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Ecdysstriggeringhormone (ETH) isan integration factor
in the ecdysi s process of most insects, including Bombyx
mori (silkwor m). Tounder stand thefunction of the ETH gene
indlkwor m, wedevel oped an effectiveappr cachtoknockdown
the expression of ETH in vivo based on RNA interference
(RNAI) and a binary UAS/GAL 4 expression sysemthat has
been successfully used in other insect species. Two kinds of
transgenic silkwor m wer e established with thismethod: the
effectar grainwiththeETH RNAI sequenceunder thecontrol
of UAS and the activator strain with the GAL4 coding
sequence under the control of Bombyx mori cytoplasmic
actin3. By crossingthetwo strains, double-postivetr ansgenic
silkwor m wasobtained, and their ETH expr ession wasfound
to bedramatically lower than that of each single positive
transgenic par ent. Sever eecdysisdeficiency proved lethal to
thedouble-pasitivetranggenicslkwor mat thestageof phar ate
second ingar larvae, whilethe single positivetr ansgenic or
wild-type silkwor m had normal ecdysis. ThisUAS/GAL4
RNAI approach providesa way to study the function of
endogenoussilkwor mgenesat different development sages.

Keywords ecdysis-triggering hormone; UASGAL4
system; RNAI; transgenic silkworm

RNA interference (RNAI) has been developed as a powerful
tool for gene-specific knockdown in many species
including Bombyx mori (B. mori) (silkworm). Double-
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stranded RNA (dsRNA) molecules can be introduced into
silkworm by direct RNA injection [1-4] or virus infection
[5] to achieve efficient and transient inhibition of target
gene expression. Transgenesis of an RNAI expression
sequence against BmNPV in silkworm generated aheritable
transgenic silkworm line with enhanced resistance to the
virus[6]. We recently reported a heat shock inducible RNAI
strategy in transgenic silkworm to inhibit the expression
of the endogenous ecdysis-triggering hormone gene (ETH)
[7].

The binary UAS/GAL4 system was used widely to
express genes in Medaka [8], Drosophila [9], and Xenopus
[10]. In silkworm, the UAS/GAL4 system has been used
for tissue specific expression of target genes in photo-
receptor cells and silk gland tissue [11]; more often, the
system has been used to knockdown the expression of
target genes[12,13]. However, until now, RNAI based on
the binary UASGAL4 system has not been reported in
silkworm.

In this study, we developed in silkworm a new
transgenic RNAI approach based on the binary UASGAL4
system that successfully inhibited ETH gene, an important
endogenous gene involved in regulating ecdysis behavior
ininsects [14-16]. In this method, piggyBac-mediated
transgenesis was used to generate an effector transgenic
silkworm line with an UAS element-driven DNA fragment
coding for the RNAIi sequences against the ETH gene and
an activator transgenic silkworm line with B. mori
cytoplasmic actin3 (BmA3) promoter-controlled GAL4
sequence. Double-positive transgenic silkworms were
produced by crossing the two lines, and they showed
decreased ETH expression and ecdysis deficiency in
pharate second instar larval stage.

M aterials and M ethods
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Plasmid construction

For generating the activator vector containing BmA3-GAL4,
BmAS gene promoter sequence was polymerase chain
reaction (PCR)-amplified from the plasmid pigA3 with the
primers (up) 5'-CACTCGAGTGCGCGTTACCATATA-
TGGTGA-3 and (down) 5'-TAGCGGCCGCTTGAATTA-
GTCTGCAAGAAAAG-3', which contained Xholl and
Notl sites respectively (underlined). The amplified fragment
was treated with Xholl and Notl and then ligated into the
vector pcDNA3.1 (Invitrogen, Shanghai, China) to form
the construct pPBmA3. The open reading frame of yeast
transcriptional activator GAL4 gene was obtained from
the pChs-Gal4 plasmid by Hindlll digestion, and it was
ligated into the multiple cloning site of the vector pEGFP-
N1 (Takara, Dalian, China) to be the vector p-N1-GALA4.
Then, the GAL4-SV40 polyA fragment was cut off from
the p-N1-GAL4 by EcoRI and Aflll and was inserted
downstream of BmA3 promoter into the vector pBmAS.
From this vector, the BmA3-GAL4-SV 40 polyA fragment
was cut out and then inserted into the Nhel and Aflll site
of the vector pBac{3xp3-EGFPam} to generate the
activator vector pBac{ 3xp3-EGFP-BmMA3-GAL4af} .

To generate the effector vector containing cDNA coding
for ETH RNAI, complete ETH code sequence was first
cloned from silkworm. Total RNA was extracted from the
epitracheal gland of the fifth instar larvae with RNeasy
mini isolation kit (Qiagen, Shanghai, China) and reverse-
transcribed by SuperScript |1 (Takara) with oligo(dT) primer
in a reaction volume of 10 pl. Asthe template for PCR
amplification of ETH cDNA, 2 ul of reverse transcription
(RT) product was used with 30 cycles of 94 °C for 30 s,
60 °C for 40 sand 72 °C for 30 s. The primer sequences
were (upl) 5'-CTGTCGACATGACTTCAAAATTG-
ACAATGATG-3', (downl) 5'-GTCTGCAGTTTCTT-
CATGCTTCCCATTTTTTT-3, (up2) 5'-ACGGGCCCA-
TGACTTCAAAATTGACAATGATG-3, and (down2) 5'-
GTCCGCGGTTTCTTCATGCTTCCCATTTTTTT-3',
which contained Sall, Pstl, Apal and Sacll sites,
respectively (underlined). The two PCR fragments (with
primer pair of upl/downl or up2/down2) were treated
with respective restriction enzymes and ligated tail to tail
into multiple cloning site of the vector psiRNA to form the
vector psiETH. An intron from fibroin light chain gene
was PCR-amplified from silk gland genomic DNA with
primers, (up) 5'-CACCGCGGAGCCCACCTGGTGTT-
AAGTGGTGA-3' and (down) 5'-CACTGCAGTTACT-
GGTGGTAGGACCTGTTGTG-3' containing Sacll and
Pl sites, respectively (underlined). The amplified fragment
was treated with Sacll and Pstl and ligated into the vector

psiETH. The double-stranded ETH (DsETH)-intron-SvV40
polyA fragment from this construct was excised with Sall
and Pstl, and ligated into the vector pUAS to form the
vector pUAS DsETH. Then, the UAS-DSETH-SV40 polyA
fragment was excised and inserted into the vector
pcDNA3.1 to obtain the vector pcDNA-UAS-DSETH.
Finally, the UAS-DSETH-SV40 polyA fragment was
inserted into the vector pBac{ 3xp3-EGFPaf} to generate
the effector vector pBac{ 3xp3-EGFP-UAS-DsETHaf} .

The sequence of the PCR products and resulting
plasmids were confirmed by sequencing performed by a
commercial service provider (Invitrogen).

B. mori strains and transgenic silkworm production
Transgenic silkworm was constructed under piggyBac
transposon introduction by way of microinjection the
mixture of the helper pigA3 plasmid and the transgenic
vector [17]. The effector or the activator construct and
the transposase carrying the helper plasmid pigA3 were
injected mid-ventrally into the preblastoderm eggs.
Afterwards, the eggs were incubated until hatching in a
humidified chamber at 25 °C. Hatched larvae were
transferred onto mulberry leaves. Positive G, larvae were
sdlected and reared individually. The genotype of transgenic
silkworm was analyzed by PCR. The sequence of primer
pairsfor UAS ETH and GAL4, respectively, were (UpUAS)
5'-GGTCGGAGTACTGTCCTCCG-3'; (dnETH) 5'-TCG-
AACGGCAAACTGTAGAC-3', (upGAL4) 5'-AAGAT-
GAAGCTACTGTCTTCTA-3, and (dnGAL4) 5-TTAC-
GATACAGTCAACTGTCTTTGA-3.

Real-time RT-PCR analysis

Total RNA was prepared fromthe 7 d embryos, first instar
and pharate second instar larvae of effector [A(-)E(+)],
activator/effector [A(+)E(+)], activator [A(+)E(-)]
transgenic lines and wild-type silkworm using RNeasy Mini
Isolation kit (Qiagen) and treated with RNase-free DNasel
(Promega, Madison, USA) [18]. Subsequently, cDNA were
synthesized. The sequence of primer pairs for ETH,
DsETH and GAL4 were (UpETH) 5'-CGCTAAACACAG-
CACCGTGAAC-3, (dnETH) 5'-TCGAACGGCAAACT-
GTAGAC-3, (upDSETH) 5'-CGCGCGGACTCACAAC-
AGGT-3, (dnDsETH) 5'-TATCCCATCACGTCCTCATC-
3, (UpGAL4) 5-AGTGCTCCAAAGAAAAACCGA-3,and
(dnGAL4) 5'-GGTCTTCTCGAGGAAAAATCAG-3'.
Quantitative PCR measurement was performed with
EvaGreen fluorescence dye (Biotium, Hayward, USA) on
a Rotor-Gene 3000 Detection System (Biocompare, South
San Francisco, USA). The RNA level for each group was
measured intriplicates and normalized to aninternal control
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Fig. 1 Physical map of activator and effector transgenic vectors

(B)

Nhel
UAS promoter

The effector
8700 bp

Right hand

(A) The activator transgenic vector pBac{ 3xp3-EGFP-BmMA3-GAL4af}

consists of the full open reading frame of the yeast transcriptional factor GAL4 under the control of Bombyx mori cytoplasmic actin3 (BmA3)
promoter and, in the opposite transcription orientation the enhanced green fluorescent protein gene (EGFP) under an eye-specific expression
promoter 3xp3 as the transgenic screening marker. (B) The effector vector pBac{ 3xp3-EGFP-UAS-DsETHaf} consists of the DNA-binding motif
(UAS) for GAL4 linked to the tandem sequence of sense and antisense complementary DNA from the targeted gene ecdysis-triggering hormone (ETH)
and the 3xp3 driven EGFP gene in the opposite transcription orientation. Gray bars represent left arm and right arm of the piggyBac transposon.

of B. mori GAPDH.

Statistical analysis

Mean values and standard error were calculated for each
group, and groups were compared using Student’ s t-test.
P<0.05 denotes a statigtically significant difference. P<0.01
denotes a statistically very significant difference.

Results

Production of the binary UAS/GAL4 RNAI expression
system in transgenic silkworm

The physical maps of the plasmids of the UAS/GAL4-
mediated RNAi system areillugtrated in Fig. 1. The GAL4
open reading frame was placed downstream of the BmA3
gene promoter to achieve a stable expression of GAL4
protein in silkworm [Fig. 1(A)]. The ETH sense and
antisense cDNA sequences were joined tail to tail and
located downstream of the UAS promoter in order to

transcribe the DSETH RNA activated by the GAL4 protein
[Fig. 1(B)].

Both plasmids contained the enhanced green fluorescent
protein gene (EGFP) driven by eye-specific expression
promoter 3xp3, which served as a screening marker for
transgenic silkworm. Both plasmids also contained the left
and right arm of the piggyBac transposon.

Following piggyBac-mediated transgenesis, hatched
larvae (G,) were kept to develop into moths. The resulting
G, moths were allowed to intercross to produce the G,
silkworm. The insertion of aforeign gene into the silkworm
genome was confirmed in the effector transformed lines
by inverse PCR using genomic DNA extracted from the
silk glands of G, larvae. The genomic junction sequences
of 390, 235 and 58 bp, which flanked the 5' piggyBac
inverted terminal repeat in three transgenic lines, were
analyzed (Table 1). The search in Silkworm Knowledge-
base (http://www.ncbi.nlm.nih.gov/sutils/genom_table.
cgi organism=insects) confirmed that these junction

Table 1 Identification of the genomic insertion of the UAS-DSETH vectors in G, transformed lines by inverse PCR

UAS-DSETH No. G1 linelength (bp)

5'-genomic sequence

1 390
2 235
3 58

GGCCTTAAACAATAACAATCGACGCACG (Haelll site)
GGCCTTAAAATATAATTGATACTGTACA (Haelll site)
GGCCTTAATGATGCCCGTTTACGATAGT (Haelll site)

DsETH, double-stranded ecdysis-triggering hormone.
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Fig. 2 RNA interference inhibition of ecdysis-triggering hor mone expression leads to a lethal ecdysis deficiency at the stage of
pharate second instar larvae (A) The genotypes of the offspring from the crossing between the activator and effector silkworms. (C) The
lethal ecdysis deficiency was observed at the stage of pharate second instar larvae in the double-positive transgenic silkworm, but not in (B) the
activator transgenic silkworm, (D) the effector transgenic silkworm and (E) the wild-type silkworm. (F) The distribution of four genotypes in
100 offspring larvae from the crossing between activator and effector silkworm. DSETH, double stranded ETH; W, wild type; A, activator; BmA3,
Bombyx mori cytoplasmic actin3; E, effector; A/E, activator/effector; WT, wild type.

sequences were derived from the B. mori genome.

RNAI inhibition of ETH leads to the lethal ecdysis
deficiency in pharate second instar larvae

Insects undergo multiple devel opmental stages during their
life cycle, and each transition requires molting and ecdysis
to produce a new epidermis and shed the old cuticle. ETH
activates the ecdysis behavior by direct actions on the
central neurons system [14]. Positive transgenic silkworm
was screened by EGFP fluorescence signal, and moths
of the effector line and the activator line were intercrossed
[Fig. 2(A)]. Thelarvaefromthis crassing protocol contained
four different genotypes that were identified by PCR
analysis of the larvae genomic DNA: (1) wild type, [A(-)
E(-)]; (2) activator lines, [A(+)E(-)]; (3) effector lines,
[A(-)E(+)]; and (4) double-positive (activator/effector)
lines, [A(+)E(+)]. The segregation ratio of the progeny of
the cross was nearly 1:1:1:1, as expected, indicating that
thetransgeneswere stably inherited ina Mendelian fashion

[Fig. 2(F)]. At the stage of pharate second instar larvae,
severe ecdysis deficiency proved lethal to the double-
positive silkworm, as identified by PCR [Fig. 2(C), red
arrow]. This was not observed in the control larvae
[Fig. 2(B,D,E), black arrow].

ETH expression was knocked down in the lethal
pharate second instar larvae

Real-time quantitative PCR analysis showed that ETH
expression was markedly knocked down at mRNA level
in the double-positive pharate second instar larvae, but no
changes in ETH expression were found in the control
larvae [Fig. 3(A)]. The GAL4 gene was highly expressed
in the double-positive pharate second instar larvae and the
activator transgenic larvae, but it was not expressed in the
effector transgenic larvae and thewild-typelarvae [Fig. 3(B)].

ETH and DSETH expression patter ns wer e analyzed
at mRNA level in transgenic and wild-type silkworm
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Fig. 3 Real-time quantitative PCR analysis of ecdysis-triggering hormone (ETH) and GAL4 expression in silkworm with different

genotypes

(A,B) RNA samples from 20 pharate second instar larvae of the activator, effector, double-positive and wild-type silkworm,

respectively, were prepared and subjected to real-time quantitative PCR. Data are shown as the mean+SD. Three independent experiments were
performed. A, activator; E, effector; A/E, activator/effector; WT, wild type. ***P<0.005.

ETH geneis expressed specifically in epitracheal gland of
insects [18]. The ETH expression level increases before
pre-ecdysis and then declines after ecdysis stage in insects
[19]. We assayed ETH expression at different devel op-
mental stages in silkworm. Total RNA was prepared from
7 d embryos, first instar larvae, and pharate second instar
larvae from double-positive silkworm and wild-type
silkworm. As quantified by real-time quantitative RT-PCR,
the ETH mRNA expressions in the wild-type silkworm
[Fig. 4(A)] as well asthe single transgenic lines (data not
shown) were high at pharate second instar larval stage
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and relatively low at first instar stage. In contrast, only in
the double-positive transgenic lines, DSETH RNA
molecules, which serve as RNAIi against ETH, were
produced at highlevelsat all developmental stages, including
the pharate second instar larval stage [Fig. 4(B)].

Discussion

In this paper, we described a new approach for efficient
and specific inhibition of an endogenous gene in transgenic
silkworm by RNAI based on the binary GAL4/UAS system.
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Fig. 4 Real-time quantitative PCR analysis of the expression pattern of ecdysis-triggering hormone (ETH) and double-stranded
ETH (A) RNA samplesfrom 50 7 d embryos, 50 first instar larvae and 20 pharate second instar larvae of wild-type silkworm were prepared and
subjected to real-time quantitative PCR analysis. (B) RNA samples from 50 7 d embryos, 50 first instar larvae and 20 lethal larvae of the double-
positive transgenic silkworm were prepared and subjected to real-time quantitative PCR analysis. Data are shown as the mean+SD. Three
independent experiments were done. 1IL, first instar larvae; P2IL, pharate second instar larve; 7DE, 7 d embryos; DsRNA, double-strand RNA,;

A, activator; E, effector; A/E, activator/effector; WT, wild-type.
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Tissue-specific knockdown of a gene could be achieved
by selecting an appropriate promoter to drive the
expression of the activator GAL4. We believe this system
will become more powerful as different types of GAL4
transgenic silkworm are generated.

The system was tested with ETH as the target gene in
the current study. Two lines of transgenic silkworm, the
UAS-driven ETH RNAI effector line and the BmA3-driven
GAL4 activator line, were established using the piggyBac-
mediated transgenesis technique. After crossing the two
strains, severe ecdysis deficiency accompanied by a dra-
matic decreasein ETH mRNA level proved lethal to nearly
all the double-positive transgenic silkworm at the stage of
the pharate second instar larval. This phenomenon was
consi stent with the result from a recent study of Drosophila
[19] in which mutations in the ETH gene lead to a lethal
ecdysis deficiency.

ETH is an integration factor for regulating the ecdysis
behavior of insects [14-16,19,20]. Our study of ETH
expression pattern sin silkworm showed higher ETH RNA
levels at the stage of the pharate second instar larval than
that at thefirst instar larval. This suggests ETH may play
more important roles in the ecdysis process at the second
instar larval stage, which may explain the lethal phenotype
at the second instar larval stage observed in the study.

Although the UAS/GAL4-mediated RNAI system has
been successfully used in many other species, thisis the
first report, to our knowledge, of its applicationin silkworm.
The approach developed here allowed us to study the
function of silkworm genes in vivo in specific cell types
and at different development stages.
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