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Simple Summary

Coptotermes formosanus is a destructive insect pest that harms landscape plants and wooden structures,
causing severe economic losses. At present, the control of termites mainly relies on chemical
pesticides, causing substantial environmental problems. In this study, we measured the active and
relative gene expression of antioxidant enzymes, detoxification enzymes and neural enzymes when
C. formosanus are exposed to AITC. We found that AITC can induce the activities of these enzymes
but the expression of related genes exhibits different levels. Molecular docking results showed that
AITC binds well to all the above enzymes. These results indicate that AITC induces both enzymatic
and transcriptional changes in C. formosanus, and could be developed into an environmentally
friendly agent for termite control.

Abstract

The Formosan subterranean termite, Coptotermes formosanus, is a globally distributed species that
feeds on lignocellulose and causes substantial economic losses annually. Current control strategy
heavily relies on chemical pesticides, raising concerns about environmental impacts associated with
their overuse. Allyl isothiocyanate (AITC), a plant-derived pesticide, has demonstrated significant
insecticidal activity. However, its effects on key physiological and biochemical systems in C.
formosanus remain poorly understood. In particular, its impact on antioxidant enzymes, including
superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD), detoxification enzymes such as
carboxylesterase (CarE), glutathione S-transferase (GST), and neural enzymes (e.g.,
acetylcholinesterase, AChE) has not been systematically investigated. Transcriptome data were used
to predict coding sequences (CDSs) of antioxidant, detoxification, and neural enzymes, followed by
phylogenetic analysis. C. formosanus was treated with AITC at LCs for 24 h, and enzyme activities
and gene expression levels were assessed. Molecular docking was performed to evaluate interactions
between AITC and the five enzymes. AITC exposure significantly increased the activities of all six
enzymes. Gene expression analysis revealed differential regulation across enzyme families, with
notable upregulation of AChE and several CarE, SOD, POD, and GST genes. Docking analysis
indicated favorable binding affinity to target enzymes (binding energy < -1.2 kcal/mol). These
findings suggest that AITC induces coordinated enzymatic and transcriptional responses in C.
formosanus, providing insight into its mode of action and supporting its potential as a botanical
termiticide with low environmental impact.

Keywords: allyl isothiocyanate; acetylcholinesterase; antioxidant enzymes; detoxification enzymes;
molecular docking
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1. Introduction

Coptotermes formosanus (Blattodea: Heterotermitidae) is a eusocial insect species with a
remarkable capacity for efficient lignocellulose degradation and utilization [1,2]. It exhibits strong
dispersal ability and environmental adaptability, causing severe damage to wooden structures and
resulting in substantial economic losses annually [3]. Moreover, its potential distribution is projected
to expand under ongoing climate change [4]. Current termite control strategies rely heavily on
chemical pesticides, including pyrethroids, neonicotinoids, organofluorines, and insect growth
regulators [5]. However, the widespread application of these chemicals in buildings and soil raises
concerns about environmental contamination and risks to human health.

Botanical insecticides have garnered increasing attention in recent years due to their
biodegradability, diverse modes of action, and reduced risk of resistance development [6]. Numerous
plant-derived compounds, particularly essential oils and their constituents, exhibit strong insecticidal
and repellent activities against termite species. For example, essential oils from Cunninghamia konishii
and Cryptomeria japonica, as well as their major components, have demonstrated significant toxicity
to Coptotermes formosanus [7,8]. Similarly, compounds such as 1,8-cineole from Eucalyptus
camaldulensis show fumigant toxicity and can inhibit acetylcholinesterase activity, suggesting
neurotoxic effects [9]. In addition to essential oils, isothiocyanates represent another important class
of plant-derived bioactive compounds. Allyl isothiocyanate (AITC), a secondary metabolite
produced by cruciferous plants upon tissue damage, has demonstrated potent insecticidal activity
against a wide range of insect pests [10-13]. Previous studies have shown that AITC can alter
detoxification and antioxidant enzyme activities and may target key metabolic pathways, such as
cytochrome c oxidase [14]. However, the underlying mechanisms remain insufficiently understood,
particularly in termites.

In insects, antioxidant enzymes including superoxide dismutase (SOD), catalase (CAT), and
peroxidase (POD) play essential roles in mitigating oxidative stress by scavenging reactive oxygen
species generated under environmental and chemical challenges. These enzymes are critical for
maintaining cellular homeostasis and protecting tissues from oxidative damage [15-17,47]. In parallel,
detoxification enzymes such as cytochrome P450s, carboxylesterases (CarEs) and glutathione S-
transferases (GSTs) are involved in the metabolism and elimination of xenobiotic compounds,
including insecticides, thereby contributing to insect survival and tolerance to toxic exposure [18-21].
Acetylcholinesterase (AChE) terminates cholinergic neurotransmission by hydrolyzing acetylcholine
(ACh), thereby restoring synaptic function. As a member of the clade of esterases, AChE plays a
central role in neural transmission and is a well-established target of insecticides that disrupt nervous
system activity [20, 22]. Given the central roles of antioxidant enzymes, detoxification systems, and
AChE in maintaining physiological homeostasis and mediating responses to toxic exposure, these
pathways may represent key targets of AITC action.

Molecular docking is a computational approach that identifies potential bioactive compounds
by screening target protein models. After quality evaluation, these templates are computationally
docked with ligand molecules and binding energies are calculated to screen for substances likely to
regulate biological behavior [23-24]. With the rapid development of bioinformatics, molecular
docking has been widely applied in pest control research. For instance, molecular docking results
indicated that caryophyllene oxide, a major component of citronella essential oil, exhibits inhibitory
potential against insect a-amylase [25]. Additionally, molecular docking suggests that the bioactivity
of turmeric essential oil against pests may be related to its interaction with AChE [26].

Among molecular docking tools, CB-Dock enables blind docking of protein-ligand complexes
by integrating cavity detection, automated docking, and homologous template fitting, effectively
predicting the three-dimensional structures of proteins and ligands along with their binding sites and
affinities [27]. Its upgraded version, CB-Dock2, further incorporates template-based docking
strategies, significantly improving the accuracy of binding site identification and binding pose
prediction. Benchmark tests demonstrated that CB-Dock2 achieves a success rate of approximately
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85% in predicting binding poses (RMSD < 2.0 A), outperforming the original CB-Dock and most
mainstream blind docking tools [28].

Our previous study determined the fumigation toxicity of AITC against C. formosanus, with an
LCso of 435.993 pL/L under laboratory conditions [29]. In this study, the effects of AITC at the LCs
level on the activities and gene expression of antioxidant enzymes, detoxification enzymes, and
acetylcholinesterase (AChE) in C. formosanus were investigated. In addition, molecular docking was
performed to evaluate the potential interactions between AITC and these enzymes, including binding
sites, binding affinities, and key amino acid residues. This study aims to elucidate the biochemical
and molecular responses of C. formosanus to AITC exposure and to provide insights into its potential
mode of action, thereby contributing to the development of sustainable termite control strategies.

2. Materials and Methods

2.1. Insects Collection and Maintenance

A colony of C. formosanus was collected from Huazhou City (Guangdong Province, China)
(21.66°N, 110.64°E) in February 2024. The colony was subsequently maintained in the laboratory for
one week in a plastic box (18 cm x 10 cm x 10 cm) at 28 +1 C, 75 + 5% relative humidity (RH) and a
24:0 h (dark: light) before conducting enzyme activity and gene expression assays. All experiments
were conducted in an environmental chamber (PRX-350B, Plant Instrument Co., Ltd., Ningbo,
China). Water and filter paper were utilized as a food source.

2.2. Exposure of C. formosanus to AITC at LCso

A total of 1,200 worker termites (C. formosanus) were randomly divided into six groups, with
three groups serving as controls (CK: C1, C2, C3) and the other three as AITC-treated groups (AT:
A1, A2, A3). The AITC (99.99%) used was purchased from Yeyuan Biotechnology Co., Ltd (Shanghai,
China). n-hexane (99.99%, Macklin Biochemical Co., Ltd., Shanghai, China) was served as the solvent
for AITC dilution and the control treatment. Termites in the AT groups were exposed to AITC at LCsp
concentration (435.993 uL/L), whereas those in the CK groups received an equal volume of n-hexane.
A PRX-350B Intelligent Artificial Climate Chamber (Plant Instrument Co., Ltd., Ningbo, China) was
used for termite rearing. After 24 h of exposure, surviving individuals were immediately frozen in
liquid nitrogen and stored at -80 °C for subsequent enzyme activity assays and gene expression
analysis.

2.3. Enzyme Activity Assays

Surviving worker termites from each group (C1, C2, C3, Al, A2, A3) after 24-hour treatment
were selected for enzyme activity determination. For each replicate, 150 termites were pooled,
weighed, and homogenized in ice-cold extraction buffer (e.g., [provide composition, such as 0.1 M
phosphate buffer, pH 7.0, containing 0.1 mM EDTA]) according to the manufacturer’s instructions.
The homogenate was centrifuged at 8,000 x g for 10 min at 4 °C, and the supernatant was collected as
the crude enzyme extract and kept on ice until analysis. Enzyme activity assay kits for
acetylcholinesterase (AChE [ZC-S0384]), carboxylesterase (CarE [ZC-50387]), glutathione S-
transferase (GST [ZC-S0333]), catalase (CAT [ZC-S0351]), peroxidase (POD [ZC-S0352]), and
superoxide dismutase (SOD [ZC-50350]) were supplied by ZCIBIO Technology Co., Ltd (Shanghai,
China). Total protein concentration in the enzyme extracts was determined using the Bradford
method, and enzyme activities were normalized to protein content.

Enzyme activities were determined using an MD-SpectraMax 190 multi-mode microplate reader
(Molecular Devices Co., Ltd., Shanghai, China) according to the manufacturers’ instructions for the
corresponding assay kits. Absorbance was recorded at 450 nm for SOD and CarE, 470 nm for POD,
240 nm for CAT, 340 nm for GST, and 412 nm for AChE. Enzyme activity units were defined
according to the kit protocols as follows: SOD, the amount of enzyme causing 50% inhibition in the
xanthine oxidase-coupled reaction; POD, the amount causing a 0.005 absorbance change per minute;
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CAT, the amount catalyzing the degradation of 1 nmol H,O, per minute; GST, the amount catalyzing
the conjugation of 1 umol 1-chloro-2,4-dinitrobenzene (CDNB) with glutathione (GSH) per minute;
CarE, the amount resulting in an absorbance increase of 1.0 per minute; and AChE, the amount
catalyzing the formation of 1 nmol 5-thio-2-nitrobenzoic acid (TNB) per minute. Enzyme activities
were expressed as U/g fresh weight or nmol/min/g (AChE).

2.4. CDS Identification and Phylogenetic Analysis

We predicted CDS of the transcriptome data using a homology-based approach [29]. Transcript
sequences were first aligned sequentially against the Swiss-Prot and NR protein databases using
BLAST-X [30], and coding regions were inferred based on the best significant alignments. Based on
the predicted CDSs, sequences corresponding to antioxidant and detoxification enzymes, including
SOD, CAT, POD, CarE, GST, and AChE were identified and extracted. These sequences were
subsequently used for phylogenetic analysis. The predicted CDSs were translated to amino acid
sequences. Homologous protein sequences were retrieved from the NCBI database and used for
phylogenetic tree construction. The accession numbers and full names of all sequences are provided
in Supplementary Table 1. Phylogenetic tree analysis was performed using MEGA 11 software [31].
Amino acid sequences were aligned, and phylogenetic trees were constructed using the Neighbor-
Joining method [32]. The robustness of the tree topology was evaluated using bootstrap analysis with
1000 replicates [33], and bootstrap support values are indicated at the nodes. Evolutionary distances
were computed using the p-distance method [34]. All other parameters were set to default values.

2.5. RNA Isolation, cDNA Synthesis, and RT-gPCR

Surviving C. formosanus workers from each group after 24-hour AITC exposure were collected
for RNA extraction. For each sample, approximately 0.1 g of termite tissue was ground into fine
powder in liquid nitrogen. Total RNA was extracted using a commercial RNA extraction kit (Herui
Biotechnology Co., Ltd.,, Fuzhou, China) according to the manufacturer’s instructions. RNA
concentration was measured using a BioDrop pLite Ultra low volume spectrometer (BioDrop Ltd.,
Cambridge, UK). cDNA was synthesized using OneStep gDNA Removal and reverse transcription
kit (Herui Biotechnology Co., Ltd., Fuzhou, China) according to the manufacturer’s instructions.
Reverse transcription was performed in a Thermal Cycler (Mona Biotechnology Co., Ltd., Suzhou,
China) using total RNA as the template under the following conditions: 42 °C for 15 min, followed
by 85 °C for 10 sec. The synthesized cDNA was stored at -20 °C for subsequent RT-qPCR analysis.
Based on the predicted CDS and phylogenetic analysis, specific primers were designed for AChE,
CarE, GST, CAT, POD, and SOD. The 185 rRNA gene was used as the internal reference gene [35]
(Table S2).

RT-qPCR was performed on a Gentier 96R Automated Medical PCR Analysis System (Tianlong
Technology Co., Ltd., Xian, China) using HRbio qPCR SYBR Green Master Mix (No Rox) (Herui
Biotechnology Co., Ltd., Fuzhou, China) following the manufacturer’s protocol. The amplification
program consisted of an initial denaturation at 95 °C for 5 min, followed by 40 cycles of denaturation
at 95 °C for 10 s, annealing at 58 °C for 20 s, and extension at 72 °C for 20 s. A melt curve analysis was
subsequently performed at 95 °C for 1 min, 60 °C for 15 s, and 98 °C for 5 s. The total reaction volume
was 20 uL and consisted of 1 uL of 0.4 pL cDNA, 10 pL of qRT-PCR SYBR Green Master Mix, 0.4 puL
forward primers, 0.4 uL reverse primers (Table S1), and 8.8 uL. ddH:O. Relative gene expression
levels were calculated using the 2-24Ct method [36]. Three biological replicates were performed, each
with three technical replicates.

2.6. Molecular Docking

Amino acid sequences were translated from the predicted CDSs using the standard codon table,
excluding sequences containing stop codons or incomplete open reading frames. The translated
sequences were aligned with homologous reference sequences retrieved from the NCBI GenBank
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database using ClustalW with default parameters. For each target enzyme family, the sequence most
significantly induced by AITC was selected as the representative for molecular docking. The selected
sequences were submitted to the SWISS-MODEL server (https://swissmodel.expasy.org/) to predict
three-dimensional (3D) protein structures using homology modeling with templates from the Protein
Data Bank (PDB)[37]. Meanwhile, the 3D structure of AITC was downloaded from the PubChem
(https://pubchem.ncbi.nlm.nih.gov/) database in PDB format. The predicted protein models and the
AITC structure were uploaded to the CB-Dock2 server (http://clab.labshare.cn/cb-dock2/) for
molecular docking, with automatic detection of binding pockets and default parameters. The docking
conformation with the lowest binding energy was selected as the optimal binding mode for
subsequent analysis.

2.7. Statistical Analysis

Data on enzyme activities and relative gene expression levels among different groups were
analyzed using GraphPad Prism 8.0.2 software (GraphPad Software, USA). Differences between
groups were assessed using Student’s ¢ tests or nonparametric tests when assumptions of normality
were not met. Statistical significance was set at P < 0.05.

3. Results

3.1. AITC Exposure at LCs0o Enhances Acetylcholinesterase, Detoxification, and Antioxidant Enzyme
Activities in C. formosanus

To elucidate the effects of AITC at LCso on antioxidant, detoxification, and acetylcholinesterase
activities in C. formosanus, these enzyme activities were measured in termites exposed to n-hexane
(control, CK) or LCso of AITC (AT). Relative to the control, treatment with 435.993 uL/L AITC
significantly increased the activities of all enzymes tested, including AChE, CarE, GST, CAT, POD,
and SOD. Specifically, the antioxidants CAT, POD, and SOD were 43%, 31%, and 40% higher than
those in the control group, respectively. The activities of detoxification enzymes GST and CarE
increased by 64% and 59%, respectively, compared with the control. Acetylcholinesterase (AChE)
activity was 44% higher than that of the control (Fig. 1).
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Figure 1. Effects of the LCso of AITC on enzyme activities in C. formosanus. Enzymatic activities were measured
in termites treated with either AITC (red bar) or n-hexane (blue bar). Data are presented as the mean+SD (n=3).
Statistical significance between the AITC-treated group and the control group was determined by student’s ¢
tests (and nonparametric tests). *p < 0.05, **p < 0.01 and ***p < 0.001 indicate significant difference; NS, not

significant.

3.2. Comparative Phylogenetic Analysis of Key Enzymes in C. formosanus and Other Insects

In this study, we identified 20 genes encoding targeting enzymes based on CDS prediction from
our previous transcriptome [29]. Phylogenetic trees were constructed to analyze the homology
relationships of six functional gene families (AChE, CarE, CAT, GST, POD, and SOD) in the C.
formosanus and other insects (e.g., Cryptotermes secundus, Zootermopsis nevadensis) (Table S1). And, we
systematically named and classified the target genes based on their evolutionary relationships,
providing a relatively standardized nomenclature system for related genes in C. formosanus (Fig. 2 A-
F). The results showed that the CarE genes of C. formosanus were divided into two categories:
venomous CarE and -EST. The GST genes mainly belonged to the Sigma and Omega subfamilies,
while the POD genes were classified into TPx and POD groups. The SOD genes clustered into an
independent clade, forming a unique group distinct from those of other species. In addition, only one
type of AChE and CAT gene was identified.
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Figure 2. Phylogenetic relationships of targeting enzymes in C. formosanus and other insect species. Phylogenetic
trees were constructed for six target gene families of C. formosanus: (A) AChE, (B) CarE, (C) GST, (D) CAT, (E)
POD, and (F) SOD. Sequences of our C. formosanus (marked with red triangles) were aligned with homologous

sequences from other insects (e.g., Cryptotermes secundus, Zootermopsis nevadensis).
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3.3. AITC Exposure at LCso Enhances Gene Expression in C. formosanus

To elucidate the effects of AITC on the gene expression in C. formosanus. We determined the
relative expression levels of genes encoding these enzymes in termites treated with either n-hexane
(control) or a LCsoof AITC (Fig. 3). Among these 20 genes, 10 genes were upregulated (Cf AChE, Cf b-
EST, CfGST O1, Cf GST S1, Cf POD, Cf TPx, Cf TPx X1, Cf SOD X2, Cf SOD X3, Cf SOD X4), 4 genes
were downregulated (Cf Venom CarE-6, Cf GST S2, Cf SOD1, Cf SOD2), and the remaining 6 genes
showed no significant changes (Cf GST U, Cf GST U1, Cf CAT X2, Cf CAT X1, Cf Cu-ZnSOD, Cf SOD
X5). Excluding the CAT family, the most highly induced genes in each enzyme family were Cf AChE,
Cf b-EST, Cf GST O1, Cf TPx X1, and Cf SOD3. Among them, Cf SOD3 exhibited the strongest
upregulation, with its expression level increasing to 660% of the control. Notably, genes encoding
GST, CarE, and SOD exhibited distinct subtype-specific expression patterns, indicating functional
differentiation among different isoforms during AITC metabolism.
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Figure 3. Effects of AITC at LCso on the gene expression of target enzymes in Coptotermes formosanus. Enzymatic
gene relative expression levels were measured in termites treated with either AITC (blue bar) or a control
solution (yellow bar). Data are presented as the mean+SD (n=9). Statistical significance between the AITC-treated
group and the control group was determined by Student’s ¢ tests (and nonparametric tests). *p < 0.05, **p < 0.01

and ***p < 0.001 indicate significant differences; NS, not significant.

3.4. Molecular Docking Analysis of AITC with Key Enzymes in C. formosanus

Based on the enzyme activity assays and gene expression results, all tested enzymes showed
significant induction following AITC exposure except CAT. In particular, Cf AChE, Cfb-EST, GSTO1,
Cf TPx, and Cf SODX3.exhibited the highest levels of induction within their respective enzyme
categories. To further explore their potential roles in the response to AITC, we analyzed the
interactions between AITC and these proteins by examining their predicted three-dimensional
structures and binding affinities through molecular docking. The molecular docking was performed
using CB-Dock2, and their binding energies were calculated. In the visualization, the interactions
between AITC and specific amino acid residues of the enzyme could be observed (Fig. 4, A-E). The
three-dimensional structure of AITC and its binding site within the enzyme were clearly illustrated
(Fig. 4, A1-E1). From the perspective of binding energy, AITC exhibited negative binding energies
with all tested enzymes (Table 1). The binding energy values increased in the order: Cf AChE < Cf
GSTO1 = Cf SODX3 < Cf TPx < Cf b-EST, indicating spontaneous binding. All binding energies were
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below —1.2 kcal/mol, suggesting favorable interactions between AITC and these enzymatic targets

[38].
Table 1. Docking binding energies of AITC with corresponding enzymes.
Enzyme Vina score (kcal/mol)
Cf AChE -3.5
Cf b-EST 2.9
Cf GST O1 -3.4
Cf TPx -3.2
Cf SODX3 -3.4
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Figure 4. Molecular docking of AITC with selected target enzymes in selected target enzymes in C. formosanus.
(Interactions with amino acid residues within the active pocket (A-E) Binding active site (A1-E1)). A: Cf AChE,
B: Cf b-EST, C: GST O1, D: Cf TPx, E: Cf SODX3. The interactions between AITC and the target proteins,
including hydrogen bonds (blue), weak hydrogen bonds (light blue), hydrophobic interactions (gray), and ionic
interactions (yellow), pi-pi stacking (green) (A1-E1).

4. Discussion

Under adverse stress conditions, insects activate physiological defense systems, including
detoxification and antioxidant systems, to maintain homeostasis [15, 16]. Among these, superoxide
dismutase (SOD), peroxidase (POD), and catalase (CAT) constitute the primary protective enzyme
systems, functioning coordinately to regulate reactive oxygen species (ROS) and mitigate oxidative
damage. SOD catalyzes the dismutation of superoxide anion radicals to generate hydrogen peroxide
(H205), which is subsequently decomposed into water and oxygen by CAT and POD, thereby
maintaining cellular redox balance [39-41]. In this study, the activities of SOD, POD, and CAT were
significantly elevated in the AT group compared to the CK group, indicating that AITC induced
oxidative stress in C. formosanus. The coordinated upregulation of these enzymes suggests an
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adaptive response to increased ROS levels, helping to alleviate oxidative damage. Similar responses
have been reported in other insects under insecticide stress. For instance, in Trichogramma ostriniae,
significant increases in the activities of SOD, POD, and CAT were observed after exposure to lambda-
cyhalothrin [42]. At the transcriptional level, several antioxidant-related genes, Cf POD, Cf TPx, and
Cf TPx X1 were significantly upregulated, consistent with the observed increases in enzyme activities.
In contrast, Cf CAT genes did not show significant differences, suggesting that the elevated CAT
activity may be regulated at the post-transcriptional level or enzymatic level. The expression patterns
of SOD-related genes were more variable, with some isoforms upregulated and others
downregulated or unchanged. Notably, several Cf SOD genes showed increased expression
following AITC exposure, indicating their potential involvement in the oxidative stress response.
These results suggest that different SOD isoforms may play distinct roles in mediating the response
of C. formosanus to AITC. Consistent with this, molecular docking analysis showed that AITC
exhibited favorable binding affinities with Cf SODX3 protein, suggesting potential interactions
between AITC and SOD. Together, these findings support the involvement of SOD in the termite’s
response to AITC-induced stress, although the relative contribution of specific isoforms requires
further investigation.

CarE and GST are key detoxification enzyme systems involved in the metabolism of xenobiotics
in insects [20, 21]. In the present study, both CarE and GST activities were significantly increased
following AITC exposure, indicating activation of the detoxification pathway in C. formosanus. The
elevated GST activity suggests enhanced conjugation of toxic compounds with glutathione,
facilitating their detoxification and excretion, while increased CarE activity may contribute to the
hydrolysis of AITC or its derivatives. These results suggest that CarE and GST play important roles
in the detoxification response of termites to AITC stress. This finding aligns with the common
response patterns observed in various insect species under insecticide stress. For instance,
Ruttanaphan et al. observed that sublethal concentrations of cypermethrin significantly enhanced the
activities of CarEs and GSTs in field populations of Spodoptera litura [43]. Similarly, Li et al. reported
that exposure to sublethal concentrations of abamectin, chlorpyrifos, and phoxim induced a marked
increase in GST activity in Nilaparvata lugens [44]. At the transcriptional level, the two CarE genes (Cf
b-EST and Cf venomCarE-6) showed differential expression, with Cf b-EST upregulated and Cf
venomCarE-6 downregulated. Despite this contrasting pattern, overall CarE enzyme activity
increased, suggesting that different CarE isoforms may contribute unequally to the detoxification
response and that regulation may occur beyond the transcriptional level. For GSTs, expression
patterns also varied among isoforms. Cf GSTO1 and Cf GSTS1 were significantly upregulated,
whereas Cf GSTS2 was downregulated, and Cf GST U and Cf GST U1 showed no significant change.
These results indicate that GST isoforms are differentially regulated in response to AITC exposure.

Acetylcholinesterase (AChE) plays a critical role in cholinergic synaptic transmission by
hydrolyzing acetylcholine (ACh), thereby terminating nerve impulses and maintaining normal
neural functions [45]. In this study, AITC exposure significantly elevated AChE activity and
upregulated Cf AChE expression in C. formosanus. This response may reflect a compensatory or
adaptive mechanism to maintain neural homeostasis under chemical stress, rather than direct
inhibition of AChE activity. Unlike classical neurotoxic insecticides that inhibit AChE, the observed
increase in AChE activity suggests that AITC may not act as a typical AChE inhibitor. However,
molecular docking results indicate that AITC has the potential to interact with AChE, suggesting
possible modulation of enzyme function. Further biochemical and kinetic studies are needed to
determine whether AITC directly affects AChE activity or indirectly influences cholinergic signaling
pathways.

5. Conclusion

In summary, this study provides a comprehensive analysis of the response of C. formosanus to
AITC at the physiological, transcriptional, protein, and molecular levels, integrating enzyme activity
assays, phylogenetic characterization, gene expression analysis, and molecular docking. The results
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indicate that antioxidant and detoxification systems play important roles in the termite’s response to
AITC exposure. These findings offer a foundation for future studies, such as functional validation of
key genes (e.g., via RNA interference) and further investigation into the interactions between AITC
and target proteins. Meanwhile, the molecular docking results provide preliminary insights that may
inform future optimization of AITC-based compounds. Overall, this study contributes to a better
understanding of the mechanisms underlying AITC response and supports the development of
environmentally friendly strategies for termite control.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Table S1 lists the sequences used for phylogenetic tree construction. Table S2

contains the gPCR primers.
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