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ABSTRACT

Epicauta impressicornis Pic. (Coleoptera: Meloidae), an insect of profound medicinal significance,
synthesizes cantharidin, a compound known for its anticancer effects. To investigate the expression
characteristics of the EiSD gene in E. impressicornis and its temperature adaptability. In this study, we
cloned E. impressicornis’ sorbitol dehydrogenase gene (EiSD) (GenBank accession number: PV394100),
and analyzed its bioinformatic characterization, and profiled its expression across developmental stages,
tissues, and under various temperatures stress conditions. EiSD has a 1,071 bp ORF that encodes 356
amino acids, with a molecular weight of 38.90 kDa, an isoelectric point of 6.42, and a half-life of 30 h.
Phylogenetic analysis showed that it is highly conserved and closely related to the SD of Tribolium
castaneum (Herbst). Real-time quantitative PCR (RT-gPCR) revealed that EiSD expression peaks in the
thorax, and is lowest in the 5" instar larvae and at 12, 18, and 36 °C. The results suggest that EiSD is
essential for withstanding low and extreme temperatures. lts low expression under extreme temperature
stress likely modulates the sorbitol metabolic pathway, leading to cryoprotectant sorbitol accumulation
that supports larval diapaused and stress resistance.
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INTRODUCTION

Meloid beetles (family Meloidae) are of significant medicinal value due to their
cantharidin content, serving as a traditional Chinese medicinal resource (Jakovac-Strajn
et al., 2021). In recent years, the demand for cantharidin has increased, driven by its
extensive clinical applications in the treatment of skin diseases, liver cancer, rabies,
and various other types of cancers (Coloe & Morrell, 2009; Zou, Xu, Lin, Zhou, & Xia,
2023; Yang et al., 2023; Tang et al., 2024; Duan et al., 2025). Nevertheless, the principal
source of medicinal cantharidin and its derivatives continues to be wild meloid beetles.
The limited availability of these beetles poses a challenge for achieving a sustainable
supply (Deng et al., 2017). Moreover, the artificial synthesis of cantharidin encounters
obstacles due to stringent reaction conditions and high production costs. Consequently,
the large-scale artificial rearing of meloid beetles is viewed as a practical solution to
mitigate the scarcity of cantharidin resources. However, the unique life-history traits
of Meloidae beetles, including their intricate metamorphosis and prolonged diapause
phases (Chen & Tu, 2013), present considerable constraints on artificial rearing efforts
and the exploitation of these resources.

Sorbitol dehydrogenase holds a pivotal role in insect metabolic physiology. It
serves as a key enzyme in sorbitol metabolism, not only catalyzing the oxidation of
sorbitol to fructose and directing it into the fructose metabolic pathway (Milagre &
Milagre, 2022), but also participating in the conversion of sorbitol to glucose through
the glucitol reductase pathway, thereby significantly impacting insect development.
In the face of adverse environmental conditions, such as low temperatures, insects
adopt diapause as an adaptive survival strategy. During this state, they accumulate
substantial sorbitol reserves to improve cold tolerance (Xie et al., 2023). Insects
like Aphidoletes aphidimyza (Rondani), Bactrocera minax (Enderlein), and Bemisia
argentifolii (Bellows and Perring) rely heavily on sorbitol as their energy source during
diapause, with sorbitol dehydrogenase being indispensable for this metabolic process
(Dai et al., 2024). As environmental temperatures increase, insects transition from
diapause to active developmental stages, experiencing a surge in energy demands.
At this critical juncture, sorbitol dehydrogenase activity spikes to metabolize the
accumulated sorbitol into glucose, providing essential energy for insect growth and
development - a phenomenon clearly observed in Drosophila melanogaster (Meigen)
(Marks, 2020). Furthermore, diapause is not only an evolutionary strategy for insects
to cope with harsh environments, but also involves a series of physiological and
biochemical adaptations (Mohammadzadeh, Borzoui, & Izadi, 2017). These adaptive
changes bolster insect resilience to environmental stressors and profoundly affect their
reproduction, survival, and evolutionary paths (Wang & Li, 2004; Jiang et al., 2021). For
example, diapausing larvae of the wheat midge Sitodiplosis mosellana (Géhin) exhibit
significant sorbitol accumulation, which enhances their cold tolerance (Liu, Li, Yang,
Chi, & Chen, 2018). Thus, sorbitol dehydrogenase is essential in the transition from
diapause to normal development in insects, acting as a key factor in their adaptation
to temperature fluctuations and ensuring adequate growth and development. Despite
the current understanding of the critical role of sorbitol dehydrogenase genes in
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temperature stress resistance across various insect species, no reports exist on the
temperature-stress response of the SD gene in E. impressicornis.

Building upon our previous transcriptomic research on E. impressicornis, the present
study delves into the response of the sorbitol dehydrogenase gene under temperature
stress conditions. Utilizing gPCR technology and bioinformatics methodologies, we
cloned and characterized the EiSD gene. Its amino-acid sequence was aligned with
SD proteins from six Coleopteran species and then integrated with SD sequences from
17 insects across four orders (Lepidoptera, Coleoptera, Hymenoptera, and Diptera) to
reconstruct the phylogenetic tree. Additionally, we employed RT-gPCR to investigate
its expression profiles across various developmental stages, different tissues and
under various temperature stress conditions of 5" instar larvae. The objective of this
study is to establish a theoretical framework for understanding the functional role of the
EiSD gene in E. impressicornis and its temperature-adaptive mechanisms. Moreover,
it provides a scientific basis for the sustainable artificial rearing of Meloidae beetles.

MATERIALS AND METHODS

Test Insect Sources and Treatments

The test insects employed in this study were collected in September 2023 from the
Huaxi District of Guiyang City, Guizhou Province (106.88°E, 26.57°N). E.impressicornis
was reared in an artificial climate chamber under strictly controlled conditions (temperature:
30 °C, humidity: 75% + 5%, photoperiod: L,,:D,,). The larvae were fed grasshopper eggs,
the pupal stage was non-feeding, and the adults were provided with pumpkin (Liu, Li,
Yang, Chi, & Chen, 2018; Liu, Zhou, & Chen, 2020; Liu, Zhou, & Chen, 2024).

Given that 5" instar larvae entered diapause for overwintering, this study utilized
4% instar larvae (L4) at 24 h, 48 h, and 72 h, 5" instar larvae (L5), and pupae (P) at
different developmental stages. To perform tissue isolation, three healthy 5"instar larvae
were anesthetized by chilling. Under sterile conditions, dissection was carried out using
disinfected scalpels and forceps. Specifically, the head was separated at the head-thorax
junction, the thoracic tissue was excised from the anterior forehead region, and the
abdominal segments were obtained through a dorsal incision. The reticulate fat body was
carefully removed, and the Malpighian tubules were isolated at the junction between the
midgut and hindgut. All tissues were immediately placed in pre-chilled RNAlater, washed
to remove the preservative via centrifugation, and stored at -80°C for subsequent use.
The 5" instar larvae of E. Impressicornis were exposed to temperature treatments within
artificial climate chambers set at 12, 18, 24, 30, and 36 °C(relative humidity: 75%15%,
photoperiod: L,,:D, ) for 24 h (Liu, Li, Yang, Chi, & Chen, 2018; Liu, Zhou, & Chen, 2024).
For each treatment group, three insects were combined to form one biological sample,
with three replicates conducted per group. All samples were subsequently stored at -80
°C for further analysis. All experimental treatments and gene cloning procedures were
carried out between June 2023 and June 2024 in Laboratories C401-C404 of the Guizhou
Key Laboratory for Agricultural Biosafety, Guiyang University.
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Total RNA Extraction and cDNA Synthesis

RNA extraction was carried out in accordance with the protocol provided by the
manufacturer for the HP Total RNA Kit (R6812-01). The quality of the extracted total RNA
was assessed using a suite of methods, including 1% agarose gel electrophoresis, a
Nanodrop spectrophotometer, and the Agilent 2100 Bioanalyzer. These assessments were
conducted to ensure the absence of contamination, the purity, and the integrity of the RNA
samples. The extracted total RNA was then diluted to a concentration of approximately 1000
ng/uL with DEPC-treated water, followed by the synthesis of cDNA as per the instructions
provided with the PrimeScript® RT reagent Kit, which included the gDNA Eraser.

Cloning of the EiSD

The gene sequence alignment was performed using known homologous insect
SD sequences and the E. impressicornis transcriptome data (GenBank accession
number: PRINA679947) to identify conserved regions. Primers for the amplification
of the SD gene in E. impressicornis were designed using Primer Premier 5.0 software
(Table 1). The cDNA, which was synthesized using diapausing 5" instar larvae of E.
impressicornis as the template, was utilized as the template for amplifying the SD
gene. The 25 uL PCR reaction mixture was composed of the 1 uL of cDNA template,
1 yL of each forward and reverse primers (EiSD-F/R), 12.5 L of Taq Mix, and 9.5 pL
of ddH,O. The amplification protocol included an initial denaturation step at 95 °C for 5
minutes, followed by 33 cycles of denaturation at 95 °C for 30 s, annealing at 55 °C for
30 s, and extension at 72 °C for 2 mins. This was concluded with a final extension at
72 °C for 10 mins, after which the reaction was held at 4 °C. The target DNA fragments
were subsequently gel-extracted and purified using Magen’s HiPure Gel Pure DNA
Mini Kit, adhered strictly to the manufacturer’s instructions. The purified PCR products
were then ligated into the PMD18-T vector and transformed into DH5a competent
cells. Positive clones were screened and sent to SunYa Biotech for DNA sequencing.

Table 1. Information on primers related to the EiSD.

Primers Primer sequences (5' - 3') Purpose
EiSD-F CGTATTTTAGCACTGCAACAA _
- Full-length sequence amplification
EiSD-R ATCTGCAGCTTTTCTATTACGT
qEiSD-F GCTATCAAGTGCCTGGTATC e ) o
" Target gene amplification in real-time quantitative PCR
qEiSD-R GAGATGAGATGTGGAAACGAAA

qGAPDH-F TTGGTTCTGTGCGATGTG
qGAPDH-R TGTTCCTCGTCCAGTATCA

Reference gene amplification in real-time quantitative PCR

The Bioinformatics Analysis of EiSD

Homology analysis was performed using the BLAST available through the NCBI
(https://blast.ncbi.nim.nih.gov/Blast.cgi). The open reading frame (ORF) and the
corresponding amino acid sequence were predicted using ORF Finder (https://www.
ncbi.nim.nih.gov/orffinder/). The molecular weight and isoelectric point of the encoded
protein were determined using the online Protparam tool (https://web.expasy.org/
protparam/). N-glycosylation sites were predicted using the NetNGlyc1.0 Server (http://
www.cbs.dtu.dk/services/NetNGlyc/), while phosphorylation sites were predicted with



433
Sorbitol Dehydrogenase Expression and Temperature Adaptation in Epicauta impressicornis

Kinaseihos (http://kinaseihos.mbc.nctu.edu.tw/). The presence of a signal peptide
was predicted using SignalP4.1 Server (http://www.cbs.dtu.dk/services/SignalP/),
and transmembrane domains were identified with the TMHMM v.2.0 program (http://
www.cbs.dtu.dk/services/TMHMM/). Analysis of conserved motifs in the SD amino
acid sequences of the E. impressicornis and six other insects (Coleoptera: Sitophilus
oryzae (Linnaeus), Dendroctonus ponderosae (Hopkins), Onthophagus taurus
(Schreber), Photinus pyralis (Linnaeus), Leptinotarsa decemlineata (Say), Tribolium
castaneum (Herbst) was performed using DNAMAN7.0 software and ScanProsite
(https://prosite.expasy.org/scanprosite/). The cloned gene was subjected to homology
modeling using SWISS-MODEL (http://www.swissmodel.expasy.org/interactive/), and
its tertiary protein structure was visualized with PyMOL. Cluster analysis of amino acid
sequences was performed using MEGA-X. Homologous SD amino acid sequences
from four orders - Lepidoptera, Coleoptera, Hymenoptera, and Diptera—were obtained
from 17 species. A Neighbor-Joining (NJ) phylogenetic tree was constructed using
MEGA-X with the p-distance and 1000 bootstrap replications to assess nodal support.

RT-qPCR Analysis of EiSD

RT-gPCR was employed to quantify the expression levels of EiSD across various
developmental stages, in different tissues of the 5" instar larvae, and under different
temperature treatments, using glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
as the endogenous reference gene (Table 1). Primers specific for EiSD and the
reference gene were designed and used following the guidelines provided in the
TB Green® Premix DimerEraser™ kit manual (TaKaRa). The reaction mixture was
prepared as follows: 1 uL of cDNA template, 10 pL of TB Green Premix Ex Taq, 0.4
pL of ROX Reference Dye Il, 1 uL each of forward and reverse primers, and 6.6 uL
of ddH,O to make up a total reaction volume of 20 yL. The thermal cycling protocol
included an initial denaturation step denaturation at 95 °C for 5 min, followed by 40
cycles of denaturation 95 °C for 5 s and extension at 57 °C for 40 s.

Data Analysis

The relative expression of EiSD was calculated using the 222¢t method (Livak &
Schmittgen, 2001). Differences in EiSD relative expression levels across developmental
stages, tissues types, and temperature treatments were analyzed using IBM SPSS
Statistics 22 software (Landau & Everitt, 2004), employing one-way ANOVA, followed
by Tukey’s post hoc test with a significance level established at p<0.05. Expression
data were visualized using Excel 2025.

RESULTS

Cloning and Sequence Analysis of EiSD

The EiSD sequence was successfully obtained via amplification cloning and
assigned the GenBank accession number PV394100. The full-length cDNA sequence
of the EiSD gene was 1,253bp, encompassing an open reading frame (ORF) of
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1,071 bp that encodes 356 amino acids (Fig. 1). The 5’ untranslated region (UTR)
consisted of 34 bp, while the 3’ UTR was composed of 179 bp. The deduced amino
acid sequence had the molecular formula C,,,.H,...N,..O, .S ., commencing with
the N-terminal methionine (Met). The theoretical molecular weight, isoelectric point,
and half-life were calculated to be 38.90 kDa, 6.42, and 30 hours, respectively. Further
analysis of the EiSD revealed that it contained 20 amino acids types, with valine (Val)
being the most prevalent at 11.5%, followed by glycine (Gly) at 8.4%, and isoleucine (lle)
at 8.1%. The protein contained a total of 42 negatively charged residues (aspartic acid,
Asp + glutamic acid, Glu) and 39 positively charged residues (arginine, Arg + lysine,
Lys). The instability index was 28.72 (<40), the lipophilicity index was 100.11, and the
corresponding average hydrophobicity was -0.003 (Table 2). The EiSD protein possessed
three potential glycosylation sites at positions N, N, and N,,.,, and four phosphorylation

125° 243’

sites, which included three serine phosphorylation sites (S,,,, S, and S,,;) and one

threonine phosphorylation site (T,,). The protein featured a single transmembrane
structure, highlighted in gray, and lacked a signal peptide (Fig. 1 and Table 2).

1 ATGGCTCCGAACGATAATTTAACAGCC
1 M APNDNILTA
28 GTTTTGTACGGAATTGAAGATATCCGCTTGGAACAACGTCCAATCCCTAAACCTAAAGAC
10 VLYGIEDTIRLES® QRPTIPEKTPZKTD
87 AATCAAGTTCTTCTACGAATGGAAGTCGTTGGAATTTGTGGTTCAGATGTCCATTATTTA
30 NQVLLRMEVVGICGSDVHYL
147 GTTAACGGCCGGATTGGTCCGTTTGTTGTAGAAAAACCCATGATTATCGGTCATGAAGCA
50 VNGRIGPFVVEZKPMITIGHEA
207 TCCGGTACGGTCGTCGAAGTTGGTAAAAATGTTCAACATTTAAAGCCGGGTGATCGTGTC
70 SGTITVVEVGKNVQHLTZ KPGDRY
267 GCTATTGAGCCTGGTGTTGGTTGTCGACAATGTAATTATTGTAAAGATGGTAGATACCAT
90 AT EPGVYGCRA QCNYTCKTDGRYH
327 CTATGCCCGGATATGGTATTCTGTGCCACACCGCCGGTTGATGGGAATTTATCGCGTTTT
110 LcPDMYVYFCATPPVDGNLSTR RTF
387 TACGTCCACGATGCCGATTTCTGTTACAAATTACCGGATAGTATGAGTCTGGAAGAGGGT
130 YVHDADFCYKLPDSMSILEES®G
447 GCTCTAATGGAACCATTAAGTGTTGGCGTGCATGCTTGTAAACGTTCCCATGTTAAAATC
150 ALMEPLSVGVHACKT RSHYKTI
507 GGTGATGTTGTTGTGATCTTTGGTGCTGGTCCAATTGGTCTTGTAACAATGTTGGCGGCC
170 GDVVVIFGAGPTIGLYTMLAA
567 CGAGCTATGGGCGCTTCAAAGATTCTCATCACTGATGTTATTGATGTTAAATTGCAAAAA
190 RAMGASKTILTITDVIDVIKTLA QK
627 GCTAAGGAGCTTGGTGTCGATTATGCATTGAAAATCGCACAACAAATGTCGGAACAAGAC
210 AKELGVYDYALZ KTAQQMSEA QD
687 ATAATTAATCAAATTAAACAATTATTGAATGACGAACCGAATGTTAGTATCGATTGTTCC
230 I I NQTI KQLLNDEPNVSTIDCS
747 GGTGCTGAATCATCTATACGAGTTGCTGTACAAGTTACAAAAACTGGTGGTGTTGTCACT
250 GAESSIRVAVQVTKTS®GGVVT
807 TTAGTTGGTATGGGTAAATTTGAGATAAACCTGCCTCTAGCGAGTGCTGTAATACGTGAA
270 LvVG6GMGKFETNLPLASAVIRE
867 GTTGATATACGAGGTGTTTTCCGTTATTGTAACGATTATCCAACATCAATTGAAATGGTA
290 VDIRGVYFRYCNDYPTSTIEMYV
927 CGAAGTGGTAAAGTCGATGTAAAACCATTAATAACACATCATTATAAAATCGAAGATACG
310 RSGKVYDVKPLTITHHYZKTIETDT
987 GTTAAAGCGTTCCATACAGCGAAAACTGGTGAAGGGAATCCGATCAAGATTTTAATCCAT
330 VKAFHTAKTGEGNPTZKTTLTH
1047 GCCAATCCCGATTGGAAGCCTTGA

350 ANPDWEKP *

Figure 1. Nucleotide and deduced amino acid sequences of EiSD.

A red single underline and an asterisk reiresents the start codon (ATG) and the termination codon (TAG,a bold single underline is the
glycosylation sites, the double underline is the phosphorylation sites, the shaded part is the transmembrane helix regions.
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Table 2. Physical and chemical properties of EiSD.

Item EiSD
Protein molecular formula C725H2765N47505055 54
Relative molecular mass (kDa) 38.9
Theoretical isoelectric point (pl) 6.42
Ala content (%) 6.5
Arg content (%) 4.2
Asn content (%) 3.9
Asp content (%) 6.5
Cys content (%) 2.8
GIn content (%) 3.1
Glu content (%) 5.3
Gly content (%) 8.4
His content (%) 3.1
lle content (%) 8.1
Leu content (%) 7.3
Lys content (%) 6.7
Met content (%) 3.1
Phe content (%) 22
Pro content (%) 5.9
Ser content (%) 4.5
Thr content (%) 3.7
Trp content (%) 0.3
Tyr content (%) 28
Val content (%) 1.5
Total number of negatively charged residues | 42
Total number of positively charged residues 39
Extinction coefficient 21025
Half-life (h) 30
Instability coefficient 28.72
Fat coefficient 100.11
Average hydropathicity coefficient -0.003

The hydrophobicity scores of the EiSD exhibited considerable variation across the
sequence, suggesting the presence of both hydrophobic and hydrophilic regions within
the structure. Specifically, the hydrophobicity values were notably positive between
amino acid positions 50 to 150, 250 to 350, and 450 to 550. In contrast, the values
were negative between positions approximately 150 to 250 and 350 to 450. The most
hydrophobic segment possessed a score of 2.3, whereas the least hydrophobic region
had a value of -2.178, indicating that the EiSD was predominantly hydrophilic (Fig.
2). The protein was predicted to contain a single transmembrane structure, which
categorized it as a transmembrane protein (Fig. 3). Phosphorylation-site prediction for
the EiSD revealed varying phosphorylation potential of serine, threonine, and tyrosine
across the protein sequence. Serine phosphorylation potential surpassed the set
threshold at numerous positions. Threonine and tyrosine also exceeded the threshold,
but less frequently than serine (Fig. 4). The cellular localization of the EiSD indicated
that it was predominantly situated in the mitochondria, accounting for 34.80% of its
distribution, followed by the cytoplasm at 30.40%, the Golgi apparatus at 13.00%,
and the endoplasmic reticulum at 8.90%. Additionally, the protein was found in the
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nucleus, extracellularly (including the cell wall), and within secretory system vesicles,
each representing 4.30% of its distribution (Fig. 5).
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Protein Structure Analysis of EiSD

The secondary structure of the EiSD was predicted using the online software
SOPMA, which revealed that the protein was largely composed of random coils,
accounting for 62.64% of the total amino acid chain. Moreover, a-helices contributed
12.64%, while extended strands comprised 24.72% of the structure (Fig. 6). The
tertiary structure of the EiSD protein was modeled using SWISS-MODEL. For 3D
modeling was Curculio ferrugineus (Olivier) (SMTL ID: AOA834IPY3.1.A) served as
the reference protein, and the predicted global model quality was estimated at 0.97,
indicating a high degree of reliability in the structure prediction (>0.8). The sequence
identity between the EiSD and the reference protein was 71.07% (Fig. 7).
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Figure 6. Prediction of secondary structure of EiSD proteins. Purple line: random coil; Red line: extension
chain; Blue line: a-helix.

Figure 7. Prediction of the tertiary structure of EiSD proteins.

Comparative homology and phylogenetic analysis of EiSD

The amino acid sequence of EiSD from E. impressicornis was compared with SD
sequences from S. oryzae, D. ponderosae, O. taurus, P. pyralis, L. decemlineata,
and T. castaneum. These SD homologs share 78.02% sequence identity, reflecting
a high degree of conservation. Insect SDs contain several conserved motifs, notably
DRLTAVLY, RLEQRP, VGICGSDVHY and IGHEA (Fig. 8). The NCBI database was
searched for EiSD amino acid sequences from 17 additional insects, encompassing
7 from the Coleoptera, 3 from Diptera, 2 from Hymenoptera, and 2 from the outgroup
Hemiptera. A neighbour-joining (NJ) phylogenetic tree was constructed from the EiSD
amino acid sequences (Fig. 9). The phylogenetic analysis revealed that Coleoptera,
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Diptera, Hymenoptera, and Hemiptera constituted a separate cluster, indicating a
significant level of conservation of the EiSD protein across these insect groups.
Within the Coleoptera order, E. impressicornis exhibited the closest evolutionary
relationship with T. castaneum. Both species were clustered together with S. oryzae,
D. ponderosae, and L. decemlineata, forming a well-supported clade. This group
was most distantly related to the outgroup Hemiptera, which was consistent with the

established insect taxonomic classifications.
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100 XP_030754708.1 Sitophilus oryzae SD

XP_019755864.1 Dendroctonus ponderosae SD
XP_023016450.1 Leptinotarsa decemlineata SD
XP_972368.1 Tribolium castaneum SD

Coleoptera
PV394100 Epicauta impressicornis SD®
XP_022913174.1 Onthopagus taurus SD

XP_017772746.1 Nicrophorus vespilloides SD

XP_031330097.1 Photinus pyralis SD

XP_019545495.1 Aedes albopictus SD

XP_011214660.1 Bactrocera dorsalis SD Diptera

99 XP_002070810.1 Drosophila willistoni SD

—99[ XP_003703421.1 Megachile rotundata SD
KOX77804.1 Melipona quadrifasciata SD

XP_032671793.1 Odontomachus brunneus SD

Hymenoptera
100 EZA47058.1 Ooceraea biroi SD

99 XP_029668491.1 Formica exsecta SD

| XP_025412223.1 Sipha flava SD Hemiptera
(Outgroup)

100 L—— XP_020346479.1 Acythosiphon pisum SD

Figure 9. Phylogenetic analysis of insect EiSD based on amino acid sequence.

(The values at the branch points represent the confidence of bootstrap values calculated from 1000 clustering iterations, with the point
labeled as the EiSD).

Expression Analysis of EiSD

The relative expression levels of EiSD exhibited variation across developmental
stages of E. impressicornis. We examined 4" instar larvae, 5" instar larvae, and pupae,
with samples collected at 24 h (L4-1, L5-1, P1), 48 h (L4-2, L5-2, P2), and 72 h (L4-3,
L5-3, P3). The expression pattern of EiSD showed an initial decrease followed by a
partial increase (Fig. 10). The expression level in the 5" instar larvae was significantly
lower compared with in 4" instar larvae and pupal stage (L, vs. L,/P: p < 0.05). The
expression of EiSD was lowest at 72 h in 5" instar larvae, highest at 24 h in 4" instar
larvae, and second highest at 72 h in pupal stage. There was a significant decline
in EiSD expression from 4" to the 5" instar larvae (L, vs. L,: p < 0.05), which then
started to rise upon pupation before gradually decreasing (Fig. 10).

The relative expression levels of the EiSD gene differed across various tissues in
the 5™ instar larvae of E. impressicornis. The thoracic region exhibited significantly
higher expression levels compared to other tissues (thorax vs. abdomen/fat body/
Malpighian tube/head: p < 0.05). Abdomen expression followed, but was significantly
lower than that in the thorax (abdomen vs. thorax: p < 0.05). EiSD expression in the
fat body and Malpighian tubules was intermediate, while the head showed the lowest
expression, with significant differences observed when compared to other tissues
(head vs. thorax/abdomen/fat body/Malpighian tubes: p < 0.05) (Fig. 11).

The relative expression levels of EiSD at five different temperature points (12, 18,
24, 30, and 36 °C) in 5" instar larvae showed significant changes. EiSD expression
reached its peak at 30 °C and was second highest at 24 °C, with notable increases
compared to 12, 18, and 36 °C (30°C vs. 12/18/36 °C: p < 0.05 and 24°C vs. 12/18/36
°C: p<0.05).At 12, 18, and 36°C, the expression levels of the EiSD gene were relatively
low, with no significant differences detected among these temperatures (Fig. 12).
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Figure 10. Expression of EiSD across developmental stages (4" instar larvae, 5" instar larvae, pupae) of
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Figure 12 Expression of EiSD in 5" instar larvae of E. impressicornis under varying temperatures.

DISCUSSION

Sorbitol is metabolized into glycogen via the enzyme sorbitol dehydrogenase,
which supplies energy for the diapause period in insects (Zhou, Yuan, Li, Liang, & Li,
2020; Zhao, Wang, Liu, & Torson, 2022). In the present study, we cloned the full-length
cDNA sequence of the sorbitol dehydrogenase gene (EiSD) from E. impressicornis.
Structural analysis revealed that the EiSD protein exhibits a typical transmembrane
domain and displayed hydrophilic characteristics with an average hydrophilicity score
of-0.003. It harbored a conserved domain, sorbitol_DH, which is a hallmark of sorbitol
dehydrogenase genes (Rubio et al., 2011). The protein also contains three potential
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N-glycosylation sites and four phosphorylation sites, which are likely to be instrumental
in the functional regulation of the protein (Wang, Wu, & Wang, 2006; Jagannadham,
Kameshwari, Gayathri, & Nagaraj, 2018).

Notably, the subcellular localization prediction indicates that the EiSD protein is
predominantly found in the mitochondria (34.8%) and cytoplasm (30.4%). Combined
with its high stability (half-life of 30 h) and moderate instability coefficient (28.72),
these characteristics suggest that it may play a significant role in energy metabolism
and cellular signal transduction (Zhou et al., 2023).The secondary structure analysis
of EiSD disclosed that it comprises 62.64% random coil, pointing to its high degree
of structural flexibility (Fredslund et al., 2016). The tertiary structure modeling of
EiSD showed that the protein shares 71.07% amino acid sequence identity with
C. ferrugineus, and it has a global model quality estimate of 0.97, which affirms its
evolutionary conservation. Phylogenetic analysis positioned EiSD within a distinct clade
with the SD from T. castaneum, separate from other Coleoptera SD sequences. SD
sequences from various insects —Coleoptera, Diptera, Hymenoptera, and Hemiptera
are clustered in accordance with their taxonomic affiliations, those from closely related
species positioned near each other, forming distinct clusters on the phylogenetic tree.
This finding indicated that SD sequences were highly conserved, and supported the
classification of insects into their traditional taxonomic groups (Zhou et al., 2023).

The analysis of developmental stage expression revealed that the expression level of
EiSD in 5" instar larvae was significantly lower compared with that in 4" instar larvae and
pupae, with the lowest expression occurring at 72h during the 5" instar larval stage. This
expression pattern indicated that sorbitol metabolism may serve as a crucial energy source
during the diapause stage (the 5" instar larval stage) of the flat-horned blister beetle (Liu
etal., 2016). The expression analysis of different tissues in the 5" instar larvae indicated
that the expression level of EiSD is highest in the thoracic tissue, which is consistent
with the thorax being the locomotor center of insects that demands substantial energy
supply (Sau, Dhillon, & Tanwar, 2024). The temperature response experiment on 5" instar
larvae demonstrated that EiSD expression peak at 30 °C, while it significantly decreased
at temperatures of 12, 18, 24, and 36 °C, showing a trend of decline as temperatures
move away from the optimal. This pattern was reminiscent of the temperature-dependent
sorbitol synthesis observed in Epiblema scudderiana (Clemens) larvae, further supporting
the notion that temperature was a key environmental factor regulating EiSD expression
(Zhou et al., 2023). Consequently, the diminished expression of EiSD could result in the
accumulation of sorbitol, other sugar alcohols, and glycerol, thus enhancing the insect’s
resilience under stress conditions (Kojic et al., 2018; Zhou, Yuan, Li, Liang, & Li, 2020;
Zhou et al., 2023). The expression pattern of the sorbitol dehydrogenase gene was closely
associated with developmental stages, distinct tissues, and environmental temperature,
reflecting its critical role in insect adaptation to temperature variations (Wang et al., 2013;
Pita, Rico-Porras, Lorite, & Mora, 2025). Nevertheless, the mechanisms by which EiSD
in 5" instar larvae of E. impressicornis mediates resistance to environmental-stress
resistance and sustains diapause-overwintering remain to be further elucidated using
RNA interference (RNAI) or gene-editing approaches.
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This study has successfully cloned the sorbitol dehydrogenase gene (EiSD) from E.
impressicornis. The protein encoded by this gene features characteristic transmembrane
domains and multiple sites for post-translational modification. Subcellular localization
prediction indicated that it is primarily situated in the mitochondria and cytoplasm. EiSD
demonstrates a high degree of conservation across Coleoptera insects. During the
5" instar larval stage, EiSD expression is low, with the highest levels observed in the
thorax. Additionally, its expression is reduced under both low-temperature (12 °C) and
high-temperature (36 °C) conditions. It is postulated that EiSD may contribute to the ability
of E. impressicornis to cope with the stress of low winter temperatures and extreme high
temperatures. The results of this study enhance the available research information on the
EiSD gene. While RT-qgPCR suggests EiSD involvement in stress adaptation, functional
studies (e.g., RNA interference) are needed to confirm its role in sorbitol metabolism.
Future studies will employ RNA interference (RNAi) or gene-editing techniques to perform
targeted functional analyses of the SD protein. This approach will facilitate a more precise
understanding of the mechanisms underlying the SD protein’s functions within the organisms.
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