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Abstract

Bombyx mori Nucleopolyhedrovirus (BmNPV), which is a member of the Baculoviridae family, is a significant pathogen
of the silkworm. The infection of BmNPV is often lethal and causes about 20% loss of cocoon in the silk industry annu-
ally. To explore the effects of different gene inhibition strategies on the replication cycle of baculovirus, we constructed the
mutant virus to infect BmN cells directly and further identified ie0, iel, and gp64 as the essential viral genes of BmNPV. To
elucidate the significance of the inhibition effect of different interference strategies, we characterized and constructed the
recombinant BmNPYV that carried a single or multigene-interfering cassette. The results showed that the inhibition effect of
dsiel on target gene expression, virus titer, and silkworm mortality was significantly better than that of dsie0 and dsgp64. It
also showed that the dsiel interference produced fewer progeny virions and was less lethal, which indicates that iel played
a more critical role in the BmNPV replication cycle. Furthermore, the inhibitory effect of the virus titer and mortality
indicated that the multigene co-interference constructed by the baculovirus expression system was significantly better than
the interference of any single-gene (p <0.05). In summary, the strategy of multigene synergy can achieve the function of
continuous interference and provide a new platform for the breeding of silkworm disease resistant. In addition, this strategy
improves the various traits of the silkworm.
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Introduction

Bombyx mori nucleopolyhedrovirus (BmNPV) is the pri-
mary pathogen affecting silkworm cocoon production
in Asia, and its infection causes about 20% of silkworm
cocoon loss annually (Jiang and Xia 2014; Chen et al.

Communicated by S. Hohmann.

Hao Zheng and Feifei Ren contributed equally to this work.

P< Min Feng Jisheng Liu
hunanfengmin@163.com jisheng.liu@gzhu.edu.cn

P4 Jingchen Sun 1

cyfz@scau.edu.cn Guangdong Provincial Key Laboratory of Agro-animal

Genomics and Molecular Breeding and Subtropical

Hao Zheng Sericulture and Mulberry Resources Protection and Safety

774926329 @qq.com Engineering Research Center, College of Animal Science,
o South China Agricultural University, Guangzhou,

Feifei Ren Guangdong 510642, China

zzff43 @outlook.com ’

Qiuyuan Lu 2 Deipar'tment of Animal Sciences, University of Manitoba,

597009172@qq.com Winnipeg, MB R3T2N2, Canada

School of Life Sciences, Guangzhou University, Guangzhou,

Zhenming Cao Guangdong 510006, China

840685499 @qq.com

Jichen Song
947180156 @qq.com

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00438-018-1491-9&domain=pdf

112

Molecular Genetics and Genomics (2019) 294:111-120

2017). Compared with other viruses, BmNPV is very stable
because it is encapsulated by strong polyhedrin proteins that
prevent the penetration against low pH and drug from reach-
ing viral particles. As a result of the deepening research of
the BmNPYV, the viral genome sequence has been thoroughly
uncovered (Xia et al. 2004; Cheng et al. 2008; Choi and
Guarino 1995; Guarino and Summers 1986; Kovacs et al.
1992). Baculoviruses virions are present as two types, bud-
ded virions (BV) and occluded virions (ODV). They are
similar in their nucleocapsid structure, but different in the
origin and composition of their envelopes and their roles
in the virus life cycle. BV virions spreads the infection
throughout the insect and ODV virions in the form of inclu-
sion bodies that spreads the infection between the insects
(Jiang et al. 2012; Gomi et al. 1997, 1999; Lu and latrou
1997; Subbaiah et al. 2013). The ie0 gene, which encoded
the IE-0 protein, is mainly distributed in the cytoplasm and
has a significant regulatory effect on the RNA transcription
of vp39, lef9 and P10 genes of the virus (de Jong et al. 2011,
Kuzio et al. 1984; Rankin et al. 1986). This regulatory effect
indicates that the gene has a vital activation function for
viral gene transcription and viral infection (Senkevich et al.
1994). The iel gene is one of the earliest discovered genes
of baculovirus, and it is an early gene transactivator and
advanced expression factor (Jiang et al. 2013). The encoded
IE-1 protein, which is mainly distributed in the DNA replica-
tion center of BmNPV in the nucleus, is an essential protein
for baculovirus replication (Dai et al. 2004), and its func-
tion involves transcriptional activation of DNA replication,
DNA damage, and apoptosis regulation (Lu and latrou 1997;
Nagai et al. 2011; Nagamine et al. 2011). BmNPV envelope
glycoprotein GP64 is a type I integral membrane protein,
which is presented on the surface of infected cells and bacu-
loviruses (Kadlec et al. 2008; Oomens et al. 1995). GP64,
the most abundant proteins found associated with the pro-
cess of BmNPV entry by endocytosis, is a fatty acid-acylated
glycoprotein and a low-pH activated envelope fusion protein,
and it is necessary for the process of the virus invading host
and budding (Blissard and Wenz 1992; Li et al. 2011; Rah-
man and Gopinathan 2003).

The baculovirus multigene expression system (BMES)
is the most widely used eukaryotic expression system, and
it has the advantages of high expression level and excel-
lent processing mechanism for post-translational modifica-
tions (Carbonell et al. 1985; Mena and Kamen 2011). Hav-
ing transposable site cre-loxp and mini-Tn7, BMES can be
used to accomplish the co-expression of multiple complex
proteins so that it has been widely used in the field of gene
delivery and biopesticides (Qi et al. 2016; Sun et al. 2010;
Yao et al. 2012a, b; Zheng et al. 2018). RNA interference
(RNAI) is a mechanism that explicitly silences the expres-
sion of a target gene. This process mainly depends on the
endogenous or exogenous double-stranded RNA (dsRNA)
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mediated specific degradation of mRNA in the cell, resulting
in the inhibition of the corresponding target gene expression
and functional deletion (Fire et al. 1998; Hannon 2002). The
occurrence of RNAi can be divided into three phase (1) the
dsRNA is uniformly cut by RNase III (Dicer) into small-
interfering RNA (siRNA) with a size of 21-25 nt in the cell
(Bernstein et al. 2001; Zamore et al. 2000); (2) the RNA-
induced silencing complex (RISC) is composed of siRNA
and endonucleases, where the nucleic acid part plays a tar-
geted role, and the protein part acts to degrade mRNA dur-
ing the effect phase; (3) the targeted siRNA combined with
the mRNA to form dsRNA again under the action of RNA-
dependent RNA polymerase (RARP) (Dougherty and Parks
1995). The newly formed dsRNA is further cut into siRNA
by Dicer and enters the next cycle to achieve the purpose
of amplification of interference effects (McIntyre and Fan-
ning 2006; Saleh et al. 2009). Several reports demonstrated
that the RNAi had been used to inhibit the activity of cor-
responding homologous genes (Elbashir et al. 2001a, b; Fire
et al. 1998; Hammond et al. 2001). Currently, the RNAi has
been widely used in eukaryote such as plants, fungi, insects,
metazoans and mammals (Hammond et al. 2001; Isobe et al.
2004; Valdes et al. 2003), and it also has a broad application
in viral infection (Isobe et al. 2004; Valdes et al. 2003).

The RNAI has been widely used in the anti-virus strategy
of the silkworm. However, it has not had a stable and robust
anti-BmNPYV protective effect on the virus yet. Improving
the effect and stability of RNAI is an urgent problem to be
solved. In this study, single-gene and multigene interfer-
ence cassettes were driven by the cytoplasmic actin 3 (A3)
promoter of the silkworm, and the recombinant baculovirus
that carries different interfering cassettes were constructed
successfully by BMES. Consequently, the interference
effect of the multigene combination will provide a theoreti-
cal basis strategy for the breeding of the silkworm resistant
to BmNPV and improve the various characteristic of the
silkworm.

Materials and methods

Bacterial strains, plasmids, viral Bacmid, reagents
and larvae

Escherichia coli DH10B, BW23474, and TOP10 were used
for the propagation of BmBacmid, R6ky origin derived plas-
mids and other general plasmids, respectively. E. coli SW106
BmBacmid containing BmBacmid, pHelper, and pGB2Qinv
was constructed previously (Yao et al. 2010, 2012). Plasmids
pFBDM-A3 and pUCDM-A3 were provided by Lunguang
Yao (Nanyang Normal University, China), which con-
tained a constitutive A3 promoter upstream of the multiple
clone sites (MCS), as well as the modified BmBacmid with
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gentamycin or chloramphenicol resistance gene by mini-Tn7
or cre-loxp transposition (Sun et al. 2009; Yao et al. 2010,
2012a, b). The genes of ie0, iel, and gp64 were amplified
from genomic DNA of the BmNPV and constructed the
recombinant donor vectors. The enhanced green fluorescent
protein (egfp) and mCherry fluorescent protein gene were
used as reporter genes. Pfu Tag, restriction enzymes, and
T, DNA ligase were purchased from NEB (New England
Biolabs, England), while pL-a-& Diaminopimelic acid (DAP)
was bought from Sigma (cat.D1377, USA). Luria Bertani
(LB) medium (10 g of tryptone, 10 g of NaCl and 5 g of
yeast extract in 1 L of broth, pH 7.5) was used for cloning
and growing the plasmids. Bombyx mori (BmN) cells were
maintained at 27 °C in Grace’s cell culture medium (Grace’s
medium) supplemented with 10% FBS (Gibco). Silkworm
variety is 9-Fu X 7-Xiang.

Construction of donor vectors

Donor vectors (Fig. 1) were used to construct recombinant
baculoviruses expressing different RNAi cassettes under
the control of the A3 promoter. In brief, the donor vector
pUCDM-A3-dsie0-IG (Fig. 1a) was used as the backbone in
ie0-triggered gene silencing. The formal interference gene
of ie0 (amplified with primer dsieO-F and dsie0-R, Table 1)

Xmal

BamH 1

was cloned into plasmid pUCDM-A3 between Xmal and
Xhol under the control of the A3 promoter. The anti-form
interference gene of ie0 (also amplified with primer dsie0-
F and dsie0-R, Table 1) was cloned between Xhol and
Ndel to the downstream of the formal ie0. The interference
genes by the formal and anti-form ie0 were constituted the
RNAI cassette dsie0. The ires-dependent enhanced green
fluorescent reporter gene expression cassette (IG, ampli-
fied with primer ig-F and ig-R, Table 1) was ligated to the
downstream of the dsie0 by Ndel and Sphl. For the donor
vector pFBDM-A3-dsiel-IM (Fig. 1b), primers dsiel-F
and dsiel-R (Table 1) were used to amplify the dsiel by
BmNPV genome, the formal gene iel was ligated into the
BamHI/Sacl and the anti-form gene iel was ligated into
the Sacl/Xbal, respectively. The ires-dependent mCherry
fluorescent reporter gene expression cassette (IM, ampli-
fied with primer im-F and im-R, Table 1) was ligated to
the downstream of the dsiel by Xbal and Pstl. The RNAi
cassette dsgp64 was amplified with primer dsgp64-F and
dsgp64-R (Table 1) and cloned into the pFBDM-A3 via
Xmal/Xhol (formal gene gp64) and Xhol/Ndel (anti-form
gene gp64) to the downstream of the promoter A3. The IM
was ligated to the downstream of the dsgp64 by Ndel and
Sphl to form donor vector pPFBDM-A3-dsgp64-1Y (Fig. 1c).
The donor vector pPFBDM-A3-dsiel-IM was digested with
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dsiel M polyA —L&i
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Fig.1 The RNAI cassette on recombinant donor vector. a The map
of pUCDM-A3-dsie0-IG shows an RNAIi cassette including pro-
moter A3, interference gene ie0 (dsie0), and ires-dependent egfp (IG)
expression cassette. b The map of pFBDM-A3-dsiel-IM shows an
RNAI cassette including promoter A3, interference gene iel (dsiel),
and ires-dependent mCherry (IM) expression cassette. ¢ The map of

pFBDM-A3-dsgp64-IM shows an RNAi cassette including interfer-
ence gene gp64 (dsgp64) and IM expression cassette are driven by
A3. d Two RNAI cassettes on recombinant donor vector pPFBDM-A3-
dsiel-A3-dsgp64-IM, which contains the interference gene fragment
of dsgp64 and dsiel, and the fluorescent reporter gene expression
cassette IM was ligated to the downstream of the dsgp64
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Table 1 Primers used in the Label Direction
construction of donor vectors
dsie0 Forward
Reverse
dsiel Forward
Reverse
dsgp64 Forward
Reverse
ig Forward
Reverse
im Forward
Reverse

5'-acatatgacccgggataagaaccagcagtcac; Ndel, Xmal RNAI cassette

5'-actcgagagcacgtacatttgeat; Xhol ie0
5'-atctagaaggatccacgcegtcgtacacca; Xbal, BamHI RNAI cassette
iel

5'-agagctcegtgcaaatgttegtg; Sacl

5'-acatatgacccgggtagtaaatcagtcatac; Ndel, Xmal RNAI cassette

5'-actcgaggcaaagtgattgtta; Xhol gpo4
5'-acatatgaataaaagaacctataatc; Ndel ires-egfp

5'-agcatgcttacttgtacagctcgtce; Sphl
5'-acatatgatctagaaataaaagaacctataatc; Ndel, Xbal ires-mCherry

5'-agcatgcactgcagttacttgtacagetegtee; Sphl, Pstl

The 5’ends of primers were designed to create restriction enzyme sites (underlined), respectively

Spel and Xbal to release DNA A3-dsiel, and the fragment
was cloned into the pPFBDM-A3-dsiel-IM via Spel and Xbal
to construct donor vector pPFBDM-A3-dsiel-A3-dsgp64-IM
(Fig. 1d).

Introduction of RNAi cassette into BmBacmid
The RNAI cassettes A3-dsiel-IM (Fig. 2b), A3-dsgp64-

IM (Fig. 2c), and A3-dsie0-IG (Fig. 2d), were introduced
into the E. coli SW106 BmBacmid (Fig. 2a) by mini-Tn7

b
W) el
mini-Tn7
a
I—eI I—sc <P ¢
o7l £ coli SW106 BmBacmid - dsgp64
< Kan mini-Tn7

pHelper Red- 7 pGB,Qinv-hl

attTn
42°C, gam Arg Iscel asd ‘ Arg cre

d
HE)- dsico

cre-loxp

e
dsiel - Stuffer - dsgp64

*_dsie0-dsiel-dsgp64-1G-IM

Fig.2 Construction of RNAIi cassette-bearing recombinant BmBac-
mid and baculoviruses. a E. coli BmMultiBac/Aasd Sw106/
PGB2QInv. b—e RNAi and fluorescent reporter gene expression cas-
settes were driven by promoter A3 (b dsiel +IM. ¢ dsgp64+1IM. d
dsieO+1G. e dsiel +dsgp64+IM). f—i recombinant BmBacmid (f
dsiel +IM. g dsgp64+IM. h dsieO+1G. 1 dsieO+dsiel +dsgp64+1
G+1IM). j—n observation of insect BmN cells infected by recombi-
nant BmBacmid, Bar 100 pym (j BmBacmid-dsiel-IM, attendance at
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BmBacmid-dsiel-IM

BmBacmid-dsgp64-IM

and cre-loxp transposition as described in a previous study,
respectively (Sun et al. 2009; Yao et al. 2012a, b, 2007).
The positive clones grown on Cm (Gm)/Kan/Tet/Spe/DAP
were screened by white—blue plaque selection and PCR
screening (Zheng et al. 2018), to generate three kinds of
recombinant BmBacmids, including BmBacmid-dsiel-IM
(Fig. 2f), BmBacmid-dsgp64-IM (Fig. 2g), BmBacmid-
dsie0-1G (Fig. 2h). The A3-dsgp64-IM-A3-dsiel (Fig. 2e)
was introduced into asd-deletion type of E. coli SW106,
which contained BmBacmid-A3-dsie0-IG by mini-Tn7

BmBacmid-dsie0-1G

mini-Tn7}
i i
- émBacmid L

-
-

512 nm. k BmBacmid-dsgp64-IM, attendance at 512 nm. 1 BmBac-
mid-dsieo-IG, attendance at 488 nm. m BmBacmid-dsieO-dsiel-
dsgp64-1G-IM, attendance at 488 nm. m BmBacmid-dsie0-dsiel-
dsgp64-1G-IM, attendance at 512 nm). o merge by m+n. p—s purified
recombinant baculoviruses were observed by TEM, Bar(0.2 um (p
BmNPV-dsiel-IM. q BmNPV-dsgp64-IM. r BmNPV-dsie0-1G. s
BmNPV-dsie0-dsiel-dsgp64-1G-IM)
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transposition, to construct the recombinant BmBacmid-
dsie0-dsiel-dsgp64-1G-IM (Fig. 2i).

Production of recombinant BmNPV

The E. coli SW106 containing recombinant BmBacmid
with the different RNAi cassettes (dsie0, dsiel, dsgp64,
and dsie0 + dsiel + dsgp64) were cultured until the
OD600=0.5-1 (attendance at 600 nm). These bacteria were
collected by centrifuged (3000g) and resuspended in serum-
free insect medium. The bacterial suspension was adjusted
to different densities (10°~10% cells/mL) with serum-free
Grace’s medium (Yao et al. 2012a, b). BmN cells were cul-
tured overnight in a 12-well plate until the cell density was
approximately 70-80%. The supernatant was discarded,
and different concentrations of bacteria were added to the
corresponding wells. After cultured at 28 °C for 4-5 h, the
bacteria in each well were washed out by serum-free Grace’s
medium, then 500 pL of fresh Grace’s medium (with 10%
FBS and 0.075% of penicillin) was added and incubated for
4-5 days post infected (d.p.i.). BmN cells were infected suc-
cessfully by examining the fluorescence in the correspond-
ing well by fluorescence microscope (Eclipse Ti-S, Nikon,
Japan). The supernatant was collected and infected again
with BmN cells. When the fluorescence appeared again after
3—4 d.p.i, the recombinant baculovirus was successfully con-
structed and distributed in the cell supernatant.

Titer determination of BmNPV

The early-exponential-phase BmN cells were diluted to 10°
cells/mL with Sf-900 II serum-free medium (SFM), and then
100 pL working volume was placed into the different micro-
well in a 96-well plate. Serial baculoviral dilutions were
also prepared and diluted in serial 10-fold dilutions to 10~8
by SFM. The cell culture medium was removed and 100 pL.
of each virus dilutions was added (12-well per dilution) to
the cell monolayer and then incubated at 28 °C. Following
4 h incubation, the supernatant in each well was replaced
with 100 pL fresh insect medium. Plates were checked daily
once for 4-5 days until the fluorescence was observed to
reach maximum. The baculovirus titers were expressed as
the 50% tissue culture infective dose (TCIDs;) according to
the standard method of Reed and Muench (Rattanarojpong
et al. 2016; Wang et al. 2018).

Baculovirus purification and transmission electron
microscope

The supernatant of silkworm-derived BmN cells infected
with recombinant baculovirus (MOI= 1) was collected at
4 d.p.i. Baculovirus in the supernatant was purified by two

rounds of sucrose gradient ultracentrifugation according to
standard methods (O’Reilly 1997).

Purified baculoviruses were adsorbed onto glow dis-
charge-activated carbon coated grids for 2 min. Moreover,
the sample-coated grids were washed three times with dis-
tilled water, following a negative staining with 1% uranyl
acetate for 45 s. Images were acquired using the FEI Talos
F200S transmission electron microscope (TEM).

Quantitative PCR

Total RNA was extracted from infected BmN cells by Trizol
Reagent (Invitrogen Inc., Carlsbad, CA, USA) according to
the manufacturer’s protocol. The extracted RNA was then
reverse transcribed by the PrimeScript™ RT reagent Kit
with gDNA Eraser (Perfect Real Time., Takara, Japan). The
cDNA was used as a template for quantitative polymerase
chain reaction (Q-PCR), which was achieved by SYBR Pre-
mix Ex Taq™ (Tli RNase H Plus., Takara, Japan) to assay
samples with specific primers (Table 2). The results were
subsequently analyzed by Bio-Rad CFX Manager.

Statistical analysis

All values presented as mean + standard deviations (SD).
GraphPad Prism 7 software was used for data analysis. One-
way ANOVA followed by Tukey’s post hoc test was used to
determine the significant difference. p <0.05 was considered
statistically significant (Rattanarojpong et al. 2016).

Results

Generation of RNAi cassette-bearing recombinant
baculoviruses

The recombinant BmBacmids containing interference cas-
settes were successfully constructed and directly transfected
into cultured BmN cells by the invasion protein. Without
diaminopimelic acid (DAP) in medium, the cell wall of

Table 2 Primers used in the Q-PCR

Label Direction Primer sequences

ie0 Forward 5'-gcagaagctcagcaggta
Reverse S'-aagacggtcgggtttgg

iel Forward 5'-ataaacaacagcccaacga
Reverse 5'-caagggattccgaataataag

gp64 Forward S'-ccatcgtggagacggacta
Reverse 5'-ctcgcactgetgectga

BmRP49 Forward 5'-caggcggttcaagggtcaat

(as reference gene)  Reverse 5'-tgctgggctetttccacga
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DAP auxotrophic E. coli cannot be synthesized so that the
bacteria will disrupt and release recombinant BmBacmid.
The released BmBacmids will generate infective recombi-
nant baculovirus particles in insect cells. 4 d.p.i later, the
infected BmN cells turned green (attendance at 488 nm) or
red (attendance at 512 nm), caused by the fluorescent pro-
tein eGFP or mCherry, and the figures indicated that the
target gene on the recombinant BmBacmid was expressed
and produced recombinant baculovirus as expected (Fig. 2j,
k, m—o). The culture supernatant was collected and centri-
fuged at 80,000g when the fluorescence reached the maxi-
mum (5 d.p.i), and the mature baculoviral particles were
successfully observed in the pellet. In this study, the purified
recombinant BmBacmids were respectively transfected into
BmN cells to produce four kinds of recombinant BmNPV
named with BmNPV-dsiel-IM (Fig. 2p), BmNPV-dsgp64-
IM (Fig. 2q), BmNPV-dsie0-IG (Fig. 2r) and BmNPV-dsie0-
dsiel-dsgp64-1G-IM (Fig. 2s).

Inhibition of gene expression by RNAi cassette

To determine the inhibition by different target genes inter-
ferences, we used four recombinant baculoviruses, which
carrying interfering cassettes on those mentioned above
to infect normal BmN cells (MOI=0.1). The recombinant
baculovirus BmNPV-IM carrying mCherry fluorescent pro-
tein as control and the same treatment was performed. After
12 h, 24 h, 36 h, 48 h and 60 h post infection (h.p.i), the
supernatant and pellet were separated by centrifuging at 4 °C
1500g. The supernatant was collected for subsequent titer

Hours Post Infection

(MOI=0.1)

determination, and the centrifuge pellets were extracted by
Trizol Reagent and reverse transcription by Oligo dT prim-
ers (Perfect Real Time., Takara, Japan). The Q-PCR assay
results indicated that RNAI cassettes of four different inter-
ference modes showed inhibition on the expression levels of
the target genes ie0, iel, gp64 and baculovirus capsid protein
vp39 (the gene BmRP49 as the reference. Table 2) (Fig. 3).
Because of the gene interference in the infected BmN
cells by BmNPV-dsiel-IM, the expression level of the iel
was down-regulated by 23.75 fold (12 h.p.i), 30.77 fold
(24 h.p.i), 19.03 fold (36 h.p.i), 9.38 fold (48 h.p.i), and
3.58 fold (60 h.p.i), respectively, compared with control
(p <0.05). Furthermore, the expression levels of ie0 and
gp64 genes showed a certain decrease in the corresponding
period when the maximum reduction rate at 24 h.p.i. Due
to its interfering with the dsie0, the expression of ie0 in the
infected BmN cells was reduced by 25.71 fold (12 h.p.i),
16.99 fold (24 h.p.i), 7.58 fold (36 h.p.i), 2.25 fold (48 h.p.i),
and 1.81 fold (60 h.p.i), respectively, compared with con-
trol (p <0.05). Similarly, the expression level of iel and
gp64 in the corresponding period also reduced by dsie0
and appeared in the largest reduction at 24 h.p.i. Interfer-
ence with the envelope protein gp64 gene resulted in down-
regulation of gp64 gene expression by 3.22 fold (12 h.p.i),
8.09 fold (24 h.p.i) 3.26 fold (36 h.p.i), 3.05 fold (48 h.p.i),
and 2.23 fold (60 h.p.i), respectively, compared with control
(»<0.05). The expression levels of iel and gp64 genes also
decreased and reached the largest in 24-36 h.p.i (Fig. 3).
When the baculovirus multigene expression system
was used to co-interfere with dsie0, dsiel, and dsgp64, the

12h 24h 36h 48h 60h

eyt [
0 BmNPV2 --

BmNPV3 [
BmNPV4 [
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BmNPV3
BmNPV4
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BmNPV1: BmNPV-dsiel-IM

BmNPV2: BmNPV-dsie0-IG

BmNPV3: BmNPV-dsgp64-IM

BmNPV4: BmNPV-dsie0-dsiel-dsgp64-1G-IM

Fig. 3 Inhibition of gene expression by different RNAI cassettes (*p <0.05)
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expression of the target genes showed significant down-
regulation, compared with the single-interfere. The expres-
sion level of ie0 was reduced by 89.21 fold (12 h.p.i), 14.35
fold (24 h.p.i), 4.33 fold (36 h.p.i), 2.44 fold (48 h.p.i), and
2.55 fold (60 h.p.i) (p <0.05), respectively. The iel gene
expression level was reduced by 15.72 fold (12 h.p.i), 8.81
fold (24 h.p.1), fourfold (36 h.p.i), 5.47 fold (48 h.p.i), and
3.49 fold (60 h.p.i) (p <0.05), respectively. The gp64 gene
expression level was reduced by 3.88 fold (12 h.p.i), 6.28
fold (24 h.p.i), 1.73 fold (36 h.p.i), 2.18 fold (48 h.p.i), and
2.03 fold (60 h.p.i) (p <0.05), respectively. In addition, all
of the interference cassettes could decrease the expression
of vp39, and the effect of multigene co-interference was the
most significant within 12-36 h post infected, compared
with the control (p <0.05) (Fig. 3).

To evaluate the interference differences among ie0, iel,
and gp64 genes more clearly and get better interference, we
also carried out the study on the expression level of the cap-
sid protein VP39 under different interference strategies. The
analysis of Q-PCR results showed that interference strategy
of dsiel could reduce the expression of vp39 by 53.94%
and 44.96% (p <0.05), compared with dsie0 and dsgp64 at
60 h.p.i, respectively. Compared with the dsie0, the dsgp64
decreased the expression of vp39 by 47.68% (p <0.05) in
the early stage of virus infection (12 h.p.i), indicating that
the inhibition of early interference on dsgp64 was better. In
addition, the vp39 expression of the dsie0 was reduced by
16.03-68.77% in the terminal stage of infection (24-60 h.p.i,
compared with dsgp64), which indicates that the inhibition
of dsie0 is better than dsgp64 in the middle and later period.
It is likely that the gp64 gene is driven by extreme early
active promoter p64 (Zheng et al. 2018), which has an early
activity about 2-3 times than A3 promoter. Interestingly,
the multigene co-interference strategy reduced vp39 gene
expression by 29.47-68.40% (p <0.05), compared with
any single-gene interference in the early stage of infection
(Fig. 3).

Inhibition of baculovirus proliferation by RNAi
cassette

The collected recombinant baculovirus supernatant was
directly infected with normal BmN cells referring to the
TCIDs, method by 96-well plate. The inhibition of virus
titers by different interference cassettes at different infect-
ing periods were decreased significantly, compared with
the control (Fig. 4). Concretely, when it interfered with the
dsie0, the virus titer was decreased by 2.20 fold (12 h.p.i),
4.16 fold (24 h.p.i) 3.48 fold (36 h.p.i), 2.48 fold (48 h.p.i),
and 1.99 fold (60 h.p.1), respectively (p < 0.05). The interfer-
ence results of the dsiel indicated that the titer of virus was
decreased by 3.12 fold (12 h.p.i), 8.05 fold (24 h.p.i), 5.05
fold (36 h.p.i), 3.06 fold (48 h.p.i) and 2.16 fold (60 h.p.i),
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Fig.4 Inhibition of baculovirus proliferation by different RNAi cas-
settes

respectively (p <0.05). The viral titers that interfere with
dsgp64 were decreased by 1.71 fold (12 h.p.i), 2.58 fold
(24 h.p.i), 2.96 fold (36 h.p.i), 2.24 fold (48 h.p.i), and
1.77 fold (60 h.p.i), respectively (p <0.05). When the
dsie0+dsiel +dsgp64 were carried by the BmNPV-dsie0-
dsiel-dsgp64-1G-IM, the reduction of the virus titer was sig-
nificant, which was reduced by 3.38 fold (12 h.p.i), 6.19 fold
(24 h.p.i), 4.66 fold (36 h.p.i), threefold (48 h.p.i), and 2.16
fold (60 h.p.1), respectively (p <0.05). Moreover, the inhibi-
tory effect of recombinant virus titers reached a maximum
at 24 h.p.i in both single- and multi-gene.

Protection of silkworm BmNPV mortality
by interference cassette

To evaluate the protective effect of the dsie0, dsiel, dsgp64,
and dsie0 + dsiel +dsiel on the mortality of BmNPV, a
total of 1350 silkworms were injected to challenge with
baculoviruses. Five of recombinant baculoviruses containing
BmNPV-IM (as control), BmNPV-dsie0-IG, BmNPV-dsiel-
IM, BmNPV-dsgp64-IM, and BmNPV-dsie0-dsiel-dsgp64-
IG-IM were injected into the silkworm with the concen-
tration of 10%mL, 107/mL and 10%/mL, respectively. The
silkworm death caused by BmNPYV infection was counted
daily (Fig. 5a) and dissected (Fig. 5b, c, d).

The results indicated that when the injected concentra-
tion of baculovirus was 10%/mL, any single-gene interfer-
ence strategy has non-specific protection on the mortality
of the silkworm against BmNPYV infection at 8 d.p.i, except
in the co-interference of multigene (3.33%), compared with
the control (Fig. 5e). However, when baculovirus concen-
tration of 107/mL were injected into B. mori, the mortal-
ity rate decreased to varying degrees (Fig. 5f). Concrete,
the cumulative mortality rates of silkworm were reduced
by 5.56% (dsie0), 17.78% (dsiel), and 12.22% (dsgp64),
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Fig.5 Anatomy of silkworm and mortality statistics. a Infected lar-
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fat body (d) from silkworm larvae infected with recombinant baculo-
viruses BmNPV-dsie0-dsiel-dsgp64-IG-IM was observed by Eclipse

respectively. The results of the cumulative mortality by
BmNPV-dsieO-dsiel-dsgp64-1G-IM showed that multigene
co-interference could reduce mortality by 20% at day 8 post-
infection, compared with control (p < 0.05). The results of
10° / mL BmNPV-injected indicated that the cumulative
mortality rate of the silkworm, which interfered with dsie0,
dsiel, and dsgp64, could be reduced by 23.46%, 46.91%,
and 19.75%, respectively, compared with the control at 8
d.p.i (p <0.05) (Fig. 5g). Interestingly, the lowest mortality
rate for BmNPV infection in silkworm was the multigene
co-interference, which reached the protection rate of 55.56%
at day 8 post-infection, compared with the control (p <0.05).

Discussion

With analyzing the results of virus titer by TCIDs,, we know
that the virus titer of the dsie! model was decreased by 76%
and 61% (p <0.05), respectively, compared with dsie0 and
dsgp64 within 12-36 h.p.i. The multigene co-interference
strategy constructed by MultiBac inhibited the virus titer
with 84%, significantly (p <0.05). The effect of gene expres-
sion level was amplified gradually as the virus increases,
resulting in a better inhibition of the same interference strat-
egy on individuals. (Liu et al. 2015). Similarly, the statistical
results of silkworm mortality also illustrate this point.
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B. mori by different concentrations of BmNPV-infection. e Baculovi-
ral injection of 10%mL, f Baculoviral injection of 10’/mL, g Baculo-
viral injection of 108/mL. (*p <0.05)

Since the iel was an early expression and regulatory gene
of BmNPV replication, its transcript product (mRNA) can
also encode the protein IEO by cleavage, indicating that the
iel has multiple functions of feedback regulation and activa-
tion of other promoters (Valdes et al. 2003). The role of the
iel was interfered and degraded at an early stage, which not
only decreased the expression levels of IE1 and IEQ, but also
regulated the expression. Furthermore, the infection cycle of
baculovirus was a cascade process, which showed that the
inhibitory on the proliferation of BmNPV was more intense
(Sijen et al. 2001). In addition, when the injection concen-
tration is too high, the B. mori had shown the symptoms of
BmNPYV infected and death before the interference mech-
anism has taken works, even as the interference cassettes
constructed on MultiBac were identical to the baculovirus
copies. Consequently, the MultiBac-based co-interference
strategy improved by 1.18-2.81 times, compared with the
single-gene (p < 0.05), and the inhibitory effect of RNAi on
low viral-copy is more pronounced.

Because of the specific expression sequence of RNAI, the
RNAI technology constructed by donor vector can gener-
ate siRNA in the BmN cells, instantaneously or stably, thus
achieving the longtime interference or inhibition (Jiang et al.
2013; Brummelkamp et al. 2002; Chi et al. 2003; Hammond
et al. 2001). The study showed that the recombinant bacu-
lovirus, which contained the interfering cassettes, would be
noticeable interference effect in the early stage of infection
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and weakened gradually in the later stage of the replication
of the virus. Since the impact of poly-gene co-interference is
better than that of the single, it indicates that a recombinant
baculovirus introduces fewer target interference elements,
which may render the deficiency of dsRNA. Additionally,
RNAI has stringent sequence specificity, and the viruses
were likely to mutate and gain an escape mechanism against
RNAI (Elbashir et al. 2001a, b; Leonard and Schaffer 2005;
Robalino et al. 2007). According to the previous MultiBac
system, the multi-gene co-interference system was success-
fully constructed and implemented as expected.

BMES system has the advantages of high expression level
and large capacity of foreign genes. The multiple interfer-
ence elements can be directly introduced into MultiBac by
combining the polyclonal sites of donor vector (Yao et al.
2012a, b). The strategy can effectively avoid the cumber-
some operation of the lipofection technology and give inter-
ference genes the ability to work continuously in the process
of virus proliferation. The multigene co-interference system
can make use of the flexibility of multiple cloning sites and
the interfering gene insertions, providing an experimental
platform for further RNAi mechanism.
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