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A B S T R A C T   

Locusta migratoria manilensis is a major agricultural pest that causes severe direct and indirect damage to several 
crops. Thus, to provide a theoretical foundation for pest control, the role of CrebA in the reproduction and 
immune regulation of L. migratoria was investigated. CrebA is a bZIP transcription factor that critically regulates 
intracellular protein secretion. In this study, CrebA was widely expressed in the brain, fat body, integument, 
midgut, and reproductive tissues of different maturity stages of adult locusts, especially in the female fat body. 
RNA interfering (RNAi)-mediated silencing of CrebA inhibited locusts ovarian development, and key reproduc
tion gene expressions, Vgs, VgRs, Chico, and JHAMT were downregulated. After the locusts were injected with 
Micrococcus luteus or Escherichia coli, M. luteus activated lysozyme expression, while the E. coli activated both 
phenol oxidase cascade and lysozyme expression. Furthermore, both bacteria stimulated the upregulation of the 
antimicrobial peptide genes DEF3 and DEF4. However, CrebA silencing is fatal to locusts infection with E. coli, 
with a mortality rate of up to 96.3%, and resulted in a significant decrease in the expression of DEF3 and DEF4 
and changes in the activities of phenol oxidase and lysozyme of locusts infected by bacteria. Collectively, CrebA 
may be involved in diverse biological processes, including reproduction and immunity. CrebA inhibited locusts 
reproduction by regulating JH signaling pathway and inhibits the expression of immune genes TLR6, IMD, and 
AMPs. These results demonstrate CrebA seems to play a crucial role in reproduction and innate immunity.   

1. Introduction 

The migratory Locust (Locusta migratoria manilensis) is a notorious 
agricultural pest with a strong ability to reproduce (Sangbaramou et al., 
2018.). The development of ovaries and the maturation of oocytes are 
essential for the reproduction of locusts. The formation of vitellin, the 
major egg storage protein in oocytes， plays an important role in the 
development of insect ovaries. The formation of vitellin is closely related 
to the synthesis and absorption of vitellogenin (Vg) (Ferenz and Aden, 
1993; Ullah et al., 2019). During vitellogenesis, Vg is primarily syn
thesized in the fat body of the insect, transferred to the ovary through 
the hemolymph, and is then absorbed by the developing oocytes via the 
vitellogenin receptor (VgR)-mediated endocytosis (Roy et al., 2018). 
Vitellogenin is deposited in oocytes to form vitellin, which increases 
ovarian volume and provides adequate nutrition for oogenesis and 
embryo development (Seidelmann et al., 2016). Therefore, Vg and VgR 

play important roles in vitellogenesis (Xiang et al., 2019). Abnormal 
expression of Vg and VgR leads to abnormal formation of vitelloprotein, 
which in turn leads to delayed ovarian development and even infertility 
in females (Lu et al., 2015; Upadhyay et al., 2016; Shang et al., 2018; 
Yao et al., 2018). Previous studies have shown that the insulin-like 
peptide (ILP) signaling, juvenile hormone (JH), and Toll pathways 
regulate Vg gene expression and are important for insect ovarian 
development (Parthasarathy et al., 2010; Parthasarathy and Palli, 2011; 
Gijbels et al., 2019; Li et al., 2021; Hu et al., 2022a). In female locusts, 
JH regulates Vg mainly by activating genes in the Vg synthesis pathway. 
In insects, polyploidy is widely observed in highly metabolically active 
tissues, such as fat bodies, ovaries, midgut, salivary glands, thoracic 
glands, and pterygium imaginary discs (Tenlen, 2018; Troha et al., 
2018). The downstream genes of the JH pathway can regulate the pol
yploidization of fat body cells and the transcription, translation, 
post-translational modification, transfer, and absorption process of 
vitellogenin (Shinoda and Itoyama, 2003; Shmuel-Galia et al., 2017). 
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Polyploidization of the fat body ensures normal synthesis of Vg. In 
migratory locusts, JH-dependent Vg synthesis (Song et al., 2014) and 
uptake (Jing et al., 2018), and polyploidization of fat body cells promote 
vitellogenesis and oocyte maturation have been reported in related 
studies (Guo et al., 2014; Wu et al., 2018). 

Insects have evolved an effective innate immune system to counter 
the stresses induced by various pathogens. When the pathogens pene
trate the hard body surface of the insect, which is the first line of defense, 
and enter the hemolymph, they face the hemolymph immunity, which is 
the second line of defense of the insect, comprising both cellular and 
humoral immunity. Cellular immunity, which mainly relies on plasma 
cells and granulocytes, involves phagocytosis and the formation of 
nodules and cysts. The main features of humoral immunity are the 
production of antibacterial substances and antimicrobial peptides 
(AMPs), phenol oxidase (PO) cascade, and activation of the phagocytic 
reaction (Cerenius et al., 2008; Levitin and Whiteway, 2008; Xia et al., 
2018). PO cascade reaction is rapidly activated after pathogens invade 
the insect, and serine protease cleave the prophenoloxidase (proPO) into 
active PO, which catalyze melanin formation and mediate coagulation 
responses, participating in the immune defense response of the body 
(Hultmark, 1993; Mavrouli et al., 2005). AMPs are short-chain peptides 
present in insect hemolytic lymph, which exhibit killing activity against 
Gram-positive and Gram-negative bacteria. Defensins are a class of 
naturally occurring AMPs and are the most widely characterized anti
microbial molecules in arthropods (Tonk et al., 2015). Defensins are 
mainly effective against Gram-positive bacteria, but some members are 
also active against certain Gram-negative bacteria, fungi, and protozoa 
(Contreras et al., 2020; Ganz and Lehrer, 1994). The mechanisms of 
antimicrobial activity of defensins may lead to the formation of pores on 
the microbial membrane, leading to the fatal destruction of integrity and 
function (Zaalouk et al., 2004). The production of lysozyme, AMPs, and 
other effector proteins occurs mainly through the Toll and immune 
deficiency (IMD) pathways (Jo et al., 2019). The Toll pathway has a dual 
function, involved in both immune regulation and development of in
sects, whereas IMD functions exclusively in immune regulation (Vilja
kainen, 2015). Fungi and some Gram-positive bacteria induce AMPs 
production through the Toll pathway, whereas the IMD pathway is 
typically induced by Gram-negative bacteria (Ferrandon et al., 2007). 

Cyclic AMP response element binding protein A (CrebA) is a tran
scription factor of the bZip family, which was first discovered in 
Drosophila. It is homologous to mammalian Creb3L1, and Creb3L2 genes 
(Fox et al., 2010; Panagopoulos et al., 2007). CrebA contains ATB do
mains and highly conserved BZip segments related to transactivation 
activity (Barbosa et al., 2013). It plays an important role in cell protein 

secretion, embryonic development, gene transcription, and regulating 
insect circadian rhythms (Rose et al., 1997; Fox et al., 2010; Jing et al., 
2016; Troha et al., 2018). In Drosophila, CrebA is necessary for the high 
expression of all early secretory pathway genes in the salivary glands 
(Abrams and Andrew, 2005), and expressed in reproductive tissues 
(Smolik et al., 1992). It directly binds to the enhancer of secretory 
pathway genes, which is sufficient and necessary to activate the 
expression of each secretory pathway component gene. In addition, 
CrebA affects the development of larval epidermis, and the absence of 
CrebA can cause larval epidermal defects and mouthpart deformities 
(Andrew et al., 1997). CrebA is a core transcription factor that regulates 
secretion in the fat body. Drosophila infected with microorganisms 
upregulated the expression of CrebA through Toll and IMD signaling 
pathways (Troha et al., 2018). The stability of the endoplasmic reticu
lum (ER) environment is a basic necessity for the realization of endo
plasmic reticulum function. Inhibition of CrebA triggers endoplasmic 
reticulum stress and significantly increases mortality from microbial 
infections (Xu et al., 2019). In addition, Creb plays a role in innate im
mune defense by regulating AMP gene expression in Antheraea pernyi 
challenged by pathogen (Gao et al., 2018). Direct evidence of Creb 
functions in insect reproduction has not been reported, but a study found 
that Creb regulates glycogen and lipid metabolism and plays a vital role 
in energy balance (Iijima et al., 2009; Choi et al., 2011). Energy ho
meostasis is essential for insects stress adaptation, reproductive pro
cesses, and tolerance to pathogen (Arrese and Soulages, 2010). It can be 
seen that Creb/CrebA is essential for insect growth reproduction and 
immunity. Currently, research on the CrebA/Creb3-like gene is mainly 
focused on mammals and Drosophila, but has rarely been studied in other 
insects. To explore the regulatory effect of CrebA on insect reproduction 
and immunity, further research is necessary. 

The migration of large swarms of locusts not only causes huge eco
nomic losses but also cause serious ecological imbalances (Sangbaramou 
et al., 2018). Therefore, screening and discovering new locust control 
targets and enriching information and methods to control locust plaque 
are of great practical significance (Mohandkaci and Doumandji-Mitiche, 
2012), while RNAi technology and RNAi-mediated crop protection for 
pest control have develop quickly (Zhang et al., 2021; Ullah et al., 2022; 
Wei et al., 2023). This study elucidated the expression patterns of CrebA 
in different organs of locusts and maturation stages after eclosion via 
fluorescence quantification. Furthermore, the influence of CrebA on 
ovarian development of locusts and the effects caused by Gram-positive 
and Gram-negative bacteria were also observed. In addition, the im
mune response was analyzed, which revealed that the CrebA transcrip
tion factor plays an important role in the reproduction and immunity in 
locusts. This study provides a potential target site for future pest bio
logical control and laying a theoretical foundation for pest control. 

2. Materials and methods 

2.1. Insects 

L. migratoria eggs were purchased from a locust farm in Huaibei, 
Anhui Province. Locust eggs (50 g) were placed in a box (10 cm × 15 cm 
× 20 cm) with a layer of wet sand (2–3 cm) and were reared at 30 ± 2 ◦C 
and 80% RH, with a 14 h: 10 h (L:D) photoperiod. The eggs were covered 
with vermiculite to maintain moisture. After hatching, the locusts were 
fed a mixture of fresh wheat seedlings and wheat germ. Approximately 
200–300 individuals in each cage were placed in an insect cage (50 cm 
× 50 cm × 50 cm) in an artificial climate chamber. The feeding and 
temperature conditions were the same as those described above. 

2.2. RNA extraction and RT-qPCR 

Total RNA was extracted from the different tissue samples using 
Trizol reagent (Invitrogen, Carlsbad, California, USA), according to the 
manufacturer’s instructions. The RNA integrity was assessed bands 

List of abbreviations 

AMP Antimicrobial peptides 
CrebA Cyclic AMP response element binding protein A 
GFP green fluorescent protein 
IMD pathway immune deficiency pathway 
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dsRNases dsRNA-degrading nucleases 
RT-qPCR reverse-transcription quantitative polymerase chain 
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using gel electrophoresis. When the 18S and 28S bands were visible, the 
RNA bands were considered complete. The concentration and purity of 
total RNA were measured using a nucleic acid-protein micrometer 
(ND2000, Thermo Fisher Scientific, Massachusetts). Reverse transcrip
tion (RT) reactions were carried out using the PrimeScript RT reagent Kit 
(Takara, Dalian, China), and then each cDNA template was diluted 5- 
fold for reverse-transcription quantitative PCR (RT-qPCR) analysis. 

RT-qPCR was performed with a Bio-Rad CFX96 Real-Time PCR 
Detection System (Bio-Rad, CA, USA). The qPCR assays were carried out 
in a total volume of 20 μL using SYBR Premix Ex Taq reagents (Takara, 
Dalian, China). All RT-PCR primers were designed using Primer 5.0 
software (Table 1). The thermal profile for RT-qPCR was: 95 ◦C for 3 
min, followed by 40 cycles of 95 ◦C for 10 s and 60 ◦C for 30 s. The 
thermal melting profile was assessed using a final PCR cycle of 95 ◦C for 
30 s, with the temperature constantly increasing from 60 to 95 ◦C. The 
expression levels of the selected genes were normalized to actin 
expression. Relative gene expression was calculated using the 2–ΔΔCT 

method, with three replicates per sample. 

2.3. Tissue and developmental expression analysis of CrebA gene 

To analyze the spatiotemporal expression profiles of CrebA gene, 
brain, fat body, integument, midgut, and reproductive tissues from 
different developmental stages of adult locusts were dissected and 
collected, including the early eclosion phase (12 h post adult eclosion, 
0.5 day PAE), sexual maturity phase (4 days PAE), mating phase (8 days 
PAE), and spawning phase (16 days PAE). Each sample included three 
biological replications of five locust individuals each. The samples were 
snap-frozen in liquid nitrogen and stored in a refrigerator at − 80 ◦C for 
subsequent extraction of total RNA. The spatiotemporal expression 
profiles of CrebA were analyzed with RT-qPCR. 

2.4. Synthesis and injection of dsCrebA 

The full-length sequence of CrebA was obtained from the L. migratoria 
manilensis genome database, and the specific primers used for CrebA PCR 
amplification and dsRNA synthesis were designed using Primer5.0 
software (Table 1). The green fluorescent protein (GFP) gene was used as 
the negative control. The dsCrebA (392 bp) and dsGFP (365 bp) were 
synthesized in vitro using T7RiboMAX Express RNAi System (Promega 
Corporation, Madison, WI) and was purified using the method previ
ously described by Tenlen (Tenlen (2018). 

Injection of dsRNA Based on the results of the preliminary experi
ments, female locusts at the early eclosion phase were selected as the test 
insects. Twenty micrograms per unit of dsRNA was injected into the 

second and third abdominal node using a microinjector (Sangon, 
Shanghai, China). The control group was injected with dsGFP, and the 
tissue samples were collected on the 5th day, and ovarian morphology 
was photographed using a dissecting microscope (Leica EZ4). The tissue 
samples were snap-frozen in liquid nitrogen and stored in a refrigerator 
at − 80 ◦C. The hemolymph was collected and stored in a refrigerator at 
− 20 ◦C. 

2.5. Induction of the immune system response by bacterial infection 

Micrococcus luteus and Escherichia coli strains were purchased from 
Beijing Biobw Biological Company and were activated before the 
experiment. The strain was cultured until OD600nm = 0.9 was reached 
and stored at 4 ◦C for later use. 

Bacteria injection. At sexual maturity the locusts were injected with 
either 10 μL of M. luteus or E. coli solution; the control group was injected 
with an equal volume of the corresponding bacterial medium. Dissection 
was performed 24 h after the injection of the bacterial solution. The 
samples were snap-frozen in liquid nitrogen and stored in a refrigerator 
at − 80 ◦C, and the hemolymph was stored at − 20 ◦C for subsequent 
detection of related gene expression and enzyme activity. For survival 
analysis, female locusts at sexual maturity stage were selected to be 
injected with bacteria, and mortality was recorded every 24 h for 7 days. 
Each treatment included 75 individuals. 

Combined injection of bacteria and dsRNA. Based on the results of 
the preliminary experiments, the RNA interference efficiency was the 
highest on the fifth day after injection of dsRNA. The female locusts were 
injected with 20 μg/head of dsRNA at the early eclosion stage. After 4 
days, the locusts were injected 10 μL of either M. luteus, or E. coli was 
injected; the control group was injected with an equal volume of the 
corresponding strain of the liquid medium. Dissection was performed 
24 h after the injection of the bacterial solution, and they were processed 
as described above. To estimate bacterial load, the hemolymph was 
collected in sterile 1.5 mL centrifuge tube, and subsequently diluted to 
an appropriate concentration with sterile PBS. One hundred μL of each 
dilution was inoculated into solid medium, the colony forming units 
(CFU) were counted after inoculated at 37 ◦C for 24 h (Saha et al., 2017). 
For survival analysis of bacteria infection after CrebA silencing, the 
mortality rate of LmCrebA knocked down was recorded every 24 h for 7 
days after bacteria infection as described above. Each treatment 
included 43 to 70 individuals. 

2.6. Determination of phenol oxidase and lysozyme activity 

For experiments measuring PO and lysozyme activity, the 

Table 1 
Primers for PCR.  

Primer name F-Primer sequence (5′–3′) R-Primer sequence (5′–3′)  

GFP CTTCTCGTTGGGGTCTTTGC TCCAGGAGCGCACCATCTT cDNA clones 
CrebA CCATCCAGACGCCACTCATC ACTATTCCTCGCTGCCCTTG 

Lm-actin GACGAAGAAGTTGCCGCTC TCCCATTCCCACCATCACA RT-qPCR 
CrebA CCATCCAGACGCCACTCATC GGAATTGGGTATCCTTCAGC 
Chico TTTTGCGTGGCGAGTCAG TTTTGGGAGGATGATGGGAT 
Met GCGGTCACCTCTTGTCAATAAT CACTTTCTGATGCTGCCCTAA 
JHAMT GAGACTCGCCTTCCAGAACA AGAGGACATCGCCATTGACT 
Toll-like receptor-6 AGTGGACTCGTTCGTCTCGT ATGGCGTCTATTCCGTTGTG 
Toll receptor-9 CGTGCTCCAGTTCAGATAATGC GATGAACCTGACCTTGCCCTA 
LmDEF3 AGGGCTACAAGGGAGGACAC CATCAGCAGGCAAGAAACAAG 
LmDEF4 GAAACCTCGTGCGAGCAGA CGATGCCAGCAGTGGTAAGG 
IMD-like protein GAACAAGTGGCAACGCTAAC TCTTCTGAATCATGCGAGTC 
Lm-VgA CTCTTTCGTCCAACAGCCG CTCGCAACCATTCCCTTCA 
Lm-VgB GAACTCAAGGGTCGTGGCA TGGGTGAAGCAGCGGAAT 
Lm-VgR1 ATAAAGGTCTACCATCCAGCCC GACAGGCACAGGTGTAGGAGTT 
Lm-VgR2 TGACTCCAAAGTGAAGAAGACC ATTGCCCTGTAGCACCATT 

dsGFP TAATACGACTCACTATAGGGAGA CTTCTCGTTGGGGTCTTTGC TAATACGACTCACTATAGGGAGATCCAGGAGCGCACCATCTT dsRNA synthesis 
dsCrebA TAATACGACTCACTATAGGGAGA CCATCCAGACGCCACTCATC TAATACGACTCACTATAGGGAGA ACTATTCCTCGCTGCCCTTG  
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hemolymph samples were collected from females. The samples were 
then centrifuged at 4 ◦C for 20 min at 3500 g to remove hemocytes. 
Subsequently, the supernatant was diluted 5 times to determine lyso
zyme activity, 10 times to determine PO activity, and 50 times to 
determine total protein content. The lysozyme and PO activities were 
assessed using commercially available kits (Nanjing Jiancheng Biolog
ical Company, China) following our previously described method (Hu 
et al., 2022b), with appropriate modifications. Determination of PO 
activity: 20 μL serum diluent was added to 40 μL phosphate-buffered 
saline (PBS) (pH 6.4) buffer and 50 μL L-3, 4-dihydroxyphenylalanine 
(L-dopa) (3 g/L). In a blank control, 60 μL of PBS and 60 μL of 3 g/L 
L-dopa were used. The reaction mixture was sonicated at 25 ◦C for 30 
min in a water bath, thereafter absorbance was measured at 490 nm 
against a blank containing 50 μL (PBS) buffer (pH = 6.4) and 50 μL L-3, 
4-dihydroxyphenylalanine (L-dopa) (3 g/L). The total absorbance was 
calculated as follows: △OD 490 nm = OD 490 nm of sample − OD 490 nm of 
blank. Total protein content was determined using the Coomassie bright 
blue protein kit (Nanjing Jiancheng Biological Company, China) 
following the manufacturer’s instructions. PO enzyme activity (Up) was 
calculated as follows: Up = △OD 490 nm/min/mg protein. 

Determination of lysozyme activity: 20 μL serum diluent was added 
to 200 μL of the bacterial liquid medium prepared according to the 
manufacturer’s instructions. After mixing, the reaction mixture was 
added to the enzyme label plate, and absorbance (A0) was determined at 
a wavelength of 530 nm. The reaction mixture was incubated at 37 ◦C 
for 30 min and then placed on ice for 10 min. Thereafter, absorbance (A) 
was determined at a wavelength of 530 nm. Ly enzyme activity was 
calculated as follows: U = (A0− A)/A. 

2.7. Data statistics and analysis 

Statistical differences were analyzed using the SPSS 26.0 software. 
The spatiotemporal expression data of CrebA gene and the enzyme ac
tivity data after bacterial injection were analyzed using one-way 
ANOVA followed by Tukey’s multiple comparisons test, and the 
different letters above the error bars indicate significant differences (p 
< 0.05), data are expressed as mean ± standard error (SE) of three 
replicates. Kaplan-Meier survival analysis was used to assess variables 
that affect locusts survival. The rest of the statistics were analyzed using 
Student’s t-test (*P < 0.05, **P < 0.01), data are expressed as mean ± SE 
of three replicates. 

3. Results 

3.1. Spatiotemporal expression profiles of CrebA gene 

To investigate the relative expression of CrebA in different tissues 
and different maturity stages, we examined their transcript abundance 
in different tissues at 12 h, 4, and 8, 12, and 16 days after adult eclosion 
by RT-qPCR. Obviously, The CrebA gene exhibited the difference 
spatiotemporal expression patterns in male and female locusts. For 
analysis of CrebA expression patterns in male locusts, expression level in 
the brain 12 h after eclosion (0.5 PAE) was considered as a control. In 
the selected five stages, we observed that the expression level of CrebA 
after eclosion first increased and then decreased (Fig. 1A). Interestingly, 
in all selected tissues, the relative expression level of CrebA was the 
highest in the mating period, that is, the 8th day of eclosion (Fig. 1A). 
For analysis of CrebA expression patterns in female locusts, expression 
level in the brain 12 h after eclosion (0.5 PAE) was considered as a 
control, and it was observed that the CrebA expression level in the fat 
body was the highest in four out of the five-time points measured 
(Fig. 1B). The spatiotemporal expression profiles of CrebA in female 
were shown, a continuous upward trend was observed in the expression 
level of CrebA in female locusts from the beginning of eclosion to 16 days 
after eclosion, except for the expression in ovarian tissue. The expression 
level of CrebA was highest during the egg-laying period, especially in the 
fat body, and was significantly different from those in the brain, ovary, 
integument, and midgut (Fig. 1B). The expression level of CrebA be
tween tissues at each period were showed, CrebA expression in the fat 
body was significantly higher than those of other tissues at 12 h, 8 days, 
and 16 days after adult eclosion (Fig. 1B). 

3.2. The effect of interference with CrebA gene on locusts reproduction 

The results of RT-qPCR showed that the interference of CrebA 
significantly reduced the expression of target genes in the fat body. It 
was observed that the knockdown efficiency of CrebA was approxi
mately 80% (Fig. 2A), however, no effect on the mortality rate was 
observed during the process. To explore the effect of CrebA silencing on 
locusts reproduction, reproduction-related gene expression levels and 
ovarian development were examined. The results showed that the 
mRNA levels of JHAMT, Chico, VgA, VgB and VgR1 in fat body were 
significantly downregulated when CrebA expression decreased (Fig. 2B 
and C), indicating that vitellogenin synthesis was blocked. In addition, 
ovarian weight was significantly reduced and ovarian development was 
severely atrophied, and oocytes were poorly developed compared with 

Fig. 1. Relative expression of CrebA in different tissues and maturity stages of male locusts (A) and female locusts (B). Each value is presented as mean ± SE. 
Different uppercase letters above the error bars indicate significant differences between the same tissue at different developmental stages, and different lowercase 
letters indicate differences between different tissues at the same developmental stage (one-way ANOVA followed by Tukey’s multiple comparisons test, P < 0.05). 
Each group included three biological replicates of five locust individuals each. PAE, post adult eclosion. 
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the control group (Fig. 2D and E). These results indicate that low 
expression of CrebA can inhibit ovarian development. 

3.3. Effects of CrebA silencing on mortality and bacterial load 

To investigate the importance of CrebA in tolerance against bacteria, 

we first examined the effects of Gram-positive bacteria M. luteus and 
Gram-negative bacteria E. coli on locusts mortality. The day of injection 
was considered as the first day, and mortality rate data were recorded 
for 7 days. The results showed that the survival rates of locusts infected 
with M. luteus and E. coli were 37.5% and 22.3% compared to media 
injected control, respectively (Fig. 3A and B). After injection of M. luteus, 

Fig. 2. The effect of knockdown of CrebA gene on the expression of reproduction-related genes and ovarian development. (A) CrebA silence efficiency in different 
tissues. (B) The effect of knockdown CrebA gene on the expression of Juvenile hormone (JH) pathway related genes. (C) The knockdown of effect with CrebA gene on 
the expression of Vgs and VgRs. (D) Changes in ovarian weight after CrebA silencing. Each value is presented as mean ± SE, and significant differences are indicated 
by * (P < 0.05) and ** (P < 0.01) between the control group (Student’s t-test). Each group included three biological replicates of five locust individuals each. (E) 
Changes in ovarian morphology after CrebA silencing. Ov, Ol, and Po represent ovaries, ovarioles, and primary oocytes, respectively. Ovarian morphology was 
photographed using dissecting microscope at scale = 1 mm. 

Fig. 3. M. luteus and E. coli significantly reduced the 
survival rate of locusts, and CrebA silencing increased 
susceptibility to E. coli. (A) Survival rate of M. luteus 
and CrebA RNAi + M. luteus to locusts. (B) Survival 
rate of E. coli and CrebA RNAi + E. coli to locusts. Each 
treatment included 43 to 75 individuals (Kaplan- 
Meier survival analysis). To calculate the bacterial 
counts (CFUs), locusts were injected with dsCrebA in 
the early stage of emergence, after 4 days, the locusts 
were injected M. luteus (C) or E. coli (D). Each value is 
presented as mean (log-transformed) ± SE. Each 
group included three biological replicates of five lo
cust individuals each.   
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the mortality rate was lower in the early stage and higher in the middle 
and late stages of infection. Furthermore, the mortality rate was the 
highest on the fourth day after infection (Fig. 3A). After injection of 
E. coli, the mortality rate was as high as 28.7% in the early stages of 
infection (1 day after injection); however, the mortality rate reduced in 
the middle and late stages of infection (Fig. 3B). We then investigated 
the effects of CrebA silencing on bacterial load and mortality, and found 
that compared with dsGFP injection control, there was a significant in
crease in mortality after E. coli infection (P = 0.0338) (Fig. 3B), and a 
decrease after infection with M. luteus, but there was no significant 
difference (P = 0.6483) (Fig. 3A). Reduced mortality and bacterial loads 
were observed in M. luteus-infected group and increased in E. coli- 
infected group after CrebA silencing compared to the control group 
injected with dsGFP (Fig. 3). 

3.4. Changes in enzyme activity of locusts after bacterial infection 

To explore the role of CrebA in locust immunity, we tested the vitality 
of the important enzymes that participate in immune defense, namely 
PO and lysozyme. The PO (Fig. 4A) and lysozyme (Fig. 4D) activity 
levels of the control group injected with dsGFP and the experimental 
group injected with dsCrebA were consistent. This indicated that in the 
absence of an immune response, the decrease in CrebA expression level 
did not affect the PO and lysozyme activities in locusts. In the immune 
response triggered by infection with M. luteus, no significant change was 
observed in the PO activity of locust injected with dsGFP (Fig. 4B); 
however, lysozyme activity significantly increased (Fig. 4E); further
more, it was observed that the low expression of CrebA inhibited the 
expression of PO (Fig. 4B), but did not affect lysozyme activity (Fig. 4E). 

In the immune response triggered by infection with E. coli, the activities 
of PO and lysozyme in locusts significantly increased; however, the low 
expression of CrebA did not have any significant effect compared to the 
dsGFP control on the expression of PO and lysozyme (Fig. 4C and F). 

3.5. Changes in expression of immune-related genes in locusts after 
bacterial infection 

In insect humoral immunity, the invading organism is recognized by 
the pattern recognition protein that triggers the secretion of antibacte
rial substances through the Toll and IMD pathways. To evaluate the 
impact of bacterial infection on locusts immunity, the key immune- 
related genes TLR6, TLR9, Tollip, IMD, DEF3, and DEF4 mRNA levels 
were measured by RT-qPCR. In the absence of an immune response, the 
decrease in CrebA expression resulted in downregulation of DEF3 and 
DEF4, and that of Tollip was up-regulated, while TLR6, TLR9 and IMD 
showed no significant difference (Fig. 5A). After infection with M. luteus, 
IMD was downregulated, TLR6, DEF3, and DEF4 genes were significantly 
upregulated (Fig. 5B and C). However, after infection with E. coli, CrebA, 
TLR9 and IMD genes were downregulated, while DEF3 and DEF4 were 
significantly upregulated. The expression levels of CrebA, TLR and IMD 
showed extremely significant differences (Fig. 5D, E and F). 

3.6. Changes in expression of immune-related genes in locusts infected 
with bacteria after CrebA knockdown 

To further verify the hypothesis that CrebA affects the expression 
level of antimicrobial peptides via the Toll/IMD pathway, RNAi tech
nology was used to reduce the expression level of CrebA in locusts. It was 

Fig. 4. Changes in PO and Lysozyme activities after infection with M. luteus and E. coli. Effect of CrebA Silencing on the activities of PO (A) and Lysozyme (D). Effect 
of CrebA Silencing on the activities of PO (B) and Lysozyme (E) in M. luteus Infection. Effect of CrebA Silencing on the activities of PO (C) and Lysozyme (F) in E. coli 
Infection. The control group was injected with M. luteus and E. coli, respectively. Each value is presented as mean ± SE, and different letters above the error bars 
indicate significant differences among treatments (one-way ANOVA followed by Tukey’s multiple comparisons test, P < 0.05). Each group included three biological 
replicates of five locust individuals each. 
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observed that the functions of CrebA vary depending on the immune 
responses induced by infection with M. luteus and E. coli. After injection 
of M. luteus, the expression levels of TLR6, DEF3, and DEF4 were 
significantly downregulated in locusts with low CrebA expression, 
whereas no significant changes were observed in the expression levels of 
TLR9, Tollip, and IMD (Fig. 6A and B). After infection with E. coli, the 

expression levels of IMD, DEF3, and DEF4 were downregulated in locusts 
with low CrebA expression, whereas no significant change in the 
expression levels of TLR6, TLR9, and Tollip was observed (Fig. 6C and D). 

Fig. 5. Effect of bacterial infection on the relative expression of immune-related genes in L. migratoria manilensis. (A) Expression of immune-related genes after CrebA 
silencing. Changes in mRNA levels of Toll/IMD related genes (B) and defensins(E) induced by M. luteus. Changes in mRNA levels of Toll/IMD related genes (C) and 
defensins(F) induced by E. coli. (D) Effect of RNAi of CrebA combined with bacteria injection on the expression of CrebA. The control group was injected with an equal 
volume of the corresponding bacterial medium. Each value is presented as mean ± SE, and significant differences are indicated by * (P < 0.05) and ** (P < 0.01) 
(Student’s t-test). Each group included three biological replicates of five locust individuals each. 

Fig. 6. Effects of bacterial infection on immune- 
related genes expression with reduced CrebA expres
sion in L. migratoria manilensis. Changes in mRNA 
levels of Toll/IMD related genes (A) and defensins (C) 
induced by M. luteus after CrebA silencing. Changes in 
mRNA levels of Toll/IMD related genes (B) and 
defensins (D) induced by E. coli after CrebA silencing. 
Each value is presented as mean ± SE, and significant 
differences are indicated by * (P < 0.05) and ** (P <
0.01) (Student’s t-test). Each group included three 
biological replicates of five locust individuals each.   
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4. Discussion 

Amazing fecundity is one of the key factors in the outbreak of the 
locust plague. The JH pathway affects insect reproduction by inducing 
the synthesis and uptake of vitellogenin (Verlinden et al., 2009; Roy 
et al., 2018). The insulin receptor substrate, CHICO, participates in 
several key processes of insect growth and development mediated by the 
IIS/TOR pathway and affects the survival and metamorphosis of insect 
larvae by modifying JH signal transduction (Böhni et al., 1999; Nässel 
et al., 2015; Zhou et al., 2022). JHAMT, a juvenile hormone acid 
methyltransferase, is essential for the synthesis of JH. The function of 
JHAMT was first studied in silkworms, and it was confirmed to be 
related to the synthesis of JH (Kinjoh et al., 2007). The necessity of 
JHAMT in JH synthesis has been reported in other insects, such as 
D. melanogaster and Aedes aegypti (Diptera) (Shinoda and Itoyama, 
2003), Tribolium castaneum (Coleoptera) (Xu et al., 2013), Spodoptera 
frugiperda (Lepidoptera) (Jia et al., 2022), and Schistocerca gregaria 
(orthoptera) (Marchal et al., 2011). CrebA is widely expressed in various 
tissues of both male and female locusts, and is highly expressed in female 
fat body, suggesting that CrebA may be involved in a variety of biological 
processes, including reproduction and immunity (Fig. 1). At the early 
eclosion phase of locusts, which was also the time point of dsRNA in
jection, CrebA was expressed significantly higher in female locusts fat 
body than in other tissues, including brain, ovary, integument, and 
midgut (Fig. 1B). We speculate that low expression in the brain and 
ovary may resulted in the lack of CrebA interference efficiency (Fig. 2A). 
After RNAi-mediated knockdown of CrebA, we detected significant re
ductions in the expression levels of Chico and JHAMT in the fat body 
(Fig. 2B). The fat body is a unique organ in insects that are involved in 
the secretion of a variety of proteins and has high metabolic activity 
(Arrese and Soulages, 2010), and is closely involved in various key 
processes during the life cycle of locusts such as, in the reproduction, 
immunity, growth, and development. The fat body synthesizes several 
proteins, such as storage proteins, which are secreted into the hemo
lymph, antibacterial proteins related to immune pathways, and vitello
genin, which affects the reproductive ability of insects by affecting 
vitellogenesis (Arrese and Soulages, 2010). The polyploidization of ad
ipocytes and JH promotes the large-scale expression of Vg, which is 
required for the maturation of oocytes and accelerates the production of 
other proteins required for egg production (Wu et al., 2018). The 
observation of the length of basal oocytes of the desert locust indicated 
that the knockdown of JHAMT led to a delay in sexual maturation 
(Marchal et al., 2011). In addition, studies have shown that previtello
genic wild-type Drosophila ovaries transplanted into a Chico mutant of a 
sterile Drosophila insulin receptor protein can induce vitellogenesis, 
whereas Chico mutant ovaries transplanted into wild-type Drosophila 
cannot produce Yolk protein (Richard et al., 2005; Parthasarathy and 
Palli, 2011). These results indicate that the low expression of both Chico 
and JHAMT can inhibit insect ovarian development, which is consistent 
with our findings (Fig. 2B). In female locusts that interfere with CrebA, 
vitellogenin gene expression was significantly reduced (Fig. 2C), and the 
development of locust ovaries was inhibited (Fig. 2D and E). These 
findings confirm the negative impact of CrebA deficiency on locust 
reproduction. 

Infection with M. luteus and E. coli triggered different immune re
sponses in the locusts. The lethal effects of the two pathogenic bacteria 
were different. After injection of E. coli, a high mortality rate was 
observed in the early stage of infection, whereas it considerably reduced 
in the later stages of infection, CrebA RNAi further weakened locust 
tolerance against E. coli (Fig. 3B). As a similar result, low expression of 
CrebA increased mortality after infection with the Gram-negative bac
teria Pseudomonas entomophila (Ragheb et al., 2017). In contrast, after 
infection with M. luteus, the majority of the locusts were still alive after 
24 h of infection, and a higher mortality rate was observed in the middle 
and late stages than in the early stage of infection. However, there was 
no significant effect on the survival rate after CrebA silencing (Fig. 3A). 

Our finding also found that bacterial load was not affected by CrebA 
RNAi, which may be by promoting tolerance to infection rather than 
resisting bacterial proliferation (Troha et al., 2018). Accurate evaluation 
of the energy invested in immunization is difficult. The composition of 
the immune system is complex, and pathogens invade insects to trigger a 
complex immune response. In this series of complex immune responses, 
some immune indicators are positively correlated, while some are 
negatively correlated. Therefore, the reduction of a single immune 
component cannot be regarded as a reduction in immune investment; 
immunity should be comprehensively evaluated by integrating various 
indicators. This study demonstrated that the PO or lysozyme activity, 
expression of AMP, and immunity of the locusts increased after injection 
of pathogenic bacteria (Figs. 3 and 4). 

Immune defense response was activated after the challenge of 
M. luteus and E. coli. Quantitative data of AMP indicated that both the 
pathogenic bacteria can stimulate the expression of DEF3 and DEF4 
(Fig. 5C and F). AMPs are produced mainly through the Toll and IMD 
pathways. To explore the mechanism of upregulation of AMP genes, we 
measured the expression of genes related to the Toll/IMD pathway. Toll- 
like receptors (TLRs) are L-type transmembrane proteins that play a 
crucial role in the innate immune response by recognizing pathogen- 
associated and damage-associated molecular patterns (Li et al., 2013). 
TLR activation requires a ligand specific dimerization state/
dimerization state specific to a particular ligand, e.g., lipoprotein acid 
(LTA) from Gram-positive bacteria is used for TLR2/6 heterodimeriza
tion (Shmuel-Galia et al., 2017), and DNA with CpG motifs derived from 
bacteria and viruses is used for TLR9 II aggregation (Ohto et al., 2018). A 
recent evidence showed that TLRs play a role in insect innate immune 
responses to exogenous stimulus (Zhao et al., 2020), our previous data 
found that locusts infected with bacteria upregulated Immune-related 
genes in the Toll signaling pathway, including TLR6, TLR9, and Tollip 
(toll interacting protein) (Wang et al., 2019). In the current study, after 
injection of M. luteus, the expression of TLR6 as a pattern recognition 
protein of the Gram-positive bacteria was significantly upregulated 
(Fig. 5B). Excessive activation of the Toll pathway may cause serious 
damage to the host (Wang et al., 2013). It is necessary to terminate 
immune signal transduction after pathogen elimination (Wang and Xia, 
2018). IMD is a signaling molecule in cells (Lemaitre and Hoffmann, 
2007). Most Gram-negative bacteria are mediated through the IMD 
pathway, and the injection of M. luteus also triggers down-regulation of 
IMD expression (Fig. 5E). The immune regulation of insects does not act 
alone, but a network regulation mode affects each other. Therefore, the 
down-regulation of IMD expression may have been triggered by acti
vation of the Toll pathway. This result is consistent with the findings of 
Liu and colleagues, that the knockdown of Toll in shrimp caused the 
down-regulation of IMD expression (Liu et al., 2016). E. coli injection 
triggered significant down-regulation of TLR9 and IMD (Fig. 5E). The 
IMD acts as an adaptor molecule in the antibacterial defense system of 
insects, which can recognize Gram-negative bacteria and activate the 
transcription of antibacterial peptide genes (Myllymäki et al., 2014). 
After injection of E. coli in Tribolium castaneum, the expression of genes 
to reduce IMD increased within 12 h, and the IMD expression peaked at 
6 h after injection (Jo et al., 2019). This result is inconsistent with the 
results of the present study, wherein a decrease in the IMD expression 
was observed after injection of E. coli. However, the expression of AMP 
genes was significantly upregulated and did not decrease with the 
down-regulation of IMD (Fig. 5E and F). This may be because the sam
pling time in this experiment was 24 h after the infection. It was 
observed that the IMD pathway was correspondingly faster than the Toll 
pathway, the locusts were already in the late stage of immune regula
tion, and the IMD expression level had already recovered. The immune 
response triggered by the two pathogens did not cause any significant 
change in the expression of Tollip; this may be because the pathogens 
were still persistent in the insects, and the Toll pathway was still acti
vated to respond to infection of foreign organisms (Fig. 5B and E). 

CrebA plays a different role in the selected two bacteria-induced 
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immune responses, M. luteus increased the activity of lysozyme but did 
not stimulate PO activity by simple bacteria challenge (Fig. 4B and E). In 
contrast, in the immune response triggered by injection of E. coli, the 
enzyme activity of PO was nine times that of the uninitiated immune 
response, and the activity of lysozyme was also stimulated (Fig. 4C and 
F). Similar results were obtained by Mohamed et al. (2016) who re
ported that in desert locusts, lysozyme was upregulated after injection of 
E. coli. This result indicates that Gram-positive bacteria only activate 
lysozyme in locusts, while Gram-negative bacteria activate both PO and 
lysozyme simultaneously. After CrebA RNAi, only a decrease in PO ac
tivity infected with M. luteus was observed. (Fig. 4B). Previous studies 
have reported the immune response triggered by injection of E. coli in 
Drosophila upregulated the expression of CrebA (Troha et al., 2018). 
However, in the present study, CrebA expression decreased after injec
tion of M. luteus and E. coli for 24 h (Fig. 5D), which may be that the 
expression of CrebA differs due to the difference in the time of bacterial 
infection, which can be explained by the fact that in Antheraea pernyi, 
infection with M. luteus and E. coli upregulated the expression of CrebA 
within 12 h and was downregulated after 24 h (Gao et al., 2018). Locusts 
with low CrebA expression showed a significant downregulation of DEF3 
and DEF4 expression and reduced PO activity after M. luteus infection 
(Figs. 4B and 6B), but the survival rate was not different from the control 
(Fig. 3A). Locust has many AMP genes, such as defensin, attacin and 
lectin, and the lack of one AMP can be overcome by the expression of 
other AMPs, as described by Magalhaes et al. (2010). However, in 
E. coli-injected locusts, low expression of CrebA suppressed the expres
sion of DEF3, DEF4 and IMD, resulting in increased mortality (Figs. 3B 
and 6C and D), suggesting specificity of CrebA towards pathogens. The 
silencing of IMD severely impaired the bacterial in the hemolymph and 
down-regulation of AMP gene expression (Zhou et al., 2018). This in
dicates that after knockdown of CrebA in insects/locusts the reduction in 
immunity triggered by injection of Gram-negative bacteria down
regulated the expression of AMP genes through the IMD pathway. 

This study clarified the expression pattern of CrebA in different or
gans and maturation stages of locusts. In male locusts, the highest 
expression of CrebA was observed during the mating stage, while in the 
female locusts, the highest expression of CrebA was observed during the 
egg-laying stage. Furthermore, the highest expression of CrebA was 
observed in the fat body of female locusts, and was significantly higher 
than in other tissues. After the knockdown of the CrebA gene, the 
reproductive ability decreased, which was indicated by the decrease in 
Chico and JHAMT expression levels and down-regulation of Vgs and 
VgRs gene expression. In locusts infected with E. coli, CrebA plays a vital 
role in innate immune system response, by producing defensins and 
regulating of PO and lysozyme activity against pathogenic infections. 
Thus, these results demonstrate the positive role of CrebA in locust im
munity and reproduction. However, whether CrebA directly affects Vg 
gene expression or indirectly regulates Vg by down-regulating the 
expression of Chico and JHAMT to affect the titers of JH in the hemo
lymph is still unknown. In addition, whether CrebA in the transcription 
of antibacterial substances can be directly controlled in the immune 
regulation caused by pathogenic bacteria remains to be further studied. 
Our results also provide a foundation for further exploration of the 
molecular mechanism of CrebA in regulating locusts reproduction and 
immune trade-offs in Locusta migratoria manilensis. 
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