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Abstract
Background: The oriental fruit fly, Bactrocera dorsalis (Hendel), is the world’s most damaging (30–100%) pest
infesting important fruits and vegetables. Its control is highly challenging due to its polyphagous, multivoltine
nature, and unexposed developmental stages. No known fruit fly-resistant guava germplasm is reported so far
worldwide. RNAi approach in guava against fruit fly can provide an attractive alternative to overcome this problem.
Main body: Escherichia coli-based dsRNA expression strategy was used to investigate its potential in control of B.
dorsalis via targeting its two vital genes, ecr (ecdysone receptor) and rpl19 (a ribosomal protein L19). Effects of
feeding E. coli, HT115 (DE3) expressing dsRNA of Bdecr and Bdrpl19 with artificial diet to maggots of B. dorsalis
resulted in severe mortality and deformities in treated maggots, emerged pupae, and adults. Total mortality
(including deformity) of maggots, pupae, and adult fruit flies was 86.3% and 87.9% and was highest in 700 μl (×
200 of 3.5 × 108 cells) dsRNAs of Bdecr and Bdrpl19 bacterial treatment respectively, compared to 350 and 200 μl
bacterial treatments. Severe defects in terms of developmental changes like melanisation and deformities of
maggots and pupae, absence of wings, underdeveloped abdomen/absence of complete abdomen, absence of
legs, severely curled wings, malformed legs, and incomplete eclosion, and suppression of these target genes
expression were observed in emerged adults.
Short conclusion: The study provides a proof of concept of feasibility to silence two potential genes by feeding
bacteria expressing dsRNA in all developmental stages of B. dorsalis to step further to perform RNAi-based pest
control.
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Background
The oriental fruit fly, Bactrocera dorsalis (Hendel) (Diptera: Tephritidae), is considered one of the most destructive pests of several economic fruits and vegetables
throughout India and in whole of the South East Asia
* Correspondence: pmohanpuria@pau.edu
†
Prashant Mohanpuria and Mohan Govindaswamy contributed equally to
this work.
School of Agricultural Biotechnology, Punjab Agricultural University, Ludhiana
141004, India

and Pacific region resulted in huge economic losses (including quantitative and qualitative) (Wei et al. 2017).
The fruit fly is a polyphagous pest having 117 host species in 76 genera and 37 families (Allwood et al. 1999).
In India, three important fruit fly species, i.e., B. dorsalis
(Hendel), B. correcta (Bezzi), and B. zonata (Saunders),
attack mainly fruit crops. Out of these, B. dorsalis causes
up to 80% crop losses in mango and guava (Verghese
et al. 2002). Management of this pest is particularly difficult because of its polyphagous nature, unexposed

© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

Mohanpuria et al. Egyptian Journal of Biological Pest Control

(2021) 31:1

developmental stages, and rapid population growth
(Singh 2017). Fruit flies has traditionally been managed
through various cultural practices, pesticides spray, bagging, postharvest techniques, and methyl eugenol baiting
techniques but are not sufficient enough to tackle with
this serious pest and thus, it is of great concern now
(Verghese et al. 2002).
The present scenario warrants the need for RNAi as
novel biotechnological approach for managing the fruit
fly in fruit crops, which can further strengthen the existing IPM module for fruit flies. Presence of dsRNA corresponding to a target gene acts as a trigger for initiating
RNAi mechanism in eukaryotes. RNAi has been widely
accepted as a tool for gene knockdown and functional
genomics studies but also has potential as a technology
to control pest species (Tayler et al. 2019). The core
RNAi machinery is conserved in all insect species and
thus, by targeting essential genes, various physiological,
developmental, and reproductive deformities in insect
pests can be possible. The sequence specificity of endogenous RNAi pathway allows the targeted suppression
of genes essential for insect survival and thus, offers the
development of a specific, logical, and sustainable strategy to combat against insect pests. RNAi is a great technique for reducing gene expression and has been used
for insect pests’ management by several researchers
(Tayler et al. 2019; Christiaens et al. 2020). Application
of RNAi has been realized in coleopteran species, particularly in Western corn rootworm, a devastating pest
impacting corn production in USA (Bachman et al.
2016). But there is no research work carried out in India
on ingestion of bacteria expressing dsRNA or even direct
extract of dsRNA of B. dorsalis-specific crucial genes
and evaluation of its gene silencing effects in subsequently emerged developmental stages to improve RNAbased control.
DsRNA-based RNAi has been recognized as promising stable and powerful research tool for insect pest
management (Joga et al. 2016). RNAi is a posttranscriptional, dsRNA-directed, sequence-specific
degradation of target mRNA, which ultimately suppresses the production of a specific protein in any
eukaryotic organism (Mohanpuria et al. 2011). In majority of the insects, research has mostly focused on
non-cell autonomous (environmental and systemic)
RNAi response. Notably, the silencing signals can be
taken up and passed on even among cells to produce
the effects where the target genes are absent (Winston et al. 2007). The ingestion through in planta expression or feeding or injection of double-stranded
RNAs (dsRNA) targeting essential genes of insect
pests trigger RNAi and led to growth inhibition, developmental aberrations, reduced fecundity, and mortality (Zhu et al. 2011).

Page 2 of 11

Number of genes in adult B. dorsalis has been successfully silenced by injecting or feeding dsRNAs of selected
target genes encoding female-specific double sex protein,
rpl19, V-ATPase D subunit, fatty acid elongase Noa,
small GTPase Rab11, spr, and spermatogenesis (Li et al.
2015; Dong et al. 2016). But feeding bacteria expressing
dsRNA of target gene to maggots resulting severe observable deformities/mortality in maggot, pupal, and
adult stages of B. dorsalis has not been reported so far.
Therefore, in the present study, two vital genes, i.e.,
ecr and rpl19 of B. dorsalis were selected for their silencing through RNAi because of their critical roles in normal growth, development, moulting, and metamorphosis
of all insects. The ecdysone receptor is a liganddependent transcription factor which forms a heterodimer with another transcription factor, USP, and this activates the transcription of number of target genes
(Billas et al. 2003). Functional ecdysone receptor is the
product of ECR and USP genes in insects and thus coordinating the moulting and metamorphosis in insects
through ecdysteroids hormone (Schwedes and Carney
2012). While the rpl19 gene which is acting as reference
gene in gene expression studies, is one of the conserved
housekeeping gene and encodes a ribosomal protein,
RPL19, that is a component of the 60S ribosomal subunit and belongs to the L19E family of ribosomal proteins (Zhou et al. 2010). Attempt has been made to
silence ecr and rpl19 genes by feeding bacteria expressing dsRNA of Bdecr and Bdrpl19 with artificial diet to
maggots of B. dorsalis resulting in severe defects in
terms of developmental changes. Subsequently, mortality
of maggots, emerged pupae and adults of B. dorsalis,
along with suppression of these target genes expression
in emerged adults showing potential of RNAi for control
of B. dorsalis.

Material and methods
Collection, rearing, and maintenance of Bactrocera
dorsalis

Fruit fly (B. dorsalis) that infested guava fruits (showing
typical symptoms of depression/egg punctures) were collected manually from College Orchard/Fruit Research
Farm located at PAU, Ludhiana during July–September
(2018–2019) (Fig. 1a–c). The eggs on the day of collection of infested fruits from the orchard were considered
as 0-day old. Rearing of fruit flies was conducted at
room temperature in Fruit Entomology Laboratory, Department of Fruit Science, PAU, Ludhiana. The collected
infested guava fruits were kept in a glass jar containing
autoclaved sand at the bottom (Fig. 1d). These infested
fruits were rotten within 2 days, and maggots (Fig. 1e)
separated from these (Fig. 1f) were reared on 30 ml artificial semi-solid diet consisting of 4% yeast extract, 12%
sucrose, 1% soya peptone, 0.1% sorbic acid, 0.6%
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Fig. 1 Field view of guava orchard and fruit fly infested guava fruits collection at Punjab Agricultural University, Ludhiana (a), female fruit fly
laying eggs on guava fruit (b), fruit fly-infested guava fruit on tree (c), fruit fly-infested guava fruits in glass jar (d), maggots of fruit fly developed
from eggs in fruit (e), collection of maggots from infested guava fruits (f), rearing of maggots in artificial diet in laboratory (g), maggots feeding
on artificial diet (h), pupae of fruit fly developed from maggot (i)

ascorbic acid, 1% agar, and 82% water in 50 ml capacity
glass vials covered with thin cloth for proper aeration
(Fig. 1g, h). These maggots pupated (Fig. 1i) within 8–13
days at top of these vials or surface of the diet which
were then collected and kept in a separate covered glass
jar containing sugar, yeast autolysate, and water mixture
as food supplement (Kamala Jayanthi and Verghese
2002) for newly emerged adult fruit flies. The adults
were immediately shifted to cages of dimensions 45 × 30
× 30 cm containing sugar, yeast autolysate, and with a
water-soaked cotton swab which were used to replace
regularly to avoid microbial contamination. These newly
emerged adult fruit flies within 6–12 days from these
pupae were maintained in the laboratory at 28 °C ± 2 at
12-h light:12-h dark photoperiod. Fresh guava fruits
without any infestation were also placed in cages for egg
collection. The eggs were successfully laid by the sexually mature mated B. dorsalis female on these guava
fruits. The rotten fruits were removed from cages to
avoid any microbial contamination. These fruit flies used
under study were maintained in the laboratory for two
generations before using it for experiments. The maggots hatched from eggs were reared on same artificial
diet in laboratory and were used for bacteria expressing
dsRNA feeding experiment.
RNA isolation, cDNA synthesis, and amplification of B.
dorsalis-specific genes fragments

Total RNA was isolated from 20 adult B. dorsalis collected from guava fruits by using Trizol reagent

(Invitrogen) following manufacturer’s instructions. Two
micrograms of total RNA was used, and cDNA was synthesized using 200 U SuperScript III Reverse Transcriptase (Invitrogen, USA), OligodT12–18nucleotide primer
(Invitrogen), 10 mM dNTPs mixture, and 0.1 M DTT.
Gene-specific primers were designed based on available
ECR and RPL19 gene sequences of B. dorsalis at NCBI
to amplify 355 bp and 692 bp regions of ECR and RPL19
genes containing their important conserved domains.
The cDNA synthesis was confirmed by PCR amplification with actin gene-specific primers (as internal control)
Bdactin PF 5′-ATCTGGCATCACACTTTCTAC-3′ and
Bdactin PR 5′-GTCATCTTCTCACGGTTAGC-3′. PCR
conditions were 94 °C for 4 min for the initial cycle, 94
°C for 30 s, 53 °C for 30 s, 72 °C for 30 s was repeated
for the following 25 cycles, and final amplification at 72
°C for 7 min. Using equal amount of cDNA prepared as
template, reverse transcription-PCR was attempted using
ECR and RPL19 genes-specific primers. The PCR reaction of 25 μl contained two microliter cDNA as template, 2.5 μl of 10× Taq buffer, 0.5 μl each of forward
and reverse primers (10 μM), 0.5 μl of 10 mM dNTPs
mixture and 1 U of Taq DNA polymerase (Qiagen,
Germany). Primers BdEcr PF 5′-GGCGGTCATA
TACAAACTGATCTG-3′ and BdEcr PR 5-′CGTCCCAGATTTCTTCGAGG-3′ were used for ecr gene amplification while Bdrpl19 PF 5′-GGACCCTAATGAAA
TCAACGA-3′ and Bdrpl19 PR 5′-GGATGTATTC
CATTAAGACACG-3′ were used for rpl19 gene amplification. The PCR conditions were kept as 94 °C for 4
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min for the initial cycle, 94 °C for 30 s, 54 °C (for ECR)
or 52 °C (for RPL19) for 30 s, 72 °C for 45 s which were
repeated for the following 25 cycles, and final amplification at 72 °C for 7 min. The PCR products were resolved
on 1.5% agarose gel and electrophoresis was done for 1
h at 90 V, and photographed under a gel documentation
system. The desired 355 bp and 692 bp ECR and RPL19
genes-specific fragments were amplified which were confirmed through sequencing (Eurofins scientific).
ECR and RPL19 transcript expression

In order to investigate the endogenous transcript expression of ECR and RPL19 genes in maggot and adult stages
of B. dorsalis, the present experiment was conducted.
Total RNA was isolated from third instar maggots and
newly emerged adult fruit flies. Two micrograms of total
RNA from each of the samples were used and cDNA
was synthesized as described above. An equal quantity of
cDNA from each of the samples was used for RT-PCR
analysis. RT-PCR was carried out using genes-specific
primer sets as described earlier. Optimal amplification of
BdECR and BdRPL19 transcript was standardized at exponential phase in PCR. The PCR amplified product was
separated on 1.5% agarose gel, and the relative level of
these genes transcript expression was estimated densitometrically using gel documentation system (Ultra-Violet
Products Ltd.).
RNAi feeding vector construction and production of
dsRNA

Specific partial regions of these genes were amplified
through PCR for designing dsRNA which is the trigger of RNAi. Since the conserved domains are important for gene expression and thus amplifying this
region for making RNAi cassette will enhance the
gene silencing efficiency (Mohanpuria et al. 2011).
Cloning of each of the candidate gene fragments into
pL4440 (RNAi feeding vector) for making dsRNA expression vector is the preliminary step in the production of corresponding dsRNA. After obtaining the
sequence information restriction maps for each of the
two fruit fly gene sequences were prepared using
NEBcutter V 2.0 (http://nc2.neb.com/NEBcutter2/).
The vector pL4440 possesses multiple cloning sites
between the two T7 RNA promoters placed in inverse
direction. The ECR (692bp) and RPL19 (355bp) genes
fragments were first cloned separately in pGEMT-easy
vector plasmid and after restrict digestion; they were
cloned in pL4440 vector at BglII and XhoI restriction
sites respectively. When a gene sequence is cloned
between these T7 promotors, two RNAs of complementary strands are produced upon IPTG induction
at 37 °C. Each of the recombinant vectors L4440-ECR
and L4440-RPL19 were then transformed into
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competent cells of RNaseIII deficient E. coli strain
HT115 (DE3) to prevent degradation of dsRNA produced upon IPTG induction. This strain of E. coli has
an inducible gene that codes for T7 RNA polymerase
which uses the T7 promoters located in the vector to
transcribe RNA from both strands of the insert. The
bacterial colonies were confirmed through colony
PCR and restriction digestion of recombinant pL4440.
Single colony of HT115 (DE3) bacteria harboring
these plasmids were cultured in LB media at 37 °C
with shaking (220 rpm) under antibiotic selection
(100 μg/ml ampicillin) overnight. The culture was diluted 100-fold, i.e., from the bacterial primary culture,
secondary culture was prepared with 1:100 concentration, in 2 l LB with 100 μg/ml ampicillin cultured at
37 °C and allowed to grow to optical density 600 =
0.4 to 0.6 to standardize the maximum dsRNA production. Usually, 0.4 O.D. of secondary culture has
been considered optimum for IPTG induction (Li
et al. 2011). IPTG induction was also standardized at
different time periods like 2, 2.30, 3, 3.30, and 4 h.
Synthesis of T7 polymerase was induced by adding
with 0.4 mM IPTG, and the bacteria were incubated
with shaking for an additional 4 h at 37 °C. The
dsRNA of ECR and RPL19 gene fragments were extracted from transformed bacteria using Trizol reagent (Invitrogen), and their desired length was
confirmed by electrophoresis on 1.5% agarose gel. For
bacteria feeding experiment, bacteria culture was centrifuged at 4000×g for 5 min, and the pellet was resuspended in 8 ml sterile water to condense the concentration to 200×.
DsRNA containing bacteria feeding bioassay

For maggot feeding experiments, the bacteria expressing
dsRNA of these two candidate genes were mixed individually with 30 ml of same semi-solid artificial diet
(containing ampicillin and tetracycline) at different concentration at 200 μl of 200× (1 × 108 cells), 350 μl of
200× (1.75 × 108 cells), and 700 μl of 200× (3.5 × 108
cells) and was kept in a 50-ml capacity glass vial covered
with a thin cloth to allow aeration. Newly emerged 100
maggots of B. dorsalis were used for the treatment for
each concentration of bacteria expressing dsRNA of target genes. The control group was fed with artificial diet
with the highest amount (700 μl) of bacteria expressing
empty pL4440 plasmid without any gene fragment. This
common control treatment was there to compare with
both ecr and rpl19 treatments. The artificial diet was fed
continuously up to 15 days, and diet was renewed at
every fifth day from first day of feeding to provide a continuous supply of dsRNA to maggots. The experiment
was performed in three replications and during two consecutive years (2018–2019) to compare the efficiency.
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Evaluation of bacteria expressing dsRNA-mediated gene
silencing on growth and development of different stages
of B. dorsalis

Different parameters like growth, development, mortality, and survival rates of all treated maggots of B. dorsalis
were recorded up to adult fruit fly formation. Also, different phenotypic abnormalities in different developmental stages were also photographed.
Statistical analysis

The data was analysed using GraphPad prism 8.0
(GraphPad Software, San Diego, USA) software. Independent t test was used to compare the relative expression of genes during maggot and adult stages of fruit fly
and percent mortality between the two RNAi feeding experiment. One-way ANOVA followed by Tukey’s multiple comparison as post hoc test was used to compare
mortality rate between maggots, pupae and adults of different RNAi feeding experiments. The RNAi feeding experiments were prepared for two consecutive years
(2018–2019) each with 3 replications. For all tests p <
0.05 was considered significant.

Results and discussion
Two vital genes, ECR and RPL19 of B. dorsalis, namely
were selected and their potential role in normal growth,
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development, and metamorphosis in different developmental stages of B. dorsalis were accomplished by ingestion from bacterial expressed corresponding dsRNA. To
reduce the cost of production, increase the stability of
dsRNA, and for ease of treatments to the maggot, bacteria expressing dsRNA was used instead of dsRNA extract. Remarkably, we found that dsRNA-mediated gene
silencing effect through oral administration of bacteria
was persistent and effective as demonstrated by reduced
survival of maggots, pupae, and adult fruit flies and deformities phenotypically observed especially in pupae
and adults stages.
Amplification of candidate genes fragments and
sequence submission

Based on NCBI database search, different available sequences of ECR (JX105044.1, JQ034623.1) and RPL19
(HQ315780.1, KJ028105.1) genes of B. dorsalis were retrieved, and their conserved domain search was
attempted to design the specific primers. The 692bp
ECR and 355bp RPL19 genes fragments were amplified
using gene-specific primer sets (Fig. 2a, b). This partial
cDNA sequence of ECR shared 99% identity in sequence
alignment with B. dorsalis, 94% sequence identity to Ceratitis capitata, 85% identity to Calliphora vicina, and
84% identity to Lucilia cuprina. The partial cDNA

Fig. 2 cDNA-PCR amplification of ECR and RPL19 genes fragments, their endogenous expression in adult (A) and maggot (M) Bactrocera dorsalis,
and dsRNA expression construct preparation and dsRNA production in bacteria. a, b cDNA-PCR amplification of ecr and rpl19 genes-specific
sequences from adult and maggot stages of fruit fly with gene-specific primers. Where L: 1 kb DNA ladder, M: maggot, A: adult. Lower panel gel
picture of b shows the expression of actin gene as an internal control. The relative transcript level of each of the genes in whole body of fruit fly
is represented graphically in c. Mean with SEM of three independent experiments were shown. Asterisks and ns indicate significant and nonsignificant differences (**p < 0.01 and ns, non-significant, Independent t test). d Diagrammatically represented strategy of cloning ECR and RPL19
gene fragments in pL4440 vector at multiple cloning sites (MCS) in between two T7 promoters and double-stranded (ds) RNA production upon
IPTG induction in HT115 bacterial strain. e Total RNA was extracted from bacteria. The position of dsRNA produced is indicated with arrowhead

Mohanpuria et al. Egyptian Journal of Biological Pest Control

(2021) 31:1

sequence of RPL19 shared 97% identity to B. dorsalis
and 93% identity to B. minax. These isolated ECR and
RPL19 gene fragments sequences were submitted on
GenBank with the accession number MN311494.1 and
MN311495.1, respectively.
Endogenous expression of ECR and RPL19 genes of B.
dorsalis in maggot and adult stages

Total RNA was isolated from maggot and adult B. dorsalis reared on guava fruits and cDNA was synthesized
using its equal concentration. Actin gene-specific amplification was chosen as an internal control because of its
stability in expression during all the insect stages and its
expression is less likely to be affected by environmental
condition (Shen et al. 2010). Endogenous transcript expression of target gene is always important before
attempting RNAi studies. To investigate the endogenous
transcript expression of ecr and rpl19 genes in maggot
as well as adult stages of B. dorsalis, equal amount of
cDNA as template was used in reverse transcriptionPCR using genes-specific primers. The transcript expression of ecr was higher in maggot as compared to adult
fruit fly stage (Fig. 2b, c). On the other hand, transcript
expression of rpl19 was nearly the same in both maggot
and adult stages of fruit fly (Fig. 2b, c). Further, relative
transcript expression of rpl19 was much higher than that
of ecr gene (Fig. 2b, c).
Effects of feeding bacteria expressing dsRNA of Bdecr on
B. dorsalis mortality and its ECR gene expression

In order to express dsRNA, ECR gene fragment was
cloned in pL4440 RNAi feeding vector plasmid. Upon
induction in IPTG, corresponding dsRNA was produced
in HT115 (DE3) bacterial strain harboring pL4440-ECR
construct (Fig. 2d). Bacteria expressing dsRNA-ecr feeding to maggots of B. dorsalis experiment was attempted
in 2 consecutive years (2018-19). In both years, the mortality/deformity rate of maggots, pupae, and adult
emerged were increased with the increase in concentration of bacteria expressing dsRNA of Bdecr in artificial
diet. Seven hundred microlitre concentration of bacteria
produced highest mortality and deformities as compared
to that of 350 μl and 200 μl of bacterial concentration
(Fig. 3a). In 700 μl bacterial treatment, 56.7% mortality
of maggots along with deformities in pupal and adult
stages within 15 days of start of feeding (Fig. 3) were observed, followed by 32.9 and 16.7% in 350 μl and 200 μl,
respectively, on an average data of the 2 years experiments. Of the pupae developed from survived treated
maggots, 51, 24.9, and 14% mortality was observed in
700, 350, and 200 μl bacterial treatments respectively in
the 2 consecutive years. Of the emerged adults from survived pupae, mortality of 35.3, 19, and 10.5% were observed in 700, 350, and 200 μl bacterial treatments
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respectively in the 2 consecutive years (Fig. 3, Supplementary data Table 1). Finally very few adult fruit flies
were survived at the end. On comparing 2 years data,
the mortality of maggots, pupae, and adults was higher
in 2018 than in 2019. Thus, total mortality/deformity of
maggots, pupae, and adult fruit flies was 86.3% in 2018–
2019 and was highest in 700 μl bacterial treatment compared to 55 and 35.8% in 350 and 200 μl dsRNAs Bdecr
bacterial treatments, respectively (Supplementary data
Table 1).
Thus, it appears that ecr-dsRNA was more effective to
trigger RNAi silencing at early developmental stages of
fruit fly. Present results were consistent with the observed RNAi silencing effect as in Nilaparveta lugens,
where feeding of dsRNA targeting ecr and usp genes to
nymphs resulted in disruption of molting and reduced
the survival of nymphs (Yu et al. 2014). Earlier, RNAi
targeting ecr and usp genes injected into larvae of Bombyx mori resulted in 40% pre-pupal death and failure to
undergo larval-pupal metamorphosis and stopped at
larval-pupal intermediates. Feeding of ecr-dsRNA
through artificial diet to second instar grain aphids (Sitobion avenae) resulted in 50% aphid mortality after 4 days
of treatment (Yan et al. 2016). The role of ecr is significantly important during the immature stages and its endogenous expression was higher in maggot stage than in
adult stage of B. dorsalis. And maggots showed significant and higher mortality and deformity upon ingestion
of desired dsRNA, which was a proof of high gene silencing efficiency (Fig. 3a–c). Since the requirement of
rpl19 gene product is very common and important during all growth developmental stages of every insect pest
and thus, required throughout the life cycle. Thus, obviously the endogenous expression of rpl19 was nearly
same in both maggot and adult stages. Therefore, both
maggot and adult stages of B. dorsalis showed significant
mortality and deformity (Fig. 3a–c).
Gene silencing in terms of reduced relative transcript
level of endogenous BdECR gene was also observed after
15 days of feeding bacteria (700 μl) expressing dsRNAECR in treated third instar maggots and subsequent
emerged adult fruit flies which was reduced by 33 and
23%, respectively, than the native ECR gene expression
in B. dorsalis (Fig. 3c).
Effects of feeding bacteria expressing dsRNAs of Bdrpl19
on B. dorsalis mortality and its RPL19 gene expression

In order to express dsRNA, RPL19 gene fragment was
also cloned in pL4440 RNAi feeding vector plasmid.
Upon induction in IPTG, corresponding dsRNA was
produced in HT115 (DE3) bacterial strain harboring
pL4440-RPL19 construct (Fig. 2d). Bacteria expressing
dsRNA-rpl19 feeding to maggots of B. dorsalis experiment was also attempted in the 2 consecutive years
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Fig. 3 Effects of feeding bacteria expressing dsRNA-ECR (a) and dsRNA-RPL19 (b) on fruit fly (Bactrocera dorsalis). Mortality of maggots, pupae, and
adult fruit flies were monitored after feeding artificial diet containing bacteria at different concentration at 200 μl of 200× (1 × 108 cells), 350 μl of
200× (1.75 × 108 cells), and 700 μl of 200× (3.5 × 108 cells) expressing dsRNA-ECR and dsRNA-RPL19 to maggots and data were collected up to 15
days of feeding. The control group was fed with artificial diet with the highest amount (700 μl) of bacteria expressing pL4440 plasmid without
any gene fragment. Mean with SEM of six replications were shown for the 2 years data (2018–2019). Asterisks and ns indicates significant and
non-significant differences (*p < 0.05, ***p < 0.001, ****p < 0.0001 and ns, non-significant, ANOVA followed by Tukey’s multiple comparison as
post hoc test). c Suppression of target genes, ECR and RPL19 in whole maggot and adult fruit fly after 15 days of feeding bacteria (700 μl)
expressing dsRNA-ECR and dsRNA-RPL19 to maggots. Ten maggots were homogenized to obtain one RNA sample and expression was quantified
with RT-qPCR and normalized against housekeeping gene actin. Each data represents a biological replicates

(2018–2019). In both years, the mortality (including deformity) rate was increased with increase in concentration of bacteria expressing dsRNA as was in case of ecr.
Seven hundred microliter concentration of bacteria produced higher mortality and deformities as compared to
that of 350 μl and 200 μl (Fig. 3b, Supplementary data
Table 2). In 700 μl treatment, 27.9% mortality of maggots was observed, followed by 19.2 and 7.5% in 350 and
200 μl, respectively, on an average data of the 2 years
(2018–2019) experiments. Of the pupae developed, 45.5,
27.8, and 18.5% mortality was observed in 700, 350, and
200 μl treatments, respectively, and of the emerged
adults, mortality of 69.8% (along with deformities in
maggot and pupal stages) (Fig. 3), 44.3, and 26% was

observed in 700, 350, and 200 μl treatments, respectively
in 2018–2019. On comparing the 2 years data, the mortality rate of maggots and adults was little higher in 2019
than in 2018. Thus, on an average, total mortality/deformity of maggots, pupae, and adult fruit flies was
87.9% in 2018–2019 and was highest in 700 μl dsRNAs
of Bdrpl19 bacterial treatment compared to 67.5 and
44.2% in 350 and 200 μl bacterial treatments, respectively (Supplementary data Table 2). Feeding of bacteria
expressing rpl19-dsRNA at 700 μl dose to maggots resulted in high adult mortality (69.8%) along with deformities in maggot and pupal stages (Fig. 3). Thus, it
appears that rpl19-dsRNA is more effective to trigger
RNAi silencing at adult stage of fruit fly. In contrast,
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despite to provide continuous supply of bacteria expressing dsRNA of either ECR or RPL19 gene for feeding to
Bactrocera maggots did not result in overexpression of
these target genes by formation of RNAi refractoriness
as observed by Li et al. (2011) rather produced higher
gene knock down affecting growth and development of
Bactrocera adversely to survive very less fruit flies
(13.1%) at last.
Gene silencing in terms of reduced relative transcript
level of endogenous BdRPL19 gene was also observed
after 15 days of feeding bacteria (700 μl) expressing
dsRNA-RPL19 in treated 3rd instar maggots and subsequent emerged adult fruit flies which was reduced by 62
and 84%, respectively, than the native RPL19 gene expression in B. dorsalis (Fig. 3c).
Retarded development and abnormal phenotypes in
different developmental stages of fruit fly

The feeding of bacteria expressing dsRNA of ecr and
rpl19 individually to maggots of B. dorsalis produced
similar marked physiological deformities. In the present
study, typical phenotypic abnormalities such as absence
of wings, underdeveloped abdomen and absence of legs,
absence of complete abdomen, adults with severely
curled wings and/or shrinked abdomen, malformed legs,
and incomplete eclosion were observed in emerged adult
B. dorsalis upon feeding E. coli expressing ecr-dsRNA or
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rpl19-dsRNA. It is very fascinating that similar types of
phenotypic malformations have been observed earlier by
treatment of Bactrocera with insecticides belonging to
different chemical groups like Beticol, Biosad, Elsan,
Lufox, Mani, Match, and Radiant. The tested insecticides
reduced the fecundity and hatchability percentage and
also caused high levels of sterility for adult females
emerged from treated pupae (Halawa et al. 2013). Earlier, precocious lethal molt and several growth inhibitory
effects were also observed by ingestion of tebufenozide
by white tussock moth larvae and spruce budworm larvae (Dhandialla et al. 2005). Further, ECR is the target of
bisacylhydrazine insecticides used against several pests
(Billas and Moras 2005). The finding indicates the feasibility of orally delivered dsRNA method and silencing of
these 2 potential genes of B. dorsalis to produce a proof
of concept of RNAi gene silencing in fruit fly in laboratory conditions.
The maggot development, especially in dsRNA-ecr,
was significantly affected and maggots produced were
having change in melanization (gradual blackening on
whole surface) and were reduced in size in comparison
to control, and died prematurely. The maggots which
survived were developed into puparium but produced
change in melanization (black colored puparium) in contrast to normal pupae which are generally of tan or dark
brown colored (Fig. 4a). Later on, the pupae which

Fig. 4 Retarded development and abnormal phenotypes observed in pupal (a) and adult (b, c) fruit fly developmental stages upon feeding
bacteria expressing dsRNA of ECR and RPL19 genes to maggots. Different abnormal phenotypes such as change in melanization (gradual
blackening on whole surface) and reduction in size of pupae (a) were observed in comparison to control. The pupae which survived were
converted into adult fruit flies but majority of them showed shrunk appearance and having underdeveloped body parts such as absence of
wings, underdeveloped abdomen (indicated by arrow head) and absence of legs (2), and in some cases complete abdomen was absent (1),
adults with severely curled wings and/or shrinked abdomen (indicated by *), malformed legs and even malformed adults and incomplete
eclosion (b, c) were observed
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survived were converted into adult fruit flies but they
showed shrunk appearance and underdevelopment, i.e.,
having underdeveloped body parts such as absence of
wings and malformed legs, severely curled wings, underdeveloped abdomen and absence of legs, and in some
cases complete abdomen was absent in comparison with
control adult fruit flies which were normal in appearance
(Fig. 4b). In case of control, normal maggot to pupa and
pupa to adult developments were observed.
Mechanism of dsRNA-based gene silencing in B. dorsalis

A very high total mortality rate (including deformity)
was observed in all the developmental stages of B. dorsalis, which has not been reported so far. It is well proven
that plant incorporated dsRNA corresponding to an insect pest gene will have targeted activity against a particular insect pest as reported in western corn root
worm (Bachman et al. 2016). The total average mortality
(including deformity) in maggots, pupae, and adult B.
dorsalis was little higher (87.9%) in maximum concentration (700 μl) of Bdrpl19-dsRNA bacterial treatment as
compared than 86.3% in Bdecr-dsRNA bacterial treatment during the 2 consecutive years due to “loss of
RNAi functions” phenotype (Saleh et al. 2006) and that
ultimately resulted in death of flies. Based on earlier and
present studies, it proves that oral administration of
engineered HT115 bacterial strain is very much efficient
to inhibit the target gene function in non-cell autonomous RNAi mode by transferring dsRNA without its
degradation in insect body (Huvenne and Smagghe
2010). In the present study, RNAi effects of feeding bacteria expressing dsRNA within 15 days of start of feeding
experiment was comparable as reported earlier by Li
et al. (2011). But different typical phenotypic deformities
observed in pupae and adult stages of B. dorsalis in our
laboratory were not reported so far which validates the
feasibility of this dsRNA expressing bacteria feeding
method as more natural way of transferring intact
dsRNA into insect body. As far as the roles of ECR and
RPL19 genes are concerned, it was very obvious that
RNAi effects produced due to silencing of these genes in
whole body of B. dorsalis while not in particular tissues,
despite to the uptake of corresponding dsRNA happens
to be in midgut (Christiaens et al. 2020). In fact, different RNAi mechanisms of spreading the RNAi effector
molecules could be possible in dipteran species; it can
hypothesized that either dsRNA molecules along with
artificial diet could be absorbed through the columnar
cells having microvilli providing a large absorptive area
with many channels and receptor-mediated endocytosis
pathways (Joga et al. 2016) and after processing into
siRNA molecules which actually moves to all other tissues and cells of B. dorsalis producing the silencing effects which ultimately resulted in phenotypic deformities
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in B. dorsalis. It was also very interesting that the
sequence-specific dsRNA mediated silencing effects in
terms of typical phenotypes were there from one developmental stage to another (Fig. 4).
Although, gene silencing effects were earlier reported
in few studies, where feeding of bacteria expressing
dsRNA to B. dorsalis adult targeting spermatogenesis reduced the number and length of spermatozoa stored in
female spermathecal and significantly reduced the offspring hatching rate which further resulted in lesser
number of maggots raised in fruits compared to control
treatment (Dong et al. 2016). Similarly, feeding of
dsRNA to B. dorsalis adults through artificial diet targeting spr resulted in 52% silencing in fruit flies and the
mean life span reduced to 31 days in treated fruit flies
(Zheng et al. 2015). Feeding of bacterially expressed
dsRNA of four genes involved in ecdysteroidogenesis,
i.e., ptth, torso, spook, and nm-g, showed knock down of
these genes in Chilo suppressalis resulted in abnormal
phenotypes, retarded development, and high larval mortality compared to control (Zhu et al. 2016). Thus, oral
ingestion of bacterially expressed dsRNA into the body
of insect seems to be a simple and appropriate mode to
investigate potential management scheme for several important pests like B. dorsalis as observed in our study
also.
In contrast to recently reported strong RNAi phenotypes in B. tryoni by complexing dsRNA targeting melanin synthesis gene, yellow with liposomes within the
adult insect’s diet (Tayler et al. 2019), we hereby, report
high gene-silencing effects in terms of strong RNAi phenotypes including typical deformities and very high mortality rates at maggot, pupae, and adult developmental
stages of B. dorsalis just by ingestion of bacteria expressing dsRNA. This could be due to absence of either
dsRNases in the gut or the transfer of intact dsRNA
through feeding of E. coli expressing dsRNA of two nonmidgut target genes in B. dorsalis. After the lysis of engineered bacteria inside the gut, these dsRNA could have
processed into siRNAs, which is capable enough to target complementary mRNA transcripts of ECR or RPL19
gene present in different parts of body of B. dorsalis far
away from the site of ingestion. This is sure that mechanism exists for the spread of RNAi signals in B. dorsalis
as reported earlier. In fruit fly, systemic RNAi and
dsRNA update is taken place through an active receptormediated endocytosis (Saleh et al. 2006). DsRNA is
taken from the environment and then silencing signals
are transferred through vesicle-mediated intracellular
trafficking (Saleh et al. 2006; Tomoyasu et al. 2008). The
dsRNA uptake by epithelial cells of the midgut in insects
is very much significant for RNAi response. After midgut cells absorb the dsRNA, the transfer of these signals
to intracellular RNAi machinery is also of paramount
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importance. The dsRNA uptake follows endocytosis
pathway thus, enables its transfer to the cytoplasm
through the discharge from endosome (Varkouhi et al.
2011).

Conclusions
The study provides a proof of concept for feasibility of
silencing two vital genes by feeding bacteria expressing
dsRNA in different developmental stages of B. dorsalis
and subsequently producing severe mortality and deformity in all developmental stages of fruit fly. In this
context, we have prepared a marker-free ihpRNA construct (RNAi construct) using the same ECR gene of B.
dorsalis and standardizing the in planta (floral dip)
transformation of ‘Allahabad safeda’, a popular guava
cultivar in India to mobilize our desired RNAi cassette
and RNAi-based guava plants resistant to fruit fly could
be realize in near future. In addition, spray-based formulations of dsRNA would be prepared by encapsulation of
desired dsRNA in nanoparticles to increase the stability
of dsRNA in field or spray of bacteria expressing these
dsRNA of target genes of fruit fly would be utilized in
future.
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