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Abstract The cotton bollworm, Helicoverpa armigera is
a highly polyphagous pest infesting a number of econom-
ically important crops, annually causing enormous crop
losses. Management of this pest is challenging over the
years due to various factors including development of
resistance to wide spectrum of chemical insecticides. RNA
interference (RNAi) has tremendous potential to combat
insect pests. However, RNAi mediated silencing efficiency
varies from gene to gene, hence successful RNAi mediated
pest control requires selection of suitable target gene(s),
which are effectively silenced by the exogenous delivery of
cognate double-stranded RNA (dsRNA) through midgut.
Therefore, we have evaluated the effect of two concen-
trations of dsRNA delivered through semi-synthetic diet in
silencing five important genes, viz. glutathione-S-transfer-
ase, cytochrome P450 (both involved in detoxification of
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host allelochemicals); trypsin, chymotrypsin (both
involved in digestion of proteins) and juvenile hormone
acid methyl transferase (jhamt) (involved in larval meta-
morphosis). Extent of silencing was assessed by quantita-
tive real-time PCR (qQRT-PCR). Results revealed that above
target genes were silenced variably, 20 pg dsRNA treat-
ment having a more pronounced effect than 10 pg in
reducing the transcript levels, larval, pupal weight, and
pupation. Silencing of chymotrypsin had a more pro-
nounced effect on larval and pupal weight compared to
other target genes, while jhamt severely affected pupation.
This study demonstrated that target genes have varied
sensitivity to RNAi, chymotrypsin, and jhamt were shown
to be suitable candidate genes that could be utilized for
RNAi mediated management of H. armigera.

Keywords Helicoverpa armigera - RNA
interference - DsRNA - Bioassay - QRT-PCR -
Gene expression

Introduction

The cotton bollworm, Helicoverpa armigera is one of the
most widely distributed polyphagous pest causing signif-
icant crop loss in cotton, tomato, brinjal, potato, chickpea,
pigeon pea, okra, chilies, maize, sorghum, groundnut,
soybean, sunflower, etc., (Srivastava et al. 2005; El-
Wakeil 2007). The intensive and widespread use of
insecticides has resulted in high levels of insecticide
resistance, rendering management of this pest a difficult
task (Gross 2006; Nimbalkar et al. 2009). In this regard,
the addition of powerful tool called RNAi to our arsenal,
hailed as “Scientific breakthrough” in developing spe-
cies-specific insecticides (Baum et al. 2007; Mao et al.
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2007; Whyard et al. 2009). RNAi is characterized by a
high degree of specificity, high molecular potency, and
holds tremendous potential in insect pest management.
RNAi of specific target gene could be achieved by
administering cognate dsRNA (Griebler et al. 2008; Mao
et al. 2011). However, efficacy of RNAi mainly governed
by associating variables that include the susceptibility of
the target gene, site of dSRNA accumulation, tissue where
RNAIi occurs, delivery method, developmental stage of
target insect, susceptibility of test insect, presence or
absence of RNA dependent RNA polymerase (RdRP)
which is involved in silencing signal amplification, etc.
(Gatehouse et al. 2004; Belles 2010). In this regard, the
main challenge for successful and effective RNAi medi-
ated pest management lies in the identification of suitable
target gene(s) which are sensitive to RNAi, when the
cognate dsRNA delivered through diet via midgut.
Toward this, semi-synthetic diet mediated delivery of
dsRNA is an attractive, simple, and inexpensive approach
useful for finding of suitable target gene(s) for field level
pest management and this approach has more relevance to
field level insect pest management.

In the present study, we have evaluated RNAi medi-
ated silencing effect of five target genes viz. glutathione-
S-transferase (GST) and cytochrome P450 (cyp P450)
(CYP9A14 isoform), trypsin, chymotrypsin, and juvenile
hormone acid methyl transferase (jhamt) on larval and
pupal growth. In this regard, GST and cyp P450 are
involved in detoxification of the plant allelochemicals and
they are expressed in the midgut (Mao et al. 2007; Ra-
jurkar et al. 2003; Liu et al. 2006; War et al. 2013).
While, trypsin and chymotrypsin are the two predominant
dietary serine proteases expressed in the midgut that
account for 95 % of proteolytic activity in Lepidoptera
(Terra and Ferreira 1994; Liu et al. 2009). On the other
hand, jhamt is a key enzyme involved in the biosynthesis
of juvenile hormone (JH), expressed in neural tissue
“corpora allata” (Shinoda and Itoyama 2003; Griebler
et al. 2008). Here we emphasize that, above target genes
play a crucial role in insects daily biological functions
and there are no reports elsewhere on assessment of
silencing of above target genes except Cyp P450 (Mao
et al. 2007; Mao et al. 2011) in H. armigera by diet
mediated dsRNA delivery. Sensitivity of the above target
genes to RNAi was evaluated employing two concentra-
tions of dsRNA (10 and 20 pg), delivered through semi-
synthetic diet to the larvae. Our studies show that the
above target genes had varied sensitivity to dietary RNAi
which was evident in terms of reduction in transcript
level, larval, pupal weight, and extent of pupation. The
results of the present study have direct implications on the
selection of suitable target gene/s for RNAi mediated
management of H. armigera.
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Materials and methods
Test insect

Neonate larvae of H. armigera were obtained from Bio
Control Research Laboratories (BCRL), of Pest Control of
India Ltd. (PCI), Bengaluru, India. The larvae were fed on
chickpea based semi-synthetic diet under controlled con-
ditions, viz. at 27 £ 2 °C, 65 £ 5 % relative humidity and
16:8 h of light and dark cycle (Gupta et al. 2004).

Double-stranded RNA (dsRNA) synthesis

We had earlier cloned the five target genes viz. GST
(HM209431) cyp P450 (HM209438), trypsin (GU323797),
chymotrypsin (HM209422), and jhamt (GU323798) from
H. armigera (Asokan et al. 2012) and these clones were
used for development of dsRNA. dsRNA region was
selected using highly sensitive off-target search software
“dsCheck” which has the ability to select the region having
lesser similarity with Drosophila melanogaster, Caeno-
rhabditis elegans, Arabidopsis thaliana, Oryza sativa, and
Rattus norvegicus genome sequences (Naito et al. 2005).
Further, selected dsSRNA sequences were searched for short
nearly perfect nucleotide matches against the other avail-
able sequences of H. armigera and with the genome of
Homo sapiens, using NCBI-BLAST (National Center for
Biotechnology Information—Basic Local Alignment
Search Tool). Primers for dsRNA synthesis were tagged
with T7 promoter sequence at 5’ end (Table 1). For non-
target control, we used approximately 500 bp of dehydra-
tion responsive element binding protein 1A (dreblA), a
transcription factor from Arabidopsis thaliana (Liu et al.
1998).

Template for dSRNA synthesis was amplified by PCR in
a total reaction volume of 50 pl comprising 37.2 pl PCR
grade water, 5 pl 10X Tagq buffer, 2.0 pl 25 mM MgCl,,
1.0 pl ANTP mix (10 mM), 1.0 ul each of forward and
reverse primes (10 mM each) (Table 1), 2 pl 1:50 diluted
respective plasmid clones as template, and 0.8 pl Taq
Polymerase (5 U/ul) (Fermentas Life Sciences, USA), and
thermal cycling was performed using following parame-
ters: 95 °C for 3 min followed by 35 cycles of 94 °C for
30 s, 68 °C for 30 s, and 72 °C for 45 s and final extension
at 72 °C for 5 min. PCR products were resolved in 1.2 %
agarose gel and desired size band excised and eluted using
Nucleospin Extract II kit (Macherey—Nagel, Germany).
dsRNA was synthesized using 1 pg of eluted PCR product
using MEGAscript® Kit (Ambion Life Technologies,
USA) according to the manufacturer’s instructions. The
concentration of the dsRNA was determined by using
NanoDrop™ 1000 (Thermo scientific, USA) and integrity
was analyzed by agarose gel electrophoresis (1.2 %).
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Table 1 Description of primers used in this study

Sl. No Gene Primer sequence (5'- > 3') Amplicon length (bp)
1 ds-GST for: TAATACGACTCACTATAGGGCGAAGACATACGCTTTGAACGACA 455
rev: TAATACGACTCACTATAGGGAGGCAGGGTACTGCTTCTCA
2 ds-cytochrome P450 for: TAATACGACTCACTATAGGGTTCGAGACCTGGAGCTGGTGA 442
rev: TAATACGACTCACTATAGGGGCATACCCAAAGATCACCAGCA
3 ds-trypsin for: TAATACGACTCACTATAGGGCCCGTACATTCTGTCCTTGA 474
rev: TAATACGACTCACTATAGGGGAAACGGTAACATCTTCGGAGT
4 ds-chymotrypin for: TAATACGACTCACTATAGGGCTAGCAGGATCGTCGGTGGT 470
rev: TAATACGACTCACTATAGGGCACTGGCAGGTTGACGT
5 ds-jhamt for: TAATACGACTCACTATAGGGCGAACAGACTTCTTTCACCGT 421
rev: TAATACGACTCACTATAGGGGAAAGGGTTGATTGCTGTTAGC
6 ds-dreblA for: TAATACGACTCACTATAGGGTTTCGTGAGACTCGTCACCCA 423
rev: TAATACGACTCACTATAGGGAGCCAACAAACTCGGCATCTC
7 qRT-GST for: AGACATACGCTTTGAACGACAT 128
rev: GGAACCTGGCAATGGAATAACT
8 qRT-cytochrome P450 for: TGGAAGTCAGCGAGCAGAT 108
rev: CATTGGCGTACCGAGTCATC
9 gqRT-trypsin for: CTGGAGGAGTCGTGGTAGG 93
rev: ACAGGAAGGTCACAGCAATG
10 qRT-chymotrysin for: CAGGTGGTCAGGCTGTCT 134
rev: CGGAGAACAAAGTGGTGGAA
11 qRT-jhamt for: CTAAGCGAGGATGGAGAATGTT 135
rev: GTGGTACGGTGATATGTATCTGTC
12 qRT-18S rRNA for: CACACCACTAGAGGACACAGA 95

rev:

GAACACATAACGACGGACGAG

Note Italicized nucleotides are the T7 promoter sequence

for forward primer, rev reverse primer

Insect bioassay

Two independent experiments were performed to assess the

shifted to the fresh diet containing fresh dsSRNA of above
mentioned concentrations and the feeding continued till

pupation.

sensitivity of the above target genes to RNAi using 10 and

20 pg of dsRNA. These concentrations were selected

Molecular validation of silencing

because as in a previous study the concentrations lower

than that used here did not result in silencing (unpublished

data). Chick pea based semi-synthetic diet was prepared

with Diethyl pyrocarbonate (DEPC) treated water and
850 pl of diet was dispensed into each well of the bioassay
plate and cooled to room temperature (28 °C). dsRNA
stock was diluted with DEPC (0.1 %) treated water to yield
(10 pg/50 pub, 0.40 pg/pl
dsRNA. 50 pl of the above two dsSRNA concentrations was
applied on the surface of the semi-synthetic diet individu-
ally, allowed to imbibe and air dried. For non-target control
and water control, same volume of dreblA dsRNA and
DEPC treated water without dSRNA was applied, respec-
tively. There were 20 replications per each treatment i.e.,
cognate dsRNA treatment, non-target dsRNA (dreblA)
treatment, and water control. A single neonate larva was
released per well and after every 48 h the larvae were

0.20 pg/ul

facturer’s instructions

(20 pg/50 puly of

RNA extraction and cDNA synthesis

Total RNA was extracted from single larva of H. armigera
on the 8th day of treatment using the RETROscript® Kit
(Ambion life technologies, USA) according to the manu-
and DNA contamination was
removed by treating with RNase-free DNase I (Fermentas
Life Sciences, USA) and purified by phenol-chloroform
(25:25) extraction (Sambrook and Russell 2001). Quality
of RNA was determined by 1.2 % agarose gel electro-
phoresis and concentration was determined by using
NanoDropTM 1000 (Thermo Scientific, USA). Reverse
transcription was performed in 20 pl reaction volume
comprising 0.3 pl (60 U) reverse transcriptase, 1 pl dNTP
mix (10 mM), 1 pl oligo-dT primer, and 1 pg total RNA,
by following the manufacturer’s protocol (Fermentas Life
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Sciences, USA). After cDNA synthesis, it was diluted 10
folds with molecular biology grade water. In all reverse
transcription assays RT negative controls containing all
components except reverse transcriptase were included.

Quantitative real-time PCR (qRT-PCR)

The extent of target gene silencing was assessed by
employing qRT-PCR (Light Cycler 480II-Roche Diagnos-
tics Pvt. Ltd. Switzerland). 18S rRNA was used as an internal
reference gene, which was identified as a suitable reference
gene in a previous experiment (manuscript under commu-
nication). JRT-PCR reactions were carried out in triplicates
for each sample in a total reaction volume of 20 pl com-
prising 10 pul SYBR® Green JumpStart™ Taq Ready-mix™
(Sigma-Aldrich, USA), 0.5 pl each of forward and reverse
primers (5 pM each) (Table 1) and 5 pl diluted cDNA
template were mixed with 4 pl nuclease free water and
cycling was performed using following parameters: 94 °C
for 4 min, followed by 40 cycles of 94 °C for 30 s, and 60 °C
for 1 min. Melt curve analysis of amplicons was performed
by continuous capturing of fluorescence while temperature
increases from 60 to 95 °C with ramp rate of 0.11 °C/s.

Effect of silencing on larval, pupal weight,
and pupation

Larval weight was recorded on the 8th day of treatment and the
extent of pupation rate for all treated samples was recorded on
3rd day of all control larvae which pupated. Weight reduction
of both larvae and pupae was calculated by taking the differ-
ences between the mean larval weights in treatment Vs mean
larval weights in untreated (water) control.

Data analysis

The relative expression of target genes was calculated
using 27T method (Livak and Schmittgen 2001). All
gRT-PCR assays were designed according to the MIQE
guidelines (Bustin et al. 2009). Effect of silencing on target
gene expression was analyzed statistically by student’s
t test with C, values of three replicates using GraphPadP-
rism v.5 (GraphPad Software, Inc., USA). Differences in
weight of larvae and pupae among the treatments were
analyzed by Tukey’s test of one-way ANOVA.

Results
Selection of dsRNA regions

The following regions were selected for dsSRNA synthesis:
455 bp (from 87-541 bp), 442 bp (242-683 bp), 474 bp
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(96-569 bp), 470 bp (170-639 bp), and 421 bp (215-
635 bp) for GST, cyp P450, trypsin, chymotrypsin, and
Jjhamt, respectively. NCBI-BLAST analysis of the above
selected regions with other genes of H. armigera and H.
sapiens showed no significant homology.

Molecular validation of silencing

In gqRT-PCR, the melt curve analysis of target genes, GST,
cyp P450, trypsin, chymotrypsin, and jhamt and reference
gene 18S rRNA amplicons exhibited a single melt peak,
indicated specific amplification of respective gene. Further,
resolving of qRT-PCR products on agarose gel reconfirmed
the presence of single band and there was no-band in all
negative controls. The present study showed that semi-
synthetic diet mediated delivery of dsRNA triggered RNAi
in H. armigera. We observed a drastic reduction in the
mRNA levels of target genes in both concentrations.
Silencing of GST caused 13.73 and 21.36 % reduction in
the transcript level in 10 and 20 pg treatments, respec-
tively. Similarly, silencing of cyp P450 caused 48.03 and
65.52 % reduction in the transcript level in 10 and 20 pg,
respectively. Silencing of trypsin caused 19.78 and
48.46 % reduction in the transcript level in 10 and 20 pg,
respectively, while silencing of chymotrypsin caused 56.23
and 94.55 % reduction in the transcript level in 10 and
20 pg, respectively. While, silencing of jhamt caused 44.15
and 88.46 % reduction in the transcript level in 10 and
20 ng, respectively (Fig. 1a, b).

Effect of silencing on larval and pupal weight

The target genes exhibited considerable variations in the
extent of silencing and it had also manifested in a reduction
of larval and pupal weight. Silencing of GST had mani-
fested 25.32 and 31.73 % reduction in larval weight in 10
and 20 pg, respectively. Cyp P450 dsRNA treatment had
manifested 44.65 and 48.16 % reduction in larval weight in
10 and 20 pg, respectively. Silencing of trypsin had man-
ifested 29.74 and 57.71 % reduction in larval weight in 10
and 20 pg, respectively. While silencing of chymotrypsin
had a more pronounced effect on larval weight and a
reduction of 41.20 and 70.21 % was observed in 10 and
20 pg, respectively. Similarly, silencing of jhamt had
manifested 37.07 and 44.49 % reduction in larval weight in
10 and 20 pg, respectively. An unrelated, non-insect gene,
the dreb1A dsRNA application had no effect on weight of
larvae and which was on par with untreated control. The
absolute values of weight reduction were depicted in Fig. 2
(Fig. 2a—d).

Target gene silencing had also affected the pupal weight
and observation showed reduction of pupal weight was
correlated with larval weight, but the extent of reduction
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Fig. 1 Relative quantification of target gene expression by employ-
ing qRT-PCR. a Target gene expression levels in 10 pg cognate
dsRNA and non-target (dreblA) dsRNA treatments. b Target gene
expression levels in 20 pg dsRNA and non-target (dreblA) dsRNA
treatments. Error bars indicate standard error of the triplicate
samples. *P = 0.05, **P = 0.01 analyzed by student’s ¢ test

differed considerably (Fig 3a, b). Silencing of GST had
manifested 8.36 and 10.59 % reduction in pupal weight in
10 and 20 pg, respectively. Cyp P450 dsRNA treatment
had manifested 26.15 and 27.41 % reduction in pupal
weight in 10 and 20 pg, respectively. Silencing of trypsin
had manifested 8.54 and 25.89 % reduction in pupal
weight in 10 and 20 pg, respectively. While silencing of
chymotrypsin had a more pronounced effect on pupal
weight to a tune of 19.09 and 33.76 % reduction in 10 and
20 pg, respectively. Silencing of jhamt had manifested
18.89 and 29.25 % reduction in pupal weight in 10 and
20 pg, respectively.

Silencing effect on the rate of pupation

Silencing of jhamt caused weight reduction of larvae as
well as a drastic reduction in pupation rate. In case of
jhamt, 20 pg cognate dsRNA treatment severely affected
the pupation ~60 % compared to control and it was lesser
in other cases (Fig. 4). Whereas, 10 pg dsRNA treatment

affected the pupation 15 and 10 % in case of jhamt and cyp
P450, respectively, and silencing of the remaining genes
didn’t affect the pupation.

Discussion

Double-stranded RNA mediated inhibition of specific gene
expression by the process known as RNAi has been
reported in many insect species including Coleoptera,
Lepidoptera, Diptera, Hemiptera, Hymenoptera, Isoptera,
and Orthoptera (Huvenne and Smagghe 2010; Asokan et al.
2013). Successful application of RNAI for field level pest
management lies in the identification of suitable target
gene(s) and the method of delivery. Accomplishment of
RNAI through feeding is a more attractive approach than
the other methods such as microinjection, soaking, droplet
feeding, etc., as it is non-invasive and further opens the
possibility to develop dsRNA expressing transgenic plants
or development of products which may be applied similar
to conventional insecticides for field level pest control
(Bettencourt et al. 2002; Mao et al. 2011; Terenius et al.
2011; Hunter et al. 2012). In spite of its potential benefits,
exploitation of this method is hampered by several intri-
cacies such as dsRNA degradation in the midgut, uptake
and transportation of dsRNA to target tissues, etc. (Tere-
nius et al. 2011; Liu et al. 2013). Some of the previous
studies were unsuccessful when dsRNA was administered
through diet. For example, silencing of aminopeptidase-N
gene specific to larval midgut did not show silencing after
dsRNA feeding in Spodoptera litura, although injection of
same dsRNA into the hemocoel caused silencing of ami-
nopeptidase-N (Rajagopal et al. 2002). However, our study
demonstrated that the diet-delivered dsRNA was successful
in inducing silencing of various target genes. Similarly,
studies on the Fall Armyworm, Spodoptera frugiperda and
Light brown apple moth, Epiphyas postvittana have shown
that silencing of target genes was successful upon admin-
istration of dsRNA through feeding (Griebler et al. 2008;
Turner et al. 2006). Therefore, accomplishment of silenc-
ing through semi-synthetic diet-delivered dsRNA is rele-
vant to the field level pest management point of view by
the way of deploying transgenic plants, baits or other foods
(Hunter et al. 2010), or topical sprays (Pridgeon et al. 2008;
El-Shesheny et al. 2013).

Interestingly, diet-delivered cognate dsRNA caused
silencing of both midgut and non-midgut genes in respec-
tive treatments. Although, the previous report showed that
feeding of dsRNA did not cause the non-midgut gene
silencing in Bombyx mori (Tomoyasu et al. 2008). There-
fore, achievement of silencing of non-midgut gene through
diet-delivered dsRNA is of prime importance as there is no
report of RARP in Helicoverpa species, which enhances the
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Fig. 2 Effect of two concentrations of dsSRNA on larval weight gain.
a Photograph of 10 pg dsRNA fed larvae. b Mean larval weight in
10 pg dsRNA treatment. ¢ Photograph of 20 ng dsRNA fed larvae.

systemic spread of silencing signal to non-midgut tissue
(Belles 2010). In the absence of RARP, the midgut is the
primary organ that directly contacts the dsRNA, when
dsRNA was administered through diet; the dsRNA con-
centration becomes diluted over a distance traveled from
the entry site to target organs leading to decline in dSRNA
effect (Minakuchi et al. 2008; Tian et al. 2009). However,
this study presumed that non-midgut gene, jhamt silencing
through diet-delivered dsRNA could be induced due to
lower abundance of jhamt transcripts as confirmed by qRT-
PCR showed quantification cycle (C,) ranging from 32-35
cycles in control samples compared to other target genes
ranging from 16-25 C,. Thus far, many studies are focused
mainly on the genes which are specifically expressed in the
midgut (Rajagopal et al. 2002; Mao et al. 2007; Mao et al.
2011), and very few reports are available on non-midgut
gene silencing through diet-delivered dsRNA (Li et al.
2011), but no report on jhamt from other researchers.
Hence results of this study may provoke the other
researchers by utilizing non-midgut genes as potential
targets for field level pest management of H. armigera and
this strategy could also be translated in the management of
other insect pests.

The extent of silencing varied between various target
genes and we observed a greater reduction in chymotrypsin
followed by jhamt, cyp P450, trypsin, and GST. It has also
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been accepted that the inhibition of target gene expression
is dependent on dsRNA concentration. The extent of
silencing of the GST was less pronounced as compared to
other target genes and these variations might be attributed
due to number factors that include quantum of available
transcripts, tissue where the target gene is expressed, its
highly regulated nature in the test insect etc. Results of this
study indicate that GST was less sensitive to RNAi as
compared to other target genes used in this experiment.
Silencing of target genes adversely affected the weight
gain of the larvae compared to control group which was
taken as 100 % weight gain. Similarly, weight gain of
larvae in different treatments varied significantly. Whereas,
silencing of cyp P450 severely affected the larval weight
gain compared to other target genes in 10 ng dsRNA
treatment, followed by chymotrypsin, jhamt, trypsin, and
GST. Silencing of chymotrypsin severely affected the
weight gain of larvae compared to other target genes in the
20 pg dsRNA treatment, followed by trypsin, cyp P450,
jhamt, and GST. These variations in weight gain might be
due to biological role of target gene(s) in growth, devel-
opment, detoxification, etc. In this regard, crop plants
suffer attacks by insect herbivores; hence to protect
themselves, plants produce secondary metabolites which
are toxic to insect herbivores. To counter this, insect trig-
gers the secondary metabolite detoxification genes such as
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larval stage only

GST, cyp P450, and esterase which help insects to protect
themselves (Rajurkar et al. 2003; Mao et al. 2007). Hence
the expression of cyp P450 and GST was found necessary
for Cotton bollworm to actively detoxify the secondary
metabolites present in chickpea based semi-synthetic diet.
Silencing of GST or cyp P450 presumably resulted in
accumulation of allelochemicals in the insect body which
eventually caused the weight reduction of larvae. Our
results support Mao et al. (2007), that feeding of transgenic
plants expressing cyp P450 dsRNA reduced the weight of
H. armigera larvae. On the other hand, serine proteases that
include trypsin and chymotrypsin play various roles such as
food digestion, immune defense, and zymogen activation,
in insects (Broehan et al. 2010; Mohammadi et al. 2010).
Therefore, RNAi mediated silencing of trypsin and

chymotrypsin may lead to the impairment of the above
functions, which eventually cause the weight reduction or
mortality and we observed weight reduction of larvae. In
contrast, injection of TcCTLP-dsRNA (chymotrypsin like
serine protease) did not affect the weight of the larvae in
red flour beetle, Tribolium castaneum (Broehan et al.
2010). Hence, the observed variations of larval weight
were attributed due to RNAi which impaired the target
gene(s) biological function essential for growth and sur-
vival. Similarly, in the Western corn rootworm, Diabrotica
virgifera virgifera, silencing was performed for 290 genes,
out of which only 125 caused larval mortality/reduction in
growth rate, while other genes were less effective (Baum
et al. 2007). The above experiments revealed that all target
genes are not equally sensitive to RNAi in terms the
resultant debilitation in insect.

Further, the weight reduction of pupae in different
treatments showed a correlation with reduction of larval
weight in respective treatments being greater in the 20 pg
treatment. Hence, the detrimental effects on larvae were
passed to pupae or the pupae were unable to recover from
the impaired metabolism in the larval stage. Interestingly,
silencing of jhamt severely affected the pupation rate
compared to other target genes. In this regard, jhamt is a
key enzyme in the maturation of juvenile hormone (JH),
whereas, JH play fundamental roles in many aspects of
postembryonic life, including development, metamorpho-
sis, reproduction (fecundity), yolk protein uptake, oogen-
esis, migration, diapauses, innate immunity, fat body
development, extension of life span, regulation of zinc-
finger transcription which is involved in neurogenesis, and
foraging behavior, etc. (Yamamoto et al. 2013). The pre-
vious studies revealed that jhamt expression levels were
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highly correlated to the rates of JH biosynthesis, suggesting
that jhamt is playing an important role in regulating JH
synthesis (Griebler et al. 2008; Li et al. 2013). Therefore,
alteration of jhamt will lead to the change in the JH titer in
hemolymph that eventually affects the above physiological
functions. In this study, silencing of jhamt in the larval
stage affected approximately 60 % pupation and larvae
underwent incomplete metamorphosis i.e., showed a kind
of larval-pupal intermediate phenomenon and growth is
arrested and this is presumably by inhibition of JH bio-
synthesis. Our results are comparable to Daimon et al.
(2012) reported that JH deficient mutant of the silkmoth,
Bombyx mori showed a larval-pupal intermediate and
eventually died. Contrastingly, silencing one of the iso-
forms of jhamt (TcMT3) caused precocious larval-pupal
metamorphosis in 7. castaneum, but the silencing of other
isoforms (TcMTI and TcMT2) did not cause precocious
larval-pupal metamorphosis (Minakuchi et al. 2008).
However, mutants of JH didn’t show precocious meta-
morphosis in Drosophila melanogaster (Wilson et al.
2006). In another study, knockout of JH severely affected
the fecundity, oogenesis, impaired the fat body develop-
ment in Drosophila and also altered the expression of
nearly 100 downstream genes (Yamamoto et al. 2013).
Therefore, the above observations reveal that RNAi med-
iated silencing of jhamt has a dramatic effect on insects
especially in the metamorphosis of larva to pupa and other
biological functions and targeting the correct isoform of
Jhamt, severely affects the larval-pupal metamorphosis.
Hence, the observed larval-pupal intermediated phenome-
non is presumably due to biological intended effects of JH
reduction and not due to non-specific off-target effects.
Thus we propose that, this gene should be one of the
choices for future prospective insect pest management.

Conclusion

Degradation of the specific target gene transcript by RNAi
leads to impairment of specific function and affects growth
and survivability of the insect. Therefore, development of a
reliable RNAi based approach for the management of H.
armigera provides a starting point for novel species-spe-
cific insecticides development. In this regard, identifica-
tion, and validation of potential target genes are crucial for
exploitation of RNAi as a novel insect pest management
strategy. Results revealed that semi-synthetic diet-deliv-
ered dsRNA successfully triggered silencing of the genes
tested. Interestingly, semi-synthetic diet-delivered dsRNA
caused systemic silencing of non-midgut gene, jhamt. The
sensitivity of the above target genes to RNAi varied con-
siderably with digestion related genes severely affected
compared to metamorphosis and detoxification related

@ Springer

genes. Apart from these, dSRNA concentration was the
determining factor governing RNAi efficiency, where
20 pg dsRNA concentration was more effective in silenc-
ing of the target genes as compared to 10 pg. The method
described in the present study provides a means to identify
and validate potential targets, and selection of appropriate
dsRNA concentration to achieve optimal silencing of target
genes. Further, indicate the feasibility of utilizing non-
midgut genes as potential targets for field level pest man-
agement of H. armigera. Therefore, the selected target
genes could be utilized for effective control of H. armigera
and the approach described here could be useful for con-
trolling other destructive pests.
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