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Abstract

RNA interference (RNAI) caused by exogenous double-stranded RNA (dsRNA) has developed
into a powerful technique in functional genomics, and to date it is widely used to down-regulate
crucial physiology-related genes to control pest insects. A molt-regulating transcription factor
gene, HaHR3, of cotton bollworm (Helicoverpa armigera) was selected as the target gene. Four
different fragments covering the coding sequence (CDS) of HaHR3 were cloned into vector L4440
to express dsRNAs in Escherichia coli. The most effective silencing fragment was then cloned into a
plant over-expression vector to express a hairpin RNA (hpRNA) in transgenic tobacco (Nicotiana
tabacum). When H. armigera larvae were fed the E. coli or transgenic plants, the HaHR3 mRNA and
protein levels dramatically decreased, resulting developmental deformity and larval lethality. The
results demonstrate that both recombinant bacteria and transgenic plants could induce HaHR3
silence to disrupt H. armigera development, transgenic plant-mediated RNAi is emerging as a

powerful approach for controlling insect pests.
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Introduction

RNA interference (RNAI) is an innovative and
efficient molecular biology tool to down-regulate the
expression of genes specifically. The first documenta-
tion of an RNA-silencing phenomenon was by
Jorgensen and coworkers [1], who unexpectedly not-
ed transgenic petunia-induced gene silencing when
they tried to over-express the chalcone synthase gene
to enrich flower pigmentation. The underlying
mechanism of this phenomenon was unveiled by
Andrew Fire and Craig Mello’s work [2], for which
they were awarded the Nobel Prize in 2006. They
systematically clarified that double-stranded RNA
(dsRNA) was more effective than either sense or an-
tisense RNA in silencing genes, and they termed this
dsRNA-induced silencing phenomenon RNAi. To
date, many breakthroughs have been achieved in this
area. Significant progress has been made in under-

standing the molecular mechanisms of RNAi and
developing applications of it, and it is now clear that
RNAI is a conserved mechanism in many eukaryotes
[3/4,5].

Most eukaryotic organisms, including insects,
possess common machinery for sequence-specific
post-transcriptional gene silencing that is triggered by
the presence of dsRNA, resulting in the silencing of
expression of the targeted mRNA. RNAi has proven
useful in functional genomic research on insects, and
it also has been considered a potential tool for con-
trolling agricultural pest insects because of its high
specificity [6].

The cotton bollworm, Helicoverpa armigera, is one
of the most serious herbivorous insect pests of cotton,
corn, vegetables and other crops throughout the
world. It can be controlled by insecticides and Bacillus
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thuringiensis (Bt) toxin-containing cotton, which is
very effective in China [7]. However, several im-
portant insect pests are not amenable to Bf-toxin con-
trol, and there is an imminent danger of at least some
species, including H. armigera, developing Bt re-
sistance [8,9,10]. Field trials conducted over 10 years
in northern China have shown that mirid bugs have
progressively increased in population and have ac-
quired major pest status because of a regional increase
in Bt cotton adoption [11]. At the same time, the in-
creasing use of insecticides has resulted in many
problems, such as environmental residual pollution,
harm to natural enemies, insect resistance and sec-
ondary pest outbreaks [12,13,14].

With the progression of RNAi research, RNAi
provides an alternative tool for controlling pests. Ex-
pression of dsRNA in transgenic plants directed
against crucial insect target genes protects plants from
insect pests, paving the way for a new generation of
insect-resistant transgenic crops [15]. Mao et al. si-
lenced a cotton bollworm P450 monooxygenase gene
by plant-mediated RNAi, impairing larval tolerance
in the gossypol [16,17]. Baum et al. engineered trans-
genic corn plants expressing western corn rootworm
(WCR) dsRNAs and observed a significant reduction
in WCR feeding damage in a growth chamber assay
[18]. Zha et al. silenced the hemipteran insect Nilapar-
vata lugens midgut genes by dsRNA-transgenic
plant-mediated RNAi [19]. Pitino et al. developed
plant-mediated RNAI technology for aphids to allow
for gene silencing in the aphid natural environment
[20]. A tobacco rattle virus vector was used to produce
dsRNA in the host plant Nicotiana attenuata to transi-
ently silence midgut genes of the plant’s lepidopteran
specialist herbivore (Manduca sexta), providing a rapid
and transient means of silencing insect pest genes by
plant-mediated RNAi [21]. Zhu et al. reported that
pest resistance is improved in transgenic tobacco
plants expressing dsRNA of EcR from the cotton
bollworm [22]. Thus, plant-mediated RNAi is a
promising pest-control strategy for future plant pro-
tection, and transgene-encoded ingestible dsRNAs
may one day stand alongside Bt transgenes in insect
management programs [8].

Insects belong to the phylum Arthropoda, which
undergo a well-known molting process. They are
obliged to remove old shells or cuticles to grow and
develop. Following a genetically specified number of
molting cycles, they can enter a pupal stage, during
which they undergo metamorphosis to their adult,
reproductive form [23]. 20-Hydroxyecdysone (20E)
and juvenile hormone (JH) coordinately orchestrate
insect growth and development [24]. In recent dec-
ades, these two insect growth and developmental

hormones have been mimicked by chemically insecti-
cides in the field [25]. Successful application of these
chemical insecticides suggests that regulating molting
or metamorphosis can be used as an effective means
to control pest insects.

Because HR3 plays a key role during metamor-
phosis by regulating metamorphosis-related genes
expression [26, 27], we selected it as a potential target
gene for RNAIi research to control H. armigera. In this
context, a molt-regulating transcription factor gene,
HaHR3, was cloned from cotton bollworm. Four
dsRNA-HaHR3 fragments were expressed in E. coli,
which was fed to the insects. The fragment that was
most effective at silencing HaHR3 was then selected
for transgenic tobacco plant generation. Feeding bio-
assay showed that, both recombinant bacteria and
transgenic plants induced H. armigera developmental
deformity and larval lethality.

Results and Discussion

Molecular cloning of HaHR3 transcription
factor gene from H. armigera

A hormone receptor 3 (HR3) gene was selected
as our target among insect hormone regulation net-
work genes. A 1671 bp full CDS sequence was ob-
tained by our early work [28]. We named it HaHR3
(GenBank accession number: FJ009448). Multiple se-
quence alignment results showed that our PCR
products shared 98.50% identity with HHR3 (Gen-
Bank accession number: AF337637) cloned by Zhao
[29]. There are also 2 amino acids differences between
protein HaHR3 and HHR3. This difference can be
explained by genetic isolation because insect samples
are from different geographical regions.

Although the RNAI effect is specific, the under-
lying biological risk of plant-mediated RNAI still ex-
ists because of potential off-target silencing effects of
homologous genes that share high identity with the
target insect gene [22]. We selected molting as the
physiological target because it is one of the most im-
portant processes for insect development and it has
been considered a target process to control pest in-
sects for decades. Field applications show that diverse
insecticides that target molting are safe to beneficial
insects and are selectively toxic to lepidopteran pests
[30]. Therefore, we focused our attention on the in-
sect-specific metamorphosis regulation network gene
HR3, which regulates metamorphosis-related tis-
sue-specific gene expression [29], to develop a trans-
genic plant that would induce RNAi.

The NCBI Conserved Domains prediction
(http:/ /www.ncbi.nlm.nih.gov/cdd) results showed
that, like other members of the nuclear receptor (NR)
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superfamily of ligand-activated transcription factors,
HaHR3 contained a predicted DNA-binding domain
(DBD), a variable N-terminal domain, a
non-conserved hinge and a ligand-binding domain
(LBD) (Supplementary Material: Figure S1A). The
DBD of retinoid-related orphan receptors is composed
of two C4-type zinc fingers, and each zinc finger con-
tains a group of four Cys residues that coordinate a
single zinc atom.

In the process of RNAI, the siRNAs serve as
guides for endonucleolytic cleavage of homologous
mRNA in association with the RNA-induced silencing
complex (RISC) [31]. When RISC combines with the
target mRNA, large variations in degradation effi-
ciency can be observed, because different siRNAs can
bind to different sites on the same target mRNA
[32,33]. In present research, different dsRNAs were
produced in bacteria, and every dsRNA was assumed
to be processed into a group of siRNAs for RISC after
insect ingestion. Different mortalities were observed
with different dsRNAs. Several hypotheses have also
been proposed to explain this RNAI efficiency phe-
nomenon, such as local protein factor positional ef-
fects, sequence-dependent mRNA phosphorylation
and the local structure of the target mRNA [34]. The
target mRNA secondary structure and accessibility
may be the most important factor determining si-
lencing efficiency [35] because different mRNA sec-
ondary structures have different binding or recogni-
tion capacities for guide siRNAs. Similarly to our
study, Zhang et al. [36] selected two interference
fragments of CiHR3 for feeding bioassays, and their
results showed that feeding with CiHR3-12 dsRNA
was more effective than CiHR3-I1. Our prediction
results of siRNA binding with Sfold also indicated the
possibility of various RNAi efficiencies.

The HaHR3 mRNA secondary structure was
predicted by the Sfold web server
[37](http:/ /sfold.wadsworth.org) to design interfer-
ence fragments. A higher probability means a frag-
ment was more likely to silence HaHR3 (Supplemen-
tary Material: Figure S1B). Because there was no ob-
vious concentrated region of high probability, four
fragments (1, 2, 3 and 4) covering the full CDS, with
lengths between 400 and 600 bp, were selected for
further research (Supplementary Material: Figure
S1A).

H. armigera shows developmental deformities
after feeding on bacteria expressing dsR-
NAs-HaHR3

After we transformed the constructed vector
L4440-HaHR3 into HT115 competent cells, total RNA
and dsRNA were extracted by different methods. Gel

separation showed that dsRNAs were extracted effec-
tively by both methods and that every dsRNA frag-
ment, including dsRNA-EGFP, was expressed suc-
cessfully in HT115 cells (Figure 1).
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Figure |. Identification of dsRNA-HaHR3 and dsRNA-EGFP
fragments produced in bacteria. (A) Total RNA extracted from
bacteria using a bacterial RNA-specific extraction kit. (B) dsRNAs ex-
tracted from bacteria using the modified LiCl method. M: DL2000 Marker;
Lanes |-I, 2-l, 3-I, 4-l and G-l mean IPTG was added into the bacterial
samples [4440-frag.l, L4440-frag.2, L4440-frag.3, L4440-frag.4 and
L4440-frag.EGFP, respectively; lanes 1, 2, 3, and 4 and G mean no IPTG was
added (negative controls).

After feeding H. armigera the artificial diet con-
taining dsRNAs for 7 days, the bioassay results
showed that the four different dsSRNA-HaHR3 frag-
ments increased H. armigera mortality. The mortality
increased rapidly on day 3-4 after feeding dsR-
NA-HaHR3; on day 3, the mortality of feeding with
dsRNA-HaHR3-fragment 1 (dsFrag.l) and dsR-
NA-HaHR3-fragment 3 (dsFrag.3) showed significant
differences with dsRNA-EGFP. On day 4, the mortal-
ity caused by all four dsRNA-HaHR3-fragments
showed significant differences compared to dsR-
NA-EGFP (P<0.05). The mortality plateaued on day
6-7. dsFrag.l, which caused the highest mortality,
showed a significant difference (P<0.01) with dsEGFP
starting on day 5. On day 7 after feeding with
dsFrag.1, the mortality went up to 36.22% (Figure 2B).

Quantitative RT-PCR showed HaHR3 mRNA
had a periodic expression profile of 72 h, coincident
with the H. armigera molting progress. HtHR3 mRNA
increased ~35-fold, then decreased significantly fol-
lowing this peak. Zhao also proved that HHR3 ex-
pression exhibited developmental variations in vari-
ous tissues [29]. This periodic expression profile of
HaHR3 in whole larvae was coincident with the pre-
vious results in some extend. After feeding H. armigera
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with four different dsSRNA-HaHR3 fragments for 48
hours, the HaHR3 gene was silenced successfully
(Figure 3). All four fragments showed steady sup-
pression compared to the dsEGFP (P<0.05), and there
was no significant difference among four different
fragments (Figure 3).

From basic to applied research, RNAi induction
approaches in insects have mainly gone through in-
jection, feeding and transgenic plants mediation.
RNAIi has been used as a tool in reverse genetics to
study insect gene function. Most of these experiments
have been conducted by injecting dsRNA into the
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insects directly [38,39], which is able to operate under
experimental conditions but not feasible to control
pest insects in the field. The RNAIi feeding protocol
has several distinct advantages over injection [40]. For
instance, it is extremely convenient for performing
RNAIi experiments in a large number of insects or
with different genes, and it has potential for applied
research. Since the first two successful experiments on
transgenic plant-mediated RNAi to control insects
were published [16,18], this approach has emerged as
an effective tool for protection of plants against insect
pests [19,20,22].
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Figure 2. Phenotype and mortality of H. armigera feeding with different bacterial-expressed dsRNAs. (A) H. armigera molting and pupation
failure led to mortality. (B) Ingestion of artificial diet containing different dsRNA fragments on the indicated days (1-7) caused lethality. dsFrag.l, -2, -3, and
-4 and dsEGFP mean dsRNA-HaHR3-fragment |, 2, 3, and 4 and dsRNA-EGFP, respectively. Mortality values consist of means + standard deviation. Asterisk
indicates significant difference from control group, P<0.05; two asterisks indicate P<0.01.
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Figure 3. The relative expression of HaHR3 in H. armigera. qRT-PCR analysis of HaHR3 expression. HaHR3 relative expression level in H. armigera
that fed on dsRNA fragments; ds Frag.1,2,3,4 and EGFP: dsRNA of HaHR3 frag.1,2,3,4 and EGFP fragment.

http://www.ijbs.com



Int. J. Biol. Sci. 2013, Vol. 9

374

A 6 A 4 A A A
78 6S 55 45 38 28 18

PS NS 10s 9S8 8S

bp
2000

1000

588

250
100

Figure 4. PCR analysis of T,-generation transgenic tobacco lines. (A) PCR analysis of plants expressing hpRNA-HaHR3 with sense fragment
primers and anti-sense fragment primers. Lanes IS-10S denote PCR analysis of line I-line 10 with sense fragment primers. Lanes |1A-10A denote PCR
analysis of line I-line 10 with anti-sense primers. Lanes PA and PS denote antisense and sense positive controls, respectively. NA and NS are antisense and
sense negative controls, respectively. (B) PCR analysis of hpRNA-EGFP expressed plants with two pairs of primers. M: DL2000 Marker. 1S-3S, 1A-3A, NA

and NS have the same meanings as in (A).

In our study, bacteria expressing dsRNAs were
used to screen the most effective target fragment. This
is a quicker, cheaper and more convenient approach
to produce large amounts of dsRNA compared to
synthesizing dsRNA with kits. Feeding experiments
were then used to induce RNAIi in H. armigera, which
is more convenient than injection [41]. Thus, we
screened for the most effective fragment with an effi-
cient protocol. Based on the dsRNA feeding bioassay
results, transgenic plant-mediated, which is more ap-
plicable for field pest control than other methods, was
used for our further experiments with that selected
fragment.

Generation of transgenic tobacco plants

Because the dsRNA-HaHR3-fragment 1 ex-
pressed by bacteria caused the highest mortality, only
fragment 1 was selected for expression in transgenic
plants. The hairpin-EGFP was expressed as a control
at the same time. Sequencing results of single colonies
indicated that both sense-HaHR3-fragment 1 and an-
tisense-HaHR3-fragment 1 were cloned into the plant
over-expression vector in the right orientation.

After transforming pCAMBIA-RNAi-HaHR3 to
tobacco calli and one month of tissue culture, 106 re-
generated plants were obtained (Supplementary Ma-
terial: Figure S2). PCR amplification analysis of the
sense fragment and antisense fragment showed that
56 of those regenerated plants were positive (Figure
4).

Southern blots indicated that exogenous gene
fragments were integrated into the genomes of the
tobacco plants at different locations (Figure 5). In to-
tal, 38 single-copy lines were identified.

Seeds of three self-fertilized single-copy lines
from To-generation positive transgenic plants (line 1,
line 5 and line 99) were planted in the greenhouse to
obtain Ti-generation lines for further research. The
PCR results in Ti-generation plants showed that the
ratio of positive plants was in accordance with Men-
delian law (data not shown).

12 56 7 8 9 10 2653 76 77 81 82 85 99101 102 106

Figure 5. Southern blot of transgenic tobacco. Southern blot anal-
ysis of Ty-generation positive lines expressing hpRNA-HaHR3. M: DL15000
Marker; 1, 2,5, 6, ..., 106 denote different transgenic tobacco lines.

Silencing H. armigera HaHR3 gene expression
by ingestion of transgenic tobacco plants ex-
pressing hairpin-RNA

We calculated the mortality in each H. armigera
feeding group. After 5 days of feeding, the mortality
was 25.71%, 29.65% and 22.5%, respectively, in groups
hpRNA-HaHR3 1, hpRNA-HaHR3 5, and hpR-
NA-HaHR3 99. In the wild-type and hpEGFP control
groups, mortality was only 5.16% and 5.69%, respec-
tively (Figure 7A). The three treatment groups were
similar to each other in mortality but significantly
different (P<0.05) from the two control groups (Figure
7A).

The average net weight of survival H. armigera
was also suppressed after feeding with hpR-
NA-HaHR3-expressing tobacco leaves. On day 4 of
feeding, the three treatment groups (feeding on
hpHaHR3 line 1, 5 and 99 leaves, respectively) had an
average net weight of ~0.0900 g, while the two control
groups (wild-type and hpEGFP tobacco) weighed
~0.2600 g. On day 6, the control groups increased to
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~1.000 g, while the three treatment groups remained
at ~0.300 g. The three hpHaHR3 lines weighed signif-
icantly less than the wild-type and hpEGFP control
groups on day 4 (P<0.05) and on days 5 and 6 (P<0.01)
(Figure 6).

In addition to higher mortality, developmental
deformity at metamorphosis was observed in the
hpRNA-HaHR3 treatment groups. In the first two
days that the cotton bollworms fed on hpR-
NA-HaHR3, larvae exhibited a normal appearance.
However, abnormal phenotypes were observed 4-5
days later. In the larval growth stage, some bollworms
moved slowly or not at all, and some failed to com-
plete the molting progress because the older cuticle
could not detach from the insect body or the new cu-
ticle was too weak (Figure 2A). In pupation, the
hpRNA-HaHR3 treatment groups deformity rate was
~25.50% (Figure 8), showed significant difference with
hpEGFP (P<0.05); some insects could not detach the
larval cuticle from the last instar of the larval body,
and some new puparia were not integrated into the
pupal body (Figure 7B). Adult emergence was also
impaired, the treatment groups emergence deformity
rate was ~16.23% (Figure 8) showed significant dif-
ference from control group (P<0.05); in the form of
deficient wing length and width, smaller body size,
and lower weight (Figure 7C).
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Figure 6. Net weight of H. armigera after feeding on hpR-
NA-tobacco leaves. After feeding on hpRNA-EGFP, hpRNA-HaHR3 line
I, hpRNA-HaHR3 line 5 or hpRNA-HaHR3 line 99, the net weight of each
insect was recorded daily (days |, 2, 3, 4, 5, and 6). Error bars represent
SD of means. Essentially identical results were obtained in three inde-
pendent experiments. WT: wild-type tobacco plants; hpEGFP: transgenic
tobacco plants expressing hairpin-EGFP; Line |, Line 5, Line 99: line I, line 5,
and line 99 of transgenic tobacco expressing hp-HaHR3. One asterisk
indicates P<0.05 compared with wild-type and hpEGFP control groups; two
asterisks indicate P<0.01.
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Figure 7. H. armigera mortality and phenotype of developmental
deformity (A) Mortality after feeding on different lines of tobacco leaves
for 5 d. WT: wild-type tobacco plants; hpEGFP: transgenic tobacco plants
expressing hairpin-EGFP; Line |, Line 5, Line 99: line 1, line 5, and line 99 of
transgenic tobacco expressing hp-HaHR3. Asterisk indicates P<0.05
compared to either of the two control groups; n.s. means no significant
difference among line |, line 5 and line 99. (B) The inhibition of pupation
after feeding with hpRNA-HaHR3 tobacco. (C) The deformity of adult
emergence. C: control group fed with hpRNA-EGFP or wild-type tobacco;
T: treatment groups fed with hpRNA-HaHR3 tobacco.
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Figure 8. The deformity rate of H. armigera development. De-
formity rate after feeding on different lines of tobacco leaves. hpEGFP:
transgenic tobacco plants expressing hairpin-EGFP; Line I, Line 5, Line 99:
line I, line 5, and line 99 of transgenic tobacco expressing hp-HaHR3.
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Functionally, HR3 plays a key role during met-
amorphosis by regulating gene expression [26,27],
and it directly induces the fushi tarazu (ftz) gene that
encodes the prepupal regulator FTZ-F1 (NR5A3)
[42,43]. HR3 orthologs have been identified in various
insect species [44]. Mutation of HR3 in D. melanogaster
reveals that it is required for metamorphosis [45], es-
pecially for the correct prepupal-pupal transition and
for the differentiation of adult structures [26]. When
HaHR3 was silenced in this context, larval lethality
and metamorphosis deformities indicated that
HaHR3 is a vital factor for cotton bollworm molting
and metamorphosis. The HaHR3 expression profile
suggested that it has a periodic expression coincident
with the cotton bollworm molting process. Cruz et al.
also found that, at each Blattella germanica nymphal
instar, the expression of three isoforms of BgHR3 co-
incides with the peak of circulating ecdysteroid con-
centrations [46]. The timing of the HaHR3 expression
profile suggests HaHR3 regulates insect metamor-
phosis directly or indirectly. Outside of insects, CHR3
is a critical transcriptional regulator in C. elegans:
disrupted CHR3 expression leads to developmental
changes, including incomplete molting [47].

Quantitative RT-PCR showed that, after feeding
H. armigera with transgenic tobacco leaf plates for
several days, the HiHR3 gene was silenced success-
fully, especially after 48 h. Two independent sin-
gle-copy lines of transgenic tobacco, line 1 and line 99,
were used to test the gene-silencing efficiency of the
dsRNA. Both of them showed steady suppression
compared to the hp-EGFP-expressing tobacco
(P<0.05), and there was no significant difference in
gene expression between line 1 and line 99 (Figure 9).
After feeding with hp-HaHR3 for 60 h, the relative
expression level of HaiHR3 under both treatments de-
creased by ~85% (Figure 9).

The bioassay with bacteria or transgenic tobacco
expressing this dsRNA indicated that feeding on ei-
ther food source could induce gene silencing and kill
H. armigera. Transgenic tobacco lines 1, 5, and 99 all
caused similar mortality rates, indicating that the si-
lencing effect was not an accident of random insertion
in the plant genome. Importantly, although the larval
mortality caused by line 5 was 29.65%, which was not
as high as typical chemical pesticides, but the larval
deformity rate caused later was ~30% (data not
shown), and deformity was also observed in subse-
quent development. This indicates that HatHR3 gene
silencing interferes with the development of insect
pests in the latter metamorphosis stage if it does not
kill the larvae, suggesting RNAi would be effective to
keep the insect population density under an economic
threshold. gqRT-PCR and western blot analyses indi-

cated that HaHR3 mRNA and protein expression
were decreased by 48 h after ingestion. Compared to
the transgenic plants, the bacteria expressing dsR-
NA-fragment 1 caused slightly higher mortality. The
exact dose of dsSRNA or hpRNA taken up by the
tested insects could not be calculated, and there is no
report about the dsRNA and hpRNA silencing effi-
ciency in insects, so we can not draw any conclusion
about the RNAI efficiency between the two delivery
methods. However, transgenic plant-mediated RNAi
is obviously much more applicable than bacterially
expressed dsRNA in field applications, and it does
possess more commercial value in plant protection.

More importantly, the current investigation con-
firmed the possibility of RNAi as a tool for specific
and strong silencing of a gene in adult hemipteran
pests that are not sensitive to Bt transgenic plants [48].
This approach provides a new mode of controlling
insect pests that might complement the currently used
transgenic plants expressing Bt toxin [8]. On the other
hand, a non-midgut gene of the lepidopteran pest
Spodoptera exigua can be silenced by ingestion of
dsRNA [49], suggesting that dsRNA introduced into
the midgut of larvae may be transported to other in-
sect cells or tissues. This fact broadens the target gene
spectrum from gut-specific genes to the whole insect.
Transgenic plant-mediated gene silencing therefore
presents many possibilities that were unavailable only
recently.
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Figure 9. The relative expression of HaHR3 in H. armigera.
qRT-PCR analysis of HaHR3 expression. HaHR3 relative expression level
in H. armigera that fed on transgenic plants expressing hp-HaHR3 or
hp-EGFP; Line I, Line 99: line | and line 99 of transgenic tobacco expressing
hp-HaHR3.
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Figure 10. Western blot detection of HaHR3 protein expression
in H. armigera after feeding with transgenic tobacco plants.
hpEGFP denotes protein extracted from cotton bollworm fed with plants
expressing hpRNA-EGFP; hpHaHR3 denotes protein extracted from
cotton bollworm fed with plants expressing hpRNA-HaHR3. Loaded
protein of each lane were equated (40 pg protein per lane) and separated
on 15% SDS-PAGE gel. (A) Protein isolated from the whole insect body.
Total protein of H. armigera larvae was extracted and separated by
SDS-PAGE for western blot detection of HaHR3; 48 h, 60 h and 72 h mean
protein expression was detected after feeding with hpEGFP or hpHaHR3
plants 48 hours, 60 hours and 72 hours. (B) Protein isolated from female
adult ovary. After ovaries were dissected from adults, the ovary total
protein was extracted at 0 h, 12 h or 24 h after insect emergence for
western blot analysis.

HaHR3 protein expression in H. armigera after
feeding with transgenic tobacco plants

When the recombinant vector pET-28a-HaHR3,
pET-30a-HaHR3, pET-32a-HaHR3 or
pGEX-6p-1-HaHR3 was transformed into Roset-
ta(DE3) competent cells, SDS-PAGE analysis showed
that the HaHR3 protein was expressed successfully in
the first three groups (as determined by the formation
of insoluble inclusion bodies), but unfortunately, it
was not expressed with the pGEX-6p-1-HaHR3 vector,
for unknown reasons (Supplementary Material: Fig-
ure S3). The native PAGE and electroelution methods
were used to separate and purify the HaHR3 protein
for antibody preparation.

Western blot analysis revealed that expression of
HaHR3  protein was suppressed in the
high-expression period of this protein after feeding
with transgenic tobacco plants expressing hpR-
NA-HaHR3. After feeding for 48 h, the HaHR3 ex-
pression of larvae was suppressed successfully; 60 h
later, the HaHR3 expression had decreased dramati-
cally compared to the hpEGFP group, in which

HaHR3 expression increased and reached a peak at 60
h (Figure 10A). Not only in the total protein from the
whole larval body of H. armigera (Figure 10A) but also
in the protein of the female adult ovary (Figure 10B),
HaHR3 protein expression was repressed at the same
time. Our western blot results suggests that siRNAs
may be transported from the midgut to the ovaries or
other tissues in cotton bollworm, suggesting that sys-
temic RNAi might exists in this insect.

After 24 h of emergence, the HaHR3 expression
level of each treatment group, which fed on hpHaHR3
during the larval stage, was still lower than the con-
trol (Figure 10B). In the control group (hpEGFP),
HaHR3 showed consistent expression in female adult
ovary (Figure 10B). During the first 24 h after emer-
gence, HaHR3 expression in the treatment group was
still lower than the control group. We can conclude
that the RNAI effect can persist in H. armigera for at
least 24 h.

Materials and methods

Insect and plant culture

Cotton bollworm eggs were obtained from cot-
ton pest group of the Institute of Plant Protection,
Chinese Academy of Agricultural Sciences. Larvae
were fed an artificial diet as described [50] and reared
in a versatile environmental test chamber (SANYO,
MLR-350HT) at 28°C and 70% relative humidity un-
der a 14-h-light/10-h-dark photoperiod. Larvae were
fed individually in 24-well plates.

Tobacco plants (Nicotiana tabacum) were grown
in sterilized soil at 30°C and 60% relative humidity on
a 16-h-day/8-h-night cycle.

dsRNA-HaHR3 expression in bacteria

According to the mRNA secondary structure
online prediction tool Sfold
(http:/ /stold.wadsworth.org), four fragments
(400-600 base pairs each) that covered the full CDS of
HaHR3 were selected to investigate their RNAi effects.
Four pairs of specific primers were designed to am-
plify these four RNAi-HaHR3-fragments to express
dsRNAs in bacteria (Table 1). An EGFP fragment of
similar length was amplified as a dsRNA negative
control. The Xhol restriction site CTCGAG and the
Bglll restriction site AGATCT were added to the pri-
mer pairs so that these restriction sites would appear
at opposite ends of every fragment. Amplification
reactions comprised 35 cycles of 94°C for 30 s, 55°C for
30 s and 72°C for 30 s, with a final extension step of
72°C for 5 min. The PCR products were ligated into
pMD18-T. The pMD18-T-HaHR3-fragments were then
cloned into plasmid [4440. The constructed plasmids
in single colonies were verified by PCR and sequenc-
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Table 1. Primers used in this study.
Target gene Annotation Accession Primer sequence PCR prod-
NO. uct size(bp)
HaHR3-Frag.1 Molt-regulating transcrip-  FJ009448 RNAi-F1: 450
tion factor fragment one 5-ccCTCGAGATGAACAACAACCAGTTCCACGAT-3 (1-450)2
RNAi-R1:
5-ga AGATCTCACGCAGGCTTTATTCCGTGGACA-3
HaHR3-Frag.2 Molt-regulating transcrip-  FJ009448 RNAIi-F2: 5'-ccCTCGAGACCAGTGTCCACGGAATAA-3’ 492
tion factor fragment two RNAi-R2: 5-ga AGATCTTTGCTGATGTCACCCTCC -3’ (422-914)2
HaHR3-Frag.3 Molt-regulating transcrip-  FJ009448 RNAi-F3: 5'-ccCTCGAGGGGTGACATCAGCAAAGT -3’ 358
tion factor fragment three RNAi-R3: 5-ga AGATCTCTCTGATGGACAGCACCG -3 (900-1258)2
HaHR3-Frag.4 Molt-regulating transcrip-  FJ009448 RNAi-F4: 449

EGFP-Frag.

Sense-Frag.

Anti-sense Frag.

Sense frag. in plants

Anti-sense frag. in

plants

qRT-HaHR3 fragment

qRT-actA3b fragment

Protein expression full
length CDS

tion factor fragment four

5-ccCTCGAGCAAGTGCTATACGGTGATG -3’
RNAi-R4: 5'-gaAGATCTTTAACCGTGGGTGTAGTC -3’

Enhanced green fluorescent JQ733047 RNAi-EGFP-F:

protein

Molt-regulating transcrip-
tion factor sense fragment
for plant transformation

Molt-regulating transcrip-
tion factor anti-sense frag-
ment for plant transfor-
mation

Molt-regulating transcrip-
tion factor sense fragment
with partial intron

Molt-regulating transcrip-
tion factor anti-sense frag-
ment with partial intron

Molt-regulating transcrip-
tion factor fragment
qRT-PCR product 1

actin-A3b fragment

Molt-regulating transcrip-
tion factor

5-ccCTCGAGAGCTGACCCTGAAGTTCATCTGCACCAC-3’

RNAi-EGFP-R:

5-gaAGATCTGTCACGAACTCCAGCAGGACCATGTGAT-3’

FJ009448 RNAi-450s-F:
5"-ccCTCGAGATGAACAACAACCAGTTCCACGAT-3
RNAi-450s-F:

5-gaAGATCTCACGCAGGCTTTATTCCGTGGACA-3

RNAi-450a-F:
5-gcGTCGACATGAACAACAACCAGTTCCACGAT -3’
RNAi-450a-R:
5-cgGGATCCCACGCAGGCTTTATTCCGTGGACA -3’

Detection sense fragment F:
5-ATGAACAACAACCAGTTC -3’
Detection sense fragment R:
5-TGTTTATCTGGTTTTGAGT -3’

Detection anti-sense fragment F:
5-CGGACCGTACTACTCTATTC-3
Detection anti-sense fragment R:
5-CAACCAGTTCCACGATTT-3

qRT- HaHR3 F:
5-GCCACAGGATGTCTCCAAGC-3
qRT- HaHR3 R:
5-GAGCCAGATTTCAAGAGCAAAA-3

qRT- actA3b F:
5-CCCCGTCCACAATGAAGATC-3
qRT- actA3b R:
5-GGCCAGACTCGTCGTACTCCT-3’

protein expression primer F:

FJ009448

FJ009448

FJ009448

FJ009448

X97615

FJ009448

5-CGGAATTCATGAACAACAACCAGTTCCACGATT-3

protein expression primer R:

5-CCGCTCGAGTTAACCGTGGGTGTAGTCCAGGAC-3’

(1222-1671)
552
(125-677)a

450

(1-450)2

450

571

640

177

(993-1169)2

140

1688

aPositions correspond to the gene sequence.

HT115 competent cells (a mutant E. coli strain
lacking RNaselll) were prepared by the CaCl, precip-
itation method and transformed with verified recom-
binant plasmids. Single colonies of HT115 were cul-
tured in LB at 37°C with shaking at 220 rpm over-
night. The bacterial culture was diluted 100-fold in
1000 ml LB medium supplemented with 100 pg/ml
ampicillin plus 12.5 pg/ml tetracycline and cultured
at 37°C to ODgw = 0.4. The bacteria were incubated

with shaking for overnight at 37°C after adding 0.5
mM IPTG to induce dsRNA expression.

Confirmation of dsRNA expression in HT 115
cells

Total RNA was extracted from HT115 cells using
a bacterial RNA-specific extraction kit (Sangon, Chi-
na). dsRNA was extracted with a modified LiCl pro-
tocol [51]. The extracted total RNAs or dsRNAs were
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loaded onto a 1.2% agarose gel, stained with
GoldView Dye and then photographed.

Plant expression vector construction and to-
bacco transformation

Xhol and BgllI restriction sites were added to the
sense fragment 1 ends with primer RNAi-450s-F/R.
Sall and BamHI restriction sites were added to the
anti-sense ends with primer RNAi-450a-F/R at the
same time. We ligated the sense fragment followed by
the anti-sense fragment into the pPRNAi1017 vector in
sequence. PCR detection and double enzyme diges-
tion were used to verify the correct construction of the
intermediate vector pPRNAi1017-HaHR3sa.

We  then  double-digested the  plant
over-expression vector pCAMBIA2300-35s-OCS and
intermediate vector pRNAi1017-HaHR3sa with Sall
and Pstl. We ligated the pCAMBIA2300-35s-OCS and
target gene fragments with introns using TOYOBO
Ligation high Ver. 2 (Japan, lot 94190H6, code
LGK-101). The vector for hpRNA-EGFP was similarly
constructed. pCAMBIA-RNAi-HaHR3 and pCAM-
BIA-RNAI-EGFP were transformed into competent
Agrobacterium tumefaciens strain LBA4404 by electro-
poration. The presence of the constructed plasmids in
single colonies were verified by sequencing.

The leaf disc cocultivation method was followed
using the standard procedure for tobacco transfor-
mation [52]. After one month of tissue culture, the
rooted plants were transferred into sterilized soil un-
der the greenhouse conditions described above.
To-generation seeds (T: progeny) were germinated on
1/2 MS medium plus 100 mg/1 kanamycin for one
week to screen heterologous or homologous plants.
Transgenic tobacco plants expressing hpRNA-EGFP
were used as controls in subsequent experiments.

Transgenic tobacco molecular analysis

Transgenic tobacco plant lines were identified by
PCR, southern blot. Genomic DNA was extracted
from regenerated tobacco leaves with the cetyltrime-
thylammonium bromide (CTAB) method [53].
Transgenic plants were confirmed by PCR with two
pairs of primers that covered an intron (Detection
sense fragment F/R, Detection anti-sense fragment
F/R). For Southern blot hybridizations, 30 pg of the
genomic DNA was completely digested with Sall
overnight. The DNAs were separated in 1.5% agarose
gel and transferred to a Hybond-N* filter membrane
(Amersham Pharmacia Biotech) with a Vacuum Blot-
ter (Bio-Rad, Model 785). After electrophoresis, they
were electroblotted onto a Hybond-N* filter mem-
brane. The membranes were UV-cross-linked and
hybridized with expressHyb solution (Clontech).

PCR-positive plants were confirmed by Southern blot
according to the DIG High Prime DNA labeling and
Detection Starter kit II instruction manual (Roche,
USA, Cat. No. 1585614).

Feeding bioassays with bacteria expressing
different dsRNAs or plants expressing hairpin
RNAs

Bacteria expressing four different dsRNA frag-
ments were prepared with the bacterial expression
system. We centrifuged the bacterial solution at 5,000
g for 15 min, resuspended bacteria in ddH>O, and
mixed the artificial diet with condensed bacteria ex-
pressing dsRNA-HaHR3 or dsRNA-EGFP in the mass:
volume ratio of 100:1. The 3rd-instar synchronous lar-
vae were selected and reared individually with 1.0 g
of an artificial diet in 6-well plates after 24 h starva-
tion. Thirty biological repeats were used in each
treatment, and there were 3 replicates of each treat-
ment. The diet was replaced daily. After feeding on
artificial diets supplemented with different dsRNAs,
larvae were weighed and lethality was recorded for
further analysis.

To investigate the transgenic tobacco activity,
three independent single-copy lines were chosen for
the hpHaHR3 feeding bioassay. Wild-type tobacco
and hpEGFP-expressing tobacco lines were used as
controls. Thirty synchronous 3td-instar larvae starved
for 24 h were fed leaf discs of the same size individu-
ally in 6-well plates. There were 3 replicates of each
transgenic, control and wild-type line. Wet filter pa-
per of the same size was placed in every chamber to
maintain humidity. The leaf disc was replaced every
12 hours. After feeding on different diets for the in-
dicated times, each larva was weighed individually,
and RNA and protein were extracted for further
analysis. The survival larvae (10-20) of each treatment
were kept and recorded for further pupation or
emergence deformity rate calculation.

Statistical analysis was performed with Student’s
t-test in the SPSS 13.0 program.

qRT-PCR

Total RNA was extracted from the experimental
and control cotton bollworms using Trizol reagent
according to the manufacturer’s instructions.
First-strand ¢cDNA was synthesized using reverse
Transcriptasell (Transgen, China) under the following
reaction conditions: 37°C for 10 min, 42°C for 1 h, and
95°C for 5 min. Specific primerswere designed to am-
plify the partial CDS of the HaiHR3 (qQRT-HaHR3 F and
R, Table 1) and Actin genes. All of the qRT-PCR ex-
periments were performed with a Bio-Rad iQ5 Re-
al-Time PCR Detection System (Bio-Rad, USA) in a
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reaction volume of 20 pl using SYBR Green Master
Mix (TaKaRa). The PCR program was 95°C for 3 min,
followed by 40 cycles of 95°C for 15 s, 55°C for 30 s,
and 72°C for 15 s. All the results were obtained from 4
independent biological replicates. Threshold cycle
(CT) values were calculated using Bio-Rad CFX
Manager™ software. The relative gene expression
data were analyzed using the 2-°“CT method as de-
scribed previously [54]. The results were analyzed for
significant differences with Student’s ¢-test.

Protein detection

We amplified the HaHR3 gene with a pair of
protein expression primers. The amplified PCR
product was double-digested with EcoRI and Xhol.
We cloned this fragment into pET-28a, pET-30a,
pET-32a and pGEX-6p-1 protein expression vectors
for screening out the best soluble protein expression.
Each recombinant vector was then transformed into
Rosetta(DE3) competent cells. The DE3 cell cultures
were incubated in LB liquid medium and induced for
20 h with 0.1 mM isopropyl
-D-thiogalactopyranoside (IPTG) at 20°C. The bacte-
ria were collected by centrifugation, resuspended in
PBS and sonicated. Unfortunately, recombinant pro-
tein HaHR3 was expressed in insoluble inclusion
bodies. We isolated total proteins and separated them
by SDS-PAGE. The pET-28a constructed expression
vector was selected for the following antibody prep-
aration experiments, because it contained the shortest
protein expression tag. The HaHR3 protein was ex-
tracted from the gel and then purified with electrical
washing for antibody preparation. Polyclonal rabbit
antiserum against HaHR3 was raised in New Zealand
white rabbits following standard protocols. Rabbits
were immunized with HaHR3 weekly, and the anti-
serum was harvested one month later. We then puri-
fied the antibody with a HiTrap Protein A HP column.

Total proteins of H. armigera were extracted for
western blot analysis. We determined the concentra-
tion of total protein by bicinchoninic acid (BCA)
method (Pierce Chemical). Total protein of each lane
were equated (40 pg protein per lane) and separated
by 15% SDS-PAGE, and transferred to a polyvinyli-
dene fluoride (PVDF) membrane (Bio-Rad) with a
Trans-Blot SD semi-dry electrophoretic transfer cell
(Bio-Rad). The membrane was blocked overnight with
5% non-fat milk in Tris-buffered saline containing
0.1% Tween 20 (TBST) and then incubated with
HaHR3 antiserum (1:6000) overnight at 4°C. We
washed the membrane 4 times with TBST every 5
minutes, then incubated the membrane with alkaline
phosphatase-conjugated goat anti-rabbit IgG (Sigma)
at a dilution of 1:2000 for 1 h. The membrane was

washed 3 times with TBST and visualized with 1 mL
BCIP/NBT solution (Amresco, USA).

Supplementary Material
Fig.S1 - S3. http:/ /www.ijbs.com/v09p0370s1.pdf
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