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Abstract: α-Solanine, potato-derived secondary metabolite, possesses toxic effects to various insects and 19 

has the potential to be developed into an insecticide. Phthorimaea operculella is one of the most 20 

destructive pests of potato crops worldwide. However, the effects of α-solanine on P. operculella larvae 21 

and the glycolipid metabolism-regulated detoxification mechanism against the toxin in this pest remain 22 

unclear. In this study, we found that α-solanine exposure at LC5 and LC10 exerted non-significant restrictive 23 

effects on larval body weight, while the relatively higher concentration LC20 significantly reduced larval 24 

body weight and delayed larval developmental stages. Exposure to α-solanine at LC20 suppressed larval 25 

ingestion, decreased the efficiency of conversion of ingested food (ECI) and digested food (ECD), and 26 

increased metabolic cost (MC) at 24 h. α-Solanine treatment further disturbed the expression of digestion-27 

related genes and enzyme activities, and interfered with midgut structure. Moreover, it upregulated the 28 

expression of three trehalase genes and two lipid breakdown genes, corroborating the observed increase 29 

in activities of trehalase, ATP-citrate lyase, and lipase. Conversely, it downregulated the expression of five 30 

lipid biosynthesis genes and acetyl-CoA carboxylase activity, and elevated fatty acid synthase activity. 31 

Overall, our findings suggest that midgut-mediated glycolipid metabolism plays a pivotal role in 32 

orchestrating the detoxification mechanisms as counter-defense strategies larvae use to cope with α-33 

solanine, revealing the adaptability of herbivorous insects to plant defenses and providing insights for 34 

developing effective control strategies against pests.  35 

Keywords: Sublethal effect, Digestive enzyme, Midgut structure, Glycolipid metabolism, Adaptability36 



Introduction 37 

Synthetic pesticides, widely used to control pests, often lead to the development of pest resistance, 38 

environmental pollution, and declines in beneficial insects populations, in addition to the implications for 39 

human and animal health. Integrated pest management (IPM) advocates the application of diverse control 40 

techniques, reducing pests to economically acceptable levels and minimizing negative environmental 41 

impacts as much as possible (Gao et al. 2025). The environmentally friendly insecticides are required to 42 

control pests. Plants synthesize several types of secondary metabolites, such as alkaloids, terpenes, amines, 43 

quinones, phenolics, peptides, and polyacetylenes, to cope with herbivorous insects. They are categorized 44 

into four groups: phenolics, terpenoids, and nitrogen and sulfur-containing compounds. Defensive 45 

functions are diverse, including feeding deterrent, repellent, and direct toxic effects, enzyme inhibitor, 46 

reduced food digestibility, and inhibition of insect growth and development (Divekar et al. 2022). 47 

Therefore, plant secondary metabolites function as defense compounds against herbivorous insects and 48 

serve as promising alternatives for pest control. 49 

Glycoalkaloids (GAs), as a class of nitrogen-containing steroidal glycosides, are prevalent in 50 

Solanaceae plants, and affect the physiology of insect pests (Gao et al. 2025). Dietary Solanum nigrum 51 

extract and solasonine exert sublethal effects on Galleria mellonella larvae, including disruption of larval 52 

metabolism via alterations in total polyols, glucose, and trehalose levels, as well as proline concentration 53 

(Spochacz et al. 2021). α-Solanine, a natural constituent of potatoes, possesses toxic effects to various 54 

insects, resulting in insect mortality, developmental changes, reduced survivorship, fecundity, and fertility, 55 

strong cardioinhibitory effects, altered the timing of pupal heart rhythm phases, and increased oxidative 56 

stress (Nenaah 2011; Büyükgüzel et al. 2013; Adamski et al. 2014; Marciniak et al. 2019; Yan et al. 2023). 57 

Notably, although potato pests can feed on potato tissues containing α-solanine and are tolerant to low 58 

concentrations of α-solanine, they may be sensitive to high concentrations. The survival of Tecia 59 



solanivora larvae was significantly reduced after feeding on potato tubers with a high concentration of α-60 

solanine (Karlsson et al. 2013). High concentrations of α-solanine cause the death of Empoasca fabae 61 

adults and Phthorimaea operculella larvae (Sanford et al. 1996; Yan et al. 2023). It is essential to consider 62 

the toxicity of α-solanine and insects' detoxification ability to cope with it, facilitating the development of 63 

cost-effective ecologically friendly means to sustain agriculture. However, there are few studies on the 64 

physiological consequences of α-solanine ingestion in the growth and development of insects, for which 65 

feeding behavior, food conversion, digestion and absorption, excretion, and metabolism serve as key 66 

indicators, especially their impacts on Lepidopteran that cause damage to agricultural crops.  67 

Insect digestive enzymes break down complex food molecules into smaller molecules that insects can 68 

directly absorb and use, thus regulating insect growth and development. The smaller absorbable molecules 69 

(e.g., glucose and free fatty acids) in the insect gut lumen serve as the prerequisites for insect glycolipid 70 

metabolism. Glucose, the universal energy source for most organisms, is derived from dietary components 71 

or the breakdown of the most important carbohydrate reserves, namely trehalose and glycogen. Moreover, 72 

glucose is converted to triglyceride (TG), the dominant lipid storage form, via several steps, including 73 

glycolysis, pyruvate metabolism, acetyl-CoA and fatty acids synthesis (Gáliková and Klepsatel 2023). 74 

Previous studies have shown that plant secondary metabolites affect biochemical indices in insects. For 75 

example, S. nigrum extract decreases glucose and trehalose concentrations in the hemolymph of G. 76 

mellonella (Spochacz et al. 2021). Tomatine and the extract from tomato leaves at higher tested 77 

concentrations (10−5 M) decrease TG levels in the hemolymph of Tenebrio molitor larvae after treatment 78 

for 2 h, and 10−5 M chaconine increases TG levels in the hemolymph and fat body (Winkiel et al. 2023). 79 

Carbohydrates and lipids integrate to a complex metabolic network, essential for the maintenance of insect 80 

physiological homeostasis (Pei et al. 2024; Akiki et al. 2026). However, whether α-solanine associated 81 

with growth and development was regulated by glycolipid metabolism in Lepidopteran was unclear.  82 



The potato tuber moth, P. operculella Zeller (Lepidoptera: Gelechiidae), damages many Solanaceae 83 

plants, especially potatoes. In this study, we investigated the sublethal effects of α-solanine intake on P. 84 

operculella larvae from the following aspects: the growth and development of larvae, nutritional indicators 85 

of larvae, expression of digestion-related genes and digestive enzyme activities, midgut structure, essential 86 

nutrients (including glycogen, trehalose, glucose, and triglycerides), as well as expression of key genes 87 

and enzyme activities associated with glycolipid metabolism. This study enhances our understanding of 88 

the potential insecticidal mechanisms of α-solanine and the role of glycolipid metabolism in detoxification 89 

mechanisms and the adaptability of insects to plant toxins, and provides insights into the sublethal effects 90 

of plant secondary metabolites and a theoretical basis for the development of environmentally friendly 91 

sustainable biopesticides. 92 

Materials and methods 93 

Insect rearing 94 

Phthorimaea operculella used in this study was originally collected from potato fields in Yunnan 95 

Province in 2014. Subsequently, the population was established and maintained at the laboratory of the 96 

Institute of Plant Protection, Chinese Academy of Agricultural Sciences (Beijing, China) without any 97 

insecticide exposure since its collection. The larvae were reared on potato tubers under controlled 98 

conditions with a temperature at 26 ± 1℃ and a photoperiod of 12L: 12D h. The adult moths were provided 99 

with an aqueous solution containing 10% (v/v) honey. 100 

α-Solanine treatments and their impacts on larval growth and development 101 

Toxicity of sublethal exposure to α-solanine on the growth and development P. operculella larvae was 102 

assessed using a leaf-dip method. α-Solanine (Shanghai Yuanye Bio-Technology Co., China) was 103 

dissolved in dimethyl sulfoxide (DMSO) to obtain stock solution at 200 μg/μL and diluted with sterile 104 

double-distilled water (ddH2O) to prepare working solutions (LC5, LC10, and LC20). Based on preliminary 105 



toxicity assays, fresh potato leaves were punched to produce uniform discs of 1.5 cm diameter, which were 106 

then immersed in α-solanine solutions for 30 min. The leaves were allowed to air-dry in a sterile 107 

environment for subsequent experiments (Ji et al. 2025). All leaves used in this experiment were obtained 108 

from uniformly grown 30-day-old potato plants. 109 

The newly molted third-instar P. operculella larvae were starved for 6 h and reared on the these leaf 110 

discs containing sublethal concentrations of α-solanine (LC5, LC10, and LC20) in disposable sterile culture 111 

dishes with the bottom covered by 2% agar. Throughout the experiment, the survival rate, wet weight and 112 

instars of the larvae were recorded at 24 h, 48 h, 72 h, and 96 h. Each treatment comprised 150 larvae. 113 

Effect of α-solanine on feeding indices of larvae  114 

The experiment was conducted using the mentioned leaf-disc method. The newly molted third-instar 115 

P. operculella larvae were starved for 6 h and reared on these leaf discs treated with α-solanine solutions 116 

(LC5, LC10, and LC20). The larvae were randomly divided into four groups with 150 larvae in each group. 117 

The initial weight of the food (uniform discs of 1.5 cm diameter) in the experimental group (W), the final 118 

weight of the food in the experimental group (L), undigested food and excreta (F) (or weight of larval 119 

feces), and food used for growth (biomass gained) (B) were recorded. A control experiment was also 120 

conducted to account for the correct water loss rate (CWL). The relative growth rate (RGR), food 121 

consumption or weight of ingested food (I), relative consumption rate (RCR), approximate digestibility 122 

(AD), the efficiency of conversion of ingested food (ECI), efficiency of conversion of digested food (ECD), 123 

and metabolic cost (MC) were calculated by the following formulae (Coelho et al. 2007; Yue et al. 2016). 124 

I = W − L − (aW + bL) / 2 125 

RGR = B / ( B  × T) 126 

RCR = I / B × T 127 

AD = (I − F)/ I 128 



ECI = 100 × (B / I) 129 

ECD = 100 ×B / (I − F) 130 

MC = 100 − ECD 131 

Here, a is calculated as (the initial weight of the food in control group − the final weight of the food 132 

in control group) / the initial weight of the food in control group, while b is (the initial weight of the food 133 

in control group − the final weight of the food in control group) / the final weight of the food in control 134 

group. T represents the duration of feeding in days, and B  represents the mean weight of larvae during 135 

the experiment. 136 

Measurement of digestive enzyme activities 137 

Amylase, lipase, chymotrypsin, and trypsin are the primary digestive enzymes in the insect midgut 138 

(Wu et al. 2022; Zhou et al. 2025). α-Amylase is a key enzyme for starch breakdown that hydrolyzes starch 139 

(Hámori et al. 2021). Lipase acts as an essential enzyme for lipid digestion, allowing insects to utilize 140 

dietary lipid (Holtof et al. 2019). Chymotrypsin is a proteolytic enzyme that quickly degrades denatured 141 

proteins (Waizumi et al. 2024). Trypsin is a serine protease responsible for removing intercellular 142 

mucoproteins and glycoproteins (Akiki et al. 2026). 143 

To reveal the sublethal effects of α-solanine (LC20) on digestive functions, the samples collected at 144 

24 h, 48 h, 72 h, and 96 h post LC20 of α-solanine exposure were used to measure the activities of digestive 145 

enzymes including α-amylase, lipase, chymotrypsin, and trypsin using α-amylase activity assay kit 146 

(Solarbio, China), Lipase activity assay kit (Solarbio, China), Chymotrypsin activity assay kit (Solarbio, 147 

China), and Trypsin activity assay kit (Solarbio, China), respectively. Briefly, the weight of surviving 148 

larvae was measured and recorded. The samples were placed in a 1.5 mL centrifuge tube and homogenized 149 

in an appropriate extraction solution, and then centrifuged, with the supernatant collected to determine 150 

activities of α-amylase, lipase, chymotrypsin, and trypsin. Each experiment included three biological 151 



replicates, each with three technical replicates. 152 

Analysis of midgut ultrastructure 153 

Hematoxylin and eosin (HE) staining. The collected midgut tissues were immediately fixed in 154 

histological fixative with 4% paraformaldehyde (Servicebio, China) for 24 h, rinsed with distilled water 155 

for 10 min, dehydrated in a graded ethanol series (60–90% gradient concentrations for 30 min; 95% and 156 

100% gradient concentrations for 20 min), and cleared by xylene for 30 min. Subsequently, the midgut 157 

tissues were embedded in paraffin, sectioned (4 μm), stained with HE, and examined by optical microscopy. 158 

Scanning electron microscopy (SEM). The collected midgut tissues were immediately fixed in a 159 

fixative solution with 2.5% glutaraldehyde as the effective element (Servicebio, China) at room 160 

temperature for 2 h for electron scanning. After fixation, the samples were washed with 0.1 M phosphate-161 

buffered saline (PBS) (Solarbio, China) three times for 15 min each, placed in 1% OsO4 solution for 2 h 162 

at room temperature, and then consistently washed with 0.1 M PBS three times for 15 min each. The 163 

samples dehydrated with alcohol (30–50–70–80–90–95–100% gradient concentrations for 15 min at a time) 164 

and isoamyl acetate (for 15 min), and dried in the critical point dryer. Finally, the samples were sputter-165 

coated with gold using an ion-sputtering apparatus (Hitachi, Japan) and subsequently visualized via an 166 

electron scanning microscope (Hitachi, Japan). 167 

Transmission electron microscopy (TEM). The collected midgut tissues were immediately placed in 168 

fixative solution with 2.5% glutaraldehyde as the effective element (Servicebio, China) at room 169 

temperature for 24 h, post-fixed in 1% OsO4 solution for 2 h at room temperature, and then stained with 170 

4.8% uranyl acetate. The midgut tissues were dehydrated in a graded ethanol series (50–70–80–90–95–171 

100% gradient concentrations) and acetone (100%), inserted into embedding plates, cut into ultra-thin 172 

sections, and stained with magnesium-uranyl acetate and lead citrate. Finally, the samples observed by 173 

transmission electron microscopy (Hitachi, Japan). 174 



Determination of nutrient contents 175 

Larvae were collected at 24 h, 48 h, 72 h, and 96 h after LC20 of α-solanine treatment for examining 176 

the contents of glucose, trehalose, glycogen, and TG using Glucose content assay kit (Solarbio, China), 177 

Trehalose content assay kit (Solarbio, China), Glycogen content assay kit (Solarbio, China), and TG assay 178 

kit (Nanjing Jiancheng, China), respectively. Samples were weighed in 1.5 mL centrifuge tubes and 179 

homogenized in an appropriate extraction solution following the instructions by the respective kit 180 

manufacturers. The homogenate was centrifuged to obtain the supernatant for content determination. The 181 

OD value was tested with a microplate reader (BioTek, USA). Each treatment comprised three biological 182 

replicates, each with three technical replicates. 183 

Measurement of enzyme activities in glycolipid metabolic processes 184 

The key enzyme activities in glycolipid metabolic processes were also detected using the Trehalase 185 

activity assay kit (Solarbio, China), ATP citrate lyase activity assay kit (Grace, China), Acetyl-CoA 186 

carboxylase activity assay kit (MLBio, China), and Fatty acid synthases activity assay kit (Grace, China). 187 

According to the manufacturer’s instructions, larvae treated with LC20 of α-solanine were collected, 188 

weighed, and subsequently homogenized in a 1.5 mL centrifuge tube after treatment with LC20 of α-189 

solanine for 24 h, 48 h, 72 h, and 96 h. All experiments were performed by three biological replicates, each 190 

with six larvae. 191 

RT-qPCR analysis 192 

The expression of key genes in glycolipid metabolic processes was assessed by RT-qPCR. After LC20 193 

of α-solanine treatment, larvae were collected at 24 h, 48 h, 72 h, and 96 h. Total RNA was extracted from 194 

each sample using an animal tissue total RNA extraction kit (TIANGEN, China). The first-strand cDNA 195 

template for RT-qPCR was synthesized by reverse transcription with 1 μg of total RNA. RT-qPCR was 196 

performed on the Applied Biosystems 7500 Real-Time PCR System (Thermo Fisher Scientific Inc., USA) 197 

https://www.so.com/link?m=wTcvzUNdI4NBjSvR834Oz1QI3tuoijw0x3sf4Oqui3Y7hGNKSJsOhmYSs+HZuAJ5Ys37Fvftw0MJMRWvus07EcUHbqApweQdtzrktnzARAuMb8BLHMhGICtsVkFOkET91LJcudxMDNpLqUFjNUCn33lex9ljsHNNinMTXEvovdXTcYNvN38X6ZA==


with PerfectStart® Green qPCR SuperMix (TransGen, China) utilizing a three-step PCR with cycling 198 

parameters as follows: 1 cycle of 94 ℃ for 30 s, followed by 40 cycles of 94 ℃ for 5 s, 60 ℃ for 34 s, 199 

and 72 ℃ for 10 s. The internal reference genes, P. operculella elongation factor 1α (PoEF1α) and 200 

ribosomal protein L13 (PoRPL13), were used to normalize the expression of genes related to digestion, 201 

sugar metabolism, and lipid metabolism (Shen et al. 2022). The results were calculated using the 2–△△Ct 202 

method (Livak et al. 2001). 203 

The sequences of α-amylase 2/4 (Poα-Amy2/4), lipase3 (PoLIP3), chymotrypsin-1 (PoChy1), trypsin 204 

CFT1 (PoTryp CFT1), trypsin C (PoTryp C), glycogen synthase (PoGS), glycogen phosphorylase 1/2 205 

(PoGP1/2), glycogen debranching enzyme (PoGDE), trehalose 6-phosphate synthase (PoTPS), soluble 206 

trehalase 1 (PoTreS1), membrane-bound trehalase (PoTreM), soluble trehalase 2 (PoTreS2), ATP-citrate 207 

lyase (PoACLY), acetyl-CoA carboxylase (PoACC), fatty acid synthase 1/2/3/4 (PoFAS1/2/3/4), 208 

mammalian adipocyte triglyceride lipase homologue Brummer (PoBmm), and hormone-sensitive lipase 209 

(PoHSL) were obtained from the genome and transcriptome data of P. operculella. Gene-specific primers 210 

were detailed in Supplementary Table S1. All groups were performed in three biological replicates. 211 

Statistical analysis 212 

The toxicity experiment data were adjusted for control mortality using Abbott’s formula prior to 213 

analysis (Abbott 1925). The normality of data distribution was examined using the ShapiroWilk test for 214 

normality. Equality of variance between groups was tested using the Levene test for homogeneity of 215 

variance. The differences in wet weight, nutritional indices, activites of digestive enzymes, as well as 216 

sugar-lipid metabolic processes-related enzymes, nutrient contents, and relative gene expression between 217 

the treatments and the control were assessed using One-way analysis of variance (ANOVA) or Student’s 218 

t-test. These statistical analyses were conducted using SAS 8.1 (SAS Institute, Cary, NC, USA) and 219 

GraphPad Prism 8.0.2 (GraphPad Software, San Diego, California, USA). 220 



Results 221 

Sublethal effects of α-solanine on the growth and development of P. operculella larvae 222 

The newly molted third-instar P. operculella larvae were subjected to α-solanine (Fig. 1A). Exposure 223 

to LC5 and LC10 concentrations increased larval wet weight at 24 h by 6.29% and 8.94% respectively but 224 

had no effect at 48 h, 72 h, and 96 h compared with the control. LC20 treatment significantly decreased 225 

larval wet weight at 24 h, 48 h, 72 h, and 96 h by 8.70%, 19.21%, 23.28%, and 28.34%, respectively (Fig. 226 

1B). In addition, LC5 treatment with α-solanine slightly accelerated the development from 3rd to 4th instar 227 

larvae of P. operculella at 48 h and 72 h, but delayed at 96 h. Exposure to LC10 and LC20 concentrations 228 

also delayed larval development at 48 h, 72 h, and 96 h (Fig. 1C). 229 

Sublethal effects of α-solanine on the nutritional indicators of P. operculella larvae 230 

Exposure to LC5 and LC10 of α-solanine increased food consumption at 24 h and did no affect food 231 

consumption at 48 h, 72 h, and 96 h. The LC20 inhibited food consumption at 48 h, 72 h, and 96 h (Fig. 232 

2A). The larval feces was not significantly different at 24 h and 48 h and decreased at 96 h post α-solanine 233 

treatment (LC5, LC10, and LC20), and exhibited a remarkable downregulation at 72 h post the LC20 234 

treatment (Fig. 2B). Treatment with LC5, LC10, and LC20 of α-solanine failed to induce changes in AD at 235 

24 h, 48 h, 72 h, and 96 h (Fig. 2C). Following 24 h, 48 h, 72 h, and 96 h of treatment with LC5, LC10, and 236 

LC20 of α-solanine, RCR per larva had no significant differences (Fig. 2D). Additionally, treatments with 237 

LC5, LC10, and LC20 of α-solanine had no significant effect on RGR , ECI, ECD, and MC per larva at 48 238 

h, 72 h, and 96 h (Fig. 2E–H). In contrast, distinct impacts were observed at 24 h: LC20 treatment decreased 239 

ECI and ECD as well as increased MC (Fig. 2F–H). 240 

Sublethal effects of α-solanine on gene expression and activity of digestive enzymes 241 

Given that LC20 showed significant effects compared with LC5 and LC10 (Fig. 1,2,S1), subsequent 242 

experiments were conducted using LC20 treatment. The effects of α-solanine on digestion function of larval 243 



midgut were investigated (Fig. 3A). The α-amylase activity significantly increased at 24 h, 48 h, and 72 h 244 

in LC20 treatment (Fig. 3B). Compared with the control, the lipase activity increased at 24 h and 48 h 245 

(although the differences at 48 h did not reach significance), and decreased at 72 h and 96 h (Fig. 3C). 246 

Furthermore, the activity of chymotrypsin was markedly upregulated at 24 h and 48 h, and downregulated 247 

at 72 h and 96 h (Fig. 3D). In comparison, trypsin activity was greatly downregulated at 24 h and 48 h, 248 

and upregulated at 72 h and 96 h (Fig. 3E). 249 

RT-qPCR analysis showed that, compared with the control, Poα-Amy2 expression was significantly 250 

downregulated at 24 h, 48 h, 72 h, and 96 h (Fig. 3F). The expression of Poα-Amy4 was upregulated at 24 251 

h, 48 h, 72 h, and 96 h in the LC20 treatment (Fig. 3G). The expression of PoLIP3 exhibited a remarkable 252 

downregulation at 72 h and 96 h post-treatment with LC20 of α-solanine (Fig. 3H). The expression of 253 

PoChy1 was increased at 72 h and decreased at 96 h post LC20 of α-solanine exposure (Fig. 3I). And the 254 

expression of PoTryp CFT1 and PoTryp C was reduced at 48 h and 96 h, and increased at 72 h after LC20 255 

treatment (Fig. 3J,K). 256 

Sublethal effects of α-solanine on intestinal structure of larvae 257 

To further investigate the α-solanine-induced alterations in the absorptive capacity of the larval 258 

midgut, midgut ultrastructure was observed. HE staining revealed that clear differences between the 259 

control and treatment group. In the control group, the midgut cells were arranged neatly, and the surface 260 

of epithelial cells was covered by long microvilli (Mi). However, intestinal Mi were shortened at 24 h, 48 261 

h, 72 h, and 96 h of α-solanine exposure (Fig. S2). Similar findings were found using SEM and TEM, 262 

where LC20 of α-solanine induced the shortening of Mi. SEM also showed that Mi were well developed 263 

and continuously, densely, and abundantly distributed on the surface of larval midgut epithelial cells, while 264 

Mi structure was abnormal and heterogeneous in P. operculella larvae that had ingested potato leaf discs 265 

treated with LC20 of α-solanine (Fig. 4A). Importantly, the accumulation of intracellular lipid droplets in 266 



midgut exhibited high abundance in the control group as we have observed, but the accumulation 267 

intracellular lipid droplets maintained lower abundance in larvae treated with LC20 of α-solanine for 24 h, 268 

48 h, and 72 h (Fig. 4B). 269 

Sublethal effects of α-solanine on biochemical indices 270 

A scheme of catabolism and anabolism of energy reserves in P. operculella was presented, illustrating 271 

that glucose and trehalose can be converted into either glycogen or TG, and glycogen can be reversibly 272 

converted to glucose (Fig. 5A). The relative contents of glycogen, trehalose, glucose, and TG were 273 

significantly reduced at 24 h, 48 h, 72 h, and 96 h in P. operculella treated with LC20 of α-solanine (Fig. 274 

5B–E). 275 

Effects of α-solanine on the expression of sugar metabolism-related genes and key enzyme activities 276 

To further investigate the effect of LC20 treatment on larval sugar metabolism, the expression profiles 277 

of eight genes in the sugar metabolism and trehalase activity were evaluated. The schematic diagram of 278 

sugar metabolism in P. operculella was successfully drawn (Fig. 6A). The expression of PoGS increased 279 

at 24 h and 48 h, and decreased at 72 h and 96 h after LC20 treatment with α-solanine compared with the 280 

control (Fig. 6B). The expression of PoGP1, PoGP2, and PoGDE was significantly reduced at 24 h and 281 

72 h and remarkably enhanced at 48 h after LC20 exposure (Fig. 6C–E). The expression of PoTPS was 282 

increased at 48 h and decreased at 72 h in the LC20 treatment (Fig. 6F). Exposure to LC20 concentration 283 

significantly downregulated PoTreS1 and PoTreM expression at 24 h, downregulated PoTreS1 expression 284 

and upregulated PoTreM expression at 48 h, upregulated PoTreS2 and PoTreM expression at 72 h, and 285 

upregulated PoTreS1 and PoTreS2 expression at 96 h (Fig. 6G–I). Furthermore, trehalase activity exhibited 286 

a decrease at 24 h, and an increase at 48 h, 72 h, and 96 h after LC20 treatment with α-solanine (Fig. 6J). 287 

Effects of α-solanine on the expression of lipid metabolism-related genes and key enzyme activities 288 

The lipid metabolism model examined in this study is also shown (Fig. 7A). The expression of 289 



PoACLY was decreased at 24 h, 48 h, and 72 h post-treatment with LC20 of α-solanine, although the 290 

differences did not reach significance at 72 h (Fig. 7B). The expression of five lipogenesis genes–PoACC, 291 

PoFAS1, PoFAS2, PoFAS3, and PoFAS4–was downregulated at 24 h, 48 h, 72 h, and 96 h in LC20 treatment 292 

(only PoACC expression showed no significant difference at 96 h), except PoFAS3 expression at 96 h (Fig. 293 

7C–G). The expression of two lipolysis genes, PoBmm and PoHSL, was increased at 24 h, 48 h, and 72 h 294 

following LC20 treatment, with the exception that PoBmm expression decreased at 48 h. And the expression 295 

of these two genes was downregulated after 96 h of exposure to LC20 of α-solanine, while no significant 296 

difference was observed in the expression of PoBmm (Fig. 7H,I). 297 

The key enzyme activities in lipid metabolism were assessed. The activity of ATP-citrate lyase was 298 

remarkably elevated at 24 h, 48 h, and 72 h, but depressed at 96 h post-treatment with LC20 of α-solanine 299 

(Fig. 7J). The activity of acetyl-CoA carboxylase was prominently downregulated at 48 h, 72 h, and 96 h, 300 

but not at 24 h in the LC20 treatment (Fig. 7K). Meanwhile, increased fatty acid synthase activity was 301 

observed at 24 h, 48 h, 72 h, and 96 h in the LC20 treatment (Fig. 7L). 302 

Discussion 303 

Plants and herbivorous insects have complex and close interrelationships. During the long-term 304 

interaction process, plants have evolved multiple defense mechanisms against herbivorous insects, among 305 

which the synthesis and accumulation of abundant secondary metabolites are important components. 306 

Herbivorous insects have also evolved corresponding counter-defense strategies, such as detoxification 307 

against the host's secondary metabolites. This study evaluated sublethal effects of α-solanine on biological 308 

and nutritional indicators, the functions of digestion and absorption, as well as glycolipid metabolism, 309 

providing a theoretical basis for investigating the adaptation of herbivorous insects to their hosts and 310 

facilitating the exploration of new green pest control methods targeting host adaptability. 311 

The sublethal effects of pesticides are an important part of their toxicity, and the sublethal effects of 312 



plant secondary metabolites that can serve as biopesticides also function as a critical component. Previous 313 

studies have shown that sublethal concentrations of biopesticides inhibit the growth and development of 314 

many insects. Tannic acid from cotton plants at a concentration as low as 5% significantly reduced the 315 

relative growth rate of Malacosoma disstria (Karowe 1989). A sublethal dosage of 2-tridecanone retards 316 

the development of Helicoverpa armigera larvae (Zhang et al. 2016). Tannic acid and gossypol 317 

significantly reduced the intrinsic rate of increase, the finite rate of increase, and the net reproductive rate 318 

in Aphis gossypii (Ma et al. 2019). β-caryophyllene interferes with the moulting process of S. litura, 319 

resulting in a significant prolongation in the pupal period in treated larvae (Mahajan et al. 2022). After 320 

exposure to the LC15 concentration of 2,4-dihydroxy-7-methoxy-(2H)-1,4-benzoxazin-3(4H)-one from 321 

maize, some surviving individuals failed to develop into adults (Chen et al. 2025). Our results revealed 322 

that exposure to sublethal doses of α-solanine did not consistently cause larval weight loss and 323 

developmental slowdown (Fig. 1), indicating that insects can resist plant-toxin stress and exhibit adaptive 324 

feeding. Moreover, given that the P. operculella larvae are boring pests, the potential interference of 325 

multiple factors (e.g., brush touching and weighing) on their developmental duration during the experiment 326 

cannot be completely ruled out, as the present study found that the developmental duration of larvae in the 327 

control group exhibited an extension phenomenon compared with those that were only provided with fresh 328 

leaf discs replacement. 329 

Assessment of nutritional parameters has been identified as a strategy for evaluating the post-330 

ingestive effects, antifeedant activity, and/or toxicity of secondary metabolites (Wheeler and Isman 2001). 331 

Evaluation of nutritional parameters could yield a more comprehensive understanding of the detrimental 332 

effect of α-solanine on larval growth and developmental processes. Our results revealed that sublethal 333 

doses of α-solanine inhibited the feeding of larvae (Fig. 2A), suggesting that α-solanine had antifeeding 334 

effect. Interestingly, the low-concentration α-solanine treatment (LC5 and LC10) promoted larval feeding 335 



at 24 h (Fig. 2A), which may be related to the fact that insects' adaptive radiation to host plants enables 336 

them to feed on low doses plant toxins. Given that its properties such as analgesic, anti-inflammatory, 337 

antitumor, cardiovascular, and antioxidant effects, or activity that prevents muscle wasting in mammals, it 338 

is hypothesized that the increased food consumption is required for potential beneficial functions of α-339 

solanine. We also noticed that α-solanine (LC20) reduced key feeding indicators including ECI and ECD 340 

at 24 h (Fig. 2F,G), suggesting that the effect was not solely an antifeedant effect but also a toxicity 341 

mediated physiological inhibition. Additionally, α-solanine (LC20) increased MC at 24 h in P. operculella 342 

larvae (Fig. 2H), which is consistent with the phenomenon where Annona coriacea lectin (ACLEC) 343 

increased MC of Anagasta kuehniella larvae (Coelho et al. 2007). Differences observed in metabolic cost 344 

estimation may be explained by factors such as study type and dietary quality (Méndez-Ortíz et al. 2019). 345 

Our results cannot rule out differences of dietary quality, even if relatively uniform leaves were chosen. 346 

The findings demonstrated that α-solanine exhibits toxicity to P. operculella larvae, while this pest has 347 

developed adaptability. 348 

Some studies indicate that plant secondary metabolites can inhibit insect digestive enzymes. Dietary 349 

stress from plant secondary compounds reduces the activities of amylase, lipase, and chymotrypsin, and 350 

lowers the expression of Chy2 gene (Huang et al. 2017). Treatment with the trans-anethole decreases the 351 

activities of α-amylase, lipase, chymotrypsin-like, and trypsin-like enzymes (Pour et al. 2022). Meliaceae 352 

secondary metabolites may interfere with enzyme secretion and nutrient absorption (Zhou et al. 2025; 353 

Senthil-Nathan 2013). When S. litura larvae are treated with TSN, the activities of α-amylase, lipase, and 354 

trypsin decreased, and the expression of some key genes involved in carbohydrate metabolism (α-Amy 2 355 

and α-Amy 4), lipid metabolism (LIP3), and protein metabolism (Chy1, Tryp CFT1, and Tryp C) was 356 

downregulated (Zhou et al. 2025). In our study, LC20 of α-solanine disrupted the expression of six digestive 357 

enzyme genes and the activities of α-amylase, lipase, chymotrypsin, and trypsin, and LC20 of α-solanine 358 



did not consistently suppress or enhance enzyme activity and gene expression (Fig. 3), suggesting that 359 

insect digestive enzymes might be involved in the toxicity mechanism of α-solanine. A factor that cannot 360 

be overlooked is that gene expression and activity of digestive enzymes display inconsistent variation (Fig. 361 

3), which could be a regulatory adjustment strategy of insects in response to the adverse effects of α-362 

solanine on their digestion. Additionally, since both chymotrypsin and trypsin are involved in digestion 363 

and regulate protein metabolism—and considering the findings of this study on the sublethal regulatory 364 

effects of α-solanine on these two enzymes' activities (Fig. 3D,E)—it is conceivable that they may serve 365 

as a complementary or redundant system. This could be an essential adaptive response allowing insects to 366 

counteract toxins and maintain proper development. 367 

The insect midgut, the main organ of detoxification, plays a very important role in food digestion and 368 

nutrient absorption (Hakim et al. 2010). Midgut damage and apoptosis cause digestive enzyme disorders, 369 

affecting the digestion and absorption of nutrient metabolites (Zhao et al. 2019). Mi, formed by the apical 370 

membrane of midgut columnar cells (CCs), serve as the primary site for many physiological, biochemical, 371 

and biological interactions between insects and the environment. They not only are accountable for the 372 

synthesis and secretion of digestive enzymes but also contribute to nutrient uptake (Caccia et al. 2019). 373 

The initial target of TSN is situated on the Mi of the midgut epithelium cells, and Mi were messed and 374 

swelled as well as degradation or myelination after treatment with TSN, leading to the regurgitation, 375 

paralysis and death of Mythimna separate larvae (Li et al. 2020). Azukisapogenol triterpenoid saponins 376 

from Oxytropis hirta Bunge result in the destruction and irregular arrangement of Mi, decrease α-amylase 377 

activities, and increase lipase and trypsin activities to affect the digestion system of Acyrthosiphon pisum 378 

(Ye et al. 2023). In addition, azadirachtin destroyed the normal midgut cell structure and the intestinal wall 379 

of Bactrocera dorsalis larvae (Zhao et al. 2019). Similar with these results, we found that α-solanine 380 

exerted toxicological effects to midgut cells, including disordered arrangement, abnormal morphology, 381 



and decreased length of Mi (Fig. 4,S2), further demonstrating that α-solanine governed the digestive and 382 

absorptive functions in the larval midgut. Interestingly, the integrity of midgut cells was impaired at 72 h 383 

of α-solanine treatment, and microorganisms invaded the intracellular environment (Fig. 4B), suggesting 384 

that insect immunity is activated and the role of gut microbiota need be further investigated. 385 

Insects predominantly store energy in the forms of glycogen and triacylglycerols. Reduced food 386 

intake triggers a state of starvation in insects, compelling them to mobilize stored energy reserves to sustain 387 

growth and development (Zhang et al. 2019). During this physiological process, glycogen and trehalose 388 

are converted into glucose in insects, accompanied by the consumption of energy reserves indispensable 389 

for growth and detoxification metabolism (Al et al. 2019; Sudhakar et al. 2020). Decreased fat synthesis 390 

rate increased lipid mobilization, and a rapid decline in TG levels were also observed (Hafeez et al. 2019). 391 

Consistently, given reduced food intake and decreased the contents of glycogen, trehalose, glucose, and 392 

TG after LC20 treatment (Fig. 2A and 5B,C,E), a state of larval starvation forcing them to utilize stored 393 

energy, including glycogen, trehalose, and TG. Alternatively, exposure to LC20 of α-solanine significantly 394 

increased the expression of sugar metabolism-related genes and elevated trehalase activity (Fig. 6), 395 

suggesting that α-solanine disrupts sugar metabolism and promotes glucose production to support insect 396 

growth and development.Given that glucose-induced TG synthesis exists in insects with the participation 397 

of ACLY, and that a sublethal dose of α-solanine inhibits the expression of PoACLY and stimulates ACLY 398 

activity in P. operculella larvae (Fig. 7), α-solanine modulates the metabolic conversion of glucose into 399 

triglycerides, which may account for the observed reduction in glucose levels. Interestingly, the inverse 400 

relationship between downregulated expression of PoACLY gene and upregulated enzyme activity of 401 

ACLY (Fig. 7B, J) indicated that insects remodel metabolism to avoid over-transformation of glucose into 402 

triglycerides under α-solanine treatment. Our study demonstrated that P. operculella larvae treated with 403 

LC20 of α-solanine exhibited the downregulated expression of key genes and decreased activity of acetyl 404 



CoA carboxylase associated with lipid synthesis in the preliminary stage post α-solanine treatment (Fig. 405 

7B–G,K), accompanied by upregulated expression of key genes and increased activity of lipase (Bmm and 406 

HSL are two key lipases for lipolysis) linked to lipid degradation (Fig. 3 and 7H, I), indicating that LC20 407 

of α-solanine could inhibit adipogenesis and promote lipolysis. As we have observed, although lipolytic 408 

gene expression was upregulated, lipase activity was reduced at 72 h (Fig. 3 and 7H, I), suggesting that 409 

the capacity of a sublethal dose of α-solanine to stimulate lipolysis is diminished. We further found that 410 

Fas3 gene expression was significantly upregulated at 96 h, coupled with decreased activity of acetyl CoA 411 

carboxylase (Fig. 7F,K), an event which might be associated with the weakened ability to suppress 412 

adipogenesis. Notably, the activity of fatty acid synthases showed a sustained elevation—potentially an 413 

adaptive response of insects to avoid excessive fat loss, enabling them to sustain growth and development 414 

and cope with insecticide toxicity. Collectively, these results revealed that α-solanine disrupted digestion 415 

and absorption, thereby modulating sugar metabolism and lipid synthesis and degradation, ultimately 416 

governing insect growth and development (Fig. 8). Further studies will be needed to understand the toxicity 417 

of α-solanine to insects and glycolipid metabolism-regulated detoxification mechanisms as counter-418 

defense strategies larvae use to cope with α-solanine. 419 

Conclusions 420 

Our study revealed sublethal effects of potato-derived α-solanine on P. operculella larvae, including 421 

wet weight, developmental instar, and various nutritional indicators. The results indicated that sublethal α-422 

solanine exposure did not always suppressed larval growth and development: a high concentration (LC20) 423 

result in reduced larval wet weight and slowed development, whereas low concentrations (LC5 and LC10) 424 

had no effects on larval wet weight. Sublethal α-solanine (LC20) possessed antifeedant property, inhibited 425 

various nutritional indicators, disrupted the expression of digestive enzyme genes and enzyme activities, 426 

damaged the structure of the midgut, and interfered with sugar and lipid metabolism. These findings are 427 



crucial for developing environmentally friendly botanical insecticides, providing a basis for further 428 

investigations on the toxicity of plant secondary metabolites to herbivorous insects and on the adaptability 429 

of these insects to host-plant secondary metabolites. 430 
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 579 

Fig. 1 The wet weight and percentage of different instars of P. operculella larvae treated with sublethal 580 

concentrations of α-solanine. (A) A simplified scheme of α-solanine-based larval treatment. (B) The wet 581 

weight of larvae after α-solanine treatment. Differences among different groups were indicated with lower-582 

case letter based on One-way analysis of variance (ANOVA). (C) The percentage of different larval instar 583 

of P. operculella larvae after α-solanine treatment. 584 

585 



 586 

Fig. 2 The nutritional indicators of P. operculella larvae treated with sublethal concentrations of α-solanine. 587 

(A) Food consumption per larva after α-solanine treatment. (B) Larval feces weight following α-solanine 588 

exposure. (C) Approximate digestibility (AD) per larva following treatment. (D) Relative consumption 589 

rate (RCR) per larva post-treatment. (E) Relative growth rate (RGR) per larva post α-solanine treatment. 590 

(F) Efficiency of conversion of ingested food (ECI) per larva post-treatment. (G) Efficiency of conversion 591 

of digested food (ECD) per larva following treatment. (H) Metabolic cost (MC) per larva after treatment. 592 

Differences among different groups were indicated with lower-case letter based on One-way analysis of 593 

variance (ANOVA). 594 

595 



 596 

Fig. 3 Sublethal effects of α-solanine on the expression of digestion-related genes and the activities of 597 



digestive enzymes in P. operculella larvae. (A) Schematic illustration of α-solanine-induced effects on 598 

larval digestive enzymes. (B–E) Relative activities of α-amylase (B), lipase (C), chymotrypsin (D), and 599 

trypsin (E) after α-solanine treatment. (F–K) The transcription levels of Poα-Amy2 (F), Poα-Amy4 (G), 600 

PoLIP3 (H), PoChy1 (I), PoTryp CFT1 (J), and PoTryp C (K) after α-solanine exposure. The control group 601 

was assigned a value of 1 at 24 h, 48 h, 72 h, and 96 h, with differences at each time were compared 602 

separately. Asterisks indicate significant differences (Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001), 603 

and 'ns' indicates no significant difference. 604 

605 



 606 

Fig. 4 Midgut ultrastructure of P. operculella larvae following α-solanine treatment. (A) Morphology of 607 

midgut epithelium of P. operculella larvae treated with α-solanine for 24 h, 48 h, 72 h, and 96 h using 608 

SEM. The orange arrowhead indicates microvilli (Mi). (B) Morphology of the midgut columnar cells of P. 609 



operculella larvae treated with α-solanine for 24 h, 48 h, 72 h, and 96 h using TEM. The pink, green, 610 

purple, and blue arrowheads indicate Mi, intracellular lipid droplets, the area of damaged cells, and the 611 

area of microorganisms distribution. 612 

613 



 614 

Fig. 5 Sublethal effects of α-solanine on sugar-lipid metabolism-related biochemical indices in P. 615 

operculella larvae. (A) Schematic representation of connecting sugars to lipogenesis. Glucose, glycogen, 616 

trehalose, and TG are energy reserves of insects. Glucose is absorbed by the midgut, transported to the fat 617 

body via hemolymph, sequentially converted into glucose-6-phosphate (G6P), glucose-1-phosphate (G1P), 618 

and UDP-glucose (UDPG), followed by the synthesis of glycogen from UDPG. As a major energy storage 619 

source, the branched macromolecular polysaccharide glycogen can be broken down into glucose to help 620 

insects cope with stress conditions. Glucose also synthesizes trehalose that can protect cells against 621 

environmental stressors. Trehalose is broken down into two glucose moieties to produce the energy 622 

required for various physiological processes. Moreover, glucose is converted to TG, the dominant lipid 623 



storage form, via several steps, including glycolysis, pyruvate metabolism, acetyl-CoA and fatty acids 624 

synthesis. The black arrows denote the metabolic pathway underlying the bioconversion of glucose to 625 

glycogen, trehalose, and TG. The blue arrows indicate the metabolic pathway for the conversion of 626 

glycogen or trehalose to glucose. (B–E) The contents of glycogen (B), trehalose (C), glucose (D), and TG 627 

(E) after α-solanine exposure. The control group was assigned a value of 1 at 24 h, 48 h, 72 h, and 96 h, 628 

respectively. 629 

630 



 631 

Fig. 6 Sublethal effects of α-solanine on gene transcription levels and key enzyme activity related to sugar 632 

metabolism. (A) Model of sugar metabolism in P. operculella. Trehalose is synthesized from glucose-633 

derived G6P and UDPG by sequential catalysis by TPS and TPP. Subsequently, trehalose is specifically 634 

hydrolyzed to glucose by trehalase. Excessive glucose is converted to UDPG, which is then converted into 635 

glycogen by GS. The reverse reaction, catalyzed by GP, forms G1P, which is eventually converted into 636 

glucose. And glycogen also is broken down to release glucose with the help of GP and GDE. The black 637 

arrows show the metabolic pathway of converting glucose to glycogen and trehalose. The blue arrows 638 



show the metabolic pathway for converting glycogen or trehalose to glucose. (B–I) Expression of PoGP1, 639 

PoGP2, PoGDE, PoGS, PoTPS, PoTreS1, PoTreS2, and PoTreM genes in P. operculella larvae after α-640 

solanine exposure. (J) Relative activities of trehalase in P. operculella larvae after α-solanine exposure. 641 

The control group was assigned a value of 1 at 24 h, 48 h, 72 h, and 96 h, and the differences at each time 642 

point were compared separately. Asterisks indicate significant differences (Student’s t-test, *P < 0.05, **P 643 

< 0.01, ***P < 0.001), and 'ns' indicates no significant difference.  644 

645 



 646 

Fig. 7 Sublethal effects of α-solanine on gene transcription levels and key enzyme activities involved in 647 

lipid metabolism. (A) Model of lipid metabolism in P. operculella. ACLY is an important enzyme linking 648 

glucose metabolism to lipid metabolism by generating acetyl-CoA from glucose-derived citrate for fatty 649 

acid biosynthesis. ACC, the rate-limiting enzyme in fatty acid synthesis, catalyzes the carboxylation of 650 

acetyl-CoA into malonyl-CoA. Generated malonyl-CoA is then catalyzed by FAS, key and multifunctional 651 

enzymes, to form long-chain fatty acids that can be stored as TG in lipid droplets. The breakdown of TG 652 



requires a series of enzymatic reactions induced by Bmm and HSL. (B–I) Expression of PoACLY, PoACC, 653 

PoFAS1, PoFAS2, PoFAS3, PoFAS4, PoBmm, and PoHSL genes in P. operculella larvae after α-solanine 654 

exposure. (J–L) The relative activities of ATP-citrate lyase (J), acetyl CoA carboxylase (K), and fatty acid 655 

synthase (L) in P. operculella larvae after α-solanine exposure. The control group was assigned a value of 656 

1 at 24 h, 48 h, 72 h, and 96 h, and the differences at each time point were compared separately. Asterisks 657 

indicate significant differences (Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001), and 'ns' indicates 658 

no significant difference. 659 

660 



 661 

Fig. 8 Summary model diagram of sublethal concentration of α-solanine-driven inhibitory effects on P. 662 

operculella larvae. 663 
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