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Bombyx mori nucleopolyhedrovirus (BmNPV) is the primary pathogen of silkworms, causing severe eco-
nomic losses in sericulture. To create antiviral silkworm strains, we constructed a transgenic vector in
which the dsRNA for five tandem BmNPV genes was controlled by the BmNPV hr3 enhancer and IE1 pro-
moter. The antivirus gene Bmlipase-1 was driven by B. mori midgut-specific promoter P2. Transgenic

strains (SW-H) were generated via embryo microinjection using the practical silkworm strain SW. After
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infection with a high dose of BmNPV, the survival rates of SW-H and non-transgenic SW were 64% and
13%, respectively. SW-H could be the first transgenic animal that is highly antiviral and that might inhibit
the virus at multiple stages of infection.

© 2013 Elsevier B.V. All rights reserved.

Virus infection is a severe threat to plants, animals, and hu-
mans, so antiviral research occurs worldwide. We use Bombyx mori,
a common lepidopteran model (Xia et al., 2009, 2004), for antiviral
studies. Silkworm is an important economic insect used in the silk
industry. In 2010, the Chinese industrial output of cocoons was
19.11 billion Yuan and the silk output was 195.92 billion Yuan.
However, silkworm diseases can cause serious losses of almost
20% of the cocoons each year.

B. mori nucleopolyhedrovirus (BmNPV) is the primary pathogen
of silkworms. BmNPV is enveloped with a circular double-strand
DNA genome (Kondo and Maeda, 1991). For many years, silkworm
breeders have attempted to generate antiviral strains. Traditional
breeding methods have several limitations however, so far, no suc-
cess case has been reported. Transgenic technology could help to
generate antiviral species. Previous reports demonstrated that
overexpression of antiviral genes (Jiang et al., 2012a,b) or silence
of viral genes (Jiang et al., 2012c; Kanginakudru et al., 2007) by
transgenic technology can enhance the resistance of silkworm to
viruses. In the study presented here, we optimized and integrated
the two methods that overexpression of antiviral gene and RNAi of
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viral genes, and created a new transgenic silkworm strain (SW-H1)
that is strongly anti-BmNPV.

Endogenous Bmlipase-1 is a midgut-specific protein with anti-
viral function in the gut juice of silkworm larvae (Ponnuvel et al.,
2003). Overexpression of Bmlipase-1 under the control of BmNPV
IE1 promoter (IE1P) results in activity in almost all tissues that
can enhance the viral resistance of silkworms (Jiang et al.,
2012b). As an improvement, we cloned the midgut-specific P2 pro-
moter (GenBank accession number KC573068) with high activity
in the silkworm (Jiang et al., 2013) to drive Bmlipase-1 in pb-HPFL
(Fig. 1). Silencing the BmNPV gene, which is essential for the virus,
inhibited viral proliferation. IE1P combined with BmNPV hr3 en-
hancer was an ideal promoter for RNAi (Jiang et al., 2012c). Previ-
ous studies suggested that targeting multiple pathogen genes by
RNAiI is a valid strategy to improve therapeutic effects (Ramirez-
Carvajal and Long, 2012; Shah and Schaffer, 2011). In the study
presented here, we generated a synthetic DNA sequence named
FS (Sup. 1) that contained fragments of i.e.-1, gp64, lef-1, lef-2,
and dnapol, which are BmNPV essential genes (Gomi et al., 1999;
Schultz and Friesen, 2009; Zhou and Blissard, 2008). The dsRNA
of the five tandem genes was controlled by the hr3 enhancer and
IE1P in pb-HPFL (Fig. 1).

SW is a practical diapause silkworm strain. The generation of
nondiapause embryos, microinjection, and screening of transgenic
silkworms were performed as previously described (Jiang et al.,
2012a,b,c) to generate 387 injected embryos and 226 hatched
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Fig. 1. Schematic diagram of the transgenic vector. 3 xP3-EGFP-SV40 is the report
marker of transgenic basic vector PiggyBac [3xp3 EGFP afm]; piggyBacL and
piggyBacR, left and right terminal inverted repeats. Hr3, BmNPV enhancer; IE1P and
P2, BmNPV IE1 promoter and a B. mori midgut-specific promoter; FS, synthetic DNA
sequence with fragments of five essential BmNPV genes: ie-1, gp64, lef-1, lef-2, and
dnapol; FA, reverse complementary sequence of FS; A3intron, spacer (Jiang et al.,
2012c); Bmlipase-1, coding sequences of Bmlipase-1; SV40, polyadenylation signal.

larvae. The method resulted in 51 G1 broods and 21 EGFP-positive
broods. We randomly selected three transgenic lines (named SW-
H1, SW-H2, and SW-H3) for investigation. Each transgenic line
contained only one insertion and the insertion site was located in
an intergenic region (data not shown).

Resistance was investigated by oral inoculation of wild BmNPV
with 5 x 10° occlusion bodies (OB) per third instar larva (Jiang
et al., 2012a,b,c). Each transgenic line and nontransgenic SW had
three infected replicates with three noninfected replicates as con-
trols. Each replicate included 60 larvae. Cumulative survival rates
were recorded daily until 10 days post infection (dpi) (Jiang
et al., 2012a,c). Survival rates were 64% for SW-H1, 61% for SW-
H2, 60% for SW-H3, and 13% for SW. Compared to SW, the resis-
tance of SW-H was significantly increased and the survival rate
of SW-H1 was increased by 51%. All untreated silkworms SW(C)
survived (Fig. 3). Repeat experiments showed similar results (data
not shown). Results of qPCR showed that, at 48 h post infection
(hpi), the level of accumulated BmNPV DNA (Jiang et al,
2012a,b,c) in SW-H was less than 20% of the level of SW
(Fig. 2C). These results indicated that SW-H significantly sup-
pressed BmNPV proliferation.

Bmlipase-1 inhibits BmNPV at the initial stage of viral infection
(Ponnuvel et al., 2003). Increased expression in the midgut could
enhance the resistance of transgenic silkworms (Jiang et al.,
2012b). The mRNA levels of Bmlipase-1 in third instar larvae and
the fifth instar silkworm midgut of SW-H were about 40% and
90% higher than SW, respectively (Fig. 2A). These results suggested
that SW-H might suppress BmNPV at the initial stage of infection.
Knockdown of a BmNPV gene suppresses the virus at the prolifer-
ation stage (Jiang et al.,, 2012c; Kanginakudru et al., 2007). Re-
cently, Subbaiah et al. (2013) generated an improved transgenic
silkworm by silencing multiple BmNPV genes, which conferred
greater protection than targeting a viral gene (Subbaiah et al,,
2013). To analyze data at 48 hpi, the expression of FS in SW-H1
was set to 1 for standardization. By this method, the mRNA of
ie-1 in SW-H was about 17% and gp64 was about 25% compared
to SW (Fig. 2B). This suggested that SW-H inhibited viruses at
the multiplication stage by silencing BmNPV genes. The results
showed that SW-H might inhibit BmNPV at multiple stages of viral
infection. This strategy could be a valuable reference for studies
with other animals. To the best of our knowledge, SW-H is the first
transgenic animal with strong antiviral properties that might sup-
press virus at multiple infection stages. The economic traits of SW-
H were not changed (Fig. S1) although viral resistance was signif-
icantly enhanced (Fig. 3). Currently, SW-H is being tested for
safety.

In conclusion, we created a transgenic silkworm strain with
strong antiviral characteristics that could be used in sericulture
to prevent economic loss. This transgenic silkworm might suppress
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Fig. 2. qPCR analysis of transgenic silkworms. (A) Expression of Bmlipase-1 in larvae
and midguts. RNA of newly exuviated third instar larvae, third instar molt larvae,
and midgut of fifth instar larvae of SW, SW-H1, SW-H2 and SW-H3, extracted and
digested with RNase-free DNase I. RNA samples were reverse-transcribed to cDNA
for analysis of Bmlipase-1 by qPCR using primers Bmlip-1QRT (Sup. Table 1). (B)
Viral gene mRNA. Total RNA was extracted from SW, SW-H1, SW-H2 and SW-H3 at
48 hpi. RNA samples were obtained from 10 treated larvae. FS, ie-1, and gp64 were
analyzed by qPCR with primers FS-QRT, ie1-QRT, and gp64-QRT (Sup. Table 1).
Average FS level in SW-H1 was 1 for normalization. (C) Analysis of viral DNA
content. Total DNA was extracted from 10 treated larvae at 48 hpi. Accumulated
BmNPV DNA content was analyzed by qPCR using primers GP41 and BmGAPDH
(Jiang et al., 2012a,b). SW average was 100% for standardization of transgenic lines.
Bars are standard deviations. Significant differences of Student’s t-test: **P < 0.01.
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Fig. 3. Survival curve of transgenic silkworms. Four silkworm strains, SW, SW-H1,
SW-H2, and SW-H3, were orally inoculated with BmNPV with 5 x 10° OB per third
instar larva. Each larva ingested the same OBs dose. Accumulative survival rate to
10 dpi is shown from an average of three infection replicates. SW(C), noninfected
control. Bars are standard deviations. Significant differences of Student’s t-test:
**P<0.01.

virus at multiple stages of viral infection, and could pave the way
for antiviral studies in the other animals.
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