Journal of Pest Science (2021) 94:517-529
https://doi.org/10.1007/5s10340-020-01263-1

ORIGINAL PAPER q

Check for
updates

A potential genetic control by suppression of the wing developmental
gene wingless in a global invasive pest Bactrocera dorsalis

Shaokun Guo'® - Xiaoyu Guo' - Linyu Zheng' - Zihua Zhao' - Lijun Liu' - Jie Shen' - Zhihong Li'

Received: 29 July 2019 / Revised: 18 June 2020 / Accepted: 8 July 2020 / Published online: 18 July 2020
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract

The adverse effects of invasive pests on ecosystems have gradually intensified, and the prevention of invasive pests is a
long-standing research focus. Genetic control strategies are effective, sustainable and environmentally friendly methods for
controlling pests and have received substantial attention worldwide. However, there is a lack of researches on the genetic
control of Bactrocera dorsalis Hendel, a global invasive pest with strong flight ability. The wing of B. dorsalis as an important
flight organ may be a main reason for its widespread occurrence. Here, we first analysed the wing structure of B. dorsalis
and found that its wing has the typical characteristic of Diptera insect wing. The spatiotemporal expressions of the wing
development genes were examined by quantitative real-time PCR, antibody staining and RNA in situ hybridization. The
results indicated that the wing development genes were significantly upregulated in the pupal stage, and the regional expres-
sion of each gene was clarified. Wingless (wg), a key gene that significantly affects wing development, was selected from
nine genes through RNA interference and used to simulate the field control of B. dorsalis. The offspring population and the
fruit-borer rate decreased significantly after the simulated control. This study provides preliminary support for the applica-
tion of genetic pest control by regulating the wing development gene and proposes a novel idea for solving the problem of
the extensive spread of B. dorsalis.
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Key message e Here, we proved the hypothesis by simulated control

experiments using a key gene wingless related to wing
development and proposed a new approach to control this

® Bactrocera dorsalis is a global invasive pest with power- economic important pest.
ful flight ability. Interfering the flight ability by targeting e Our study lighted up the direction of practical application
wing development key genes is a potential way to control of RNA preparation for other pest control.
this pest.
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As an important invasive pest, Bactrocera dorsalis Hen-
del, the oriental fruit fly, damages various fruits and veg-
etables (Clarke et al. 2005; Permpoon et al. 2011; White
and Elson-Harris 1992). The first record of B. dorsalis was
from India in 1794 (Clarke et al. 2019; Fabricius 1794); at
present, B. dorsalis is widely distributed all over the world,
including areas of Asia and Pacific regions, South Africa,
Europe and, transitorily, Florida and California (Clarke
et al. 2005; Nugnes et al. 2018; Stephens et al. 2007; Wan
et al. 2011). Particularly, within the last 15 years, the fly has
spread rapidly across sub-Saharan Africa and has begun a
northward migration into central China (Clarke et al. 2019;
Ekesi et al. 2016; Qin et al. 2018, 2019; Zeng et al. 2019).
Compared with other similar species, B. dorsalis has a wider
distribution (Liu et al. 2013; Stephens et al. 2007). Previous
research showed that B. dorsalis has a stronger flight capac-
ity than a similar species, Bactrocera correcta. The wing
is an important organ that supports flight and may be an
important factor for the widespread occurrence of B. dorsa-
lis (Guo et al. 2018).

Chemical, physical and biological methods are com-
monly used to control B. dorsalis. However, chemicals tend
to produce resistance and pesticide residues, while the cost
of physical and biological control methods is relatively high.
In recent years, the sterile insect technique (SIT), which is
a genetic control strategy, has been widely used to control
B. dorsalis because of its environmental friendliness (Aket-
arawong et al. 2011). Genetic pest control uses physical,
chemical or genetic means to change the genetic material
of pests to reduce their viability, reproductive potential or
capacity to cause damage. According to genetic principles,
pests with defective genes can mate with those from wild
populations in nature, resulting in nonproduction or death
of offspring (Schliekelman et al. 2005). As a result, the pest
population will rapidly decrease after several generations
(Wimmer 2005). It is also possible to use gene driving meth-
ods to modify insects so that strains with benign genes can
gradually replace those with damaging effects (James 2005).
Genetic pest control has the advantage of target specificity
and long-lasting transmission of the genetic factors in the
pest population without affecting other populations (Bruno
Wilke and Marrelli 2012; Chen et al. 2007).

Insect wing types, which are mainly manifested in the
shape, texture and covering of the wings, vary with insect
species. Most insects have wings, but with lifestyle changes,
the wings of some insect species degenerate or even disap-
pear. For instance, differentiation between winged and wing-
less aphids is caused by the suppression or overexpression
of key genes involved in wing development (Brisson et al.
2010). Researches on model insects have confirmed that the
development of wings can be affected by controlling specific
wing genes (Medved et al. 2015; Tomoyasu et al. 2005).
Evidence has shown enhancement of flight performance
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by the genetic manipulation of wing shape in Drosophila
melanogaster (Ray et al. 2016). Therefore, we considered
whether the genes related to wing development could be
regulated by a genetic control strategy to prevent the spread
of B. dorsalis. In this paper, we first explored the wing devel-
opmental process and spatiotemporal expression patterns of
wing development genes in B. dorsalis. We used RNA inter-
ference (RNAI) to screen for the key genes that seriously
affect the wing development of this species and wingless
(wg) was selected from nine genes. To preliminarily explore
the genetic control of B. dorsalis in a closed greenhouse, we
then performed a field control experiment in which wg was
suppressed by nanocarrier-delivered RNAi. Our research
provides candidate target genes for population substitution
strategies and a novel approach for controlling B. dorsalis.

Materials and methods
Insect rearing

The laboratory population of B. dorsalis was reared on an
artificial diet at 25+ 1 °C under a relative humidity of 70%
and a 14 h:10 h L:D photoperiod. Papaya was used as a
bait to induce the adults to lay eggs. Eggs and larvae were
cultured using an artificial diet in glass bottles (Yuan et al.
2006). The third-instar larvae were then transferred to wet
soil for pupation. Adults were fed with a mixture of sucrose
and soybean peptone in cages to complete their life cycle.
B. dorsalis were collected from Guangzhou, Guangdong,
China, and the population was reared in the laboratory for
approximately 20 generations.

Immunohistochemistry

Dissected wing discs from the second- and third-instar lar-
vae of B. dorsalis and D. melanogaster were fixed using fixa-
tive and then stained with antibodies according to standard
procedures. The primary antibodies used were mouse anti-
En (Engrailed), 1:200, mouse anti-Wg, 1:200, rat anti-Ci
(Cubitus interruptus), 1:200, mouse anti-Ubx (Ultrabitho-
rax), 1:200, mouse anti-Ptc (patched), 1:200 (Develop-
mental Studies Hybridoma Bank, DSHB, 1A, USA), rabbit
anti-pMad (phosphorylated mothers against decapentaple-
gic), 1:200 (Cell Signalling Technology, MA, USA), rab-
bit anti-Vg (Vestigial), 1:200 (GeneTex, CA, USA), rabbit
anti-Hh (Hedgehog), 1:200 (Abcam, Cambridge, UK) and
rabbit anti-Omb (Optomotor-blind) (1:1000) (Clontech,
Mountain View, CA, USA). Secondary antibodies were
goat anti-mouse DyLight 488, 1:200 (Agrisera, Sweden)
and goat anti-rabbit cy5, 1:200 (Abcam, Cambridge, UK).
Other staining reagents include rhodamine-phalloidin (1:50,
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Invitrogen, Waltham, USA), DAPI (1:500, Sigma-Aldrich,
Shanghai, China).

Wing disc cryosections

After secondary antibody staining, wing discs were refixed
in 4% paraformaldehyde for 30 min and then washed and
soaked in a 30% sucrose solution at 4 °C overnight. Wing
discs were oriented in Tissue-Tek (Sakura Finetek, Torrance,
CA, USA), frozen and cut into 25 pm sections on a freez-
ing microtome (Jinhua YIDI Medical Appliance Co., Ltd,
Zhejiang, China).

RNA in situ hybridization

Total RNA samples were isolated from B. dorsalis with
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) following
the manufacturer’s instructions. First-strand cDNA was syn-
thesized from 1 pg of RNA using the PrimeScript RT rea-
gent kit with gDNA FEraser (Perfect Real Time) (TAKARA,
Kyoto, Japan). The cDNA templates were employed for
amplification using gene-specific primers (Table S1) and
GO Taq® Hot Start DNA polymerase (Promega, Madison,
WI, USA). The reverse transcription PCR (RT-PCR) product
was subsequently gel-recovered, purified and ligated into
the pGEM-T vector (Promega, Madison, WI, USA). The
vector was then transformed into E. coli DH5a-competent
cells (Takara, Kyoto, Japan) and sequenced. The recombi-
nant plasmids were extracted using the QTAGEN® Plasmid
Midi Kit (Qiagen, Hilden, Germany) followed by restriction
analysis, single endonuclease digestion and linearization.
The purified template DNA was used for the synthesis of
RNA hybridization probes using a DIG RNA Labeling Kit
(SP6/T7) (Roche, Basel, Switzerland) following the manu-
facturer’s protocol. The probes were dissolved in 25 pl of
nuclease-free water (Promega, Madison, WI, USA) and
250 pl of hybridization buffer and then stored at — 80 °C
until use.

Dissected wing discs were fixed using 4% paraformal-
dehyde at 4 °C for 30 min and then washed with 1 XPBS
and hydrochloric acid buffer. Subsequently, the wing discs
were washed with formamide solution at 4 °C for 10 min
and then incubated with hybridization buffer containing the
probes at 55 °C for 22 h. The wing discs were washed twice
with 0.1 X SSC at 60 °C, followed by washing with a mix-
ture of anti-digoxigenin alkaline phosphatase-conjugated
antibody (DIG Nucleic Acid Detection Kit, Roche, Basel,
Switzerland) and blocking buffer in TBS (Sigma-Aldrich,
WI, USA). After a few rinses with 0.05% Tween (Amresco,
ID, USA), the wing discs were washed with DAP buffer for
5-10 min. Finally, 20 pl of NBT/BCIP substrate solution
was added to 980 pl of DAP buffer, and the mixture was
used for the colour reaction, which was incubated overnight

at 37 °C. The wing discs were photographed and observed
the next day.

Synthesis of double-stranded RNA (dsRNA)
and RNAi

The prepared cDNAs were used as templates for the amplifi-
cation of gene products. The gene-specific primers were con-
sistent with those used for RNA in situ hybridization, which
are listed in Table S1. The pMD18-T vector (TAKARA,
Kyoto, Japan) was used for the gene clone. The plasmids
were extracted using a TTANprep Rapid Mini Plasmid Kit
(TTIANGEN, Beijing, China). The extracted plasmids were
used as templates, and primers with the T7 promoter were
designed for amplification and purification. The purified
products were prepared for dsSRNA synthesis using the T7
RiboMAX™ Express RNAi System (Promega, Madison,
WI, USA) according to the manufacturer’s protocol. The
dsRNAs were dissolved in nuclease-free water (Promega,
Madison, WI, USA), and their quality and concentration
were determined via agarose gel electrophoresis and with a
Quawell UV-Vis Q5000 spectrophotometer (Quawell Tech-
nology Inc, San Jose, CA, USA) and were then stored at
—20 °C until use.

Each first-instar larva of B. dorsalis was treated with 1 ug
of dsRNA mixed with 1 pl of the gene nanocarrier, a star
polycation (SPc) constructed as a highly efficient gene vector
(1 mg/ml), which was provided by Professor Yin Meizhen at
Beijing University of Chemical Technology (Li et al. 2019).
The technology of nanocarrier-dsRNA has been proven to
effectively improve RNA:I efficiency (Shen 2014). Three bio-
logical replicates were performed for each treatment, and
every biological replicate included 20 individuals. Mature
larvae were removed and placed in the soil for pupation,
and phenotypic comparisons were conducted after eclosion.
The growth and development of the individuals after RNAi
were continuously observed. The corresponding biostatisti-
cal analyses were carried out, and the mortality and malfor-
mation rates of the individuals after RNAi were determined.

Preparation of artificial baits
with nanocarrier-dsRNA

PCR amplification with the ExTaq enzyme was implemented
using a plasmid with the target gene wg as the template,
and the primers were the same as those in the previous
step, which are listed in Table S1. After phenol-chloroform
extraction and purification of the PCR products, 12 pg of
product, 8 pl of T7 RNA polymerase, 10 pl of RNase inhibi-
tor, 80 pl of transcription buffer and 8 pl of NTP (100 mM)
were added, and ddH,O was used to bring the mixture to
a volume of 400 pl. Then, samples were cooled at room
temperature after incubation for 4 h at 37 °C and 5 min at
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75 °C. Next, a large amount of dsRNA was extracted by phe-
nolic chloroform. The concentration of dSRNA was meas-
ured, diluted to 500 ng/pl and then subpacked and stored at
—20°C.

The SPc acts as a highly efficient but low-cost gene vec-
tor for pest management. A total of 500 pg of dsSRNA was
incubated with 500 pl of SPc for 0.5 h and added to 50 g of
artificial diet. After mixing well, preservation film was used
to wrap the mixture tightly, forming a spherical shape. Baits
containing ddH,O (blank control), dsGFP (dsGFP control)
and dswg were prepared.

Preliminary control of B. dorsalis by dsRNA
preparation

A simulated control experiment was carried out in a closed
greenhouse. Three groups of treatments (blank control,
dsGFP control and treatment with dswg) were set up. Each
group was treated with six replicates, which corresponded to
six tomato seedlings with fruits. Each tomato seedling was
hung with three baits and covered with nylon mesh to form
an independent small ecological environment. The baits con-
taining ddH,0, dsGFP and dswg were hung on the tomato
plants of the blank control, the dsGFP control group and the
dswg-treated group, respectively.

First, a total of 60 adults with 30 of each sex were
released into each small ecological environment when all
the tomato fruits were bagged. After approximately 10 days
of mating and oviposition, all adults and bags were removed.
The eggs hatched, and larvae were fed tomato fruits or baits.
The larvae pupated in approximately 10 days, and the adults
emerged in another 10 days. The statistical emergence rate
and the attraction rate of artificial baits and tomato fruits
(also considered as the fruit-borer rate) in the simulated
control experiments served as the criteria for determining
the effect of the dsSRNA preparations. Because the emer-
gence period among individuals was inconsistent, continu-
ous observation and statistics were employed to ensure the
accuracy of the simulated experiment.

Quantitative real-time PCR (qRT-PCR)

The expression levels of wing development genes in differ-
ent periods and RNAI efficiency of dsSRNA were tested via
gqRT-PCR (primers in Table S2). QRT-PCR was performed
with an Applied Biosystems 7500 Real-time PCR system
(Life Technologies, Grand Island, NY, USA). The reaction
mixture (25 pl total volume) contained 12.5 pl of SYBR®
Premix Ex Taq™ II (Tli RNaseH Plus) (TAKARA, Kyoto,
Japan), 0.5 pl of ROX reference dye, 1 pl of each primer
(10 pM), 1 pl of cDNA and 9 pl of RNase-free water. The
following thermal cycling profile was used: 95 °C for 30 s;
40 cycles of 95 °C for 5 s and 60 °C for 34 s; 95 °C for 15 s;
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60 °C for 1 min; and 95 °C for 15 s. Three independent bio-
logical replicates were performed, and 18S rRNA was used
as a reference gene (Hu et al. 2014). Relative expression
was calculated via the 2722 method (Livak and Schmittgen
2001).

Statistical analysis

The results of qRT-PCR are presented as the mean =+ stand-
ard deviation (SD) of three independent biological repli-
cates. Comparisons between the means of two independent
samples were performed with Student’s 7 test, and multiple
comparisons were performed with a one-way ANOVA fol-
lowed by Tukey’s posthoc test in SPSS 17 (IBM Corpo-
ration, Armonk, NY, USA). A significant difference was
considered to exist when p <0.05. Graphs were generated
using OriginPro 8 (OriginLab Corporation, Northampton,
MA, USA).

Imaging

Fluorescence images were obtained with a digital fluores-
cence microscope (Advanced Microscopy Group, Bothell,
WA, USA) and a confocal microscope (Leica TCS-SP2-
AOBS, Leica Microsystems Inc., Wetzlar, Germany).
Images of the RNAi phenotypes and the protein expression
of B. dorsalis were obtained using a UV-C optical confocal
microscopic imaging system (Olympus, Tokyo, Japan).

Results
The structure of wing discs of B. dorsalis

Through dissection of the second- and third-instar larval
wing discs of B. dorsalis, we found that the wing discs of B.
dorsalis are saclike in shape and very similar to those of the
model insect Drosophila melanogaster. With the develop-
ment of the larvae, the wing discs gradually enlarged. At
the beginning of the third instar, the morphological furrows
were differentiated to prepare for drastic metamorphosis in
the pupal stage (Fig. 1). To understand the three-dimensional
structure of the wing discs of B. dorsalis, frozen sections
of wing discs cut horizontally and vertically were used for
morphological observations. Transverse sections showed
that the wing discs consisted of two layers of cells, the pseu-
dostratified epithelium (PE) and disc proper (DP), similar to
those of D. melanogaster (Fig. 1E). The longitudinal sec-
tion showed the location of the furrows on the wing discs
(Fig. 1F). During metamorphosis, the peripodial membrane
(PM) of the wings partially degraded and fused with the epi-
dermis, which caused the wing discs to turn inside out and
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Fig. 1 Dynamic develop-
mental process and stereo
structure of the wing discs

of Bactrocera dorsalis. The
imaginal discs were oriented
with the anterior left and the
dorsal up, and a monolayer of
epithelial cells was arranged

in a saclike structure with the
apical sides facing the lumen.
A-D represent planar structures
of wing discs in second, early
third instar, middle third instar
and late third instar larvae of
Bactrocera dorsalis, respec-
tively; X 20 magnification. E,

F represent the transverse and
longitudinal sections of wing
discs in Bactrocera dorsalis,
respectively; X 20 magnifica-
tion. Arrows point to cell

layers of the pseudostratified
epithelium (PE) and disc proper
(DP); the arrowheads represent
the morphogenetic furrows.
Phalloidin specifically stains the
filamentous actin, while DAPI
stains the nucleus. Scale bars
are 50 um
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fold to form double layers. Afterwards, the cells stretched
and flattened with development to become the adult wings.

Spatiotemporal dynamic expression pattern of wing
development genes in B. dorsalis

Nine wing development genes were identified by previ-
ous transcriptomic analysis (Fig. S1) (Guo et al. 2018). To
explore the expression pattern of the wing development
genes of B. dorsalis, the expression levels of nine genes were
analysed in different developmental stages using qRT-PCR.
Figure 2 shows the temporal dynamic expression analysis
of nine wing development genes. The expression of wing
development genes was significantly upregulated in the
pupal stage, illustrating that the expression of wing genes
was active during the pupal stage of drastic metamorphosis.

The high expression of related genes in the pupal stage may
play crucial roles in the development of wings.

The structure and developmental process of the larval
wing discs of B. dorsalis and D. melanogaster are very sim-
ilar. First, we applied antibodies commonly used with D.
melanogaster to perform immunohistochemical experiments
on B. dorsalis. En and pMad antibodies were conservatively
expressed in the two species (Fig. 3A, B, G, H). En was
expressed in the posterior compartment, which clarified the
boundary between the anterior and posterior (A/P) compart-
ments. However, more antibodies involved in the study were
not recognized effectively. As shown in Fig. S2, Ptc could
not be recognized in the wing discs of B. dorsalis. Therefore,
to understand the expression of wing development genes
more intuitively in the wing discs of B. dorsalis, we used
RNA in situ hybridization to reveal the spatial expression
patterns of the related genes. Combined with the results

A 2 B < b
Cwg b 2] C vl 8- [T hn
10 b
c
5 5] b =S 204 1 abc & 54
2 2 2
= pad bad
o o o
o 4z @ 102 . ab 2
€ = g
3 ab ab 3 l 3
£ 15 £ £ 15
© © ©
(] (9] (3
2 1.0 2 ¥ 2 1.0
K S o a a
5} o} o a
& o5 a a 2 a «© a 05 a a 1
I £ a a L m
00 T T T T T T T T o T = T T T T 00 T T T T T T T T
E L1 L2 138 P2 P5 AM AF E U L2 P2 P5 AM  AF E L1 12 L P2 P5 AM AF
Developmental Stages Developmental Stages Developmental Stages
D s E ;s F
c Ca 2] a0 b
- 4] b
2 6 =3 k=
2 2 8
g b g 4 E 20
[s) ‘s w“
2 4 2 2
< € £
g 3 L/ 3
© E ¢Eu
g 2 g ] a a
3 27 a g 2 54
o - ©
° T a a e " ab ab K
= ) 2 a § 2 s a a a
I
0 T T ==l — == 0 . E =F= = 0 { E =] - : :
E u 2 1 P2 P5 AM AF E 0o Ps AM AF £ 4 L2 3 P2 P AM  AF
Developmental Stages Developmental Stages Developmental Stages
G > H » - b
=4 18 | [T omb b b
b 16
5 b - 14 -
= Qo aQ
2 g2 5 g3
2 S 2
2 24 2 10 2
£ S s 8
° a S 6 5
£ 2 2 2 @
€ £ £
3 3 a 3
g g 15 2
© 14 © ©
o o )
= a a 2 10 2
= = 2 14
5 a k] a s
2 { : E
a a 0.5
0 e E P oo — 0 f {

E R L2 L3 P2 P5 AM  AF E U 2
Developmental Stages

Fig.2 Temporal expression patterns of nine genes of Bactrocera dor-
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Developmental Stages

5 P2 PS5 AWM AF
Developmental Stages

T .
P2 P5  AM A 2

bars indicate significant differences at p <0.05 as determined by Stu-
dent’s ¢ test. E, Egg; L1, first-instar larvae; L2, second-instar larvae;
L3, third-instar larvae; P2, 2-day pupae; P5, 5-day pupae; AM, male
adults; AF, female adults
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Fig.3 Spatial expression patterns of wing development genes in
wing discs of Bactrocera dorsalis. A, B represent the expression of
En antibody on the wing discs of Drosophila melanogaster and Bac-
trocera dorsalis, respectively. G, H represent the expression of the
pMad antibody on the wing discs of Drosophila melanogaster and
Bactrocera dorsalis, respectively. C-F show the expression domains

of a previous study on D. melanogaster, we found that the
expression domains of wing development genes in B. dorsa-
lis were highly similar to those in D. melanogaster. Wg, the
morphogen, was expressed along the dorsal/ventral (D/V)
compartment boundary and the border of the wing pouch in
B. dorsalis (Fig. 3C). The expression of Vg in the wing disc
of B. dorsalis was mainly concentrated in the wing pouch
region (Fig. 3D). Another morphogen, Hh, was expressed
in the posterior compartment of the wing disc of B. dorsalis
(Fig. 3E). The transcription factor En was expressed in the
posterior compartment of the wing disc of B. dorsalis, as
noted above (Fig. 3B), which directed the synthesis of Hh.
In contrast, Ci was expressed in the anterior compartment
of the wing disc of B. dorsalis, which was complementary
to the region of En expression in the wing disc (Fig. 3F).
The expression of Apterous (Ap) in the wing disc of B. dor-
salis was concentrated in the dorsal compartment (Fig. 3I).
Decapentaplegic (Dpp) was expressed in the A/P zone of
the wing disc of B. dorsalis. As the downstream target of
Dpp, the Omb expression pattern was similar to that of Dpp
(Fig. 3J, K). In addition, Ubx was weakly expressed in the
wing disc of B. dorsalis (Fig. 3L).

RNAi efficiency and biostatistics

Using qRT-PCR technology, the interference efficiencies of
the corresponding genes were determined and are shown
in Fig. 4. All genes were significantly downregulated after
interference, indicating that RNAi was effectively imple-
mented in B. dorsalis. After RNAi, the wing deformity
rate of the individuals was determined, and the growth and
development of individuals were continuously observed.

of Wg, Vg, Hh and Ci. I-L show the expression domains of Ap, Dpp,
Omb and Ubx. X20 magnification of the wing disc of Drosophila
melanogaster is shown, while X 10 magnification of the wing disc of
Bactrocera dorsalis is shown. Blue or purple colour represents the
expression domain of each gene

Corresponding biostatistical analyses were carried out, and
the mortality was calculated because of the rest adults only
survive for several days and would eventually die. The data
listed in Table S3 indicate that the highest wing malforma-
tion rate (73.33%) and the highest mortality (31.67%) were
caused by gene interference with wg.

Functional verification of the wing development
genes of B. dorsalis

Compared with the control group, there was no obvious
abnormality in the wing development of the GFP control
group (Fig. 5A, B), while the individuals in the RNAi
treatment group had different degrees of wing dysplasia
(Fig. 5C-K). The wings of the dpp-RNAi group were sig-
nificantly shrunken and stunted (Fig. 5C), and the ap-RNAi
group also showed a phenotype with insufficient wing devel-
opment and obvious curl at the end of the wing (Fig. SD). As
the downstream target gene of the Dpp signalling pathway,
omb may have a function similar to that of dpp. The wings of
omb-RNALI individuals were shrunken and could not expand
normally (Fig. SE). After silencing of hh, distorted wings
were observed (Fig. 5SF). The wings of the en-RNAi group
were significantly bent, and the individuals were unable to
fly normally, while the ci-RNAi group showed a winged-
crispatura phenotype (Fig. 5G, H). The key gene that makes
the hind wing specialize into a haltere, ubx, is very important
for wing development. After ubx was knocked down in B.
dorsalis, the forewing was unable to stretch normally, and
the haltere also disappeared (Fig. 5I).

Wg, as the morphogen, plays an important role as
an organizer controlling the appearance of the D/V
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compartment. After gene interference with wg, the wing
hinge of the wg-RNAIi group was curved or even folded,
and a partial nick was also formed at the edge of the wing
(Fig. 5J, Fig. S3). The vg-RNAIi group with phenotypes of
nicked, folded, or bent wings was similar to the wg-RNAi
group (Fig. 5K, Fig. S3). Overall, wg-RNAIi and vg-RNAIi
produced the most severe wing deformity. More importantly,
we observed not only the deformity of wings but also defects
of other organs, such as the distortion of the body and the
abnormal development of the legs (Fig. 5, Fig. S3).

Preliminary application of dsRNA preparation
for controlling B. dorsalis

During the simulated control experiment, the adults
could live and lay eggs normally in the small ecological
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symbols “*” and “**” above the bars represent significant differences
at p<0.05 and p <0.01, respectively. CK, the control groups; dsGFP,
dsGFP control groups

environment (Fig. 6A). The eggs and the larvae of the next
generation were found in the artificial bait. After pupation
and emergence, the number of adults that emerged was
counted. The results showed that the number of offspring
in the blank control group was 201 + 10.89, while the num-
bers of offspring in the nanocarrier/dsGFP- and nanocar-
rier/dswg-treated groups were 198 +8.11 and 62 +12.49,
respectively. Compared with the control group, the popula-
tion number in the treatment group fed the RNA preparation
decreased significantly (Fig. 6B).

We also performed a statistical and comparative analy-
sis of the attraction rate of tomato fruits and artificial bait
of the three groups, for which the blank control group and
the nanocarrier/dsGFP group showed the attraction rate
of tomato fruits (also considered as the fruit-borer rate)
of 58.28 +3.89% and 50.05 +3.87%, respectively. The
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Fig.5 Typical phenotypes after
RNAI for seven genes in Bac-
trocera dorsalis. Compared with
the blank control group (A) and
the GFP-RNAI control group
(B), the treated groups, includ-
ing dpp-RNAI (C), ap-RNAi
(D), omb-RNAI (E), hh-RNAi
(F), en-RNAi (G), ci-RNAi (H),
ubx-RNAI (I), wg-RNAI (J) and
vg-RNAI (K), showed different
wing phenotypes

fruit-borer rate of the nanocarrier/dswg treatment group
of 29.34 +£4.18% was significantly lower than that of the
control group (Fig. 6C). The attraction rates of artificial
bait were much higher than the fruit-borer rate in the three
groups (Fig. 6C), which indicated that B. dorsalis had a
better attraction to the artificial bait, and thus, the harm to
the host was reduced to a certain extent.

Discussion

Population inhibition and population substitution are two
main genetic pest control strategies. The SIT employs pop-
ulation inhibition, and males need to be released annually.
Population substitution was first proposed to control the
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Fig.6 Simulated field control of Bactrocera dorsalis. A shows the
schematic illustration of the simulated field control. The baits con-
taining nanocarrier/dsRNA were hung on the tomato plants of the
blank control (CK), dsGFP control group and the dswg-treated group.
Each group was treated with six replicates, which corresponded to six
tomato seedlings covered with nylon mesh to form an independent

spread of mosquito-borne malaria by using strains with
benign genes replacing strains with toxic genes in nature,
which is conducive to the protection of species diversity
compared with population inhibition (Bruno Wilke and
Marrelli 2012). However, there are few studies on phy-
tophagous pest control by means of population substitu-
tion. Our research on wing development genes provides
candidate target genes for implementing population sub-
stitution strategies in the future.

Our study first revealed the morphology of wing discs
and the dynamic process of wing development in the larval
stage of B. dorsalis, which is a very important invasive
pest. In the early stage of wing development, the related
genes were normally expressed in wing discs of B. dorsa-
lis, and then, furrows were formed, which provided condi-
tions for the normal folding and extension of wings. Based
on a previous analysis of the transcriptome, nine wing
development genes were screened and identified. The wing
genes of B. dorsalis were highly conserved compared with
those of D. melanogaster, a representative Diptera insect.
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small ecological environment. Thirty females and thirty males were
released into each nylon mesh. B, C show the number of offspring
and the attraction rate of tomato fruits and artificial baits after simu-
lated control of Bactrocera dorsalis. The symbols “**” above the
bars (B) represent significant differences at p <0.01. Different letters
above the bars (C) indicate significant differences at p <0.05

At the temporal level, nine wing development genes were
expressed more actively in the pupal stage, indicating that
wing development genes were generally activated and highly
expressed in pupae. From this result, we determined that
the best time for performing RNAI in B. dorsalis is before
the pupal stage as well as the larval stage. This section lays
a foundation for follow-up studies of gene functions. Spa-
tially, immunohistochemical experiments and RNA in situ
hybridization revealed the expression domains of related
wing development genes in the wing tissue of B. dorsa-
lis. In addition, the coding proteins of different genes were
limited to their respective expression domains to perform
corresponding functions, consistent with D. melanogaster.
Vg mediated the appearance of cell morphology by regulat-
ing the accumulation of actin, which was induced by the
Wg signalling pathway (Zecca and Struhl 2007). The func-
tion of Ci in Drosophila is to coordinate the development
of the A/P axis with En and Omb (Grimm and Pflugfelder
1996; Rodriguez et al. 2004). Ap can determine the fate of
dorsal compartment cells and provide location information
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for the D/V boundary in Drosophila (Blair et al. 1994).
The target of Hh, another morphogen, Dpp, whose signal
molecule could be transported from organizer cells to both
sides, formed a continuous concentration gradient on the
wing disc, guiding the regionalized expression of target
genes and regionally regulating the wing disc (Shen et al.
2010; Zhang et al. 2013). The specific expression of Ubx,
a member of the Hox family, determines the morphologi-
cal difference between wings and halters (Tomoyasu et al.
2005; Weatherbee et al. 1998). Because morphogen guides
the development of most organs, we also found that not only
wing deformity, but also other organs were defective after
RNAI in the course of phenotypic observation. Therefore, it
is reasonable to use wing development genes as candidate
genes for controlling B. dorsalis.

In recent years, scholars mainly have used microinjection
to carry out RNAI in B. dorsalis (Liu et al. 2015; Shi et al.
2019; Zhang et al. 2019). However, this injection method is
not suitable for field applications for the genetic control of B.
dorsalis. This study established mature methods and systems
for dsRNA synthesis, which could successfully synthesize
high-quality dsRNA for the implementation of RNALI. In this
study, a double-control method was used to verify the pos-
sibility of high-efficiency RNAI in B. dorsalis by offering
dsRNA as food with a nanocarrier. The nanocarrier could
rapidly deliver dsRNA into the insect cells and efficiently
inhibit the expression of selected genes. We then observed
the phenotypes of wing defects or deformities. At the same
time, the determination of interference efficiency using qRT-
PCR also showed the effectiveness of the RNAIi (Fig. 4). The
success rate of gene interference has been greatly improved
because of the advantages of nanocarriers, which not only
provide a new method for studies of insect gene function but
also promote the application of the RNAI feeding method in
future pest control. Our study also found that with the help
of nanocarriers, an average of 1 ug of dsRNA per fruit fly
could be sufficient to achieve high RNAI efficiency, which
provides a reference for future research on gene functions
in B. dorsalis. After RNAi of wing development genes, we
found that inhibiting the expression of corresponding genes
could lead to individual death; therefore, we counted mortal-
ity as a biological indicator. In addition to the direct lethal
effect, the loss of flight ability also contributes to the control
of this pest. Based on the results of phenotypic and biologi-
cal tests, the key gene wg was selected to synthesize dSRNA
for preparing an RNA preparation for simulated field control
because the highest wing malformation and mortality rates
were observed after wg-RNAL.

We preliminarily carried out a simulated field control
experiment in a greenhouse to test the efficacy of nano-
carrier/dsRNA preparations, providing technical support
for future applications in orchards or fields. B. dorsalis
had a high attraction to the artificial bait containing the

nanocarrier/dsRNA preparation (Fig. 6), which could attract
females to lay eggs and reduce the harm inflicted on host
fruits. The larvae fed on the dsSRNA in the bait, RNAi was
completed in the larvae, and the number of emerging adults
was reduced. As the morphogen, Wg could influence the
growth and development of insects, which may affect the
hatching of eggs, result in the death of larvae, or failure of
eclosion. Due to the high frequency of wing malformation,
adults failed to fly and would eventually die, which also con-
tribute to the control of this pest. In this study, a cost-saving
farmland-type nanocarrier, SPc, was used to carry dsRNA
into insect cells efficiently and rapidly, which could not only
facilitate RNA1i control of B. dorsalis but also contribute
to the development of technology used in synergistic RNA
preparation with nanomaterials.

Practical experiments can be carried out to further
develop this theoretical control into a reality, allowing RNA
preparations to be used in orchards to control fruit flies. We
can enlarge the small-scale ecosystems used in the simula-
tion experiment to a field scale, hang baits on each fruit tree,
make continuous observations for multiple generations to
ensure the control effect of the RNA preparations and then
popularize the genetic pest control method for actual produc-
tion. In addition, new techniques such as gene editing and
gene driving can be used to produce strains with defective
wing development genes, which can be released into wild
populations to stabilize the defective genes, thus replacing
natural insects with normal wings to gradually control the
spread of invasive pests.

Conclusions

In this study, we develop a mature dsSRNA synthesis system
that can synthesize dsSRNA with high interference efficiency
and propose a new approach to control the invasive pest B.
dorsalis by inhibiting wing developmental gene wingless
for the first time. Combined with the latest nanomaterial
technology, the dsRNA could be carried into cells efficiently,
which may provide a solution for the field application of
RNA preparations to control other pests. With the rapid
development of new techniques such as gene transfection
and gene drive systems, the artificial production of geneti-
cally modified insects for population substitution will be
realized in the future.
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