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Abstract

Background: RNAi (RNA interference) is a technology for silencing of target genes via sequence-specific manner.
RNAi technology has been used for development of anti-pathogenic crops. In 2007, development of transgenic
plants resistant to insect herbivore using RNAi technology was first reported, leading to a burst of efforts aimed at
exploitation of RNAi mechanism and control strategy against variety of insect species based on this technique.
Mythimna separata belongs to noctuidae family of lepidoptera and is posing threat to crops of economic
importance. Recently, outbreaks of M. separata severely threatens corn production in Northern China, calling for
new control approaches.

Results: Chitinase genes were chosen as the target genes as they were expressed predominantly in the gut tissue
and were reported to be ideal silencing targets in several insect species. Interfering sequences against the target
genes were cloned into the L4440 vector to produce sequence specific dsRNAs (double-stranded RNAs).
Recombinant L4440 vectors were transformed into Escherichia coli strain HT115 (DE3) which was defective in dsRNA
degradation activity, so preserving the dsRNA from degradation by cellular machinery. The bacteria were mixed
with artificial diet and were fed to M. separata. We showed that oral delivery of bacterially expressed dsRNA would
lead to RNAi effects in the recipient insect. Quantitative real-time PCR results showed that expression level of target
MseChi1 and MseChi2 genes in gut tissue of M. separata were down-regulated after oral delivery of engineered
bacteria expressing the corresponding dsRNA. Sequence-specific siRNA (small interfering RNA) was detected in
recipient insects, supporting the existence of siRNA-mediated silencing effects in M. separata. Furthermore,
knockdown of MseChi1 and MseChi2 resulted in increased mortality and reduced body weight of the feeding larvae.

Conclusion: We reported a simple and low cost experimental procedure to silence M. separata endogenous gene
expression. Our research provides both an experimental foundation for using RNAi technology to control M.
separata and also a useful research tool for loss-of-function study of important developmental and regulatory genes
in this insect species.
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Background
The Oriental Armyworm Mythimna separata Walker
(Lepidoptera: Noctuidae) is one of the most important
pests of cereal crops including corn, wheat and rice. In
recent years, outbreaks of M. separata are severely
threatening corn production in Northern China. To
date, control strategy toward this insect pest heavily

relies on the usage of chemical pesticides [1, 2]. Besides
the environmental pollution and non-specific toxicity of
chemical pesticide, insect resistance toward the chemi-
cals is also becoming a serious problem in majority of
the insect pests including M. separata. Bt (Bacillus thur-
ingiensis) toxin engineered to be expressed in transgenes
is an alternative for the chemicals, but it still encoun-
tered the problem of broad-spectrum toxicity and evolu-
tion of insect resistance. In fact, development of
resistance against Bt toxin was also reported for M.
separata [3, 4].
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RNAi is a natural gene regulation and antiviral defense
system of eukaryotic cells. RNAi has been exploited as a
technology for silencing of target genes via sequence-
specific manner [5, 6]. There are already many examples
and even practical implementation of RNAi-based tech-
nologies for development of anti-pathogenic crops.
RNAi-based strategies have been used for development
of genetically modified plants resistant to variety of dis-
ease agents such as bacteria, nematode and virus [7–9].
In 2007, two research groups reported the development
of transgenic corn and cotton resistant to insect herbi-
vores using RNAi technology, providing a species-
specific and environmentally sound anti-insect strategy
[10, 11]. Since then, successful RNAi experiments have
also been reported in different insect species including
some lepidopteran insects [12, 13]. To screen large-scale
insect genes to identify an optimal candidate target
which is effective and species-specific, there is a need to
develop high-throughput method for future RNAi-based
control strategy in each insect species of interest.
In this study, we propose to determine the possibility

of using RNAi technology to knockdown the expression
of M. separata genes. To date, the sources of interfering
RNAs (dsRNA or siRNA) commonly utilized in insect
RNAi study include in vitro synthesized dsRNA, virus-
expressed dsRNA or siRNA, or transgenically expressed
hairpin RNA, all of which are costly synthetic molecules
or are produced from time-consuming laborious proce-
dures. To overcome the shortages of these methods, we
used here an oral delivery of bacterially derived sequence
specific dsRNAs to silence M. separata genes. We chose
chitinase encoding genes as targets in this preliminary
effort. Chitin (C8H13O5N)n is a long-chain polymer of a
N-acetylglucosamine linked by β-1,4-glycosidic bond. In
insects, chitin is a main structural component which
lines the cuticle of foregut, hindgut, trachea, and PM
(peritrophic matrix) of the midgut, and is playing struc-
tural and protective roles in insect. Chitinases, also
known as chitin synthases, are family 18 glycosyl hydro-
lases that break down glycosidic bonds in chitin and are
responsible for the hydrolysis and synthesis of chitin
[14–16]. Chitinase gene has long been studied and used
as the biocontrol molecule agent toward biotic stresses
including fungi and insects [17, 18]. Functions of chiti-
nase genes were heavily investigated in different insect
species. Several lines of evidence suggested that RNAi si-
lencing of chitinase genes led to strong phenotypic ef-
fects in different insect species including Ostrinia
nubilalis (lepidopteran), Tribolium castaneum (Coleop-
teran), Anopheles gambiae (Dipteran), and Locusta
migratoria (Neopteran) [19–22]. Two chitinase homo-
logs were identified in M. separata. We utilized L4440
vector to prepare dsRNAs in the E.coli cells for these
chitinase genes, and directly fed them to recipient

insects by mixing with artificial diet. Molecular evidence
suggested that oral delivery of bacterial dsRNA caused
the knockdown of target chitinase gene expression, as
was also evidenced by the appearance of sequence-
specific siRNA in the recipient insect. Mortality increase
and body weight decline were also observed in recipient
insects. Our data provided both theoretical and applica-
tional direction toward the use of RNAi as a reverse gen-
etic tool for studying the function of specific genes and
also as a biocontrol method for the control of this insect
species.

Results
Phylogenetic analysis and expression profiles of two M.
separata genes coding for putative chitinase
Only 43 ESTs and 112 protein coding sequences were
available for M. separata to date in the database of
National Center for Biotechnology Information
(http://www.ncbi.nlm.nih.gov). Two putative chitinase
genes were found for M. separata in the database and
they were named as MseChi1 (Mse for M. separata,
and Chi for chitinase) and MseChi2 respectively. The
nucleotide sequences of MseChi1 and MseChi2
showed high sequence similarity with other insect
genes coding for chitinases. Phylogenetic analysis
showed that MseChi1 and MseChi2 were clustered
into different subfamilies (Fig. 1a). Semi-quantitative
analyses of MseChi1 and MseChi2 transcript levels in
different tissues of insect larvae were performed. As
shown in Fig. 1 b, MseChi1 and MseChi2 were pre-
dominantly expressed in the gut tissues although their
transcripts were detected also in many other tissues to
a different extent. MseChi1 and MseChi2 appear to be
ideal candidates for RNAi study via oral delivery of
the interfering agent as the gut tissue will ingest the
RNAi effectors primarily. Several lines of evidence also
showed the susceptibility of gut-expressed mRNA to
orally-ingested dsRNAs [12, 23–26].

Production of dsRNAs for interfering sequences against
MseChi1 and MseChi2
Partial fragments of MseChi1 and MseChi2 were ampli-
fied from the cDNA samples of M. separata, and the
amplicons were cloned into L4440 vector. These frag-
ments for dsRNA synthesis and those for other pur-
poses were outlined in Fig. 2 a and b, for MseChi1 and
MseChi2, respectively. Two T7 promoters flanked the
insert sequence in inverted orientations were expected
to drive the expression of complementary RNA, result-
ing in the formation of dsRNA for this insert sequence
(Fig. 2 c). The recombinant vectors were transformed
into E.coli strain HT115 which lacked the double-
strand-specific RNaseIII activity. T7 RNA polymerase
activity was induced using IPTG (isopropyl β-D-1-
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thiogalactopyranoside). Total bacterial RNA was ex-
tracted, and the presence of long dsRNA segments in
total RNA was analyzed. Fig. 3 a showed that MseChi1
or MseChi2 dsRNAs with expected size were detected
only after addition of IPTG whereas they were not ob-
served in the transformed cells without IPTG induc-
tion. The dsRNAs produced by bacteria are resistant to

RNaseA treatment (Fig. 3 b), supporting their double-
stranded property. It was noticed that rRNA band dis-
appeared after IPTG induction, which was similar to
the results shown before by Zhu et al. [27]. To further
confirm the sequence specificity of the dsRNA band,
Northern hybridization was performed using DIG
(Digoxigenin)-labelled MseChi1 or MseChi2 sequence

Fig. 1 Phylogenetic analysis and expression patterns of M. separata chitinase genes. a Phylogenetic analysis of MseChi1 and MseChi2 by aligning
with putative chitinase and chitinase-like protein encoding genes from other insect species using MEGA 6.0 software. Abbreviations, Mse:
Mythimna separata. Mb: Mamestra brassicae. Se: Spodoptera exigua. Sl: Spodoptera litura. Of: Ostrinia furnacalis. Px: Papilio xuthus. Sc: Samia cynthia.
Ms: Manduca sexta. Ac: Agrius convolvuli. Bm: Bombyx mori. Sf: Spodoptera frugiperda. Ha: Helicoverpa armigera. Ai: Agrotis ipsilon. Mc: Mamestra con-
figurata. Lo: lacanobia oleracea. ◆ denotes M. separata chitinase genes. b Expression profiles of MseChi1 and MseChi2 in a variety of tissues includ-
ing reproductive organ (RO), fat body (FB), thorax (T), head (H), abdomen (A) and gut (G). Semi-quantitative RT-PCR was performed for MseChi1
and MseChi2 using the gene specific primers at 32 cycles. 28 cycles of amplification for the house-keeping gene β-actin was carried out to test
the integrity of tissue sample

Fig. 2 Schematics of the nucleotide fragments for different experiments. a Detail of the nucleotide regions used in the study for MseChi1 gene. Red line
indicates the region for dsRNA synthesis, purple line indicates the region for preparation of DIG-labelled probe, green line indicates the region for amplifica-
tion of the fragment for semi-quantitative RT-PCR analysis, and blue line indicates the region for amplification of the fragments in qRT-PCR experiment. b
Detail of the nucleotide regions used in the study for MseChi2 gene. c General scheme for dsRNA production by L4440 vector in HT115 cell
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specific probes respectively. The probes were made by
the PCR amplification of the fragments shown in Fig. 2
a, B in which DIG -dUTP was added into the reaction
components. When DIG-labelled probes were separated
on the agarose gel, they lagged behind the same PCR
products without DIG-dUTP added. This result con-
firmed the efficient labelling events in that incorpor-
ation of DIG-dUTP in the probes increased their
molecular mass (Fig. 4 a). As shown in Fig. 4 b and c,
prevalent dsRNA bands with the expected size were de-
tected after IPTG induction in the hybridization experi-
ment, showing that the nucleotides corresponding to
the bands are sequence specific as we expect. We also
amplified the fragments from cDNAs of IPTG-induced
bacteria, cloned into T-vector and verified by sequen-
cing (data not shown).

Confirmation of oral feeding efficiency with FD&C Blue
staining
We modified the existing formula of artificial diet for
the lepidopteran insects to create a new recipe for M.
separata. Fig. 5 a showed that M. separata larvae readily
fed on the modified artificial diet. To verify that bacteria
mixed with the artificial diet were ingested by the feed-
ing larvae, FD&C Blue was added into the artificial diet.
After six hours’ feeding, the blue diet was easily detect-
able inside the larvae (Fig. 5 b). When larval gut was

dissected and the intestinal content was removed, the
blue diet was observed in the gut tissue, demonstrating
that the diet was absorbed and enriched in the gut tissue
(Fig. 5 c). When the new recipe of artificial diet was
compared with already reported diet formula for lepi-
dopteran insects [28] by FD&C Blue staining, no obvious
difference was observed between them (Additional file 1:
Figure S1).

Knockdown efficiency of bacterial dsRNA upon target
gene expression
In order to test the silencing effects of orally-fed bacter-
ial dsRNA on target gene expression, qRT-PCR was per-
formed on the cDNA of gut sample for individual larva.
The insect fed with bacteria carrying empty L4440 vec-
tor served as the control treatment. Expression of target
genes in individual sample was normalized with the
steady state level of β-actin gene. Insects were collected
at five days after feeding, gut tissue was separated, and
total RNAs were extracted. Fig. 5 d, e showed that
mRNA abundance of MseChi1 and MseChi2 was de-
creased by 68% and 76% compared with the control
samples, respectively. Although considerable MseChi2
transcript was detected in non-gut tissues (Fig. 1b),
RNAi effects were not observed in those tissues, demon-
strating no existence of systemic movement of RNAi sig-
nal in M. separata (Additional file 2: Figure 2). The data

Fig. 3 Confirmation of dsRNA produced in HT115 cell. The recombinant plasmids were transformed into HT115 competent cell. Individual
transformant was cultured on 2 X YT media with or without addition of IPTG. The cell cultures were processed for total RNA extraction. RNA
samples were resolved on 1% agarose gel before (a) or after (b) treatment with RNaseA. Arrowhead indicates the position of dsRNA band
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Fig. 4 Northern hybridization detection of dsRNA produced in HT115 cells. a Resolution of DIG-labelled probes on agarose gel. MseChi1 or Mse-
Chi2 partial sequences were labelled by modified PCR with the addition of 0.05 mM of DIG-11-dUTP. DIG-labelled probes were electrophoresed
on 1% agarose gel. Northern blot detection of MseChi1 (b) or MseChi2 (c) dsRNA after IPTG induction in HT115 cells. The cell cultures were proc-
essed for total RNA extraction. The RNA samples were resolved on 1% agarose gel after glyoxal denaturation. RNA was then transferred to nylon
membranes and fixed using the crosslinker. Hybridization was carried out and the hybridized probes were finally visualized with BCIP/NBT Alkaline
Phosphatase Substrate Solution

Fig. 5 Validation for oral ingestion and molecular evidence for RNAi effects. a Photograph of M. separata larva feeding on the artificial diet. b Gut
tissue from the larvae fed on the artificial diet mixed with (upper row) or without (lower row) FD&C Blue. c The same experiment with (b) where
the intestinal content was removed from the gut tissues. d and (e) Knockdown of M. separata chitinase gene after feeding on the bacteria
expressing dsRNAs. T-test was performed between treatment and control group. The single asterisk indicates a significant difference at p < 0.05. f
and (g) Northern blot detection of small RNA in the larvae fed on dsRNA-expressing bacteria. f Lane 1, Larvae fed on the bacteria expressing Mse-
Chi1 dsRNA; Lane 2, Larvae fed on the bacteria transformed with empty L4440 vector. g Lane 1, Larvae fed on the bacteria expressing MseChi2
dsRNA; Lane 2, Larvae fed on the bacteria transformed with empty L4440 vector
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strongly demonstrated that bacterial dsRNA could si-
lence the endogenous expression of chitinase genes in
gut tissue of M. separata.

Detection of chitinase gene specific siRNAs
RNAi effects are not only signified by a decline in the
target mRNA level, but also by the accumulation of siR-
NAs with sequence-specific manner. Therefore, we used
Northern hybridization to test whether chitinase specific
siRNAs were enriched in the gut tissue of bacterial
dsRNA-fed larvae. Target specific siRNAs were detected
only in RNAs extracted from the samples which ingested
bacteria expressing dsRNA for corresponding target se-
quences, while the control sample showed no positive
band (Fig. 5 f and g). Comparison of the positions of the
siRNA band with those of RNA ladder showed that the
size of siRNAs were approximately 21 nt. In the case of
MseChi1, larger band of around 24 nt was also detected,
implying that different forms of siRNA might be in-
volved in its silencing ((Fig. 5 f ). These data strongly
supported the idea that knockdown of target genes in M.
separata was mediated by the RNAi mechanism.

Increased mortality and retarded larval growth were
caused by target gene silencing
Phenotypic changes of recipient insects upon target chit-
inase gene silencing were investigated. Slight but signifi-
cant increases in mortality rate were detected after
feeding of the larvae with the bacteria expressing chiti-
nase specific dsRNAs. Feeding of L4440-MseChi1 trans-
formant caused 10.8% increase in mortality compared
with the control L4440 transformant group at seven days
after feeding. Feeding of L4440-MseChi2 transformant
caused mortality increases from three to seven days after
feeding, and the biggest mortality increase of 16.7% was
observed at five days after feeding (Fig. 6 a). At seven
days after feeding, body weights of surviving larvae in
L4440, L4440-MseChi1 and L4440-MseChi2 groups

were 0.0752 ± 0.0180 g, 0.0501 ± 0.0126 g and 0.0402 ±
0.0147 g, respectively. Therefore, body weights in
L4440-MseChi1 and L4440-MseChi2 groups were de-
creased by 33.3% and 46.5% compared with the control
L4440 group respectively (Fig. 6 b). However, no obvious
deformity was observed in L4440-MseChi1 and L4440-
MseChi2 groups (Fig. 6 c).

Discussion
RNAi technique has been exploited as a temporal
knockdown approach for inhibiting target gene expres-
sion. Recently, RNAi has been achieved in many insect
species. M. separata is an economically important pest
posing threat to corn production. Our aim is to examine
and establish proof-of-concept for RNA interference in
M. separata. In terms of delivery route of RNAi effector
molecules toward recipient insects, there are several
generally adopted ways including soaking, injection and
feeding. Soaking is amenable to small animals like C.ele-
gans, while it apparently seems not suitable for the in-
sects like M. separata [29]. Microinjection delivers exact
amounts of effector molecules into hemoceol, but it is
laborious and disruptive. Feeding is a non-invasive
method compared with microinjection as the former
does not physically harm the insects and is also less la-
borious. In fact, oral feeding has been effective with the
introduction of different types of RNAi effectors includ-
ing in vitro synthesized dsRNA [23], siRNA [25], virus-
derived RNA [30] and transgenically expressed hairpin
RNA [11]. Among them, in vitro synthesized dsRNA
remained as the most common form of effector mole-
cules, while the high cost for production of it hindered
its application as a widespread protocol for large-scale
applications. As an alternative to in vitro synthesized
dsRNA, RNAi has been shown to be achieved through
voluntary ingestion of E.coli expressing dsRNA comple-
mentary to the target gene in C. elegans [31]. From then
on, E.coli expressing dsRNAs or crude extracts of it have

Fig. 6 Growth changes of larvae in feeding assay. a Mortality rate of M. separata larvae. Eighty fourth instar larvae of uniform size were fed for
seven days on the artificial diet containing E.coli cells expressing chitinase specific dsRNAs. Larvae fed on L4440 transformant were used as the
control group. The number of surviving larvae was recorded at two days’ interval. b Body weights of the larvae before and after seven days’
feeding. c Phenotypes of larvae after seven days’ feeding. Scale bar was shown. T-test was performed between treatment and control group. The
single asterisk indicates a significant difference at p < 0.05, and the double asterisks indicate a significant difference at p < 0.01
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been used to inhibit replication of virus or silence cog-
nate genes in insects and planarians etc. [32–37]. In one
instance, dsRNA expressed in the host insect also sup-
pressed the replication of infected virus [38]. In another
instance, Chen et al. used pSilent-1 vector to express
TLR7 specific dsRNA in protoplast of a funus strain
IfB01 and fed them to the hemipteran sucking insect
Bemisia tabaci to cause target gene silencing [39]. These
results encourage researchers to make use of bacterially
or fungal expressed RNAi effectors to screen optimal
target for potential RNAi application before setting out
to prepare the transgenic insect-resistant plant. Protec-
tion of plant from insect attacks by direct spray or root
soaking of in-vitro synthesized dsRNAs was previously
reported [40, 41]. However, technical advances on cost-
efficient production of in vitro dsRNA were needed to
large scale application of it. In this regard, bacteria engi-
neered to express dsRNA might be a better alternative
as it is a less expensive and more productive method
[42]. Direct spray of these bacteria for field protection
could be realized in different insect species as prelimin-
ary efforts are now underway [43]. Most recently, isola-
tion and engineering of symbiont bacteria for dsRNA
production and delivery were also reported to be a
choice for RNAi-based insecticides [44].
In terms of target genes, dozens of genes including V-

ATPase, cytochrome P450 and chitinase genes are widely
used in insect RNAi studies. As chitin is an important
natural amino polysaccharide and is crucial for the
growth and development of insects, chitinases/chitin
synthases are viewed as the ideal targets for insect RNAi
experiment. We confirmed that specific dsRNAs could
be produced via L4440-E.coli expression system. We de-
veloped a M. separata suitable artificial diet and mixed
the dsRNA expressing bacteria with this diet. Our data
demonstrated that ingestion of bacterially expressed
dsRNA led to sensible reduction of MseChi1 and Mse-
Chi2 transcript abundance and also caused accumulation
of corresponding siRNA in target specific manner. Fur-
thermore, knockdown of MseChi1 and MseChi2 caused
slight increase in larval mortality and obvious decrease
in body weight, while no visible deformities were ob-
served. We used long dsRNA of around 700 bp in size
in our experiment. Several pioneer experiments in other
insect species including Western Corn Rootworm and
Tribolium castaneum, both of which are chewing herb-
ivorous insects, demonstrated that longer dsRNA were
more readily and efficiently uptaken by the midgut tis-
sues, leading to more pronounced RNAi effects [45, 46].
It is also an important factor to be considered that con-
sistent supply of RNAi effectors is necessary for efficient
silencing of cognate RNA in the recipient insect as the
effects seem to be temporal. Although in some instance
lepidopteran adult was also used for RNAi feeding

experiment [23], we used only larvae to test RNAi phe-
nomena in M. separata in that the larvae is most
voracious in its all life stages. In our experiment, fourth
instar M. separata larvae readily fed on the artificial diet
and therefore acquired the effector RNAs in a persistent
manner with high amount.
As RNAi mechanism is conserved across different

organisms, RNAi effectors such as dsRNA and siRNA
produced in one species could be effective toward their
complementary mRNA target in other species. We de-
tected siRNAs with the size of around 21 nt in the re-
cipient insects, demonstrating that RNAi phenomenon
is present in M. separata. Further analysis on RNAi-
mechanism related components including AGO (Argo-
naute), DCL (Dicer-like) and RNA transport and amplifi-
cation related proteins like SID (Systemic RNA
Interference Deficiency) and RdRp (RNA dependent
RNA polymerase) is needed to mechanistically support
the present data. Further studies like transcriptome se-
quencing and screening of RNAi mechanism related
proteins are underway on this aspect and we will present
these data elsewhere.

Conclusions
M. separata belongs to noctuidae family and is severely
threatening corn production in China. Efficient gen-
etic tools and methods are lacking in this species. We
showed here that oral feeding of bacterially expressed
dsRNA would cause effective RNAi knockdown effects
in the recipient insect. Decreased mRNA transcript
level and appearance of sequence-specific siRNA con-
firmed the existence of dsRNA-mediated silencing ef-
ficiency in M. separata. Our result presents an
opportunity to make use of bacteria as the efficient
producer of RNAi effectors against M. separata. It
also provides a large-scale screening method for selec-
tion and future exploitation of ideal RNAi triggers
provided we have enough candidate genes available by
other methods like transcriptome sequencing. For
non-model organism like M. separata, this method is
also helpful for the study of essential gene functions
by handy loss-of-function manipulation.

Methods
Sequence analysis of M. separata chitinase genes
Two putative chitinase encoding genes were found for M.
separata in National Center for Biotechnology Information
(http://www.ncbi.nlm.nih.gov/) database and they were
named as MseChi1 (Accession number AY508698.1) and
MseChi2 (Accession number AB201283.1), respectively.
The software MEGA 6.0 was used for multiple alignments
with putative chitinase and chitinase-like coding genes from
related insect species to construct a phylogenetic tree.
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Total RNA isolation, cDNA synthesis, nucleotide sequence
amplification and construction of recombinant L4440
vector
Total RNA was extracted from M. separata larvae using
the Trizol reagents. cDNA was synthesized from one μg
of total RNA using GoScript Reverse Transcription
System (Promega, catalog NO. A5001). Partial interfer-
ence sequence of MseChi1 was amplified using the
primer pairs of 5’-GCGGCCGCgggactttgtggacctgaga-3’
and 5’-GCGGCCGCctgtcttgctcggcgaatac-3’; Partial inter-
ference sequence of MseChi2 was amplified using the
primer pairs of 5’-GCGGCCGCgtccgatgttggcgttagtc-3’
and 5’-GCGGCCGCctttgaagtcttctcggccg-3’, where the
NotI site is underlined. The amplicons were digested
with NotI and ligated into the NotI-digested L4440
vector, respectively. The recombinant vectors were vali-
dated by PCR amplification, NotI digestion and direct
sequencing.

Gene expression profiles in different tissues
To analyze the expression patterns of MseChi1 and Mse-
Chi2 in different tissues, fourth instar larvae were immobi-
lized on an ice box for 10 min, and were dissected with
forceps while examining with a dissecting microscope. Var-
iety of tissues were collected, RNAs were isolated, and
cDNAs were prepared. Partial transcript fragments of Mse-
Chi1 and MseChi2 described in Fig. 2 were PCR amplified.
The abundance of β-actin (Accession number GQ856238)
transcript amplified with the primers 5’-ccacgagaccaccta-
caact-3’ and 5’-ggaatcgacaatgttccgca-3’ was used as the in-
ternal control. For MseChi1 and MseChi2, 32 cycles of
amplifications were performed, and for β-actin, 28 cycles of
PCR were performed.

Expression and detection of dsRNA in E.coli
RNaseIII-deficient E.coli strain HT115 was grown in 2 X
YT broth medium with ampicillin (100 μg/mL) and
tetracycline (10 μg/mL). Recombinant L4440 vectors
containing insert interference sequences were trans-
formed into HT115 competent cells. Single colony of
HT115 transformant was cultured in 2 X YT medium
with the above antibiotics overnight. The bacteria cul-
ture was diluted in 2 X YT medium with the ratio of
1:100 and was allowed to grow to OD600 = 0.5. IPTG was
added to the medium with the final concentration of
1 mM, and the bacteria were cultured for additional five
hours. The bacteria were then killed by heating at 80 °C
for 20 min, collected by centrifugation at 3000 rpm, and
were used for total RNA isolation or larval feeding ex-
periment described below. In order to detect the dsRNA
produced in HT115 after IPTG induction, total RNA
was isolated and ten μg of RNA was dissolved on 1%
agarose gel in TBE buffer. Total RNA isolated from the
same cultures without IPTG addition was used as

control. Total RNA was treated with 0.2 μg/mL RNase
to remove single-stranded RNA in some cases before
electrophoresis. Gel was stained with Goldview I nucleic
acid dye and was visualized under GelDoc-It2 Imager.
DM2000 DNA ladder was run on the same gel to esti-
mate the size of dsRNA band.

Northern blot experiment to verify sequence specificity of
dsRNA band
Ten μg of total RNAs from above experiment were de-
natured using glyoxal and resolved on 1% agarose gel in
MOPS buffer. RNAs were then transferred to nylon
membranes (Roche, catalog NO. 11209299001) in 20 X
SSC buffer through the capillary blotting system. Trans-
ferred RNA on the membrane was fixed using the UV
crosslinker (UVP, CL-1000). Hybridization was carried
out using MseChi1 or MseChi2 specific probes in
ULTRAhyb Buffer (Ambion, catalog NO. AM8670).
MseChi1 or MseChi2 partial sequences were labelled
with DIG-dUTP using modified PCR with 0.25 mM each
of dATP, dTTP, dGTP, dCTP and 0.05 mM of DIG-11-
dUTP (Roche, catalog NO. 11558706910). For MseChi1
probe, primer sets 5’-GCGGCCGCgggactttgtggacctgaga-3’
and 5’- ggcacatcatcaacaggctt-3’ were used. For MseChi2
probe, primer sets 5’-GCGGCCGCgtccgatgttggcgttagtc-3’
and 5’-GCGGCCGCctttgaagtcttctcggccg-3’ were used. The
labelled probes were resolved on 1% agarose gel for verifica-
tion. Hybridization was performed at 65 °C overnight. Blots
were washed and immunodetected with the Anti-DIG-AP
Fab fragments (Roche, catalog NO.11093274910) using the
DIG Wash and Block Buffer Set (Roche, catalog NO.
11585762001). Hybridization signals on the membrane
were finally visualized with BCIP/NBT Alkaline Phosphat-
ase Substrate Solution and were photographed.

Insect culture and bioassay
Laboratory-adapted M. separata was obtained from In-
stitute of Plant Protection (IPP), Chinese Academy of
Agricultural Sciences (CAAS). The strain had been
reared on fresh corn leaves in growth chamber with the
condition of 25 °C, 70% relative humidity, and a photo-
period of 14 h:10 h (light:dark). For the bacteria feeding
experiments, artificial diet with the formula described in
Table 1 was used. To investigate the feeding efficiency,
artificial diet containing F&D Blue was used. After six
hours’ feeding, the insects were dissected, gut tissues
were collected, intestinal content was removed and visu-
alized under Leica EZ4 light microscope. Newly molted
fourth instar larvae of uniform size and weight were
starved for 24 h and then were fed with artificial diet
containing bacteria pellet. Total RNA was extracted
from gut tissue of five day-fed insects and was used for
the following experiments. Mortality rate of feeding lar-
vae were recorded at two days’ interval and body weights
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of surviving larvae were measured at seven days after
feeding.

Quantitative real time PCR experiment
The effects of bacterially expressed dsRNA on target chiti-
nase mRNA levels were evaluated by quantitative real-time
PCR using Fast SYBR Green Master Mix (Applied Biosys-
tems). In order to get rid of undesirable amplification from
input recombinant plasmids and/or dsRNAs, primers for
qRT-PCR were designed to detect target mRNAs by ampli-
fying sequences that lay outside of the insert interfering se-
quences. A pair of primers 5’-tggctgctcggtgacttgat-3’ and 5’-
tgttgcggcttcattgaaca-3’ were used for MseChi1 mRNA level
detection. A pair of primers 5’-cctggtggtaagggagccaa-3’ and
5’-ttccttccggtcttggcaga-3’ were used for MseChi2 mRNA
level detection. Transcript abundance of M. separata β-
actin was used as an internal control for normalization
using the primer sets 5’-cgattccgttgccctgagg-3’ and 5’-cat-
gatcgagttgtaggtggtct-3’. Larvae fed with Bacteria trans-
formed with L4440 vector were used as control treatment.
Gene expression data were analyzed using the relative
2–ΔΔCT method [47]. Three biological replications, each
with two technical replications were carried out for the
qRT-PCR experiment. Statistical analyses were performed
between treatment and control groups with t-test.

SiRNA detection
Northern hybridization was performed to investigate
whether sequence specific siRNAs were accumulated in
M. separata following feeding on bacterially expressed
dsRNA. Total RNA was extracted from the gut tissue of
M. separata after five days’ feeding and the small RNA
was isolated from the total RNA using mirVana PARIS
small RNA isolation kit (Ambion, catalog NO. AM1556)
according to the Manufacturer’s protocol. Five μg small
RNAs were separated on 15% denaturing polyacrylamide
gel containing 8 M urea, and the 5S rRNA band was vi-
sualized by ethidium bromide staining. RNAs were
transferred to nylon membranes using the Trans-Blot
SD Semi-Dry Transfer Cell (Biorad) and fixed with 1-

ethyl-3-(3-dimethylaminopropyl) carbodiimide following
the protocol described in the literature [48]. DIG-
labelled probes and hybridization procedure were the
same to those in Northern blot experiment for dsRNA
detection. MicroRNA Marker (New England Biolabs,
catalog NO. N2102S) was run on the same gel to esti-
mate the sizes of small RNAs.

Additional files

Additional file 1: Figure S1. Photograph of M. separata larvae feeding
on the artificial diet with different recipes. Gut tissues from the larvae fed
on the FD&C blue containing artificial diet of old recipe (upper row) and
new recipe developed by us (lower row) were shown. (JPG 60 kb)

Additional file 2: Figure S2. Expression analysis of MseChi2 in non-gut
tissues. MseChi2 expression was analyzed in non-gut tissues after five
days’ feeding of HT115 cell expressing MseChi2 specific dsRNA. Larvae fed
with L4440 transformant were used as control. RO, reproductive organ;
FB, fat body; T, thorax; H, head; A, abdomen. (JPG 97 kb)
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Table 1 Recipe for the modified artificial diet for M. separata

Component A Component B

Corn flour 2–3 g Glucose 1.8–2.4 g

Corn leaf flour 4–5 g L-Ascorbic acid 0.3–0.4 g

Soybean flour 2.3–2.8 g Distilled water 25 ml

Yeast extract 4–5 g Component C

Casein 1–1.5 g Distilled water 75 ml

Cholesterol 0.06–0.08 g Agar 1.7–2 g

Sorbic acid 0.1–0.2 g

Leaves of corn seedling were dehydrated with oven and were ground into
powder using the pestle. Component A and B were mixed, then the
component C was added

Ganbaatar et al. BMC Biotechnology  (2017) 17:9 Page 9 of 11

dx.doi.org/10.1186/s12896-017-0328-7
dx.doi.org/10.1186/s12896-017-0328-7


Received: 23 March 2016 Accepted: 26 January 2017

References
1. Zhi X, Yu X, Yang C, Ding G, Chen H, Xu H. Synthesis of 4β-

acyloxypodophyllotoxin analogs modified in the C and E rings as
insecticidal agents against Mythimna separata Walker. Bioorg Med Chem
Lett. 2014;24(3):765–72.

2. Cui J, Li ML, Yuan MS. Semisynthesis of N-acyl homoserinelactone
derivatives and the antifeedant activity against Mythimna separata. J Environ
Sci Health B. 2013;48(8):671–6.

3. Chang X, Chang X, He K, Wang Z, Bai S. Resistance evaluation of transgenic Bt
maize to oriental armyworm. Acta Phytophylacica Sinica. 2007;34:225–229.

4. Yun G, Deng S, Zhang Q, Xu H, Cai QN. The resistance of Bt corn (MG95) to
Pseudaletia separata. Entomological Knowledge. 2003;41(5):422–6.

5. Fire A, Xu S, Montgomery MK, Kostas SA, Driver SE, Mello CC. Potent and
specific genetic interference by double-stranded RNA in Caenorhabditis
elegans. Nature. 1998;391(6669):806–11.

6. Meister G, Tuschl T. Mechanisms of gene silencing by double-stranded RNA.
Nature. 2004;431(7006):343–9.

7. Escobar MA, Civerolo EL, Summerfelt KR, Dandekar AM. RNAi-mediated
oncogene silencing confers resistance to crown gall tumorigenesis. Proc
Natl Acad Sci. 2001;98(23):13437–42.

8. Huang G, Allen R, Davis EL, Baum TJ, Hussey RS. Engineering broad root-
knot resistance in transgenic plants by RNAi silencing of a conserved and
essential root-knot nematode parasitism gene. Proc Natl Acad Sci. 2006;
103(39):14302–6.

9. Niu QW, Lin SS, Reyes JL, Chen KC, Wu HW, Yeh SD, Chua NH. Expression of
artificial microRNAs in transgenic Arabidopsis thaliana confers virus
resistance. Nat Biotechnol. 2006;24(11):1420–8.

10. Mao YB, Cai WJ, Wang JW, Hong GJ, Tao XY, Wang LJ, Huang YP, Chen XY.
Silencing a cotton bollworm P450 monooxygenase gene by plant-mediated
RNAi impairs larval tolerance of gossypol. Nat Biotechnol. 2007;25(11):1307–13.

11. Baum JA, Bogaert T, Clinton W, Heck GR, Feldmann P, Ilagan O, Johnson S,
Plaetinck G, Munyikwa T, Pleau M. Control of coleopteran insect pests
through RNA interference. Nat Biotechnol. 2007;25(11):1322–6.

12. Huvenne H, Smagghe G. Mechanisms of dsRNA uptake in insects and
potential of RNAi for pest control. A review Journal of Insect Physiology.
2010;56(3):227–35.

13. Terenius O, Papanicolaou A, Garbutt JS, Eleftherianos I, Huvenne H,
Kanginakudru S, Albrechtsen M, An C, Aymeric JL, Barthel A. RNA interference
in Lepidoptera:an overview of successful and unsuccessful studies and
implications for experimental design. J Insect Physiol. 2011;57(2):231–45.

14. Arakane Y, Muthukrishnan S, Kramer K, Specht C, Tomoyasu Y, Lorenzen M,
Kanost M, Beeman R. The Tribolium chitin synthase genes TcCHS1 and
TcCHS2 are specialized for synthesis of epidermal cuticle and midgut
peritrophic matrix. Insect Mol Biol. 2005;14(5):453–63.

15. Arakane Y, Muthukrishnan S. Insect chitinase and chitinase-like proteins. Cell
Mol Life Sci. 2010;67(2):201–16.

16. Zhu Q, Arakane Y, Beeman RW, Kramer KJ, Muthukrishnan S. Functional
specialization among insect chitinase family genes revealed by RNA
interference. Proc Natl Acad Sci. 2008;105(18):6650–5.

17. Nagpure A, Choudhary B, Gupta RK. Chitinases:In agriculture and human
healthcare. Crit Rev Biotechnol. 2014;34(3):215–32.

18. Neeraja C, Anil K, Purushotham P, Suma K, Sarma P, Moerschbacher BM, Podile
AR. Biotechnological approaches to develop bacterial chitinases as a bioshield
against fungal diseases of plants. Crit Rev Biotechnol. 2010;30(3):231–41.

19. Khajuria C, Buschman LL, Chen M-S, Muthukrishnan S, Zhu KY. A gut-specific
chitinase gene essential for regulation of chitin content of peritrophic matrix and
growth of Ostrinia nubilalis larvae. Insect Biochem Mol Biol. 2010;40(8):621–9.

20. Arakane Y, Specht CA, Kramer KJ, Muthukrishnan S, Beeman RW. Chitin
synthases are required for survival, fecundity and egg hatch in the red flour
beetle, Tribolium castaneum. Insect Biochem Mol Biol. 2008;38(10):959–62.

21. Zhang X, Zhang J, Zhu K. Chitosan/double-stranded RNA nanoparticle-
mediated RNA interference to silence chitin synthase genes through larval
feeding in the African malaria mosquito (Anopheles gambiae). Insect Mol
Biol. 2010;19(5):683–93.

22. Zhang J, Liu X, Zhang J, Li D, Sun Y, Guo Y, Ma E, Zhu KY. Silencing of two
alternative splicing-derived mRNA variants of chitin synthase 1 gene by
RNAi is lethal to the oriental migratory locust, Locusta migratoria manilensis
(Meyen). Insect Biochem Mol Biol. 2010;40(11):824–33.

23. Turner C, Davy M, MacDiarmid R, Plummer K, Birch N, Newcomb R. RNA
interference in the light brown apple moth, Epiphyas postvittana (Walker)
induced by double-stranded RNA feeding. Insect Mol Biol.
2006;15(3):383–91.

24. Zha W, Peng X, Chen R, Du B, Zhu L, He G. Knockdown of midgut genes by
dsRNA-transgenic plant-mediated RNA interference in the hemipteran
insect Nilaparvata lugens. PLoS One. 2011;6(5):e20504.

25. Wuriyanghan H, Rosa C, Falk BW. Oral delivery of double-stranded RNAs and
siRNAs induces RNAi effects in the potato/tomato psyllid. Bactericerca
cockerelli PLoS One. 2011;6(11):e27736.

26. Wuriyanghan H, Falk BW. RNA interference towards the potato psyllid,
Bactericera cockerelli, is induced in plants infected with recombinant
tobacco mosaic virus (TMV). PLoS One. 2013;8(6):e66050.

27. Zhu F, Xu J, Palli R, Ferguson J, Palli SR. Ingested RNA interference for
managing the populations of the Colorado potato beetle, Leptinotarsa
decemlineata. Pest Manag Sci. 2011;67(2):175–82.

28. Hirai K. A Simple Artificial Diet for Mass Rearing of the Armyworm, Leucania
separata WALKER (Lepidoptera:Noctuidae). Applied Entomology & Zoology.
1976;11:278–83.

29. Yu N, Christiaens O, Liu J, Niu J, Cappelle K, Caccia S, Huvenne H, Smagghe
G. Delivery of dsRNA for RNAi in insects: an overview and future directions.
Insect Science. 2013;20(1):4–14.

30. Kumar P, Pandit SS, Baldwin IT. Tobacco rattle virus vector:a rapid and
transient means of silencing Manduca sexta genes by plant mediated RNA
interference. PLoS One. 2012;7(2):e31347.

31. Timmons L, Court DL, Fire A. Ingestion of bacterially expressed dsRNAs can
produce specific and potent genetic interference in Caenorhabditis elegans.
Gene. 2001;263(1):103–12.

32. Gan D, Zhang J, Jiang H, Jiang T, Zhu S, Cheng B. Bacterially expressed dsRNA
protects maize against SCMV infection. Plant Cell Rep. 2010;29(11):1261–8.

33. Tenllado F, Martínez-García B, Vargas M, Díaz-Ruíz JR. Crude extracts of
bacterially expressed dsRNA can be used to protect plants against virus
infections. BMC Biotechnol. 2003;3(1):1.

34. Kumar DR, Kumar PS, Gandhi MR, Al-Dhabi NA, Paulraj MG, Ignacimuthu S.
Delivery of chitosan/dsRNA nanoparticles for silencing of wing
development vestigial (vg) gene in Aedes aegypti mosquitoes. Int J Biol
Macromol. 2016;86:89–95.

35. Wan PJ, Fu KY, Lü FG, Wang XX, Guo WC, Li GQ. Knocking down a putative
Δ1-pyrroline-5-carboxylate dehydrogenase gene by RNA interference
inhibits flight and causes adult lethality in the Colorado potato beetle
Leptinotarsa decemlineata (Say). Pest Manag Sci.
2015;71(10):1387–96.

36. Tian H, Peng H, Yao Q, Chen H, Xie Q, Tang B, Zhang W. Developmental
control of a lepidopteran pest Spodoptera exigua by ingestion of bacteria
expressing dsRNA of a non-midgut gene. PLoS One. 2009;4(7):e6225.

37. Newmark PA, Reddien PW, Cebria F, Alvarado AS. Ingestion of bacterially
expressed double-stranded RNA inhibits gene expression in planarians. Proc
Natl Acad Sci. 2003;100 suppl 1:11861–5.

38. La Fauce K, Owens L. Suppression of Penaeus merguiensis densovirus
following oral delivery of live bacteria expressing dsRNA in the house
cricket (Acheta domesticus) model. J Invertebr Pathol.
2013;112(2):162–5.

39. Chen X, Li L, Hu Q, Zhang B, Wu W, Jin F, Jiang J. Expression of dsRNA in
recombinant Isaria fumosorosea strain targets the TLR7 gene in Bemisia
tabaci. BMC Biotechnol. 2015;15(1):1–8.

40. Miguel KS, Scott JG. The next generation of insecticides: dsRNA is stable as
a foliar applied insecticide. Pest Manag Sci. 2015;72:801–9.

41. Haichao LI, Guan R, Guo H, Miao X. New insights into an RNAi approach for
plant defence against piercing-sucking and stem-borer insect pests. Plant
Cell Environ. 2015;38:2277–85.

42. Hunter W, Ellis J, Engelsdorp DV, Hayes J, Westervelt D, Glick E, Williams M,
Sela I, Maori E, Pettis J. Large-Scale Field Application of RNAi Technology
Reducing Israeli Acute Paralysis Virus Disease in Honey Bees (Apis mellifera,
Hymenoptera: Apidae). Plos Pathogens. 2010;6(12):13071.

43. Palli SR. RNA interference in Colorado potato beetle: steps toward
development of dsRNA as a commercial insecticide. Current Opinion in
Insect Science. 2014;6:1–8.

44. Whitten MMA, Facey PD, Sol RD, Fernández-Martínez LT, Evans MC, Mitchell
JJ, Bodger OG, Dyson PJ. Symbiont-mediated RNA interference in insects.
Proceedings of the Royal Society B Biological Sciences. 2016; doi: 10.1098/
rspb.2016.0042.

Ganbaatar et al. BMC Biotechnology  (2017) 17:9 Page 10 of 11



45. Miller SC, Miyata K, Brown SJ, Tomoyasu Y. Dissecting systemic RNA
interference in the red flour beetle Tribolium castaneum. parameters
affecting the efficiency of RNAi. PLoS One. 2012;7(10):e47431.

46. Bolognesi R, Ramaseshadri P, Anderson J, Bachman P, Clinton W, Flannagan
R, Ilagan O, Lawrence C, Levine S, Moar W. Characterizing the mechanism of
action of double-stranded RNA activity against western corn rootworm
(Diabrotica virgifera virgifera LeConte). PLoS One. 2012;7(10):e47534.

47. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-
time quantitative PCR and the 2− ΔΔCT method. Methods. 2001;25(4):402–8.

48. Kim SW, Li Z, Moore PS, Monaghan AP, Chang Y, Nichols M, John B. A
sensitive non-radioactive northern blot method to detect small RNAs.
Nucleic Acids Res. 2010;38(7):e98.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Ganbaatar et al. BMC Biotechnology  (2017) 17:9 Page 11 of 11


	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	Phylogenetic analysis and expression profiles of two M. separata genes coding for putative chitinase
	Production of dsRNAs for interfering sequences against MseChi1 and MseChi2
	Confirmation of oral feeding efficiency with FD&C Blue staining
	Knockdown efficiency of bacterial dsRNA upon target gene expression
	Detection of chitinase gene specific siRNAs
	Increased mortality and retarded larval growth were caused by target gene silencing

	Discussion
	Conclusions
	Methods
	Sequence analysis of M. separata chitinase genes
	Total RNA isolation, cDNA synthesis, nucleotide sequence amplification and construction of recombinant L4440 vector
	Gene expression profiles in different tissues
	Expression and detection of dsRNA in E.coli
	Northern blot experiment to verify sequence specificity of dsRNA band
	Insect culture and bioassay
	Quantitative real time PCR experiment
	SiRNA detection

	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Author’s information
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	References

