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19 Abstract

20 20-hydroxyecdysone (20E) plays a key role in insect development, not only 

21 regulating molting and metamorphosis but also participating in the innate immune 

22 responses. The regulation of immunity by 20E varies among different insect species. 

23 The pathway of 20E regulates immunity in the cotton bollworm (Helicoverpa 

24 armigera) remain unclear. In this study, we infected H. armigera with Gram-negative 

25 bacterium Micrococcus luteus and Gram-positive bacterium Pseudomonas 

26 aeruginosa, respectively, demonstrating that the larvae exhibits enhanced immunity 

27 during the larval-to-pupal metamorphosis stage. Through 20E induction assays, we 

28 confirmed that the enhanced immunity is regulated by 20E. 20E upregulates the 

29 expression of antimicrobial peptides (AMPs), thereby inhibiting the growth of M. 

30 luteus and P. aeruginosa in the larvae. Knockdown of Dorsal suppressed the 

31 20E-induced expression of AMPs, while knockdown of Relish similarly inhibited the 

32 expression of AMPs except Moricin. Overexpression of Dorsal was localized at the 

33 nucleus and promoted the expression of AMPs. Treatment with 20E enhanced its 

34 transcriptional regulation of AMPs. Overexpression of Relish partially localized at the 

35 nucleus and upregulated the expression of certain AMPs (Cecropin D, Gloverin-1, 

36 and Gloverin-2). Treatment with 20E resulted in the translocation of Relish from the 

37 cytoplasm to the nucleus, enhancing the expression of Cecropin D, Gloverin-1, 

38 Gloverin-2 and Lebocin. We further showed that 20E promoted the cleavage and 

39 nuclear translocation of Relish. These data indicate that 20E induces the expression of 
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40 AMPs in H. armigera through Dorsal and Relish, thereby enhancing immunity during 

41 the metamorphosis stage.

42

43 Key words: 20-Hydroxyecdysone; Antimicrobial peptides; Innate immunity; Dorsal; 

44 Relish.
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46 Abbreviations

47

48 AMP, antimicrobial peptide; 20E, 20-hydroxyecdysone; DMSO, dimethyl sulfoxide; 

49 CFU, Bacterial Colony Forming Units; dsRNA, double-stranded RNA; GFP, green 

50 fluorescent protein; RFP, red fluorescent protein; NF-κb, nuclear factor-κB.

51

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=5203144

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



52 1. Introduction
53

54 During their survival, insects encounter a constant threat of pathogen invasion 

55 (Hoffmann and Reichhart, 2002). Pathogenic infections significantly impact the 

56 survival of insects, particularly for holometabolous insects that experience 

57 metamorphosis, a transformative process that involves degradation of the larval 

58 midgut and consequent release of microorganisms. To mitigate the potential risks 

59 posed by pathogenic microbes, insects must enhance their immune defense during this 

60 vulnerable developmental stage (Johnston et al., 2019). Insects rely on innate immune 

61 responses to defend against pathogens invasion (Lemaitre and Hoffmann, 2007). The 

62 innate immunity includes cellular and humoral responses. Cellular immunity depends 

63 on phagocytosis and encapsulation of pathogens by hemocytes, while humoral 

64 immunity is mainly achieved through the induction of antimicrobial peptides (AMPs) 

65 (Buchon et al., 2014). AMPs are primarily synthesized in the fat body of insects and 

66 released into the hemolymph, serving as crucial immune effector molecules with 

67 broad-spectrum antimicrobial activity (Lehrer and Ganz, 1999; Patyra and Kwiatek, 

68 2023).

69 The insect immune responses involve the activation of multiple signaling 

70 pathways, including Toll and Immune Deficiency (IMD) pathways, which further 

71 regulate the expression of AMPs by controlling the activation and nuclear localization 

72 of transcription factors, such as Dorsal and Relish (Lemaitre and Hoffmann, 2007). 

73 The Toll and IMD signaling pathways both belong to the nuclear factor-κB (NF-κB) 

74 signaling pathway family. The Toll pathway is activated by Gram-positive bacterial 

75 and fungal infection (Gobert et al., 2003). In Drosophila melanogaster, extracellular 

76 peptidoglycan recognition proteins (PGRP-SA/SD or GNBP3) recognize pathogens 

77 and activate Spätzle, which triggers a signaling cascade that ultimately leads to the 

78 induction of AMPs gene transcription by the transcription factor Dorsal. In contrast, 

79 the IMD pathway serves as the primary defense mechanism against Gram-negative 

80 bacterial infections (Christophides et al., 2002). This pathway is activated when the 

81 PGRP-LC receptor recognizes Gram-negative bacteria. The subsequent signaling 
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82 cascade results in the phosphorylation and cleavage of the transcription factor Relish. 

83 The activated Relish then translocates to the nucleus to promotes the expression of 

84 AMPs (Lemaitre and Hoffmann, 2007). 

85  In insects, The molting hormone 20-hydroxyecdysone (20E) regulates many 

86 physiological traits, including juvenile-to-adult developmental transitions (Texada et 

87 al., 2020), reproductive maturation (Uryu et al., 2015), energy metabolism (Koyama 

88 et al., 2020)，  behavior (Ganter et al., 2011), stress responses (Simon et al., 2003), 

89 and longevity (Tricoire et al., 2009). 20E also is involved in the innate immune 

90 processes (Nunes et al., 2021b). 20E activates hemocytes by regulating both actin and 

91 the tubulin cytoskeleton, enhancing their phagocytic and motility capabilities in 

92 Drosophila (Lanot et al., 2001; Regan et al., 2013). 20E also triggers release of 

93 Growth-Blocking Peptide Binding protein (GBPB) from oenocytoid-like cells, 

94 inhibiting spreading and encapsulation activities of hemocytes (Zhuo et al., 2018). In 

95 addition to regulating cellular immunity, 20E also modulates the expression of AMPs. 

96 The regulation of AMP expression by 20E varies significantly among different insect 

97 species. In Drosophila, 20E upregulates the expression of PGRP-LC, a receptor of the 

98 IMD pathway, and cooperates with peptidoglycan to induce the expression of AMP 

99 genes (Rus et al., 2013). In Locusta migratoria, 20E up-regulates the expression of 

100 PGRP-SA through its nuclear receptor EcR, activating the Toll signaling pathway and 

101 promoting the expression of AMPs (Han et al., 2017). The regulation of AMP 

102 expression by 20E requires synergistic action with peptidoglycan in D. melanogaster 

103 (Rus et al., 2013). However, there is a distinct effect of 20E on AMPs in the silkworm 

104 Bombyx mori. The early study showed that 20E treatment down-regulates AMPs in 

105 the fat body of B.mori. Recent studies have shown 20E upregulates AMPs in 

106 larva-to-pupa metamorphosis by BmMD-2A, which is involved in the Toll signaling 

107 pathway (Zhang et al., 2023). In the cotton bollworm Helicoverpa armigera, 20E also 

108 modulates the expression of immune-related genes (Wang et al., 2014). However, the 

109 mechanism of 20E-mediated innate immune responses is unclear.

110 In this study, we aim to reveal the molecular mechanisms of 20E-mediated 

111 regulation of innate immunity in H. armigera. We found that as the larvae enter 
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112 wandering stage, increased concentration of 20E enhances the innate immune 

113 response. 20E upregulates the expression of Dorsal and Relish, activates Dorsal and 

114 promotes the cleavage and nuclear translocation of Relish, thus leading to expression 

115 of AMP genes. 

116

117 2. Material and Methods

118 2.1  Insects and HaEpi cells

119 The Cotton bollworms H. armigera were reared in an artificial climate chamber 

120 under the following conditions: temperature at 26 ± 1°C, relative humidity at 60%, 

121 and a photoperiod of 14 hours light: 10 hours dark. The larvae were fed with an 

122 artificial diet, while the adults were provided with a 10% honey water solution (Zhou 

123 et al., 2023). HaEpi cells form epidermis of H.armigera were developed as a loosely 

124 attached monolayer and were maintained at 27°C with Grace’s insect cell culture 

125 medium containing 10% Fetal Bovine Serum (Bioind).

126

127 2.2  Bacterial infection

128 The Gram-positive bacterium M. luteus and the Gram-negative bacterium P. 

129 aeruginosa were cultured in LB medium at 37°C with shaking until the OD600 value 

130 reached one. The cultured bacterial suspension was centrifuged at 8,000 g for 5 

131 minutes and the supernatant was discarded. The pelleted bacterial cells were 

132 resuspended and washed three times using a sterilized 0.85% NaCl solution. After 

133 washing, the bacterial cells were collected and resuspended in a sterilized 0.85% NaCl 

134 solution. M. luteus was diluted to a concentration of 2 × 109 CFU/mL, and P. 

135 aeruginosa was diluted to 108 CFU/mL. 30 larvae were chosen and placed on ice for 

136 anesthesia for 15-20 minutes. Each larva was injected with 5 µL of bacterial 

137 suspension. During injection, the needle was kept as horizontal as possible to the body 

138 of the larva and inserted gently. After injection, the needle was left in place briefly 

139 before being slowly withdrawn. A control group was injected with an equal volume of 

140 0.85% NaCl solution.

141
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142 2.3  Quantitative real-time reverse transcription PCR (qRT-PCR)

143 The fat body of the H. armigera was dissected and total RNA was extracted 

144 using the Tripure Isolation Reagent (Roche). Subsequently, cDNA was synthesized 

145 using the Transcriptor First Strand cDNA Synthesis Kit (Roche). Specific primers for 

146 the genes of interest were designed for qRT-PCR (Table 1). qRT-PCR was performed 

147 by Fast qPCR Master mix and the program was 95℃ 5 min; 95℃ 10 s, 60℃ 15 s, 

148 72℃  15 s; 40 cycles; 65-95℃  analysis dissolution curve, interval 0.5 ºC. After 

149 obtaining the cycle threshold (Ct) value, the relative mRNA expression levels were 

150 calculated using the formula 2-∆∆Ct. The ACTB (β-actin) gene was used as 

151 housekeeping gene. 

152

153 2.4  20E titers quantification

154 Larvae of the H.armigera at 6 h, 24 h, 72 h, and 96 h of the 6th instar stage were 

155 individually selected and anesthetized by placing them on ice. Hemolymph (100 mg) 

156 was collected and then freeze-dried using a lyophilizer. The dried powder was 

157 dissolved in 500 μL of 80% methanol solution and thoroughly homogenized on ice. 

158 The homogenate was centrifuged at 10,000 g for 10 minutes at 4°C. The supernatant 

159 obtained after centrifugation was air-dried at room temperature. The dried residue was 

160 reconstituted in 100 μL of enzyme immunoassay (EIA) buffer. Each sample was 

161 diluted 1000-fold with EIA buffer, and the experiment was conducted according to the 

162 instructions provided with the 20-Hydroxyecdysone Enzyme Immunoassay Kit 

163 (Cayman). The absorbance of the samples was measured at a wavelength of 414 nm 

164 using a full-wavelength microplate reader. The concentration of 20E in the 

165 hemolymph was calculated based on a standard curve of known concentrations.

166

167 2.5  20E Induction in larvae and HaEpi Cells

168 Larvae: 20E was dissolved in dimethyl sulfoxide (DMSO) at a storage 

169 concentration of 20 mM (9.6 mg/ml). 20E was diluted to 100 ng/μL using sterile 1 × 

170 phosphate-buffered saline (PBS; 140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 

171 mM KH2PO4) buffer and injected 5 μL (500 ng) into the 6 th-6 h larval hemocoel for 
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172 6 h,12h and 24 h. The protein or total RNA was extracted from the larval fat body for 

173 qRT-PCR or western blot.

174 HaEpi Cells: HaEpi cells were incubated in culture dishes with fresh Grace’s 

175 medium with 10% FBS for 24 h and reached 80% confluence. Cells were incubated in 

176 culture medium containing 20E (5 μM) for 12 h. An equivalent volume of DMSO was 

177 used to treat the cells for the same durations as a control. The total RNA was extracted 

178 for qRT-PCR.

179

180 2.6  Bacterial Colony Forming Units (CFUs) counting

181 After infecting the H.armigera with M.luteus and P.aeruginosa, the larvae were 

182 anesthetized on ice. The surface of the larvae was cleaned with 75% ethanol, and the 

183 legs were cut off to collect hemolymph. Collected hemolymph and 5 μL of 1% 

184 phenylthiourea (PTU) was added to prevent melanization. The hemolymph was then 

185 diluted to an appropriate concentration using sterile 0.85% NaCl. The diluted 

186 hemolymph was evenly spread onto Petri dishes containing LB solid medium. The 

187 plates were incubated at 37°C until bacterial colonies became clearly visible and 

188 bacterial colonies were counted.

189

190 2.7  RNA interference in larvae

191 Double-stranded RNA (dsRNA) was synthesized using the T7 RiboMAX 

192 Express RNAi System (Promega) following the manufacturer's instructions. The 

193 synthesized dsRNA was diluted to an appropriate concentration using sterile, 

194 nuclease-free 1× PBS. Sixth-instar larvae at 12 hours post-molting were placed on ice 

195 for 15 minutes to anesthetize them. A volume of 5 μL of sterile dsRNA was injected 

196 into the hemocoel of the larvae. dsRNA dsGFP was used as control group.

197  

198 2.8  RNAi in HaEpi cells

199 HaEpi cells were cultured in Grace’s medium with 10% FBS at 27°C to about 

200 80% confluence in 6 well plates, and then 2 μg of dsRNA was transfected into the 

201 cells using the QuickShuttle-enhanced transfection reagent (Biodragon Immunotech, 
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202 Beijing, China) in 2 mL Grace’s medium with 10% FBS for 24 h. Control cells were 

203 prepared using the same amount of dsGFP.

204

205 2.9  Overexpression of Dorsal and Relish

206 The pIEx-4-GFP/RFP-His vector that was fused with green (GFP) or red 

207 fluorescent protein (RFP) was used for the experiments in the insect cell line. The 

208 open reading frames (ORFs) of the dorsal and relish were amplified using primers 

209 (Table 1) and inserted into the vector. The recombinant plasmids (5 mg) were 

210 transfected into HaEpi cells using the Quick Shuttle enhanced transfection reagent 

211 (Biodragon Immunotech). Cell fluorescence was observed using laser scan confocal 

212 microscope (OLYMPUS).

213

214 2.10  Protein extraction and western blotting

215 The total protein of tissues was extracted using cell lysis buffer (Beyotime) 

216 contains 1 mM phenylmethanesulfonyl fluoride (PMSF). After thorough 

217 homogenization of the tissue samples, the homogenate was centrifuged at 10,000 g for 

218 10 minutes at 4°C. The supernatant was collected, and the protein concentration was 

219 determined using the Bicinchoninic Acid (BCA) assay method. To extract HaEpi cells 

220 protein, the cells were collected and lysed using radio immunoprecipitation assay 

221 buffer (Beyotime) plus protease inhibitors (Roche). an appropriate amount of loading 

222 buffer was added to the lysate and then the samples were boiled for 10 min. 50 μg of 

223 protein was separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis 

224 (SDS-PAGE) and subsequently transferred onto polyvinylidene fluoride  (PVDF) 

225 membranes. The membranes were incubated at room temperature in blocking buffer 

226 (5% fat-free powdered milk) for 1 h. The primary antibodies were diluted with 

227 blocking buffer, followed by overnight incubation at 4 °C. The membrane was 

228 subsequently washed three times with TBST (0.02% Tween-20 in TBS) for 10 min 

229 each time, followed by the addition of the Horseradish peroxidase-conjugated goat 

230 anti-rabbit IgG secondary antibody, diluted 1:10000 with the same blocking buffer. 

231 The protein signal was observed using a chemiluminescence reagent kit (Advansta).
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232

233 2.11  Statistical methods

234 All data were plotted using GraphPad Prism 9 software. For qRT-PCR data, 

235 statistical significance was determined using Student’s t-test. The p value was 

236 calculated through paired and two tailed analysis (*p<0.05, **p<0.01 and 

237 ***p<0.001). The value indicated as the mean ± SD (standard deviation), n ≥ 3.  For 

238 mortality data, differences between groups were analyzed using the log-rank test. 

239 Three biological replicates and three technical replicates were performed for all 

240 experiments.

241

242 3. Results

243 3.1  The antibacterial activity of H. armigera is enhanced during the metamorphic 

244 molting stage

245 The larvae of H. armigera enter the sixth instar after undergoing five molts. The 

246 last instar larvae pass through three distinct phases: the feeding stage (from molting to 

247 72 hours), the wandering stage (from 72 to 96 hours), and the pre-pupal stage (from 

248 96 hours to pupation) (Gao et al., 2023). To assess the antimicrobial capabilities of H. 

249 armigera at different developmental stages, we infected feeding-stage (6th-12h) and 

250 wandering-stage (6th-72h) larvae with the Gram-negative bacteria P. aeruginosa and 

251 the Gram-positive bacteria M. luteus, respectively, and subsequently recorded their 

252 survival rates. Compared to the NaCl-injected groups, the survival rates of larvae at 

253 the same instar decreased after infection with either M. luteus or P. aeruginosa. 

254 However, the survival rates of wandering-stage larvae infected with either bacterium 

255 were significantly higher than those of feeding-stage larvae, particularly after M. 

256 luteus infection (Fig.1 A and B). Subsequently, we analyzed the expression levels of 

257 AMPs, including Attacin, Defensin, Cecropin D, Gloverin-1, Gloverin-2, Moricin, 

258 and Lebocin, as well as the transcription factors Dorsal and Relish at different stages. 

259 The results demonstrated that the expression levels of AMPs in the fat body of H. 

260 armigera larvae during the wandering and pre-pupal stages were significantly higher 

261 than those in the feeding-stage. The expression of Dorsal and Relish were also 
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262 upregulated during these stages (Fig. 1C). These findings suggest that when entering 

263 the wandering stage, the larvae of H. armigera show a stronger immune response, 

264 particularly elevated expression of AMPs.

265

266 3.2  20E regulates the expression of AMPs 

267 20E plays a crucial role in the molting and metamorphosis of insects. Therefore, 

268 we measured the 20E titers in the hemolymph of feeding larvae (6th-6 h and 6th-24 h) 

269 and wandering larvae (6th-72 h and 6th-96 h). As expected, 20E titers were low in the 

270 feeding larvae and increased rapidly in the wandering larvae (Fig. 2A). Whether the 

271 elevated expression of AMPs during this stage is induced by 20E? To answer this 

272 question, we injected 20E into 6th-6 h larvae and examined the expression of AMPs 

273 in their fat body. The results showed that the expression of all examined AMPs was 

274 up-regulated at 12 h and 24 h post-injection (Fig. 2B). Further validation in HaEpi 

275 cells revealed that, similar to the results in larvae, the expression of AMPs was also 

276 up-regulated at 12 h after addition of 20E in the culture (Fig. 2C).

277

278 3.3  Injection of 20E suppresses bacterial proliferation in the hemolymph

279 To further confirm the relationship between 20E and the immune response of H. 

280 armigera, exogenous 20E was injected into 6th-12 h larvae, followed by infection 

281 with M. luteus and P. aeruginosa, and the CFU in the hemolymph at different time 

282 post-infection were quantified. The results showed that, compared to the DMSO 

283 control group, there was no significant difference in CFU counts within 12 h 

284 post-infection by M. luteus and 24 h post-infection by P. aeruginosa. However, at 24 

285 h post-infection by M. luteus and 36 h post-infection by P. aeruginosa, the CFU 

286 counts in the hemolymph of 20E-treated larvae were significantly reduced, indicating 

287 that the bacterial proliferation was suppressed (Fig. 3A and B). These findings 

288 demonstrate that 20E induces antibacterial activity in H. armigera. 

289

290 3.4  20E regulates the expression of AMPs via Dorsal and Relish 

291 The transcription factors Dorsal and Relish directly regulate the transcription of 
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292 AMPs (Buchon et al. 2014). To investigate the roles of Dorsal and Relish in the 20E 

293 induced AMPs expression, we reduced the expression of Dorsal (Fig. 4A-a) and 

294 Relish (Fig. 4A-b) in H. armigera by RNA interference. After injection of dsDorsal or 

295 dsRelish for 12 h, 20E was injected into hemocoel, and the expression of AMPs in the 

296 fat body was measured 12 h later. The results showed that the 20E-induced expression 

297 of these AMPs was suppressed after Dorsal knockdown (Fig. 4B). After Relish 

298 knockdown, the expression of AMPs (except Moricin) decreased (Fig. 4C). We 

299 further validated these results in HaEpi cells. After transfecting dsRNA for 24 hours, 

300 the cells were treated with 20E, and the expression of AMPs was assayed. The results 

301 indicated that 20E-induced expression of AMPs was suppressed after Dorsal 

302 knockdown (Fig. 4D). Similarly, after Relish knockdown, the 20E-induced expression 

303 of AMPs (except Moricin) was inhibited too (Fig. 4E). These results were consistent 

304 with the in vivo experiments. The above findings suggest that 20E regulates the 

305 expression of AMPs including Attacin, Defensin, Cecropin D, Gloverin-1, 

306 Gloverin-2, and Lebocin through both Dorsal and Relish, while the expression of 

307 Moricin is solely regulated by Dorsal.

308 To further investigate the roles of Dorsal and Relish in the expression of AMPs, 

309 Dorsal and Relish were overexpressed in HaEpi cells respectively (Fig. 5A and C), 

310 followed by an examination of the regulatory effects of 20E on AMPs expression. The 

311 expression of AMPs was upregulated in cells transfected with pIEx-4-Dorsal-RFP 

312 compared to those transfected with pIEx-4-RFP after treatment with DMSO, 

313 overexpression of Dorsal alone can induce AMPs expression, and expression of 

314 AMPs was further enhanced in cells overexpressing Dorsal after incubation with 20E 

315 (Fig. 5B). Similarly, overexpression of GFP-Relish led to up-regulation of AMPs 

316 including Cecropin D, Gloverin-1, and Gloverin-2 after DMSO treatment, compared 

317 to overexpression of GFP. After 20E treatment, the GFP-Relish overexpression group 

318 also showed up-regulation of some AMPs, including Cecropin D, Gloverin-1, 

319 Gloverin-2, and Lebocin, compared to overexpression of GFP (Fig. 5D). These results 

320 suggested that increased expression of Dorsal and Relish promotes the expression of 

321 Cecropin D, Gloverin-1, and Gloverin-2, and that 20E can enhance this process. 
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322 Interestingly, expression of Attacin, Defensin, and Moricin responded positively only 

323 to overexpressed Dorsal (Fig. 5B), but not to overexpressed Relish (Fig. 5D). 

324 Additionally, the up-regulation of Lebocin expression mediated by Relish seemed to 

325 depend on the presence of 20E (Fig. 5D).

326

327 3.5  20E promotes expression and activation of Dorsal and Relish

328 To examine the expression of Dorsal and Relish during the development of H. 

329 armigera, we measured their protein levels in the fat bodies of larvae from early 5th 

330 instar to late 6th instar. Western blot results indicated that the expression of Dorsal 

331 remarkably increased after the larvae enter the metamorphosis molting stage (6th-72 

332 h) (Fig. 6A). The expression of Relish gradually increased from 6th-6h larvae, and its 

333 cleaved form also increased after the larvae entered the metamorphosis molting stage 

334 (Fig. 6B).

335 To determine whether the increased expression of Dorsal and Relish during the 

336 metamorphosis molting stage, and the activation of Relish, are regulated by 20E, we 

337 treated 6th-12 h larvae with 20E. Western blotting showed that the expression of both 

338 Dorsal and Relish was upregulated in the fat body, and Relish was processed 

339 (Fig.6C). Functioning as nuclear transcriptional factors, Dorsal and Relish need to 

340 translocate to the nucleus to carry out their regulatory roles. To investigate the effect 

341 of 20E on the localization of these transcription factors, we treated HaEpi cells 

342 overexpressing RFP, Dorsal-RFP, and RFP-Relish with 20E, respectively. We found 

343 that overexpressed RFP was uniformly distributed in both the nucleus and cytoplasm 

344 after DMSO or 20E treatments. Dorsal-RFP localized in the nucleus under both 

345 DMSO and 20E treatments. In contrast, RFP-Relish was distributed in both the 

346 nucleus and cytoplasm when treated with DMSO, but moved to the nucleus after 20E 

347 treatment (Fig. 6D). 

348

349 4. Discussion

350 In holometabolous insects, their larval tissue degradation and adult tissue 

351 formation happen during larvae to pupa development stage (Di et al., 2020; Zhang and 
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352 Edgar, 2022). With the degradation of the midgut, a large number of microorganisms 

353 are released, exposing the insects directly to the risk of pathogenic infection (Hakim 

354 et al., 2010). Studies show that insects defend against pathogens through enhancing 

355 their innate immune response. In Bactrocera dorsalis and Spodoptera frugiperda, the 

356 pro-phenoloxidase (PPO), which plays a key role in melanization of insect, is highly 

357 expressed during larvae to pupa (Bai et al., 2014; Eychenne et al., 2022). In the 

358 tobacco hornworm Manduca sexta, expression of lysozyme and AMPs cecropin A, 

359 cecropin B and hemolin increases dramatically during metamorphosis (Russell and 

360 Dunn, 1996; Yu and Kanost, 1999). In D. melanogaster, higher expression of AMPs 

361 was observed in pupariation (Nunes et al., 2021a; Thurmond et al., 2019). In this 

362 study, we found that the expression of AMPs is up-regulated before entering the pupal 

363 stage and the antimicrobial activity is enhanced in H. armigera. 

364 It is well known that 20E regulates growth and development in insects (Malita 

365 and Rewitz, 2021). In mammals, the steroid hormones participate in regulation of 

366 immune responses and enhancement of anti-inflammatory reactions (Baschant and 

367 Tuckermann, 2010). 20E also has been shown to enhance innate immune responses in 

368 insects and reduce mortality caused by pathogenic infections (Keith, 2023). In normal 

369 circumstances, pathogen infection induces the expression of AMPs. However, 20E 

370 can regulate AMPs at specific developmental stages regardless the presence of 

371 pathogen (Nunes et al., 2021b; Regan et al., 2013). The 20E titer in insects is strictly 

372 regulated, which enables its precise control over the immune system. This mechanism 

373 allows insects to preemptively prepare for potential infections. Furthermore, upon 

374 infection, in addition to directly activating immune responses, insect may further 

375 upregulate the expression of AMPs by promoting the synthesis of 20E (Sun et al., 

376 2016). In this study, we demonstrated that during the metamorphic molting stage of 

377 H. armigera, the titer of 20E increases, upregulating the expression of AMPs, and 

378 significantly enhancing the antibacterial capacity of the larvae. Our results are 

379 consistent with previously reported transcriptome sequencing data (Wang et al. 2014). 

380 The expression levels of AMPs induced by 20E during the feeding stage are 

381 significantly lower than those during the metamorphic molting stage. This might be 
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382 due to the release of pathogens during the metamorphic molting stage.

383 The Imd and Toll pathways play key roles in the synthesis of AMPs in insects. 

384 AMPs are regulated by conserved NF-κB signalling cascades (Buchon et al. 2014). 

385 Dorsal is associated with the classical Toll pathway, while relish belongs to the IMD 

386 pathway in Drosophila (Myllymaki et al. 2014). 20E regulates the expression of 

387 AMPs through different pathways in different insect species. 20E activates the IMD 

388 pathway in Drosophila, whereas activates the Toll pathway in B. mori and L. 

389 migratoria (Han et al., 2017; Rus et al., 2013; Zhang et al., 2023). AMPs are also 

390 directly regulated by the 20E signaling pathway, independent of the IMD or Toll 

391 pathways (Ma et al., 2019; Mai et al., 2017). Which pathway of 20E regulates AMPs 

392 in H. armigera remains unclear. In present study, we demonstrated that 20E 

393 up-regulates the expression of AMPs through Dorsal and Relish. This result implies 

394 20E can activate both the Toll and IMD pathways. In the IMD pathway, Relish 

395 requires cleavage to become activated. Upon cleavage, the C-terminal part (Rel-49) 

396 remains in the cytoplasm, and the active N-terminal part (Rel-68) translocates to the 

397 nucleus to initiate transcription of AMPs (Stöven et al. 2003). In current study, we 

398 also found that 20E promotes the expression, cleavage and nuclear translocation of 

399 Relish. However, the overexpressed Dorsal located to nuclei directly to perform the 

400 transcriptional function when 20E or pathogens is absent in HaEpi cells. This 

401 phenomenon may be attributed to the deficiency of IκB homologue Cactus in the 

402 cells. Cactus is present in the cytoplasm and form a complex with Dorsal protein, 

403 preventing Dorsal movement to the nucleus (Belvin and Anderson, 1996). 

404 Pathogen infection induces expression of specific AMPs. The IMD pathway is 

405 activated by Gram-negative bacteria, up-regulating the expression of Diptericin, 

406 Attacin, Drosocin and Cecropin in Drosophila (Asling et al., 1995; Dimarcq et al., 

407 1994). Conversely, the Toll pathway is mainly activated by Gram-positive bacteria 

408 and fungi, up-regulating expression of Defensin, Metchnikowin, and Drosomycin 

409 (Dimarcq et al., 1994; Fehlbaum et al., 1994; Staczek et al., 2023). There are several 

410 AMPs have only been reported in lepidopteran insects, such as Moricin, Gloverin and 

411 Lebocin (Yi et al., 2014). 20E induces expression of a variety of AMPs in Drosophila 
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412 and B. mori (Rus et al., 2013; Zhang et al., 2023). In this study, we found that 20E 

413 up-regulates expression of Attacin, Defensin, Cecropin D, Gloverin-1 and 2, and 

414 Lebocin via Dorsal and Relish. However, 20E up-regulates expression of Moricin via 

415 Dorsal only. It has been reported that Moricins are regulated via Toll pathway in M. 

416 sexta and B. mori(Huang et al., 2018; Zhong et al., 2012). 20E also regulates Moricin 

417 through Toll pathway in B. mori (Zhang et al., 2023). Our results are consistent with 

418 these reports. Besides, we also found that 20E inhibits bacterial proliferation more 

419 rapidly after M. luteus infection than P. aeruginosa infection. It revealed that the 

420 enhancement of insect immunity induced by 20E exhibits varying efficacy in resisting 

421 different types of bacteria. The similar results have been observed in S2 cells 

422 (Ghassah et al., 2024).

423

424 5. Conclusion

425 Our study systematically assessed the impact of 20E on cotton bollworm innate 

426 immunity and uncovered the associated regulatory mechanisms (Fig. 7). During the 

427 developmental from the final instar larva to the pupa in H. armigera, the titer of 20E 

428 increases. In the fat body, 20E promotes the cleavage and nuclear translocation of the 

429 transcription factor Relish. The activated Relish, together with Dorsal, regulates 

430 expression of AMPs, including Attacin, Defensin, Cecropin D, Gloverin-1 and 2, and 

431 Lebocin. In contrast, the expression of Moricin is solely regulated by Dorsal. 20E 

432 up-regulates the expression of Dorsal and Relish. The up-regulated Dorsal promotes 

433 expression of AMPs throuth a positive feedback. However, up-regulation of Relish 

434 only partially contributes to the 20E-mediated expression of AMPs, specifically 

435 Cecropin D, Gloverin-1, Gloverin-2, and Lebocin. Following the overexpression of 

436 Relish, the Lebocin expression is dependent on 20E induction. 20E enhances the 

437 innate immune response of H.armigera during the metamorphic molting stage by 

438 mediating the expression of these AMPs.

439

440

441
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625 Figure legends
626 Figure 1. Assessment of immune responses during larval development. (A) The 

627 survival rate of larvae following infection with M. luteus. 6th-12h, 6th-72h represent 

628 sixth instarlarvae at the corresponding hours. (B) The survival rate of larvae following 

629 infection with P. aeruginosa. The log-rank test method was employed to analyze the 

630 significance of the survival curves, *** p < 0.001. n=90. (C) Expression levels of 

631 immune-related genes in fat body. The bars indicate the mean ± SD. Significant 

632 differences were calculated using Student’s t test (*p < 0.05, **p < 0.01) according to 

633 three biological replicates. GenBank NO.: Attacin: AY948540.1 Defensin: 

634 ALT16899.1 Cecropin D: AAX51193.1 Gloverin-1: PZC75293.1 Gloverin-2 ：

635 ALT16898.1 Moricin: GU182911.1 Lebocin: XP_021187065.2
636

637 Figure 2. The expression of AMP genes induced by 20E. (A) The changes of 20E 

638 titers in the hemolymph of larvae at different developmental stages. 6th-6 h and 

639 6th-24 h represent the 6th instar larvae during the feeding stage, while 6th-72 h and 

640 6th-96 h represent the larvae during the metamorphic molting stage. (B) Expression 

641 levels of AMPs in fat body following 20E injection. qRT-PCR detected the 

642 expression of AMPs at 6 h, 12 h, and 24 h post 20E injection. (C) Expression levels of 

643 AMPs in HaEpi cells after 20E treatment (5 μM, 12 h). RPL27 as a negative control. 

644 The bars indicate the mean ± SD. Significant differences were calculated using 

645 Student’s t test for all qRT-PCR according to three biological replicates (*p < 0.05, 

646 **p < 0.01).

647

648 Figure 3. The effect of 20E on CFUs within the larvae. (A) Larvae were infected 

649 with M. luteus at 12 h post 20E injection and CFUs were counted within 24 h. (B) 

650 Larvae were infected with P. aeruginosa at 12 h post 20E injection and CFUs were 

651 counted within 36 h. DMSO as a control. Significant differences were calculated 

652 using Student’s t test (*p < 0.05). n=15.

653

654 Figure 4. The effects of 20E on AMPs expression after Dorsal or Relish 
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655 knockdown. (A) Detection of the interference efficiency of Dorsal (a) and Relish (b) 

656 after dsDorsal and dsRelish injection at 6th-6h. Knockdown of Dorsal (B) or Relish 

657 (C) using dsDorsal or dsRelish in fat body, followed by injection with 20E for 12 h. 

658 dsGFP and DMSO were used as negative controls. The values are the mean ± SD. 

659 Expression of AMPs. (D and E) The expression of AMPs was detected after 20E (5 

660 μM) treatment for 12 h in Dorsal (C) or Relish (D) knockdown cells. The values are 

661 the mean ± SD. Significant differences were calculated using Student’s t test from 

662 three biological repeats (*p < 0.05, **p < 0.01).

663

664 Figure 5. The influence of 20E on AMPs expression levels after Dorsal or Relish 

665 overexpression. (A) Dorsal-RFP was overexpressed for 48 h, qRT-PCR detected the 

666 expression levels of Dorsal. (B) Dorsal-RFP Overexpressed cells were treated with 5 

667 μM 20E or same volume DMSO for 12 h. qRT-PCR detected the expression levels of 

668 AMPs. (C) GFP-Relish was overexpressed for 48 h, qRT-PCR detected the 

669 expression levels of Relish. (D) GFP-Relish Overexpressed cells were treated with 5 

670 μM 20E or same volume DMSO for 12 h. qRT-PCR detected the expression levels of 

671 AMPs. dsGFP and DMSO as negative controls. The values are the mean ± SD. 

672 Significant differences were calculated using Student’s t test from three biological 

673 repeats (*p < 0.05, **p < 0.01).

674

675 Figure 6. The effects of 20E on the expression and intracellular localization of 

676 Dorsal and Relish. (A and B) Expression profiles of Dorsal (A) and Relish (B) in fat 

677 body. Protein was extracted from the fat bodies of larvae at different developmental 

678 stages, and the expression of Dorsal and Relish was detected by Western blot using 

679 anti-Dorsal and and anti-Relish antibodies. β-Actin was used as the protein quantity 

680 control. 5F, fifth instar feeding larvae; 5M, fifth instar molting larvae; F, feeding; 

681 MM, metamorphic molting. (C) After injecting DMSO or 20E for 24 h, fat body 

682 proteins were extracted and the expression of Dorsal and Relish was detected by 

683 Western blot. β-Actin was used as the quantity control. (D) Detection of the location 

684 of dorsal and Relish after DMSO or 20E treated Dorsal-RFP and 
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685 RFP-Relish-overexpressed cells for 6 h by using the laser confocal microscopy. The 

686 blue signals indicate the cell nuclei stained by DAPI. Scale bar: 10 μm. Cy: 

687 cytoplasm, Nu: nuclei.

688

689 Figure 7. Schematic diagram showing the mechanism of 20E regulates AMPs 

690 expression in H.armigera. The elevated 20E acts on the fat body cells, up-regulating 

691 expression of Dorsal and Relish, and promoting the activation and nuclear 

692 translocation of Dorsal and Relish proteins, thereby leading to the transcription of 

693 antimicrobial peptides through distinct mechanisms in metamorphic molting larvae. 
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