue-US-HA-SV40-Zeocin-SV40-
DS. PCR amplification of the US and the DS homology arms was per-
formed using the primers BamHI-ac18-F/Pstl-ac18-R and EcoRI-ac17-F/
HindlIII-ac17-R (data not shown), respectively. Finally, the vector was
digested with BamHI and HindlIII, and the resulting linear US-HA-SV40-
Zeocin-SV40-DS fragment was gel purified and suspended in distilled
water.

To facilitate homologous recombination, six types of DH10B cells
(containing the NC, WT, 1X, 2X, 4X, or 8X bacmid) were cotrans-
formed with pBAD-gbaA. The resulting clones were induced by the addi-
tion of L-arabinose to achieve competence and then electro-transformed
with 1 g of the purified US-HA-SV40-Zeocin-SV40-DS fragment. As a
result, six viruses that included the ac18 gene with an HA tag were generated
and named vACacIB—HA—NC—PH—GFP(NC_l&HA)) VAcucl8—HA—WT—PH—GFP(WT_
ISHA), VACm:IS—HA—IX—PH—GFP( 1X -ISZHA), VACacIS—HA—2><—PH—GFP(2X -18:
HA), VAcacl8»HA-4><-PH-GFP(4>< -18:HA), and VACW:IS-HA»SX-PH»GFP(SX -18:
HA). The HA-tagged ac94 and ac95 viruses were constructed using the same
protocol as described above.

Western blot assay. Western blotting was performed to analyze the
expression of the target genes in the Sf9 cells at 60 h p.i. with each recon-
structed virus. The cells were collected, lysed in radioimmunoprecipita-
tion assay (RIPA) buffer (Beyotime) for 30 min on ice, and centrifuged for
10 min at 10,000 X gat 4°C. The supernatants were collected and boiled at
100°C for 10 min with 5X protein loading buffer (TaKaRa). Equal vol-
umes of each sample were resolved by 8% SDS-PAGE (for ac95) or 12%
SDS-PAGE (for ac94 and acl8), electrophoretically transferred to nitro-
cellulose transfer membranes, and probed with a monoclonal HA anti-
body (1:1,000; Abcam) according to the manufacturer’s instructions. A
goat anti-mouse horseradish peroxidase (HRP)-conjugated antibody (1:
8,000; Thermo) was used as a secondary antibody. Proteins were visual-
ized using an enhanced chemiluminescence (ECL) system (Beyotime)
according to the manufacturer’s instructions.

Co-IP and mass spectrometric analysis. Coimmunoprecipitations
(co-IPs) were conducted using an agarose-conjugated anti-HA-tagged
mouse monoclonal antibody (MAb; Abmart) according to the manufac-
turer’s instructions as follows. The cells were collected, lysed in RIPA buffer
(Beyotime) for 30 min on ice, and centrifuged for 10 min at 10,000 X gat 4°C.
The supernatants were collected, and 20 to 50 .l of a 50% slurry of an-
ti-HA agarose was added using a wide-bore pipette tip. The compound
was incubated with gentle mixing overnight at 4°C. The beads were
washed three times with 1 ml of lysis buffer and centrifuged for 3 min at
2,000 X g, and the supernatant was discarded. Finally, the HA-tagged
proteins were eluted with elution buffer and resolved by 12% SDS-PAGE.
The gel was then silver stained using a protocol (recommended by EMBL
[www.ebi.ac.uk]) optimized for subsequent mass spectrometry (MS).
Proteins of interest were excised from the gel and subjected to in-gel
trypsin digestion. Briefly, the excised gel cubes were washed twice in 100
.l of 40% acetonitrile in 0.1 M NH,HCO; and once in 100 .l of acetoni-
trile and hydrolyzed with 4 pl of trypsin (15 wg/ml in 0.05 M NH,HCO,
[Promega]) at 37°C overnight. After the samples were mixed with 10 pl of
0.5% acetonitrile and 0.2% acetic acid, they were sent to the Instrumental
Analysis and Research Center (http://iarc.sysu.edu.cn/) of Sun Yat-sen
University for mass spectrometric analysis. The mass spectra of the tryptic
peptides of the derived proteins were obtained using an LTQ Orbitrap
liquid chromatograph (LC)-MS (Germany). The results were analyzed
using SEQUEST software and data from the NCBI and UniProt databases.
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FIG 1 Construction of recombinant viruses and analysis of AcCMNPV-miR-1 expression. (A) Schematic diagram of the reconstructed overexpression
viruses (1X, 2X, 4X, and 8X) and the control WT and NC viruses. The gray rectangles represent the copies of the ACMNPV-miR-1 precursor, and the
arrows represent the indicated genes. Recombination was conducted using the Bac-to-Bac system. (B) Relative expression of AcMNPV-miR-1 was
determined by qPCR. The columns represent the fold change in ACMNPV-miR-1 expression normalized to that of 55 rRNA expression. RNA samples were
isolated from infected Sf9 cells at 0, 6, 12, 24, 36, 48, and 72 h p.i., and the 27AACT method was used to calculate the RNA level in each sample. The
quantification cycle value of the no-template control (NTC) was >40. Each reaction was performed in triplicate in at least three independent experiments.

The error bars represent the standard deviations.

RESULTS

Endogenous expression of AcMNPV-miR-1 in viruses contain-
ing multiple copies of the miRNA. Four viruses, named 1X, 2,
4X, and 8X, containing, respectively, 1, 2, 4, and 8 additional
copies of precursor ACMNPV-miR-1 downstream of an IE-1 pro-
moter, were constructed using a Bac-to-Bac system to explore the
function of ACMNPV-miR-1. A negative control (NC) virus was
modified by inserting a nonrelated stem-loop structure, and a
wild-type (WT) virus was used as a blank control. SYBR green-
based qRT-PCR with stem-loop RT primers (24, 25) was used to
analyze the expression levels of ACMNPV-miR-1 in Sf9 cells in-
fected with the six reconstructed viruses (NC, WT, 1X, 2X, 4X,
and 8X) (26).

Because ACMNPV-miR-1 had been previously validated to ac-
cumulate at 12 h p.i. and to reach a maximum level at approxi-
mately 24 h p.i (14), we collected RNA samples from cells infected
with the NC, WT, 1X,2X, 4X, and 8 X viruses (10 PFU/cell) at 0,
6,12,24,48 and 72 h p.i.

AcMNPV-miR-1 expression levels were similar between the
NC and WT groups at all time points tested. For the 1X virus,
AcMNPV-miR-1 expression was first detected at 12 h p.i., while
for each of the other three overexpression viruses, ACMNPV-
miR-1 expression was first detected at 6 h p.i. The RNA levels rose
consistently over time and increased by 100- to 1,000-fold by 72 h
p.i. for all four overexpression viruses (Fig. 1). The increase in
AcMNPV-miR-1 levels was correlated with the numbers of pre-
cursor miRNA copies (Fig. 1A) in the reconstructed viruses (i.e.,
1X, 2X, 4X, and 8X viruses) at 6 and 12 h p.i. At 24 h p.i,,
AcMNPV-miR-1 expression continued to increase gradually at
the same rate as the precursor copies in the 1X, 2X, and 4X
viruses. For the 8 X viruses, the ACMNPV-miR-1 levels no longer
increased after 24 h p.i. Overall, we demonstrated that ACMNPV-
miR-1 was successfully expressed from our reconstructed overex-
pression viruses, enabling us to assess the biological changes that
occur in the presence of high levels of endogenous AcMNPV-
miR-1 and providing insight into the roles played by AcMNPV-
miR-1 during viral infection.
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AcMNPV-miR-1 overexpression suppressed viral DNA rep-
lication. To explore how AcMNPV-miR-1 overexpression affects
viral DNA replication, qPCR was performed. To accomplish this,
total cellular DNA was isolated from cells infected (10 PFU/cell)
with the NC, WT, 1X,2X,4X, and 8X viruses at 24 and 48 h p.i.

The amount of viral DNA in the 1X virus-infected cells was
comparable to that in the NC- and WT-infected cells, while the
replication levels in the 2X, 4 X, and 8 X virus-infected cells were
substantially lower (Fig. 2A). The lowest level of replication was
found in the 2X virus-infected cells, which was about a quarter of
the level in WT-infected cells. Replication was slightly increased
from the level with the 2X virus in 4X and 8 X virus-infected cells
(P> 0.05 compared with 2X, except P = 0.037 for 8 X virus at 24
h p.i.). When the 2X, 4X, and 8X viruses were considered to-
gether as an influence of high AcCMNPV-miR-1 expression and
compared to the results produced by the 1 X, WT, and NC viruses,
which did not increase the expression of this miRNA to the same
extent, a relationship emerged in which decreased DNA replica-
tion was reflected by increased levels of AcCMNPV-miR-1.

AcMNPV-miR-1 overexpression reduced BV infectivity. To
determine whether ACMNPV-miR-1 overexpression affected in-
fectious BV production, Sf9 cells were infected with the NC, WT,
1X, 2X, 4X, and 8X viruses (1 PFU/cell). A TCID5, endpoint
dilution assay and qPCR were performed to determine BV titers
and quantities at 0, 24, 48, 72, 96, and 120 h p.i. As shown in Fig.
2B, the NC and WT groups showed almost equal BV titers at each
time point. In contrast, the four overexpression groups started at
levels similar to the level of the NC or WT group at 24 h p.i. and
then exhibited decreased infectious BV levels from 48 h p.i. (Fig.
2B) through 120 h p.i. The 4X group showed the lowest infectious
BV levels, which were nearly 1,000-fold less than those of the NC
or WT group. However, the BV production curves that were de-
termined by qPCR did not show any differences among the six
groups (Fig. 2C). This result indicated that ACMNPV-miR-1 over-
expression downregulated BV infection by reducing BV infectivity
but not by reducing BV production.
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AcMNPV-miR-1 overexpression expedited polyhedron for-
mation. To determine whether ACMNPV-miR-1 overexpression
affected viral morphogenesis, infected Sf9 cells were analyzed by
TEM (19). The Sf9 cells were randomly divided into six groups
and infected (10 PFU/cell) with the NC, WT, 1 X, 2X,4X, and 8 X
viruses. The cells were harvested at 36 and 72 h p.i., and typical
sections were analyzed.

No significant differences in viral morphogenesis were ob-
served among the six groups. However, at 36 h p.i., an increased
number of polyhedra was observed in the cells infected with the
overexpression viruses compared to levels in those infected with
the NC or WT virus (Table 1) based on random evaluations of 40
cells per group by TEM. This difference was especially evident in
the 2X and 4X groups. In the 2X group, 23.9% of the evaluated
cells contained polyhedra, with an average of 5.1 polyhedra per
cell. In the 4 X group, 28.4% of the evaluated cells contained poly-
hedra, with an average of 8.2 polyhedra per cell. In the control NC
group and the WT group, 2.1% and 1.7% of the evaluated cells
contained polyhedra, respectively, with an average of 1.3 polyhe-
dra per cell and 1.2 polyhedra per cell, respectively. The 1 X (7.1%
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cells containing polyhedra with 3.3 polyhedra per cell) and 8 X
groups (9.9% cells containing polyhedra with 3.4 polyhedra
per cell) exhibited an intermediary state between the 2X/4X-
infected and the NC/WT-infected cells. All six groups exhibited
similar phenotypes at 72 h p.i. (Table 1). This result indicated
that AcCMNPV-miR-1 overexpression enhanced the polyhe-
dron formation speed but did not finally increase total polyhe-
dron production.

To investigate the number of viruses embedded in each poly-
hedron, Sf9 cells were infected (10 PFU/cell) with the NC, WT,
1X,2X,4X, and 8X viruses and harvested at 96 h p.i. We con-
ducted qPCR assays using DNA extracted from 10 million purified
polyhedra per group. Similar viral DNA quantities were detected
for all six viruses (Fig. 2D), consistent with our results from TEM
examination (Table 1). These results indicated that AcCMNPV-
miR-1 overexpression accelerated the formation of polyhedra but
did not influence the total amount of polyhedra or affect the quan-
tity of viruses embedded within them.

AcMNPV-miR-1 overexpression improves viral infection ef-
ficiency in T. nilarvae. To explore how AcMNPV-miR-1 overex-
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TABLE 1 Polyhedra and ODVs observed under TEM

Function of ACMNPV-miR-1 in Baculovirus Replication

Infection profile at 36 h p.i.”

Infection profile at 72 h p.i.

% of cells containing No. of polyhedra

No. of viruses

% of cells containing No. of polyhedra No. of viruses

Virus polyhedra” per cell per polyhedron? polyhedra per cell per polyhedron
NC 2.1 1.3 76.4 93.5 14.4 91.2
WT 1.7 1.2 88.2 89.7 15.2 90.6
1X 7.1 3.3 71.3 94.1 13.8 87.6
2X 239 5.1 79.2 92.7 12.5 83.3
4X 28.4 8.2 81.6 88.6 13.9 87.3
8X 9.9 3.4 72.2 90.4 12.9 89.1

“ Underlining indicates the increased polyhedron numbers in the cells of the 2X and 4X groups at 36 h p.i.
® We randomly chose 40 cells for each sample and calculated the percentage of cells containing polyhedra.

¢ Forty cells containing polyhedra were counted, and counts were averaged in each sample.
@ Thirty polyhedra were observed, and the total amount of viruses was divided by 30.

pression affects viral infection of larvae, the infectivities of the NC,
WT, 1X, 2X, 4X, and 8X viruses were determined for newly
molted third-instar T. ni larvae in LDs, and LTS5, bioassays. No
obvious differences in the LD, values were observed among the
six viruses (Table 2). However, the LT, values of the six viruses
did differ, in the following order: WT (101.8 h) ~ NC (103.7 h) >
1X(91.7h) >2X (77.3h) ~ 4X (82.2 h). The difference observed
between the LT5, values corresponding to the WT and NC viruses
was not significant (P > 0.05), and no difference was noted be-
tween the 2X and 4 X groups (P > 0.05). The 2X virus killed half
of the larvae within a time frame that was approximately 25 h
shorter than that of the WT virus, suggesting that AcMNPV-
miR-1 overexpression promoted viral infection efficiency in 7. ni
larvae.

acl8 and ac95 are targets of ACMNPV-miR-1. Identifying the
target genes of ACMNPV-miR-1 is essential (27) for understand-
ing how this miRNA functions during viral infection. We previ-
ously validated ac94 as a target gene of ACMNPV-miR-1 (14). To
identify additional target genes, mRNA sequences from AcMNPV
and Bombyx mori, as well as the ACMNPYV genome, were examined
using the MiRanda (28) program under loose conditions (mini-
mum free energy [MFE] above —20.00 kcal/mol and MiRanda
score above 120.00), which generated six new viral target gene
candidates (ac95, acl8, acl35, ac30, ac66, and acl 1) after selection
with the miRNA seed sequence (6). Combined with the seven
previously predicted candidate target genes (acl5, acl31, ac34,
ac82, acl01, ac55, and ac64) (14), which were not detected in the
previous study, a total of 13 genes (Table 3) were experimentally
examined using a dual-luciferase reporter assay with the Renilla
luciferase gene as a reporter and the firefly luciferase gene as a

reference. Only two (acl8 and ac95) of the examined genes were
regulated by the ACMNPV-miR-1 mimic.

A 2-fold increase in reporter activity was detected for the psi-
check-ac18 plasmid when the ACMNPV-miR-1 mimic was used
versus the level with the NC mimic (Fig. 3A), while the ACMNPV-
miR-1 mimic did not affect the reporter expression of the control
psicheck-ac18-mut plasmid (Fig. 3D). The reporter gene for ac95
was suppressed by approximately 26% by the ACMNPV-miR-1
mimic (Fig. 3B), while the reporter expression of the psicheck-
ac95-mut control plasmid was almost the same for the ACMNPV-
miR-1 mimic and the NC mimic (Fig. 3E). A miRNA Cel-miR-
239b-5p mimic from Caenorhabditis elegans did not affect
reporter activity and was used as the NC mimic. Expression from
the psicheck-A3 (a nonrelated gene) plasmid was not affected by
the ACMNPV-miR-1 mimic. Based on these results, we also per-
formed dual-luciferase reporter assays for acI8 and ac95 in Sf9 cells, a
representative insect cell line (data not shown). The ACMNPV-miR-1
mimic upregulated acl8 reporter activity and downregulated ac95
reporter activity, consistent with the results obtained from 293
cells. Therefore, ACMNPV-miR-1 targeted the acl8 and ac95
genes, as well as the previously reported ac94 gene.

mRNA levels of target genes. The temporal transcriptional
patterns of acl8, ac94, and ac95 were determined by qRT-PCR
using total RNA extracted from the NC, WT, 1 X, 2X,4X,and 8 X
virus-infected (10 PFU/cell) Sf9 cells at 24 h p.i. As shown in Fig.
4A, Ac(MNPV-miR-1 overexpression did not affect the acl8
mRNA level. For ac95 mRNA, approximately 50% suppression
was detected in the 4X virus-infected cells although the mRNA
levels in the 1X, 2X, and 8 Xvirus-infected cells were close to the
level measured in the WT virus-infected cells (Fig. 4B). The ac94

TABLE 2 Dose-mortality and time-mortality tests in third-instar T. ni larvae®

LD, (no. of PIBs/larva) LT, (h)

Value for the 95% fiducial limit Value for the 95% fiducial limit
Virus group Lower Upper group Upper Lower
NC 2.59 X 10° 1.98 X 10° 3.20 X 10° 103.7 110.9 96.5
WT 2.31 X 10° 1.76 X 10° 2.86 X 10° 101.8 109.4 94.3
1% 2.42 X 10° 1.95 X 10° 2.89 X 10° 91.7 97.5 85.9
2X 223 X 10° 1.67 X 10° 2.79 X 10° 77.3 86.2 68.4
4X 2.88 X 10° 247 X 10° 3.29 X 10° 82.2 90.1 74.3
8Xx 2.63 X 10° 2.09 X 10° 3.17 X 10° 96.9 104.7 89.1

@ Twenty-four larvae were used per treatment group, and the experiments were repeated three times. The data were analyzed using the Kaplan-Meier estimator. The extremely

shortened LTS5, values for the 2X and 4X viruses are underlined.
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TABLE 3 The predicted viral targets of ACMNPV-miR-1

GenBank MFE Binding Target gene
accession no. Score” (kcal/mol)* site (nt)® OREF (size [nt])°
NP_054124.1 190.00 —41.38 75-94 ac94 (687)
NP_054044.1 161.00 —21.10 397-416 acl5 (1,521)
NP_054161.1 155.00 —23.83 283-300 acl31 (759)
NP_054112.1 151.00 —22.26 348-368 ac82 (543)
NP_054063.1 149.00 —21.10 490-511 ac34 (648)
NP_054131.1 144.00 —21.29 225-245 acl01 (1,086)
NP_054125.1 138.00 —18.80 27572777 ac95 (3,666)
NP_054085.1 134.00 —19.69 57-77 ach5 (222)
NP_054047.1 133.00 —17.02 657-677 acl8 (1,062)
NP_054165.1 132.00 —17.21 645-668 acl35 (900)
NP_054059.1 130.00 —19.21 249-269 ac30 (1,392)
NP_054096.1 129.00 —15.44 127-147 ac66 (2,427)
NP_054040.1 128.00 —14.90 729-794 acll (1,023)
NP_054094.1 126.00 —23.55 517-537 ac64 (909)

“ The score and MFE (mean free energy) were calculated by MiRanda, version 3.3a. The
score represents the possibility of the target gene using bioinformatics method.
b Binding site was counted from the 5’ end of the target gene sequence searched using

accession numbers in the NCBI database.
¢ ORF, open reading frame.

mRNA level was downregulated to 65%, 37%, 24%, and 71% of
the control level in the 1X, 2X, 4X, and 8 X virus-infected cells,
respectively (Fig. 4C). These results indicated that AcMNPV-
miR-1 overexpression did not affect the acl8 mRNA level but

significantly downregulated the ac94 mRNA level and that only
extremely high expression of this miRNA (as in the 4X virus-
infected cells) will decrease the ac95 mRNA level.

Protein levels of the target genes. To investigate AcCMNPV-
miR-1 regulation at the translational level, an HA tag was inserted
into the acl8, ac94, and ac95 genes prior to the stop codon in the
NC, WT, 1X,2X,4X, and 8 X bacmids via the A Red recombina-
tion system (Fig. 4D). This led to the generation of six viruses with
HA tags on the acl8 gene (NC-18:HA, WT-18:HA, 1X-18:HA,
2X-18:HA, 4X-18:HA, and 8X-18:HA), six viruses with HA tags
on the ac94 gene (NC-94:HA, WT-94:HA, 1 X-94:HA, 2X-94:HA,
4X-94:HA, and 8X-94:HA), and six viruses with HA tags on the
ac95 gene (NC-95:HA, WT-95:HA, 1X-95:HA, 2X-95:HA, 4X-
95:HA, and 8X-95:HA). Protein expression levels for acl8, ac94,
and ac95 were determined by Western blotting using proteins ex-
tracted from Sf9 cells infected (10 PFU/cell) with the 18 HA-
tagged viruses. Mock-infected cells were used as negative controls.
Positive-control samples included cells transfected with the
AcMNPV-miR-1 mimic and infected with the WT-18:HA, WT-
94:HA, and WT-95:HA viruses at 8 h p.t. All protein samples were
harvested at 48 h p.i.

As shown in Fig. 4E, acl8 protein expression was slightly up-
regulated by the overexpression of ACMNPV-miR-1 or its mimic.
In contrast, P143 (the protein encoded by ac95) expression was
reduced in cells infected with 2X-95:HA, 4X-95:HA, and 8X-

ACMNPV-miR-1  3° aagzalUUGGCUCAGCAGCz 5’ 3’ 2agGAAUUGGCUCAGCAGCg 5 3’ aaGGAAUUGGCUCAGCAGCg 5
l= = | 1IITTTI oz LLETTTTT (NERRRRNNRRARRNNY
Target 5 tcatgTGTTGGTGTCGTCGt 37 5 gzgTTCGGGCAAGTCGTCGt 37 5" ttCCTTAACCGAGTCGTCGe 3’
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FIG 3 Target sites of AcMNPV-miR-1 and dual-luciferase reporter assay showing the regulation of the target genes. In total, a 50 nM concentration of the
AcMNPV-miR-1 mimic was used in each system; the same concentration of the Cel-miR-239b-5p mimic was used as a negative control. Luciferase reporter
plasmid constructs containing the predicted binding sites of the acl8 gene (A), ac95 gene (B), and the positive-control ac94 gene (C) were cotransfected with
miRNA mimics into 293 cells. A multimode reader (Tecan Infinite M200) was used to assay the luciferase activities at 48 h p.t. As a control, the activities of
reporter plasmids with mutations in the acl8 gene (D), ac95 gene (E), and ac94 gene (F) were detected in the same manner. All six graphs represent the mean
values of three independent experiments performed in triplicate.
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FIG 4 The effect of ACMNPV-miR-1 on the expression of the target genes. Relative fold change in the expression levels of ac18 mRNA (A), ac95 mRNA (B), and
ac94 mRNA (C) was investigated by qRT-PCR. The columns represent the fold changes in the PCR products. Total RNA samples were isolated from NC, WT,
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8X bacmids. (E) Regulation of Ac18, P143, and ODV-E25 following AcMNPV-miR-1 overexpression. Proteins were detected by Western blotting with an

anti-HA antibody.

95:HA although cells infected with 1X-95:HA showed a level of
P143 expression comparable to the levels observed in cells infected
with NC-95:HA and WT-95:HA. As expected, ODV-E25 (the pro-
tein encoded by ac94) expression was also downregulated by
AcMNPV-miR-1 overexpression. This effect was more extreme
than the downregulation of P143, with almost no ODV-E25 signal
being detected in 4X-94:HA or 8X-94:HA virus-infected cells.
The 1X-94:HA and 2X-94:HA virus-infected cells exhibited a
gradually decreasing trend of ODV-E25 expression (Fig. 4E).
These results were in agreement with those produced by the dual-
luciferase reporter assay.

AcMNPV-miR-1 target genes might be involved in pathways
concerning virus infection. The function of ACMNPV-miR-1 was
further explored based on the tk;4interactions that form between
its target proteins and other proteins. We used reconstructed vi-
ruses with HA-tagged acl8, ac94, or ac95 for co-IP followed by
LC-MS analysis. The results (Table 4) showed that Ac18 likely
interacted with ODV-E25, a protein encoded by another target
gene (ac94), in addition to FP25 (encoded by ac61) and various
host heat shock proteins (HSPs), including HSP 21.4, HSP 70, and
HSP 90. As expected, ODV-E25 also interacted with Acl8, as well
as FP25, in addition to Ac126 (chitinase), Ac135 (P35), and Ac142
(P49). Therefore, changes in the expression of Ac18 and/or ODV-
E25 might affect pathways related to the interacting proteins,
thereby affecting viral infection. To our disappointment, the co-
IPs of P143 did not show any significant signals.
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DISCUSSION

In this study, we explored the function of AcMNPV-miR-1 and
demonstrated that AcCMNPV-miR-1 overexpression decreased vi-
ral DNA replication and BV infectivity but promoted polyhedron
formation and virus infection efficiency in T. nilarvae. In addition
to ac94, two new target genes, acl8 and ac95, were also identified
in this study. The former was slightly upregulated, and the latter

TABLE 4 Protein interactions tested by co-IP

Predicted

AcMNPV  Protein molecular Coverage
Protein” ORF® designation ~ mass (kDa) ~ Score®  (%)“
Acl8 61 FP25 25.2 46.65 42.06

94 ODV-E25 255 33.85  43.86
ODV-E25 18 40.8 46.19 30.88

61 FP25 25.2 3.36 9.35

126 Chitinase 61.3 30.41 14.88

135 P35 34.8 2.63 3.34

142 P49 55.4 5.43 5.45

“ HA-tagged proteins were identified by LC-MS.

 ORF, open reading frame.

¢ The score was given by SEQUEST software. Matched proteins with a confidence level
of more than 95% were considered significant.

@ Percentage of identified peptides (with confidence of >95%) covered on the protein
sequence.
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was downregulated. Based on these results, a possible functional
pathway for this miRNA was implied.

We first constructed viruses that constitutively overexpressed
AcMNPV-miR-1 and found that AcMNPV-miR-1 expression
(Fig. 1) consistently increased with the number of miRNA precur-
sor copies at 6 and 12 h p.i. After that, the trend remained in cells
that were infected with the 1X, 2X, and 4X viruses. However, in
the 8X virus-infected cells, ACMNPV-miR-1 accumulation sub-
stantially slowed after 24 h p.i., plateauing instead of increasing as
with the other overexpression viruses. The limited quantity of
AcMNPV-miR-1 present in the 8 X virus-infected cells at late time
points might have resulted because the transcripts of the precursor
became so numerous that dysfunctional biogenesis occurred.
Such dysfunction possibly affects the miRNA targeting process
subsequently, resulting in the abnormal actions of the 8 X virus in
terms of target gene regulation and the unique viral phenotype
compared to the phenotypes of the other reconstructed viruses.
Additionally, these results could reflect the existence of an upper
limit for AcMNPV-miR-1 expression, wherein once the expres-
sion reaches a ceiling (such as in the 8 X virus-infected cells after
24 h p.i.), other mechanisms might be activated and adjust the
level of this miRNA.

Virus-encoded miRNAs that regulate virus replication are a
universal phenomenon. miR-BART2, encoded by EBV, was
shown to downregulate the expression of the DNA polymerase
BALFS5 to inhibit viral replication (8). In the Heliothis virescens
ascovirus, HVAV-miR-1 regulates viral replication by targeting
DNA polymerase I (9). In our study, we also found that ACMNPV-
miR-1 overexpression could affect viral DNA replication.

We found that P143 expression was substantially downregu-
lated in 2X, 4X, and 8X virus-infected cells (Fig. 4E). ac95 has
been reported to encode a helicase protein (29, 30) that interacts
with Jef-3 (31-33), and both genes are associated with viral DNA
replication (34, 35). Therefore, a decrease in P143 expression
would lead to the suppression of DNA replication, which was
consistent with our QRT-PCR results showing the reduced DNA
replication in the 2X, 4X, and 8X viruses (Fig. 2A). Overall, our
results indicated that AcMNPV-miR-1 overexpression sup-
pressed viral DNA replication by downregulating P143 expres-
sion.

Although P143 expression and viral DNA replication were pri-
marily downregulated by AcMNPV-miR-1 overexpression, both
of these characteristics exhibited a slightly increasing trend as
AcMNPV-miR-1 copies increased (P > 0.05). This finding sug-
gested that ACMNPV-miR-1 levels in 2X virus-infected cells were
the most propitious for P143 downregulation. It is likely that an
opposing mechanism exists that upregulates P143 expression
when P143 is reduced below a threshold level. Alternatively, an
miRNA threshold limit (36) might exist for P143 expression. Once
the threshold has been exceeded, a feedback signal could activate
other control regulatory pathways and restore P143 expression to
a relatively normal level.

The ac95 mRNA level was not reduced to the same extent as the
ac94 mRNA level in the cells infected with the overexpression
viruses although P143 expression was substantially reduced,
which might be due to the different interaction mechanisms that
exist between the miRNA and targets. ACMNPV-miR-1 is not as
perfectly matched to the ac95 mRNA binding site (with a lower
predicted matching score of only 126.00) (Table 3) as it is to the
ac94 mRNA binding site (score of 190.00); therefore, ACMNPV-
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miR-1 might not induce small interfering RNA (siRNA)-like
cleavage at the ac95 binding site and would mainly hinder the
translation of P143.

AcMNPV-miR-1 produced clear downregulation of ac94
(ODV-E25). ODV-E25, located in the envelopes of BVs and
ODVs (13), is required for infectious BV production and ODV
formation. Knockout of ac94 could destroy BV infectivity and
affect ODV formation (37). Our results showed that decreased BV
infectivity accompanied downregulated ac94 expression. There-
fore, by regulating ac94, ACMNPV-miR-1 potentially reduced BV
infectivity.

However, the accelerated polyhedron formation induced by
the overexpression of AcMNPV-miR-1, which downregulated
ODV-E25, appeared contradictory to a previous report that ac94
knockout suppressed ODV formation (37). Our results from the
co-IP assay might offer some alternative explanations in addition
to our previous hypothesis that “the cleavage of ac94 mRNA is
responsible for ODV formation” (14). Because both Acl8 and
ODV-E25 were found to interact with FP25, they are both likely
associated with the function of FP25. It has been reported that
knockout of FP25 resulted in a reduction in polyhedrin protein
and p10 promoter transcript expression (38). Therefore, increased
expression of Ac18 and decreased expression of ODV-E25 might
affect the FP25 pathway, thereby promoting polyhedron forma-
tion.

Additionally, we did not observe an obvious acceleration in
ODV formation when multiple copies of the ACMNPV-miR-1
precursor were present; this finding differs from our previous re-
port using the miRNA mimic (14). This discrepancy might be due
to differences in miRNA administration. Transcripts containing
multiple copies of the miRNA precursor undergo the entire pro-
cess of endogenous miRNA maturation, after which the mature
miRNA molecules target their corresponding mRNAs. In the in-
ternalization course of miRNA formation, a number of factors
could affect this process and impact the final phenotype. In con-
trast, transfection of an miRNA mimic has been shown to result in
direct joining to the miRNA-RNP complex (miRNP) (6). In this
case, the amount of the mimic increased by >1,000,000-fold over
the amount of the original mature miRNA. The instantaneous
appearance of such a tremendous quantity of mimic miRNA in
cells surely results in various cytopathologic effects.

AcMNPV-miR-1 was also validated to accelerate acl8 transla-
tion using both a dual-luciferase assay and Western blot analysis.
Although the upregulation of miRNA target genes is not common
and although the mechanisms associated with such upregulation
are unknown, some cases have been reported (3, 39). For instance,
miR-122 was reported to upregulate hepatitis C virus (HCV) gene
translation by increasing its viral association with the 40S subunit,
thereby influencing polysome formation (40, 41). miR-10a was
shown to enhance the translation of ribosomal proteins by allevi-
ating their TOP-mediated translational repression (42). There
might be a possible mode of Ac18 upregulation. Once Acl18 was
combined with AcMNPV-miR-1, the three-dimensional (3D)
structure of ac18 mRNA was disturbed, and the resulting complex
could induce the upregulation of ac18 mRNA translation.

Ac18 has been reported to affect virus infection efficiency in T.
nilarvae (43). Knockout of ac18 delayed the LT, suggesting that
the shortening of LT, following ACMNPV-miR-1 overexpression
was probably due to upregulation of Ac18 although the functional
pathway of Ac18 remains unknown. Co-IP analysis demonstrated
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FIG 5 The functional network concerning AcMNPV-miR-1. Inferences based on previous reports are denoted by dashed arrows.

that Ac18 interacted with three HSPs, which may provide clues
regarding the mechanism. These three HSPs were originally
shown to defend against infection but have recently been demon-
strated to support virus replication and assembly via interactions
with viral proteins (44-47). Thus, by interacting with HSPs, Ac18
may act as a moderator of HSP-associated virus-host interplay
(48-50). The HSPs themselves may play defensive roles; however,
with the appearance of Acl18, their roles may become advanta-
geous for the virus. Therefore, although an absence of acl8 may
not be fatal to the virus, it may disturb and hinder the physiolog-
ical process of viral infection.

miRNAs modulate an immense and complex regulatory net-
work of gene expression that affects a broad spectrum of develop-
mental and cellular processes (51, 52), including cell proliferation
(53), cell division (54), cell differentiation (55), metabolism (56),
viral infection (57), etc. Furthermore, virus-encoded miRNAs are
believed to be primarily associated with the longevity of infected
cells, the immune response and lytic cycle in the host, and other
noncanonical functions (58). In our study, ACMNPV-miR-1 was
found to participate in a large functional network of viral gene
regulation and take part in the viral life cycle and in virus-host
interactions.

From a macroscopic viewpoint, ACMNPV-miR-1 may be ad-
vantageous with respect to the viral infection efficiency of larvae.
Once a larva is infected with AcMNPV, reductions in viral DNA
load and infectious BV number would most likely prolong the
time frame that viruses could exist in the larva. As a result, greater
numbers of polyhedra and ODVs could be assembled. Combined
with accelerated polyhedron formation and more efficient larval
infectivity, the released polyhedra could likely infect other larvae
more easily and effectively.

The viral infection cycle can be divided into two stages: (i)
infectious BV production and infection of cells in different tissues
and (ii) ODV formation and infection of additional larvae. Our
results suggest that ACMNPV-miR-1 plays a role in facilitating the
transition from the first stage to the second stage by regulating
genes that alleviate cell infection in the first stage and that enhance
larval infection in the second stage (Fig. 5). This phenomenon
subsequently augments the spread of the virus in the natural en-
vironment.
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