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The cotton bollworm, Helicoverpa armigera, is a highly polyphagous pest, causing enormous losses to various
economically important crops. The identiﬁcation and in vitro functional validation of target genes of a pest is a
prerequisite to combat pest via host-mediated RNA interference (RNAi). In the present study, six hormonal
biosynthesis genes of H. armigera were chosen and evaluated by feeding insect larvae with dsRNAs corresponding to each target gene, viz., juvenile hormone acid methyltransferase (HaJHAMT), prothoracicotropic
hormone (HaPTTH), pheromone biosynthesis-activating peptide (HaPBAP), molt regulating transcription factor
(HaHR3), activated protein 4 (HaAP-4) and eclosion hormone precursor (HaEHP). The loss of function phenotypes for these hormonal genes were observed by releasing second instar larvae on to artiﬁcial diet containing
target gene-speciﬁc dsRNAs. Ingestion of dsRNAs resulted in mortality ranging from 60% to 90%, reduced larval
weight, phenotypic deformities and delayed pupation. The quantitative real-time PCR (qRT-PCR) analysis
showed that the target gene transcript levels were decreased drastically (31% to 77%) as compared to control or
unrelated control (GFP-dsRNA), and correlated well with the mortality and developmental defects of larvae.
Also, a comparison of the silencing efﬁcacy of un-diced long HaPTTH-dsRNA with RNase III diced HaPTTHdsRNA (siRNAs) revealed that long dsRNAs were more efﬁcient in silencing the target gene. These results
indicated that the hormonal biosynthesis genes have varied sensitivity towards RNAi and could be the vital targets
for insect resistance in crop plants like cotton which are infested by H. armigera.
Keywords. dsRNA; gene silencing; Helicoverpa armigera; hormonal biosynthesis genes; insect resistance;
RNA interference

1. Introduction
Helicoverpa (Heliothis) armigera (Hubner) (Lepidoptera: Noctuidae), commonly known as cotton
bollworm, is a highly polyphagous and cosmopolitan

This article is part of the Topical Collection: Genetic
Intervention in Plants: Mechanisms and Beneﬁts.

agricultural pest. It causes signiﬁcant losses to several
agriculturally important crops, including cotton,
chickpea, pigeon pea, tomato and castor (El-Wakeil
2007). In fact, it is considered to be the world’s worst
pest because of its high reproductive potential and
polyphagous nature. Although various conventional
methods have been used to control this insect pest like
insecticidal spray, crop rotation, etc., but these methods
have their own inherent/certain limitations. The inten-
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sive use of insecticides made this pest resistant to
various pesticides (Nimbalkar et al. 2009). Thus, the
management of this pest has become a difﬁcult task. Bt
(Bacillus thuringenesis) technology has emerged as a
highly effective way to generate insect resistant transgenic plants by expressing the gene coding for insecticidal crystalline proteins from Bt. But later on, the
effectiveness of Bt crops towards insect resistance has
declined, and the pest has started becoming resistant to
Bt (Tabashnik et al. 2013). Therefore, alternative
strategies are required to combat this insect pest. RNAi
has emerged as a robust substitute for insect pest
management (Gordon and Waterhouse 2007). RNAi is
a potent sequence-speciﬁc gene silencing mechanism,
which is mediated by the presence of dsRNA and thus
holds tremendous potential in developing insect resistant crops (Price and Gatehouse 2008; Whyard et al.
2009; Xiong et al. 2013; Younis et al. 2014; Mamta
et al. 2016). Also, the RNAi technology has been
extended to control sea pest lampreys and aphids which
are otherwise difﬁcult to control by conventional
methods and Bt technology (Heath et al. 2014; Yu
et al. 2016). Earlier reports have shown the practical
utility of RNAi in insect pest management (Mao et al.
2007; 2011; Baum et al. 2007; Liu et al. 2015: Mamta
et al. 2016). For triumphing RNAi in insects, dsRNAs
could be delivered via artiﬁcial diet feeding, soaking,
microinjection, expressing target gene-speciﬁc dsRNA
in bacteria, ingestion of chitosan/dsRNA nanoparticle,
ingestion via ﬂuorescent dsRNA nanoparticle, spraying
dsRNA on larvae (Turner et al. 2006; Kumar et al.
2009; Huvenne and Smagghe 2010; He et al. 2013;
Zhang X et al. 2015; Guan et al. 2016; Chikate et al.
2016; Israni and Rajam 2016; Zhu and Palli 2020).
However, the efﬁcacy of RNAi depends on the vitality
of target gene, site of dsRNA accumulation, delivery
method, insect species, developmental stage of target
insect, dsRNA/siRNA concentration, presence or
absence of RNA-dependent RNA Polymerase (RdRP),
which is involved in amplifying silencing signal, etc.
(Lim et al. 2016; Zhu and Palli 2020). The identiﬁcation and in vitro functional validation of target gene
plays a critical role in fruitful and effective/efﬁcacious
plant-mediated RNAi for insect control. In this regard,
delivery of dsRNA via artiﬁcial diet is an attractive,
easy, facile, inexpensive, simple and less time-consuming approach, which can be applied in functional
genomics study in insect pest management.
In the present study, we have screened six hormonal
biosynthetic genes of H. armigera by feeding dsRNAs
corresponding to each target gene. These genes are:
Juvenile hormone acid methyltransferase (HaJHAMT),

Prothoracicotropic hormone (HaPTTH), molt regulating transcription factor (HaHR3), Pheromone biosynthesis-activating peptide (HaPBAP), Activated protein
4 (HaAP-4) and Eclosion hormone precursor (HaEHP),
which play a crucial role in the growth and development of H. armigera. JHAMT is an enzyme involved in
the ﬁnal step of the juvenile hormone (JH) biosynthesis
pathway in insects. JHs represent a family of acyclic
sesquiterpenoids uniquely present in insects and synthesize in a specialized endocrine gland, corpus allatum. This hormone plays a critical role in regulating
metamorphosis and reproduction (Shinoda and Itoyama
2003). JHs are also involved in molting, aging, diapause, polyphenism and caste differentiation in social
insects (Verma 2007). PTTH is the ﬁrst insect hormone
discovered, which is one of the most important brain
neuropeptides called brain hormone stimulating prothoracic glands (PGs) to produce ecdysteroids needed
for continuous development of the insect (Kataoka
et al. 1987; Wei et al. 2005). It plays a central role in
the endocrine network and control insect growth,
molting, metamorphosis, diapause and adult development (Mizoguchi et al. 2013). In H. armigera, it is
expressed only in the brain, but in some other insects, it
is also released in the gut, midgut and malpighian
tubules (Wei et al. 2005). However, the function of
PTTH in these organs is not clear. HR3 is an ecdysone
inducible receptor which regulates the cascade of
molting related genes and also plays a signiﬁcant role
in governing the expression of tissue-speciﬁc genes
which are involved in insect molting and metamorphosis (Zhao et al. 2004). It’s a molt-regulating transcription factor. The DH-PBAN gene encodes Diapause
hormone and PBAN (Pheromone biosynthesis-activating neuropeptide). DH-PBAN gene is selectively
expressed in several highly specialized neurosecretory
cells, mandibular, maxillary and also labial cell clusters
of the sub-oesophageal ganglion. PBAN is a critical
neuropeptide which acts on pheromone glands to
stimulate insect sex pheromone biosynthesis, involved
in insect development and is produced by the suboesophageal ganglion (Hong et al. 2006). AP-4 binds
speciﬁcally to the E-box motif which is present in the
promoter region of DH-PBAN gene and thus plays a
key role in the development of insect by changing the
DH-PBAN transcript (Hu et al. 2010). It regulates
pupal development in H. armigera and thus completes
its life cycle making this hormone a potential target to
silence for insect pest management (Zhang Q et al.
2015). EHP is a neurosecretory peptide, widely distributed in insects and expressed through all the
developmental stages. It plays an integral role in
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triggering ecdysis behavior at the end of each molt and
thus responsible for all the ecdysis in insects at every
stage of development (Zhang and Xu 2006). Eclosion
hormone (EH) gene also possesses other biological
functions in post-embryonic development other than
triggering ecdysis behavior (Zhang and Xu 2006). We
have shown that the above target genes play a vital role
in the growth and development of H. armigera, and
thus, they are necessary for the insect’s biological
functions. Till now, there are no reports on the
assessment of silencing of these hormone genes, except
for JHAMT and HR3 genes. JHAMT was silenced in H.
armigera via diet delivered dsRNAs (Minakuchi et al.
2008; Asokan et al. 2013, 2014), and Xiong et al.
(2013) reported silencing of HR3 in H. armigera by
plant mediated RNAi. We have shown for the ﬁrst time
the sensitivity of hormonal genes towards RNAi, as
assessed by the larval weight, larval mortality, pupation
rate and reduction in transcript levels. Further, the
results suggest that these hormone biosynthesis genes
can be a vital choice for RNAi-mediated management
of H. armigera, and other crop insect pests.
2. Materials and methods
2.1 Insect culture and its maintenance
H. armigera larvae were obtained from Indian Agricultural Research Institute (IARI), New Delhi and
reared in an insectary at the Department of Genetics,
University of Delhi South Campus, New Delhi. The
larvae were maintained on a chickpea-based artiﬁcial
diet under aseptic and controlled conditions, i.e., at
27±2°C and 68±2% relative humidity under a 16 h
photoperiod (Gupta et al. 2004). Initially, the larvae
were reared in groups before the 2nd instar and then
individually on the artiﬁcial diet from the ﬁrst day of
the 2nd instar to till pupation.

2.2 Regions selected for dsRNA preparation
The regions selected for dsRNA preparation are as follows: HaJHAMT: 517 bp (Accession no. AB127945.1;
from 409 to 925 bp), HaPTTH: 514 bp (Accession no.
AY780527.1; from 2383 to 2896 bp), HaHR3: 507 bp
(Accession no. AF337637.3; from 934 to 1440 bp),
HaPBAN: 534 bp (Accession no. AY382615.2; from
1533 to 2066 bp), HaAP-4: 521 bp (Accession no.
DQ224406.1; from 479 to 999 bp), HaEHP: 500 bp
(Accession no. AY822476.1; from 150 to 649 bp).
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2.3 RNA extraction, RT-PCR and cloning of target
genes
The ﬁrst step in preparing dsRNA was cloning of target
genes. For this total RNA was extracted from the 6th
instar larvae of H. armigera using TRIzol reagent
(Invitrogen) according to the supplier’s instructions and
stored at -80°C. The isolated RNA was treated with
RNase-free DNase I (Thermo Scientiﬁc, USA) and
cDNA was synthesized (Thermo Scientiﬁc, USA, twostep RT-PCR kit) in a total reaction volume of 20 ll
containing 9.5 ll nuclease free water, 1 ll oligo (dT)18
primer (0.5 lg/ll), 1.5 ll template RNA (4.5 lg), 4 ll
5X reaction buffer, 1 ll RiboLock RNase Inhibitor, 2
ll dNTP mix (10 mM) and 1 ll reverse transcriptase.
Gene-speciﬁc primers were designed using Primer3
software, and these primers were used for cloning all
the target genes (supplementary table 1). The partial
cDNA sequences for all the six hormonal biosynthesis
genes were PCR ampliﬁed using respective genespeciﬁc primers (supplementary table 1). The ampliﬁed
PCR products for each gene were checked on 1%
agarose gel, eluted using RBC elution kit, cloned into
pGEMT-easy TA cloning vector (Promega, USA) and
conﬁrmed via automated DNA sequencing. For unrelated control, pGEMT-easy vector cloned GFP was
already available in the lab.
2.4 Preparation of dsRNAs for target genes
For dsRNA template, the pGEMT cloned target genes
were re-ampliﬁed separately by PCR using M13 primers in a total reaction volume of 50 ll containing 36
ll PCR grade water, 5 ll (10X PCR Buffer), 1.5 ll (50
mM MgCl2), 1 ll dNTP mix (10 mM) 2.5 ll each of
forward and reverse primers (10 mM each) (Supplementary Table 1), 1 ll of 1:10 diluted respective
pGEMT cloned genes as template, and 0.5 ll Taq
Polymerase gold Taq (Invitrogen). The thermal cycling
was performed using following parameters: 95°C for 5
min followed by 30 cycles of 94°C for 45 s, 53°C for
30 s, and 72°C for 45 s and the ﬁnal extension at 72°C
for 10 min. For unrelated control, GFP was also PCR
ampliﬁed using M13 primers. These PCR products
were checked on 1% agarose gel and eluted using RBC
elution kit. HiScribe T7 in vitro transcription system
(Fermentas, USA) was used for the synthesis of
dsRNAs using eluted PCR products as template. T7
and SP6 in vitro transcription was carried out in separate reaction mix to prepare sense and antisense single-standard RNAs (ssRNAs). For dsRNA preparation,
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annealing of ssRNAs was carried out in TE buffer at
65°C and slowly cooled down to room temperature. All
the dsRNAs were treated with RNase-free DNase I
(Thermo Scientiﬁc, USA) to get rid of DNA template
in the transcription reaction. The integrity of dsRNAs
was analyzed by agarose gel electrophoresis (1.2%),
and the concentration was determined by Nanodrop
(Thermo-Scientiﬁc, USA).
2.5 Preparation of HaPTTH diced-siRNA pool
The diced-siRNA pool for HaPTTH and GFP gene was
prepared by the digestion of HaPTTH/GFP dsRNA
with the Short Cut RNase III enzyme (New England
Biolabs, USA) according to the manufacturer’s protocol. For diced-siRNAs preparation, 10 lg of dsRNAs
were digested with RNase III in a total reaction volume
of 100 ll at 37°C for 30 min. The reaction was stopped
by adding 10 ll of 10X EDTA (0.5 M), and further, the
small RNAs were precipitated with the help of onetenth volume of 3M sodium acetate (pH 5.2) and
nuclease free glycogen by adding three volumes of
chilled absolute ethanol (Kalleda et al. 2013). Also,
GFP diced-siRNAs prepared by the same procedure.
Finally, the puriﬁed GFP and HaPTTH diced-siRNAs
were dissolved in nuclease-free water, and their integrity was analyzed by 20% native PAGE.
2.6 Insect feeding bioassays
The Stock of dsRNA for each gene was diluted with
nuclease-free water to a ﬁnal concentration of 0.16lg/
ll and stored at -80°C. The dsRNAs for all the genes
were diluted to same concentration so that the volume
of dsRNAs used will be consistent for all the genes.
Three independent biological experiments with 30
replicates in each set were considered to analyze the
sensitivity of each target gene towards RNAi. For
insect feeding assays, artiﬁcial diet was prepared in
DEPC treated water, poured into a 24-well bioassay
petri-plate and allowed to solidify. 50 ll of dsRNA, i.e.
8 lg of dsRNA for each gene was poured onto the
surface of the diet and kept at room temperature so that
dsRNAs get imbibed into the diet, and then, the second
instar larvae were released on it. Larvae were fed once
with target gene-speciﬁc dsRNA and monitored until
they pupate without changing the diet. The diet was
sufﬁcient for the insect larvae to develop from second
instar to pupation. The individual growth and developmental parameters for the insects were observed

every day. GFP-dsRNA was considered as unrelated
control and DEPC treated water as the control.
2.7 Feeding choice behavior assay
To analyze the feeding choice behavior of H. armigera
we performed three independent biological experiments with 20 replicates each. In each experiment, the
second instar larvae were fed with control leaves of
tobacco, tomato and cotton (supplementary ﬁgure 2),
and were observed for their health and liveliness. After
6–7 days, it was witnessed that, the larvae fed with
cotton leaves were healthier and larger than the larvae
fed with tobacco or tomato leaves. The larvae preferred
to eat cotton leaves, and they ate it completely and with
more frequency than tobacco and tomato leaves. This
means that the cotton leaves are the best choice to study
the efﬁciency of dsRNA/siRNA silencing for in vivo
experiments. Therefore, cotton leaves were used for the
leaf coating feeding bioassays.
2.8 Coating of HaPTTH-dsRNA and HaPTTH
diced-siRNAs on artiﬁcial diet
HaPTTH-dsRNA and HaPTTH diced-siRNAs were fed
to the second instar larvae via artiﬁcial diet. Three
independent biological experiments were carried out
with 30 replicates each. In each experiment, 30 diet
samples were coated with PTTH-dsRNA and 30 with
PTTH-diced siRNAs. The diet was prepared in DEPC
(0.1%) treated water and coated with 50 ll of PTTHdsRNA and diced-siRNA solutions (8 lg) using a
DEPC (0.01%) treated and autoclaved paint brush. For
unrelated control, GFP-dsRNA and GFP diced-siRNAs were coated on artiﬁcial diet. Second instar larvae
were then released on the diet, and the larval performance was monitored every day.

2.9 Coating of HaPTTH-dsRNA and HaPTTH
diced-siRNAs on cotton leaves
Three independent biological experiments (with 30
replicates) were performed to compare the silencing
efﬁcacy of dsRNA and diced-siRNAs, where cotton
leaves were coated with HaPTTH-dsRNA/dicedHaPTTH dsRNA. Cotton leaves were cleaned with
DEPC (0.1%) treated water and coated with 50 ll of
PTTH-dsRNA and diced-siRNA solutions using a
DEPC (0.01%) treated and autoclaved paint brush. In
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each experiment, 30 leaves were coated with PTTHdsRNA and 30 leaves with PTTH-diced siRNAs. For
unrelated control, GFP-dsRNA and GFP diced-siRNAs were used. Second instar larvae were then
released on these cotton leaves, and the larval performance was monitored every day.
2.10 RNA isolation and qRT-PCR analysis
Total RNA was extracted from the dsRNA treated,
unrelated and control larvae using TRIzol reagent (Invitrogen) according to the manufacturer’s instructions.
On the 6th day of the dsRNA/siRNAs feeding experiments, the total RNA was extracted from three replicates selected randomly out of the thirty replicates.
cDNA was synthesized from 1 lg/ll of the total RNA
using Thermo Scientiﬁc, USA, two-step RT-PCR kit
according to the instructions. qRT-PCR was performed
in Realplex2 thermal cycler (Eppendorf, Germany)
using SYBR Green I technology to analyze the target
gene transcript levels. A master mix was prepared by
using MESA Blue qPCR mix (Eurogentec, USA), 5
lM each of the qRT-PCR primers (supplementary
table 1) and 1.5 ng of cDNA to a ﬁnal volume of 20ll.
The reaction was performed with the following
parameters: 95°C for 4 min., 40 cycles at 95°C for 30
sec. and 60°C for 1 min. For ampliﬁcation speciﬁcity,
dissociation or melt curve analysis of amplicons was
performed at 60–95°C after 40 cycles and, later, data
was analyzed by using Realplex2 software (Livak and
Schmittgen 2001). b-Actin was previously reported to
be an ideal reference gene used for the quantiﬁcation of
gene expression in H. armigera (Kumar et al. 2009;
Israni and Rajam 2016) and hence was used as a reference gene. The relative change in gene expression
was quantiﬁed by 2-DDCt method (Livak and Schmittgen 2001).
2.11 Monitoring larval performance for larval
weight, larval mortality and pupation
In all the experiments, the larval performance was
monitored every day after feeding with dsRNA/dicedsiRNAs. Larval weight was recorded after three days of
the experiment based on the survivors, and larval
weight reduction was calculated by taking the difference between the mean weight of treated larvae and
mean weight of untreated larvae. The percentage of
larval mortality for dsRNAs/HaPTTH-dsRNA/
HaPTTH-siRNAs feeding assays was calculated on
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3rd, 8th and 12th day of the experiment. The rate of
pupation was recorded after the 4th day of all the
control/unrelated control larvae pupate.
2.12 Data analysis
All the data collected from at least three independent
biological experiments and data represented as mean
with the standard error from all the experiments. Student’s t-test was performed for determining the signiﬁcant differences in control and treated larvae
(P \ 0.05).
3. Results
3.1 Molecular cloning of target genes and in vitro
dsRNA preparation
The target genes were cloned by RT-PCR as mentioned
in section 2.3, and their integrity was determined by
1% agarose gel check (supplementary ﬁgure 1a).
Multiple sequence alignment results showed that the
RT-PCR products of all target genes shared 100%
identity with their corresponding gene sequences
available in the GenBank of NCBI (National Center for
Biotechnology Information). NCBI BLAST (Basic
Local Alignment
Search Tool) analysis of the above cloned gene
sequences showed no signiﬁcant homology with any
other gene of H. armigera, vital genes of Homo sapiens, Rattus norvegicus and other beneﬁcial animals.
The in vitro synthesized dsRNAs were checked on the
agarose gel, which proved the accepted quality and
integrity of dsRNAs (supplementary ﬁgure 1b). Also,
siRNAs were analyzed by 20% PAGE as shown in
supplementary ﬁgure 1c which showed the purity and
integrity of the siRNAs.

3.2 Effect of silencing on larval weight
and mortality
Ingestion of target gene-speciﬁc dsRNAs resulted in
variable larval weight reduction and mortality. ﬁgure 1a showed that the control and unrelated control
larvae were healthy and alive, but the dsRNAs treated
larvae were phenotypically deformed and showed
mortality. Feeding target gene-speciﬁc dsRNAs to larvae had exhibited considerable variation in the reduction of larval weight as compared to control and GFP-
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dsRNA treated (unrelated) control. Larval weight was
recorded on the 3rd day post dsRNA treatment.
Silencing of JHAMT caused 45% reduction in larval
mean weight, whereas silencing of AP-4 resulted in
47% reduction in weight. Silencing of both HR3 and
PTTH caused 32% reduction in larval weight. EHPdsRNA treatment had manifested 47% reduction in
weight, whereas silencing of PBAP showed 43%
decrease in larval weight (ﬁgure 1b). Also, feeding
target gene-speciﬁc dsRNAs ensued in variable insect
mortality ranging from 60–90% in all the six targeted
genes. Larval mortality was recorded on the 3rd, 8th
and 12th day of the experiment. The larvae which died
without forming pupae on the 12th day of the

experiment also contributed to the percentage of mortality (for all genes) on that day. Like, in silencing of
HaEHP, around 30% larvae died on 12th day without
undergoing pupation and this resulted in 90% mortality
due to the silencing of EHP gene on 12th day of the
experiment (ﬁgure 1c). Silencing of HaEHP showed
the highest among all the six target genes whereas the
lowest mortality, i.e. 60% was observed in HaPBAP
silenced larvae. HaPTTH-dsRNA treatment caused
80% mortality out of which 20% died without undergoing pupation. Silencing of HaJHAMT and HaHR3
genes caused 77% mortality, and the silencing of
HaAP-4 showed 70% mortality in the HaAP-4-dsRNA
treated larvae (ﬁgure 1c).

Figure 1. The performance of target gene-speciﬁc dsRNA ingested larvae and their statistical data analysis. (A)
Photographs taken after 10 days post dsRNA feeding showing mortality of larvae. (B) Larval mean weight recorded 3 days
post dsRNA treatment, Control: DEPC treated water, GFP: unrelated control. Data represents larval mean weight ± standard
error of all the replicates in each experiment. Signiﬁcant at *P \ 0.05 as compared with control. (C) Percentage of mean of
larval mortality was recorded on 3rd, 8th and 12th day ± standard error of all the replicates in each experiment. Signiﬁcant at
*P \ 0.05 as compared with contro.; (D) Analysis of target gene transcript levels by qRT-PCR on the 6th day of the
experiment by the cycle threshold (CT) method. Data represents mean of three independent experiments (n = 30). H.
armigera b-Actin taken as an internal control for normalization. The values were compared using t-test. *Represent
signiﬁcant differences in transcript level in dsRNA treated larvae and control (P \ 0.001).
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3.3 Molecular validation of silencing via qRTPCR
qRT-PCR was performed to know the extent of target gene
silencing via RNAi. The expression of transcript levels for
different target genes analyzed by qRT-PCR on the 6th day
of the dsRNAs/siRNAs feeding. Relative target gene
expression measured in control (DEPC water), unrelated
(dsRNA/siRNA) control (GFP), target-dsRNA/siRNAs
treated samples using the comparative D cycle threshold
(CT) method. Transcript levels in each sample were normalized to H. armigera b-Actin. Expression levels of each
target gene in control, unrelated controls were measured
separately along with all the test samples, and mean values
were used to compare silencing of target genes (ﬁgure 1d).
The graph depicts the highest silencing of the HaEHP
target gene (77%) with lowest relative expression and
lowest silencing of the HaPBAP target gene (31%)
showing highest relative expression. The data represent
the mean of three independent biological experiments
with 30 replicates. Values were compared using t-test.
3.4 Effect of silencing on pupation
Silencing of hormonal genes also affected the pupation
and its timing. On the 12th day of the experiment, the
control and unrelated control larvae entered pupation
stage but in all the dsRNA treated larvae the pupation
starts after four days of the control and unrelated control
larvae pupate. Thus, the feeding of dsRNAs caused the
delay of pupation. On the 12th day of the experiment, few
dsRNA treated larvae did not enter the pupation stage and
turned blackish. Their skin was with black patches and
there was no further growth in them, which eventually
died. On the other hand, the control and the unrelated
control were completely normal and healthy (ﬁgure 2b)
and resulted in 98–99% pupation (ﬁgure 2a). Later, some
of the treated larvae formed the pupae. ﬁgure 2c showed
that only 10% of EHP-dsRNA treated larvae formed the
pupae. Likewise, 20% of PTTH-dsRNA treated larvae
entered pupation stage, whereas in case of AP-4 silenced
larvae, 30% larvae formed the pupae. Silencing of HR3
and JHAMT resulted in 23% pupation whereas, silencing
of PBAP allowed 40% larvae to form pupae (ﬁgure 2c).
3.5 Effect of silencing of PPTH using un-diced
dsRNA vs diced-siRNAs when fed via artiﬁcial diet
For comparing the silencing efﬁcacy of dsRNA and
diced-siRNAs, an equal amount of these molecules, i.e.
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8 lg was taken for the feeding assays (ﬁgure 3a). There
was 27% and 18% larval weight reduction in dsRNA
and diced-siRNA treated samples respectively (ﬁgure 3b). On the 12th day of the experiment the undiced
HaPTTH-dsRNA resulted in 55% mortality, whereas
diced-siRNAs showed only 35% mortality (ﬁgure 3c).
In case of relative expression of HaPTTH transcripts,
undiced-dsRNA showed 56% reduction in target gene
transcript level and diced-siRNAs had manifested 40%
reduction in transcript level (ﬁgure 3d).
3.6 Effect of silencing of PPTH using un-diced
dsRNA vs diced-siRNAs when fed via cotton leaves
Based on the results of feeding choice behavior assay
(supplementary ﬁgure 2), cotton leaves were considered for feeding HaPTTH-dsRNA and diced-siRNAs.
The second instar larvae were released on the cotton
leaves coated with HaPTTH-dsRNA and diced-siRNAs
separately to analyze the silencing effect of HaPTTHdsRNA and diced-siRNAs. ﬁgure 4a showed the
mortality of dsRNA/siRNA treated larvae whereas
control and unrelated control were normal and alive.
dsRNA treated larvae were found with 87% reduction
in larval weight, whereas diced-siRNAs caused 50%
weight reduction (ﬁgure 4b). It was observed that
undiced-dsRNA treatment caused 70% mortality, and
diced-siRNAs resulted in only 40% mortality on the
12th day of the experiment (ﬁgure 4c). The expression
of transcript showed a reduction in mRNA levels of the
target gene. Un-diced-dsRNA showed 90% reduction
in transcript level and diced-siRNAs caused 60%
transcript level reduction (ﬁgure 4d).
3.7 Comparison of silencing potency of dsRNA
and diced-siRNAs
The experiments done for comparing the silencing
efﬁcacy of HaPPTH-dsRNA and HaPTTH-diced siRNAs proved that the dsRNA is more potent in silencing
a target gene than diced-siRNAs. In both the experiments (ﬁgures 3 and 4), feeding HaPPTH-dsRNA/
HaPPTH-siRNAs via artiﬁcial and via cotton leaf
coating, dsRNAs showed more reduction in target gene
transcript expression than diced-siRNAs. Also, the
larvae showed higher larval weight reduction and
higher larval mortality by feeding dsRNAs than by
feeding siRNAs. Hence, dsRNAs have more potential
in silencing a particular target gene than the corresponding siRNAs. Apart from this, the results showed
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Figure 2. Effect of feeding dsRNAs on pupation. (A) Photographs taken after 4 days of all the control and unrelated control
larvae have undergone pupation. dsRNAs treated larvae were unable to pupate and died at larval stage itself. (B) The
photograph shows black patches or the larvae turned blackish after treatment with dsRNAs. (C) Data represents the
percentage of mean of larvae unable to pupate ± standard error of all the replicates in each experiment. Signiﬁcant at *P \
0.05 (compared with control).

that feeding dsRNAs via cotton leaves resulted in
higher larval weight reduction, higher mortality and
more reduction in target gene expression level which
proved the utility of dsRNAs for controlling insect
pests in ﬁelds directly by spraying them on plant
leaves.

4. Discussion
RNAi is considered to be an essential reverse genetic
tool for effective gene-speciﬁc silencing. Various
methods have been used to deliver dsRNAs like feeding via artiﬁcial diet, microinjection, soaking bacterial
expression of dsRNA, etc. (Turner et al. 2006; Huvenne and Smagghe 2010; Zhang X et al. 2015; Guan
et al. 2016; Israni and Rajam 2016). These in vitro
approaches used for delivering dsRNAs have different
pros and cons of their own (Yu et al. 2013). Yet,
dsRNA-based silencing of a speciﬁc gene by RNAi
process has been reported in many insect species of
order Lepidoptera, Hemiptera, Diptera, Coleoptera,

Hymenoptera, Isoptera and Orthoptera (Huvenne and
Smagghe 2010; Asokan et al. 2013). But, the success
of RNAi depends on various parameters such as the
identiﬁcation of suitable target gene(s) and the method
used for the delivery of dsRNA (Terenius et al. 2011).
Out of all the methods used for RNAi, dsRNA feeding
via artiﬁcial diet is very common and most attractive
approach as it is less time consuming, easy, less laborious and non-invasive. It facilitates the identiﬁcation
of potential target gene to develop dsRNA expressing
transgenic plants, and therefore contributing to ﬁeld
level pest management (Mao et al. 2007; 2011; Terenius et al. 2011; Xiong et al. 2013). However, there are
few intricacies while using this method like dsRNA
degradation in the midgut, its uptake, and transportation to target tissues, etc. (Terenius et al. 2011; Liu
et al. 2013).
Silencing of target gene(s) in Epiphyas postvittana,
Spodoptera frugiperda, Glossina, Apis mellifera and H.
armigera upon administration of dsRNA via artiﬁcial
diet has also been reported previously (Turner et al.
2006; Griebler et al. 2008; Kumar et al. 2009; Hunter
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Figure 3. Data represents the comparison of the silencing potency of HaPTTH undiced-dsRNA and diced-siRNAs fed via
artiﬁcial diet. (A) Feeding of HaPTTH un-diced-dsRNA and HaPTTH diced-dsRNA (siRNAs) to second instar larvae via
artiﬁcial diet. Photographs taken after 8 days post-feeding of dsRNA/siRNA. dsRNA/siRNA treated larvae were
phenotypically abnormal and showed mortality. (B) Larval mean weight was recorded 3 days post-feeding. Data represents
larval mean weight ± standard error of all the replicates in each experiment. Signiﬁcant at *P \ 0.05 as compared with
control. (C) Larval mortality percentage was recorded on 3rd, 8th and 12th day ± standard error of all the replicates in each
experiment. Signiﬁcant at *P \ 0.05 as compared with control. (D) Silencing potency of dsRNAs and diced-siRNAs was
compared by qRT-PCR on the 6th day of the experiment. H. armigera b-Actin taken as an internal control. The data
represents the mean of three independent experiments with n = 30 replicates. *Represents signiﬁcant differences in HaPTTH
transcript level in HaPTTH dsRNA/siRNAs and control (P \ 0.001).

et al. 2010; Asokan et al. 2014; Chikate et al. 2016).
Similarly, our study also proved that the expression of a
target gene could be silenced effectively by feeding
dsRNA via artiﬁcial diet and thus contributing RNAi as
a new tool to be used for insect pest management.
Interestingly, in our study, diet-mediated delivery of
dsRNA caused silencing of both midgut and nonmidgut genes. Several studies have focused on the
successful silencing of genes expressed in midgut
region (Rajagopal et al. 2002; Mao et al. 2007; 2011),
whereas there are very few reports to support nonmidgut gene silencing via diet delivered dsRNAs (Li

et al. 2011; Asokan et al. 2013). Similar to our results,
two reports also support the silencing of non-midgut
gene, i.e. JHAMT (Asokan et al. 2013; 2014) suggesting an unknown mechanism for the ampliﬁcation
of siRNAs. Belles (2010) reported that RNA-dependent RNA Polymerase (RdRP) helps in the ampliﬁcation of siRNAs and thus enhances the systemic spread
of silencing signal to non-midgut tissues.
Hormones are essentially required for the proper
development of an organism. In insects, the growth and
development depend upon various hormone biosynthesizing genes like PTTH, JHAMT, Eclosion hormone
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Figure 4. Comparison of the silencing potency of HaPTTH un-diced-dsRNAs and diced-siRNAs fed via cotton leaves. (A)
Feeding of HaPTTH un-diced dsRNA and diced-dsRNA via cotton leaves. Photographs taken after 4th day of post feeding
where HaPTTH dsRNA/siRNAs treated larvae died. (B) Data represents larval mean weight recorded 3 days post dsRNA /
diced-siRNA feeding ± standard error of all the replicates in each experiment. Signiﬁcant at *P \ 0.05 as compared to
control. (C) Percentage of larval mortality ± standard error of all the replicates in each experiment. Signiﬁcant at *P \ 0.05
as compared to control. (D) Analysis of transcript abundance by qRT-PCR on the 6th day of the dsRNA treatment. Data
represents mean of three independent experiments (n = 30). H. armigera b-Actin taken as an internal control. Cycle threshold
(CT) method was used. *Represents signiﬁcant differences between HaPTTH transcript levels in HaPTTH dsRNA/siRNAs
treated larvae and control (P \ 0.001).

(EcR), PBAP, HR3, etc. It is very well known that the
vitality of a gene can be analyzed by feeding genespeciﬁc dsRNAs to the insect larvae via artiﬁcial diet.
Since decades, this method has been used for screening
many genes and to conﬁrm the sensitivity of the gene
towards RNAi. But very few reports are there related to
the study of hormones’ importance in the growth and
development of an insect and so it needs to be explored
more. To the best of our knowledge, there are no
reports on the silencing of hormonal biosynthesis genes
of H. armigera via feeding dsRNA through artiﬁcial
diet except for JHAMT and HR3. JHAMT is the most

studied hormone of the insects (Minakuchi et al. 2008;
Asokan 2013; 2014) which helps in the synthesis of
Juvenile Hormone (JH), required for regulating metamorphosis, diapause and reproduction in insects. The
other hormones studied were HR3 of H. armigera,
ecdysone hormone receptor of Plutella xylostella
(Griebler et al. 2008; Xiong et al. 2013; Israni and
Rajam 2016). Also, Chikate 2016 studied juvenile
hormone esterase (JH esterase) which is an enzyme
that catalyzes the hydrolysis of juvenile hormone. Recently two reports proposed the silencing of hormonal
genes in insects like N. lugens and P. xylostella (Zhao
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et al. 2017; Chaitanya et al. 2017). So, for the ﬁrst time
we proved the vitality of hormones like PTTH, PBAP,
AP-4 and EHP in H. armigera by feeding gene-speciﬁc
dsRNAs via artiﬁcial diet. Although, earlier Choudhary
and Sahi (2011) identiﬁed siRNAs from these hormonal genes, viz., JHAMT, PTTH, AP-4, HR3, PBAP
and EHP by in silico analysis and suggested that these
genes could be the potential targets for controlling this
notorious pest but they have not proved it with
any experimental assays. However, in the present
study, the vitality of these genes was conﬁrmed by
experiments.
The silencing variation among the genes depends
upon the various factors like the extent of the vitality of
the gene for the growth and development of an insect,
the transcript level of the target gene at a particular
stage, the concentration of dsRNA fed, site of target
gene expression, etc. In our study, the extent of
silencing has varied from gene to gene. The highest
silencing of the transcript was observed in EHP (90%),
whereas the lowest silencing was recorded in PBAP
(60%). Silencing of other genes has ranged from
70–80%. It was observed that EHP gene was the most
sensitive to RNAi in comparison to other target genes.
Also, silencing of these target genes has resulted in
drastic reduction in the weight of dsRNA-treated larvae
as compared to controls, and unrelated GFP-dsRNA
treated larvae. Silencing of HR3 and PTTH severely
affected the larval weight gain in comparison to other
target genes. It has also been observed that the inhibition of gene expression depends on the dsRNA
concentration. In previous reports, 10 lg of dsRNA
was the lowest amount of dsRNA used for the insect
feeding bio-assays, but in this study, we have used 8 lg
of dsRNA which is the minimum amount used in such
artiﬁcial diet delivered dsRNA methods. We have also
observed that the rate of pupation in all the target genes
was signiﬁcantly less as compared to controls. There
was 98–99% pupation in control, and most of the
dsRNAs treated larvae did not enter into the pupation.
The variation in the silencing effect may be attributed
to the different biological role of target genes in growth
and development of the insect pest. Xiong et al. (2013)
showed that the ingestion of transgenic tobacco plants
expressing HaHR3 hairpin-RNA to H. armigera larvae
resulted in only 29.65% mortality whereas our results
conﬁrmed 77% mortality to insects which is signiﬁcantly high.
Also, we have compared the silencing potency of
dsRNA and diced-siRNAs. We validated that the
dsRNAs were more efﬁcient in silencing target gene as
compared to diced-siRNAs (Wang et al. 2013; Kalleda
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et al. 2013). Wang et al. (2013) used dsRNA and
siRNAs to silence the same three target genes in T.
castaneum, the siRNAs did not trigger any phenotypic
changes in larvae, and they reported that siRNAs are
less potent in silencing a target gene in comparison to
its corresponding dsRNA. This proves that dsRNA
feeding approach is more reliable in screening genes
function than siRNA feeding (Wang et al. 2013; Kalleda et al. 2013). The probable reason for this is that
the dsRNAs are longer in size and thus are more
stable in the gut of the insect rather than the dicedsiRNAs. Also out of the pool of siRNAs, it is again a
tough job to ﬁnd a potential siRNA, so it is better to use
dsRNA for the screening of gene(s) purposes. Our
results showed that the hormonal genes could be the
most potential targets in the management of H. armigera. Further, non-midgut genes can also be silenced
via feeding dsRNA through artiﬁcial diet and thus
could be possible targets for controlling insect pests.
Therefore, the selected target genes could be utilized
for the control of H. armigera and also the approach
described could be used for managing other destructive
pests. Feeding dsRNAs to the insect pest via artiﬁcial
diet proved to be the promising tool to explore target
gene functions.
5. Conclusion
Until now, no other report has shown the effect of
silencing of the given hormone biosynthetic genes on
impairment of growth and development of the
insect. Delivery of dsRNAs via artiﬁcial diet has
proved to be the quick and less laborious in vitro
technique to analyze the function of the target gene(s).
Also, feeding dsRNA has been found to be more efﬁcient than diced siRNA in silencing a gene function. As
far as the authors are aware, this is the ﬁrst report where
minimum amount of dsRNA, i.e. 8 lg has been used to
inhibit the gene functions, indicating that the genes are
highly sensitive to RNAi and thus can be employed for
generating insect-proof plants to manage pest attack.
Also, systemic silencing of the non-midgut gene, i.e.,
JHAMT has been achieved via RNAi. The results
showed that the hormones are essential for the proper
functioning of an organism, and as the literature says
all the hormones are inter-related to each other. Thus,
the silencing of one hormone may affect the function of
other hormone(s) and could provide complete abnormality to the pest. Therefore, the selected hormonal
genes are vital and can be potential targets for developing insect-resistant transgenic plants to prevent
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massive losses to cotton and other important crops by
the insect pest, H. armigera.
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