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Abstract

RNAi is an effective tool for gene function analysis and a promising strategy to provide environmentally friendly 
control approaches for pathogens and pests. Recent studies support the utility of bacterium-mediated RNAi as a 
cost-effective method for gene function study and a suitable externally applied delivery mechanism for pest control. 
Here, we developed a bacterium-mediated RNAi system in Spodoptera frugiperda based on four target genes, 
specifically, Chitinase (Sf-CHI), Chitin synthase B (Sf-CHSB), Sugar transporter SWEET1 (Sf-ST), and Hemolin (Sf-
HEM). RNAi conducted by feeding larvae with bacteria expressing dsRNAs of target genes or injecting pupae and 
adults with bacterially synthesized dsRNA induced silencing of target genes and resulted in significant negative 
effects on growth and survival of S. frugiperda. However, RNAi efficiency and effects were variable among different 
target genes and dsRNA delivery methods. Injection of pupae with dsCHI and dsCHSB induced a significant increase 
in wing malformation in adults, suggesting that precise regulation of chitin digestion and synthesis is crucial during 
wing formation. Injection of female moths with dsHEM resulted in lower mating, fecundity, and egg hatching, 
signifying a critical role of Sf-HEM in the process of egg production and/or embryo development. Our collective 
results demonstrate that bacterium-mediated RNAi presents an alternative technique for gene function study in 
S. frugiperda and a potentially effective strategy for control of this pest, and that Sf-CHI, Sf-CHSB, Sf-ST, and Sf-HEM 
encoding genes can be potent targets.
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The fall armyworm, Spodoptera frugiperda (J. E.  Smith) 
(Lepidoptera: Noctuidae), is native to the tropical and subtropical 
regions of the western hemisphere from Argentina to USA (Johnson 
1987, Kumar et al. 2009). This moth has been identified as a no-
torious agricultural pest due to its robust migration ability (Johnson 
1987; Westbrook et al. 2016), strong pesticide resistance (Li et al. 
2019, APRD 2021), polyphagous larval feeding habits (Capinera 
2017, Montezano et al. 2018), high fecundity, and alternating gen-
erations (Montezano et al. 2018).

While S. frugiperda is a long-distance migratory pest, there have 
been no reports on its distribution outside the Americas before 
2015. S.  frugiperda was initially detected in Africa in 2016, with 
subsequent rapid expansion to almost the entire African continent 
(Abrahams et al. 2017, Feldmann et al. 2019). In Asia, S. frugiperda 
was first reported in India in May 2018 and identified in other coun-
tries shortly afterwards, including Myanmar, Thailand, Yemen and 
Sri Lanka (Kalleshwaraswamy et al. 2018, FAO 2019, CABI 2020a). 

S.  frugiperda was subsequently detected in Yunnan Province in 
China at the end of 2018 (Guo et al. 2019a), which quickly spread to 
the north throughout the vast areas of China (Guo et al. 2019b, Xu 
et al. 2019, Zhang et al. 2019a). By the end of 2019, S. frugiperda 
had spread to 26 provinces, including major crop production areas 
along the Yangtze River Basin, Yellow River Basin, and Northeast 
China (Jiang et al. 2019, Yang et al. 2019b).

S. frugiperda has a wide range of host plants, involving 353 plant 
species from 76 families, primarily Poaceae (106) (Montezano et al. 
2018). The most commonly damaged crops are corn, rice, sorghum 
and cotton (Capinera 2017, CABI 2020b). Other occasionally af-
fected crops and plants are apple, grape, orange, papaya, peach, 
strawberry, hardy pecan, tea, eucalyptus, rubber, and pine (Casmuz 
et al. 2010, Capinera 2017, Montezano et al. 2018, CABI 2020b, 
Sun et al. 2020a). Two haplotypes of S. frugiperda have been iden-
tified to date: (1) the corn strain that feeds mainly on corn, cotton 
and sorghum and (2) the rice strain that principally consumes rice 
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and grass weeds (Dumas et al. 2015). Substantial economic losses to 
corn production worldwide by S. frugiperda have been reported. In 
Brazil, the third largest global corn producer after United States and 
China, the cost of controlling S. frugiperda damage exceeds $600m 
annually (Shylesha et  al. 2018). A  report from the Department 
for International Development (Abrahams et  al. 2017) showed 
that S. frugiperda from 12 countries in Africa has the potential to 
cause annual corn yield losses in the range of 21–53%, estimated 
between $2,481m and $6,187m. In China, evaluation of the po-
tential economic effects of S. frugiperda suggests losses to the corn 
and wheat industries of $17,286m–$52,143m (Qin et al. 2020) and 
$15,571m–$90,143m (Xu et al. 2020), respectively.

At present, management of S.  frugiperda primarily depends on 
broad-spectrum chemical insecticides, which are noxious to benefi-
cial arthropods (Burtet et al. 2017, Li et al. 2019) and has led to the 
development of resistance of this insect to conventional insecticides 
and even Bacillus thuringiensis toxins (Burtet et al. 2017, Li et al. 
2019, APRD 2021). Therefore, sustainable methods are urgently re-
quired for control of this highly invasive insect pest.

RNA interference (RNAi) is an effective tool for gene function 
determination, and also is an emerging technology to provide ap-
proaches for pest and disease control in agriculture and forestry (Xu 
et  al. 2016, Goodfellow et  al. 2019, Vogel et  al. 2019). However, 
applications of RNAi in pest control are limited due to lack of stable 
delivery strategies (Goodfellow et al. 2019). Achievable systems for 
cost-effective production and external delivery of double-stranded 
RNA (dsRNA) to target invasive pests are crucial for effective de-
ployment of RNAi in pest control (Zhang et al. 2019b). Generally, 
insect RNAi can be induced by injection or feeding of dsRNA 
(synthesized in vitro), feeding with bacteria expressing dsRNA in 
vivo (bacterium-mediated RNAi) or injection of extracted dsRNA 
produced by bacteria (Timmons and Fire 1998, Timmons et  al. 
2001). The use of bacterially expressed dsRNA is significantly more 
cost-effective than producing dsRNA in vitro with a kit, particu-
larly for large-scale gene function analysis and pest control appli-
cations (Fraser et al. 2000, Solis et al. 2009, Xu et al. 2016, Zhang 
et al. 2019b). Previous studies on bacterium-mediated RNAi have 
validated its cost-effectiveness in gene function exploration and sig-
nificant potential for agricultural applications (Solis et al. 2009, Xu 
et al. 2016, Goodfellow et al. 2019, Zhang et al. 2019b, Wang et al. 
2021). To our knowledge, however, there is no report on the use of 
this technique in S. frugiperda so far.

In this study, we developed a bacterium-mediated RNAi system 
for S.  frugiperda based on four target genes: Chitinase (Sf-CHI), 
Chitin synthase B (Sf-CHSB), Sugar transporter SWEET1 (Sf-ST) and 
Hemolin (Sf-HEM). Previous studies have shown that these genes 
play crucial roles in the growth, survival and reproduction of insects, 
representing as attractive targets for insecticides. Chitin degradation 
by chitinase is a key step in the insect life cycle that ensures periodic 
molting and plays essential roles in insect development (Pesch et al. 
2016). Chitinase also function in digestion, defense, and immunity 
response (Zhao et al. 2018). Chitin synthase is an enzyme that trans-
fers NDP-acetylglucosamine to polymerise chitin, catalyses the last 
step of chitin synthesis (Yang et al. 2019a). Insect Chitin synthases 
are divided into two different categories, CHSA and CHSB. CHSA 
is mainly located in the cuticle and trachea, while CHSB is mainly 
responsible for chitin synthesis in midgut and peritrophic membrane 
during the feeding stage (Zhang et al. 2012, Yang et al. 2019a). The 
sugar transporter SWEET1 (ST) functions in carbohydrate trans-
port in a range of organisms from bacteria to mammals, and is re-
sponsible for movement of sugar into cells (Baldwin and Henderson 
1989). Hemolin (HEM), an immunoglobulin-like peptide that plays 

a crucial role in surveillance for microbial pathogens and embry-
onic development, which has been identified only in lepidopteran 
insects (Su et  al. 1998, Bettencourt et  al. 2002, Jung et  al. 2019). 
Owing to their key roles in insect development and reproduction, 
in the present study, these four genes were selected as targets for 
bacterium-mediated RNAi in S. frugiperda.

Here, RNAi was induced by feeding larvae with bacteria ex-
pressing dsRNA of target genes or injecting pupae and adults with 
bacterially produced dsRNA of target genes. RNAi efficiency and ef-
fects were examined via gene expression measurement and biological 
assays on development, survival, morphology and reproductive fit-
ness of S.  frugiperda. The functions of target genes and potential 
utility of bacterium-mediated RNAi in gene function testing and pest 
control were additionally explored.

Materials and Methods

Insects
Larvae of S.  frugiperda were originally collected on corn from a 
field near Zhanyi town in Yunnan Province, China. The larvae 
were reared on an artificial diet (Li et  al. 2006) under conditions 
of 28  ± 1°C, 60–80% relative humidity and a 14:10  h light:dark 
photoperiod. Insects were collected in July 2019 and six generations 
reared in the laboratory before this study, which was conducted in 
May 2020.

To ensure virginity and age, male and female pupae were sexed 
according to morphological characteristics (Dong et al. 2019) and 
caged separately until adult emergence. Adults were fed with a 10% 
honey solution.

Molecular Cloning and Characterization
Based on the previous full-length mRNA sequencing of S. frugiperda 
(Majorbio Biotechnology, Shanghai), we obtained mRNA (with 
complete cds) of the four target genes (Sf-CHI, Sf-CHSB, Sf-ST, and 
Sf-HEM). These mRNA sequences were further validated via PCR 
and sequencing. Sequence alignment and open reading frame (ORF) 
detection were performed with the aid of ClustalX 2.1, MEGA 4.0, 
and DNAMAN 7.0. Signal peptides were predicted using SignalP 
5.0 (Petersen et  al. 2011). The putative transmembrane (TM) do-
mains (TM1–TM7) were predicted using TMHMM Server v.2.0. 
Conserved protein domains were predicted using Pfam (http://pfam.
xfam.org) and the conserved domain database of NCBI (https://
www.ncbi.nlm.nih.gov/cdd). Swiss model (https://swissmodel.
expasy.org/interactive) and UCSF ChimeraX software version 1.13 
(https://www.cgl.ucsf.edu/chimera/) were used for three-dimensional 
protein structure and superimposition analysis. Phylogenetic trees 
based on protein sequences were constructed using the neighbor-
joining method with 1,000 bootstrap replicates using the MEGA 7.0 
software program.

Vector Construction and dsRNA Preparation
RNAi target fragments were designed using siDirect version 2.0. 
A  fragment of enhanced green fluorescence protein (EGFP) gene 
was used as the control. Gene fragments were amplified via PCR 
using gene-specific primers containing NotI and XhoI restriction 
sites (Table 1) under the following conditions: 30 cycles of 94°C for 
30 s, 58°C for 30 s, and 72°C for 60 s, and a final extension step of 
72°C for 10 min. Purified products were cloned into plasmid L4440 
(Timmons and Fire 1998, Timmons et  al. 2001) and the resulting 
recombinant vectors (L4440-Sf-CHI, L4440-Sf-CHSB, L4440-Sf-
ST, and L4440-Sf-HEM) were introduced into competent HT115 
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(DE3) cells. Positive clones were selected for sequence verification 
and sequenced in both directions (Sangon Biotech, China).

To prepare dsRNA-expressing bacteria, single colonies of HT115 
(DE3) containing recombinant vectors were grown for 14 h in li-
quid LB (containing 100 μg/mL ampicillin and 12.5 μg/mL tetra-
cycline) at 37°C with shaking at 220 rpm. Synthesis of dsRNAs was 
induced by adding IPTG to a final concentration of 0.4 mM and bac-
teria were incubated for an additional 4 h under similar conditions. 
Expressed dsRNAs were extracted from bacteria using RNAiso Plus 
(TaKaRa, China) and the lengths of dsRNA confirmed via 1.5% 
agarose gel electrophoresis. The production level achieved using this 
bacterial incubation system was ~7–9 μg dsRNA/mL culture (Wang 
et al. 2021), as estimated by comparing the brightness of the dsRNA 
band and quantified RNA marker.

RNAi by Feeding Larvae With Bacteria Expressing 
the dsRNAs of Target Genes
Bacterial cultures of the four target genes and control EGFP were 
used for preparation of cells for feeding. In brief, 30  ml IPTG-
induced bacterial culture was centrifuged for 3 min at 10,000 g and 
resuspended in 1 ml DEPC-water (Wang et al. 2021). Second-instar 
larvae (3-d-old) individually caged in plastic cells (4 × 4 × 4 cm) 
were fed with 20 µl of the prepared bacterial cell solution (dropped 
on food) once a day and kept for 8 d (Wang et al. 2021). After 8 
d of feeding, the larvae are going to pupate soon. Larvae provided 
with 20 µl DEPC-water (dropped on food) once a day and kept 

for 8 d were used as the blank control. All larvae were collected 
for the RNAi efficiency assay. Three biological replicates were 
used for each treatment, with six larvae per replicate. Total RNA 
was extracted from larvae with TRIzol (Takara, China) according 
to the manufacturer’s protocol. The purity and concentration of 
RNA were determined using a spectrophotometer (NanoDrop 
2000, USA). First-strand cDNA synthesis was performed using 
a PrimeScript RT reagent kit (Perfect Real Time; TaKaRa). Real-
Time quantitative PCR (qPCR) was performed with gene-specific 
primers (Table 1) using SYBR Premix Ex Taq II (TaKaRa) in a total 
volume of 25 µl. Actin (NCBI ID: KT218672.1) was used as a ref-
erence gene. Reactions were run in triplicate on the QuantStudio 
7 Flex system (Thermo Fisher Scientific, USA) using the following 
program: 95°C for 5 min, followed by 40 cycles of 95°C for 30 s, 
and 60°C for 34 s. Analysis of the dissociation curves for target and 
reference genes showed a single melt peak. The efficiencies of the 
target and reference genes were similar. The 2-ΔΔCT method (Livak 
and Schmittgen 2001) was applied to calculate the relative quan-
tities of target genes.

To explore the effects of bacterial feeding-based RNAi targeting 
the four genes on the development and survival of S. frugiperda, the 
duration of larval and pupal stages, lifespan of adults, pupation rate 
(number of pupae/number of larvae%), eclosion rate (number of 
adults/number of pupae%), and survival rate from larvae to adults 
(number of adults/number of larvae%) were evaluated. Three rep-
licates were used for each treatment, with 20 larvae per replicate.

RNAi by Injecting Pupae With Extracted dsRNAs of 
Target Genes
Expressed dsRNAs were extracted from bacteria as above, dissolved 
in DEPC-water and the concentration adjusted to 1 μg dsRNA/µl 
solution. One-day-old pupae were collected and injected with 5 µl 
dsRNA (1 μg/µl) of Sf-CHI or Sf-CHSB target genes. Pupae injected 
with 5 µl DEPC-water and 5 µl dsEGFP (1 μg/µl) were used as con-
trols. The solution was injected into the abdominal cavity of pupae 
through the junction of the segment 5 and segment 6. Injected pupae 
were collected after 24 h for the RNAi efficiency test as described 
above. Three biological replicates were used for each treatment, with 
six pupae per replicate.

The effects of RNAi-based injection on eclosion rate (number 
of adults/ number of pupae%) and adult morphology were further 
examined. Three replicates were used for each treatment, with 20 
pupae per replicate.

RNAi by Injecting Adults With extracted dsRNAs of 
target genes
In this experiment, 1-d-old male or female adults were injected with 
5 µl dsRNA (1 μg/µl) of the four target genes. Adults injected with 
5  µl water and 5 µl dsEGFP (1 μg/µl) were used as controls. The 
solution was injected into adults through the junction of the segment 
5 and segment 6 as above. To confirm silencing efficiency, injected 
adults were collected after 24 h and the transcription levels of target 
genes quantified via qPCR as described above. Three biological rep-
licates were used for each treatment, with six adults per replicate.

Following the above injection treatments, the survival rates of 
adults within 3 d of injection were calculated. Three biological rep-
licates were used for each treatment, with 20 adults per replicate.

HEM plays an important role in the reproductive process in in-
sects. Accordingly, we further examined whether RNAi of Sf-HEM 
affected male and female reproductive fitness and offspring viability 
and the underlying mechanisms. In the female RNAi trial, Sf-HEM 

Table 1.  Primers for RNAi and qPCR

Primer 
names

Primer sequences (5′ to 3′)* Usages

Sf-CHI-Qf GCCGTTCGTTCACTCTGACA qPCR
Sf-CHI-Qr GTCCCACTTCTTAGTCCATCCT qPCR
Sf-CHSB-Qf GAATTTAGGAGCAGCGTGCG qPCR
Sf-CHSB-Qr GCAGCCAATGACCAATAGCG qPCR
Sf-ST-Qf ACTTGTTCGGTTTGGCCTTG qPCR
Sf-ST-Qr ATCTTCCATTTCGGCGTACG qPCR
Sf-HEM-Qf AATTTTGGCCGCGTGCATAG qPCR
Sf-HEM-Qr TTGTCGGCTTTGAACAGCAC qPCR
Sf-Actin-Qf AGCTTGTGTCATCGATGTCG qPCR
Sf-Actin-Qr AAACTGCGGTTCCTTGTTGC qPCR
dsCHI-F AAGGAAAAAAgcggccgcTCGCACAGAA

ACAAACGC
RNAi

dsCHI-R CCGctcgagAAGGAACCACCACGGTC
AGC

RNAi

dsCHSB-F AAGGAAAAAAgcggccgcAATACGATCA
AGGCGAGGAC

RNAi

dsCHSB-R CCGctcgagTGAGGTTAGCGAGGAA
GAG

RNAi

dsST-F AAGGAAAAAAgcggccgcTTCCTTGGAG
GTGTCGTTATG

RNAi

dsST-R CCGctcgagCTCCGTGCTCTTGTTCT
TGAT

RNAi

dsHEM-F AAGGAAAAAAgcggccgcCCTGATGGCA
CGCTTTGGTT

RNAi

dsHEM-R CCGctcgagTGCGGTTGTGGTCTGTTA
CTCTGT

RNAi

dsEGFP-F AAGGAAAAAAgcggccgcCACCCTCGTG
ACCACCCTGAC

RNAi

dsEGFP-R CCGctcgagACCTTGATGCCGTTCTT
CTGC

RNAi

*Underlined were protecting nucleotides and lower case letters were NotI 
or XhoI restriction sites.
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dsRNA-injected females were paired with wild-type males the 
second night after injection in plastic boxes (25 cm long, 15 cm wide, 
and 8 cm high; one pair per box). Mating events within this night 
(10 h) of all females were recorded by rapid observation of treated 
insects every 30 min (mating duration was approximately 1 h) under 
15 W red light illumination. Males were removed after mating. Each 
box was provided a paper strip (15 × 20 cm) folded in zigzag fashion 
as an oviposition substratum and 10% honey solution as food. Eggs 
were collected and incubated in petri dishes (8.5 × 1.5 cm) under the 
above conditions. The number of hatched eggs (larvae) was recorded 
4 d after incubation. Mating was verified by counting the number 
of spermatophores in female bursa copulatrix after death under a 
dissecting microscope. Thirty females were used for the mating test. 
Up to 55% females did not mate during the test night (Fig. 6), and 
thus we only used 14 mated females from each treatment for repro-
ductive output tests.

In the male RNAi trial, Sf-HEM dsRNA-injected males were 
paired with wild-type females the second night after injection and 
their mating events and reproductive fitness were tested as above. 
Thirty injected males were used for the mating rate test. Only a few 
females mated with injected males during the test night (Fig. 6), which 
may be due to the side effects of male injection. We thus only used 
five mated females from each treatment for reproductive output tests.

Statistics
Data on the developmental duration of larvae and pupae and adult 
lifespans were not normally distributed even after transformation 
and thus were analyzed using the nonparametric Kruskal–Wallis 
test followed by Dunn’s procedure with Bonferroni correction for 
multiple comparisons (Zar 1999). Other data were analyzed using 
an ANOVA followed by Tukey’s studentized range (HSD) test for 
multiple comparisons. Percentage data were arcsin square root-
transformed before ANOVA. All analyses were conducted using 
SPSS 25.0 software. The rejection level was set at α < 0.05. All values 
are expressed as mean ± SE.

Results

Molecular Cloning and Phylogenetic Analysis
S.  frugiperda CHI (Sf-CHI; GeneBank ID: MZ364351) contains 
an ORF of 1668 bp encoding a 555 residue protein, which has a 
glycosyl hydrolase family 18 domain (GH 18 domain: pfam00704) 
and a chitin-binding domain (CBD) (CBM-14: pfam01607) with 
an N-terminal signal peptide (Fig. 1a; Supp Fig. S1 [online only]). 
Sf-CHSB (MZ364352) contains an ORF of 4572  bp encoding a 
1523 amino acid protein incorporating a central chitin synthase 
domain (pfam03142), N-terminal domain with seven TM helices 
and C-terminal domain with an additional seven TM helices (Fig. 
1a; Supp Fig. S3 [online only]). Sf-ST (MZ364350) consists of a pu-
tative 690 bp ORF encoding a 229 residue protein with two copies 
of the sugar efflux transporter for intercellular exchange domain 
(pfam03083) and seven TM domains (Fig. 1a; Supp Fig. S5 [on-
line only]). Sf-HEM (MZ364353) has a putative ORF of 1257 bp 
encoding a 418 amino acid protein with four immunoglobulin (Ig) 
domains and an 18 amino acid N-terminal signal peptide (Fig. 1a; 
Supp Fig. S7 [online only]). No TM domains were found in Sf-CHI 
and Sf-HEM and no signal peptides were found in Sf-ST and Sf-
CHSB. Three-dimensional prediction of Sf-HEM protein showed 
that its four Ig domains form a characteristic horseshoe shape (Fig. 
1b), distinct from the extended chain form of human Ig protein 
(Fig. 1c).

Phylogenetic analysis revealed that Sf-CHI, Sf-CHSB, Sf-ST, 
and Sf-HEM cluster together with CHI, CHSB, ST, and HEM from 
other insect species, respectively (Supp Figs S2, S4, S6 and S8 [online 
only]), in which sequences from S. frugiperda show a shorter genetic 
distance to lepidopterans than insects from other orders, consistent 
with traditional taxonomy.

RNAi by Feeding Larvae With Bacteria Expressing 
the dsRNAs of Target Genes
RNAi target fragments were designed using siDirect version 2.0 (Fig. 
2a) and RNAi trials (Fig. 2b) conducted by feeding larvae with bac-
teria expressing the dsRNA of target genes or injecting pupae or 
adults with bacterially produced dsRNAs.

In feeding trials, second-instar larvae were individually caged 
in plastic cells and fed with 20  µl prepared bacterial solution ex-
pressing dsRNA of Sf-CHI (dsCHI), Sf-CHSB (dsCHSB), Sf-ST 
(dsST), or Sf-HEM (dsHEM) each day for 8 d. Larvae administered 
water or bacteria expressing dsEGFP were used as controls. Notably, 
expression of target genes was significantly reduced in the treatment 
groups compared with controls (P < 0.05; Table 2). Sf-CHI showed 
the greatest reduction in expression (66.0–67.99%) followed by Sf-
CHSB (35.00–36.89%), while Sf-HEM (14.00–16.50%) and Sf-ST 
(15.00–17.48) were only slightly reduced.

Knockdown of the four target genes by feeding larvae with 
bacteria expressing the respective dsRNAs led to a significant de-
crease in larval body weight (F5,85  =  13.05, P  <  0.0001; Fig. 3a), 
with reduction rates of 12.96–28.10%. Post hoc multiple compari-
sons indicated that knockdown of Sf-CHI, Sf-CHSB, and Sf-HEM 
caused significantly lower larval body weight in comparison with 
controls (Water and dsEGFP) (P < 0.05), and knockdown of Sf-ST 
showed significant effects on larval body weight in comparison with 
the control of dsEGFP (P < 0.05) while did not show significant ef-
fects when compared with the control of Water (P > 0.05; Fig. 3a). 
Knockdown of the four target genes negatively affected the pupation 
rate of larvae, but not to a significant extent (F5,12 = 3.06, P = 0.052), 
while significantly reduced the eclosion rate of pupae (F5,12 = 4.60, 
P  =  0.014) and survival rate from larvae to adults (F5,12  =  7.67, 
P = 0.002; Fig. 3b). Multiple comparisons indicated that knockdown 
of Sf-CHI resulted significantly negative effects on eclosion rate of 
pupae in comparison with the control of Water (P  <  0.05) while 
did not show significant effects when compared with the control of 
dsEGFP (P > 0.05); knockdown of the other three genes did not 
show significant effects on eclosion rate of pupae in comparison 
with controls (P > 0.05; Fig. 3b). Knockdown of Sf-CHI showed 
significantly negative effects on survival rate from larvae to adults in 
comparison with controls (P < 0.05), while knockdown of the other 
three genes did not show significant effects when compared with 
controls (P > 0.05; Fig. 3b). RNAi additionally led to significant pro-
longation of the duration of larval (χ2 = 91.946, P < 0.0001; Fig. 3c) 
and pupal (χ2 = 73.194, P < 0.0001; Fig. 3c) stages and larva to adult 
(χ2 = 85.865, P < 0.0001; Fig. 3d) stages, but exerted no significant 
effect on longevity of adults (χ2 = 2.773, P = 0.735; Fig. 3c).

RNAi by Injecting Pupae With Extracted dsRNAs of 
Target Genes
In this trial, 1-d-old pupae were injected with 5  μg of dsCHI or 
dsCHSB per pupa. Pupae injected with water or dsEGFP were used 
as the control. qPCR data disclosed that dsRNA injection led to sig-
nificant silencing of the two target genes (P < 0.05; Table 2), with 
reduction rates of 71.00–73.39% for Sf-CHI and 55.00–58.72% for 
Sf-CHSB.
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Data from the biological assays (Fig. 4a) showed that injection 
of both dsCHI and dsCHSB significantly reduced the eclosion rate 
of pupae (54.80–78.47%; F3,8 = 478.11, P < 0.0001) but increased 
the malformation rate of adults (32.07–65.03%; F3,8  =  12.68, 
P  =  0.002). Adult malformation was mainly manifested in wing 
morphology (Fig. 5a–c), whereby wings of RNAi adults were bent, 
distorted and/or incomplete, either on one (Fig. 5b) or both sides 
(Fig. 5c).

RNAi by Injecting Adults With Extracted dsRNAs of 
Target Genes
In this trial, 1-d-old male or female adults were injected with 5 μg 
dsCHI, dsCHSB, dsHEM or dsST per adult. Adults injected with 
water or dsEGFP were used as control groups. Gene expression tests 

showed that dsRNA injection led to a significant reduction in target 
gene levels compared with controls (P < 0.05; Table 2). Sf-HEM was 
reduced by 74.00–76.36%, followed by Sf-CHI (40.00–45.45%),  
Sf-ST (36.00–41.81%), and Sf-CHSB (22.00–29.09%).

Examination of survival rates within 3 d after injection re-
vealed that injection of dsRNAs significantly affected adult sur-
vival (F5,12 = 14.03, P < 0.0001; Fig. 4b). Post hoc tests showed 
that injection of dsCHSB and dsST led to a significant reduction 
(P  <  0.05) in adult survival rate, but not dsCHI and dsHEM  
(P > 0.05).

In the reproductive fitness test, females injected with dsHEM had 
a significantly lower mating rate with wild-type males (F2,6 = 27.99, 
P  =  0.001) and mated females laid significantly fewer eggs 
(F2,39 = 22.87, P < 0.0001) with a lower hatching rate (F2,39 = 624.84, 

Fig. 1.  Domains of Sf-CHI, Sf-CHSB, Sf-ST, and Sf-HEM (a), and predicted three-dimensional structures of Sf-HEM (b) and immunoglobulin 1 (HsIg1) of Homo 
sapiens (GeneBank ID: CAA71535.1) (c).
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P  <  0.0001; Fig. 6a–c). However, males injected with dsHEM 
and paired with wild-type females displayed no significant differ-
ences in terms of mating rate (F2,6 = 0.73, P = 0.522), eggs laid by 
mates (F2,12 = 1.02, P = 0.391) and egg hatching rate (F2,12 = 2.52, 
P = 0.122; Fig. 6d–f).

Newly laid eggs by dsHEM females (Fig. 5g) were similar to 
those of controls (Fig. 5d), which were round and full, grey or light 
green, and nontransparent. After 2 d of incubation, eggs laid by con-
trol females retained their round and full shape and become darker, 
indicative of normal embryonic development (Fig. 5e). In contrast, 
eggs laid by dsHEM females became deflated and transparent (Fig. 
5h). After 4 d of incubation, eggs laid by control females hatched 
normally (Fig. 5f) while those laid by dsHEM females become even 
more deflated and ultimately died (Fig. 5i).

Discussion

In the present study, we cloned the Sf-CHI, Sf-CHSB, Sf-ST, and Sf-
HEM encoding genes in S. frugiperda and then verified the sequences 
and predicted their possible functions through sequence BLAST, 
phylogeny, and protein structure analysis. The four sequences from 
S. frugiperda show a shorter genetic distance to lepidopterans than 
insects from other orders, which consistent with traditional tax-
onomy. Sf-HEM shares homology with other immunoglobulin 
(Ig)-like genes of invertebrates and mammals, which are classified 
into different families (Jung et al. 2019). The four Ig domains of Sf-
HEM show a horseshoe shape, which is similar to the result found 
in S. exigua (Jung et al. 2019). The horseshoe shape of HEM from 
lepidopteran is different to the extended chain form of Ig molecule 

Fig. 2.  RNAi targets of Sf-CHI, Sf-CHSB, Sf-ST, and Sf-HEM (a) and dsRNA delivery methods (b). Red bands refer to RNAi targets and green bands refer to qPCR 
fragments.

Table 2.  Relative expression levels of the target genes in RNAi treated larvae (Feeding), pupae (Injection), and adults (Injection)

Treatments Gene Relative expression levels

Water (Control)* EGFP (Control) Target gene Reduction Percentages† F-value (ANOVA) P-value

Feed larvae Sf-CHI 1.00 ± 0.04a 1.03 ± 0.04a 0.34 ± 0.01b 66.00; 66.99 F2,6 = 94.30 <0.001
Feed larvae Sf-CHSB 1.00 ± 0.04a 1.03 ± 0.04a 0.65 ± 0.01b 35.00; 36.89 F2,6 = 318.30 <0.001
Feed larvae Sf-ST 1.00 ± 0.04a 1.03 ± 0.04a 0.85 ± 0.02b 15.00; 17.48 F2,6 = 15.08 <0.01
Feed larvae Sf-HEM 1.00 ± 0.04a 1.03 ± 0.04a 0.86 ± 0.01b 14.00; 16.50 F2,6 = 18.69 <0.01
Inject pupae Sf-CHI 1.00 ± 0.04a 1.09 ± 0.05a 0.29 ± 0.02b 71.00; 73.39 F2,6 = 208.09 <0.001
Inject pupae Sf-CHSB 1.00 ± 0.04a 1.09 ± 0.05a 0.45 ± 0.04b 55.00; 58.72 F2,6 = 81.98 <0.001
Inject adults Sf-CHI 1.00 ± 0.04a 1.10 ± 0.07a 0.60 ± 0.02b 40.00; 45.45 F2,6 = 37.95 <0.001
Inject adults Sf-CHSB 1.00 ± 0.04a 1.10 ± 0.07a 0.78 ± 0.01b 22.00; 29.09 F2,6 = 15.10 <0.01
Inject adults Sf-ST 1.00 ± 0.04a 1.10 ± 0.07a 0.64 ± 0.02b 36.00; 41.81 F2,6 = 32.12 <0.01
Inject adults Sf-HEM 1.00 ± 0.04a 1.10 ± 0.07a 0.26 ± 0.02b 74.00; 76.36 F2,6 = 111.46 <0.0001

*Water-treated insects were used as calibrators. For each parameter (in each line), values with different letters are significantly different (P < 0.05).
†The first value is the Reduction Percentage relative to Water, and the second value is the Reduction Percentage relative to EGFP.
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from human and other species other than lepidopteran (Jung et al. 
2019). However, whether this difference is related to their functional 
differences in different taxa remains to be clarified.

Accumulating studies have shown that bacterium-mediated 
RNAi achieves effective silencing of target genes in different in-
sect species, resulting in substantial effects on larval development 
and survival and/or adult reproduction (reviewed in Xu et al. 2016, 
Goodfellow et al. 2019). For example, a recent study in Plagiodera 
versicolora, a key pest of Salicaceae plants, showed that feeding 
bacteria-expressed dsRNA successfully triggered the silencing of the 
five target genes (Actin, Signal recognition particle protein 54k, Heat 
shock protein 70, Cactus and N-ethylmaleimide-sensitive fusion at-
tachment protein) and the suppression of Actin and Signal recogni-
tion particle protein 54k genes caused significant mortality (Zhang 
et al. 2019b).

In the present study, we further developed a bacterium-mediated 
RNAi system in S. frugiperda using the four genes as targets. In the 
first round of trials, second-instar larvae were fed with bacteria ex-
pressing dsRNA of the four target genes and successfully induced 
gene silencing (Table 2). The growth and development of insects is 

strictly dependent on the precise regulation of chitin synthesis and 
digestion (Pesch et  al. 2016, Zhao et  al. 2018). Consistently, the 
following bioassay test showed that knockdown of Sf-CHI and Sf-
CHSB by feeding larvae with bacteria expressing dsRNA resulted in 
lower larval body weight and lower survival rate, as well as longer 
developmental duration in S. frugiperda (Fig. 3). ST plays a crucial 
role in the cell-to-cell transport of sugars in insects (Baldwin and 
Henderson 1989) and HEM plays roles in immunity and reproduc-
tion in lepidopteran insects (Su et al. 1998). In this study, although 
the reduction of gene expression due to RNAi is slight, knockdown 
of Sf-ST and Sf-HEM by feeding larvae with bacteria expressing 
dsRNAs also showed significantly negative effect on larval growth 
and body weight in S. frugiperda (Fig. 3). These results demonstrate 
that feeding larvae with bacteria expressing dsRNAs effectively 
achieved RNAi of target genes and caused significantly negative ef-
fects on larval development and survival in S. frugiperda, although 
the efficacy and effects of RNAi differed between genes.

Moreover, bacterium-mediated RNAi also has been suggested as 
a cost-effective method for gene function analysis (Xiang et al. 2009, 
Zhang et al. 2012, Xu et al. 2016, Wang et al. 2021). Therefore, we 

Fig. 3.  Bioassay after RNAi by feeding larvae with bacteria expressing the dsRNAs of target genes. (a) effect of RNAi on larval bodyweight; (b) effect of RNAi 
on pupation rate, eclosion rate, and survival rate from larvae to adults; (c) effect of RNAi on larval and pupal development durations, and adults longevity; and 
(d) effect of RNAi on percentile proportions of development stages. For each parameter in each of the subgraphs, bars with different letters are significantly 
different (P < 0.05); i.e., letters with the same color can be compared to derive the significance of difference between treatments in the same subgraph. Values 
were reported as mean ± SE.
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further injected pupae and adults with bacterially expressed dsRNAs 
of the four target genes, which induced faster (tested 24 h after in-
jection) and greater reduction (up to 76.36%) in gene expression 
(Table 2). Interestingly, injection of pupae with dsCHI significantly 
reduced eclosion rate of pupae but increased wing malformation in 
adults (P < 0.05; Figs 4a and 5a–c). Chitin is the main substance of 
insect wings, and the precise regulation of chitin synthesis and di-
gestion may be crucial for the development of wings (Zhang et al. 
2012, Pesch et al. 2016, Zhao et al. 2018), which may explain the 
result of adult wing malformation after the knockdown of Sf-CHI. 
Previous studies have indicated that CHSB is mainly responsible 
for chitin synthesis in midgut and peritrophic membrane of larvae 
(Zhang et al. 2012, Yang et al. 2019a). In the present study, injection 
of pupae with dsCHSB resulted in significant lower eclosion rate of 
pupae (P < 0.05; Fig. 4a). Although not statistically significant (P > 
0.05), knockdown of Sf-CHSB also clearly increased wing malfor-
mation rate in adults (Figs 4a and 5a–c). These results suggest that 
Sf-CHSB also is crucial for the survival of pupae and may play a 
function in wing formation in S. frugiperda. Moreover, injection of 

female adults with dsHEM caused lower mating rate and lower egg 
hatching rate in S. frugiperda (Fig. 6a–c), which is consistence to the 
result found in the giant silkmoth, Hyalophora cecropia, by injec-
tion of pupae with HEM dsRNA (Bettencourt et  al. 2002). These 
results suggest that Sf-HEM is likely to play vital function in the 
process of egg production (which may thus affect mating behavior 
as egg production positively correlated to female receptivity [Ringo 
1996, Wedell 2005]) and/or embryo development. However, the 
mechanism of Sf-HEM in reproduction is still unclear and thus war-
rants further study. These evidences suggest that bacterium-mediated 
RNAi can also be a reliable technique for gene function analysis in 
S. frugiperda.

Above results demonstrated that both feeding bacteria ex-
pressing dsRNAs or injecting extracted dsRNAs produced by bac-
teria can induce RNAi of target genes in S.  frugiperda while the 
efficacy of RNAi can be various between genes and between dsRNA 
delivery ways (Table 2). The efficacy of dsRNA-based RNAi can be 
affected by a number of factors, including the target gene itself and 
where it is expressed, the length and amount of dsRNA, the insect 
species and the life stage of the insect, and the technique for delivery 
of exogenous dsRNA into organisms (Xu et al. 2016, Goodfellow 
et al. 2019). In Tribolium castaneum, RNAi efficacy is relative to the 
length of dsRNA and the amount of dsRNA used (Tomoyasu and 
Denell 2004), while in Drosophila, sometimes a lower dsRNA dose 
may be more effective than a higher one in gene silencing (Yang 
et  al. 2000). Therefore, by optimizing these influencing factors, 
a better RNAi effect of target genes can be obtained. Bacterium-
mediated RNAi through insects feeding with bacteria expression 
dsRNA is a cost-effective and natural way to introduce dsRNA-
based insecticides into pest insects. However, bacterial survival and 
dsRNA degradation in insect gut may have significant effects on 
the efficacy of RNAi (Huvenne and Smagghe 2010, Burand and 
Hunter 2013, Xu et al. 2016, Goodfellow et al. 2019). Therefore, 
re-application by application more than once or continuously may 
achieve better silencing of target genes (Goodfellow et  al. 2019). 
For example, in S.  litura, one-time feeding of bacteria expressing 
dsRNA led to lower silencing efficiency (<30%) while continuous 
feeding (from the third instar to mature larvae) resulted in higher 
efficacy (up to 83%). Moreover, application of bacteria expressing 
dsRNAs targeting multiple genes is likely to archive higher interfer-
ence efficiency and greater control efficacy (Huvenne and Smagghe 
2010, Xu et al. 2016, Goodfellow et al. 2019). However, increased 
dose of bacteria and dsRNA may induce high immune responses 
in insect (Eigenbrod and Dalpke 2015), which may bring side ef-
fects on gene function study using RNAi. Therefore, future studies 
should improve our understanding on bacterial RNA secretion and 
delivery and insect–microbial interactions, as well as target gene 
screen and bacterium selection, which will facilitate optimization of 
bacterium-mediated RNAi technology for pest control applications 
(Goodfellow et al. 2019).

Further, studies also suggested that extracts of bacterially ex-
pressed dsRNA can be applied in pest control, particularly when 
the use of live bacteria is limited or the RNAi efficiency of use of 
bacteria expressing dsRNA is dissatisfied (Leelesh and Rieske 2020). 
And recent studies also showed that nanomaterial-wrapped dsRNA 
has higher stability and better cellular uptake, providing a potential 
RNAi-based strategy for pest control (Sun et al. 2020b). Our injec-
tion trials indicated that the extracted bacterially expressed dsRNAs 
have high RNAi efficacies, signifying the potential use as dsRNA-
based biopesticides in S. frugiperda.

Fig. 4.  Effect of RNAi on eclosion rate of pupae and malformation of adults by 
injecting pupae with extracted dsRNAs of target genes (a), and effect of RNAi 
on adult survival rate by injecting adults with extracted dsRNAs of target 
genes (b). For each parameter in each of the subgraphs, bars with different 
letters are significantly different (P < 0.05); i.e., letters with the same color can 
be compared to derive the significance of difference between treatments in 
the same subgraph. Values were reported as mean ± SE.
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Fig. 5.  Effect of RNAi on adults morphology and embryo development. (a) normal adults from control; (b) and (c), adults with wing malformation from pupae 
injected with either dsCHI or dsCHSB; (d) newly laid eggs by control females; (e) 2-d incubated eggs of control females; (f) newly hatched larvae from 4 d 
incubated eggs of control females; (g) newly laid eggs by dsHEM females; (h) 2-d incubated eggs by dsHEM females; and (i) 4 d incubated eggs of dsHEM 
females. Bars = 1 mm.
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Supplementary Data

Supplementary data are available at Journal of Insect Science online.
Fig. S1 Prediction of the signal peptide of Sf-CHI.
Fig. S2 Phylogenetic analysis of Sf-CHI. The phylogenetic tree 

was constructed using the neighbor joining method based on amino 

acid sequences with 1000 bootstrap replicates. The percentage boot-
strap support was presented by the number above the branches.

Fig. S3 Prediction of transmenbrane dormains of Sf-CHSB.
Fig. S4 Phylogenetic analysis of Sf-CHSB. The phylogenetic 

tree was constructed using the neighbor joining method based on 

Fig. 6.  Effect of RNAi on reproductive success by injecting female adults (a–c) or male adults (d–f) with extracted dsRNAs targeting Sf-HEM. Mating rate (a), 
fecundity (b) and egg hatching rate (c) of dsHEM females mating with wild males; and mating rate (d), fecundity (e), and egg hatching rate (f) of wild females 
mating with dsHEM males. In each of the subgraphs, bars with different letters are significantly different (P < 0.05). Values were reported as mean ± SE.
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amino acid sequences with 1000 bootstrap replicates. The per-
centage bootstrap support was presented by the number above 
the branches.

Fig. S5 Prediction of transmenbrane dormains of Sf-ST.
Fig. S6 Phylogenetic analysis of Sf-ST. The phylogenetic tree was 

constructed using the neighbor joining method based on amino acid 
sequences with 1000 bootstrap replicates. The percentage bootstrap 
support was presented by the number above the branches.

Fig. S7 Prediction of the signal peptide of Sf-HEM.
Fig. S8 Phylogenetic analysis of Sf-HEM. The phylogenetic tree 

was constructed using the neighbor joining method based on amino 
acid sequences with 1000 bootstrap replicates. The percentage boot-
strap support was presented by the number above the branches.
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