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ABSTRACT

Plutella xylostella (L.) is a major pest of cruciferous crops and has developed resistance to several conventional
insecticides, partly due to enhanced detoxification mechanisms involving mixed-function oxidases (MFOs),
particularly cytochrome P450 enzymes. Essential oil (EO) constituent compounds are promising botanical
insecticidal agents; however, their interactions with detoxification enzymes remains limited. The present study
investigated the potential interactions of selected EO constituent compounds with cytochrome P450 of P.
xylostella using an in silico molecular docking approach. The cytochrome P450 protein sequence (NCBI
accession no. XP_082886576.1) was modelled using SWISS-MODEL and validated through Ramachandran
plot analysis. The validated protein model was used for molecular docking with selected EO constituents using
PyRx with AutoDock Vina, and ligand—protein interactions were subsequently analysed using BIOVIA
Discovery Studio Visualizer. All tested compounds showed favourable binding with cytochrome P450, with
binding affinities ranging from —5.2 to —6.2 kcal mol™. Among the tested compounds, citral exhibited the
strongest predicted binding affinity (—6.2 kcal mol™), followed by eugenol (—5.9 kcal mol™), while D-limonene
showed the weakest binding (—5.2 kcal mol™).

KEYWORDS: Plutella xylostella, cytochrome P450, molecular docking, binding affinity, Essential oil
compounds.

INTRODUCTION

Plutella xylostella (L.) (Lepidoptera: Plutellidae), commonly known as the diamondback moth (DBM)), is one of
the most destructive insect pests of cruciferous crops worldwide (Paudel et al., 2022). Its short generation time,
high reproductive potential, and continuous exposure to insecticides have contributed to the development of
resistance to several groups of conventional insecticides, making its management increasingly difficult
(Banazeer et al., 2022; Shehzad et al., 2023). Consequently, there is growing interest in safer and more
sustainable alternatives, including essential oils (EOs) and their bioactive constituents. EOs are complex
mixtures of volatile secondary metabolites, mainly comprising monoterpenes, sesquiterpenes, phenylpropanoids,
and other aromatic compounds (Ben Miri, 2025). Several EO constituents have demonstrated insecticidal,
repellent, antifeedant, and growth-inhibitory activities against DBM (Liu et al., 2022; Cao et al., 2019). Their
insecticidal effects may involve interference with the nervous system, disruption of metabolic processes,
inhibition of detoxification enzymes, and alteration of other physiological functions. Among the major
detoxification enzymes in insects, mixed-function oxidases (MFOs), particularly cytochrome P450
monooxygenases, play an important role in the metabolism and detoxification of endogenous and exogenous
compounds (Esteves et al., 2021; Chakraborty et al., 2023). Enhanced activity or expression of cytochrome
P450 enzymes is also associated with the development of insecticide resistance in DBM. Therefore, interaction
of botanical compounds with cytochrome P450 may provide important insights into their possible effects on
insect detoxification mechanisms.

Molecular docking is a useful in silico approach for predicting the binding affinity and interaction patterns
between bioactive compounds and target proteins (Agu et al., 2023; Agamah et al., 2020). It provides
information on binding energies, interacting amino acid residues, and the types of molecular interactions
involved, thereby helping to identify potential ligand—protein interactions at the molecular level. Such analysis
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can complement experimental studies and assist in understanding the possible mechanisms underlying the
insecticidal activity of EO constituents.

Despite the reported insecticidal potential of several EO constituents against DBM, information on their
molecular interactions with detoxification enzymes such as MFOs remains limited. Therefore, the present study
was undertaken to investigate the molecular interactions of selected EO constituent compounds with the
cytochrome P450 enzyme of DBM using molecular docking. The study aimed to compare their predicted
binding affinities, identify key amino acid residues involved in ligand binding, and characterize the major
intermolecular interactions, thereby providing insights into their potential interaction with the detoxification
machinery of DBM.

MATERIALS AND METHODS

EO constituent compounds

Eight EO compounds were used for docking studies. The list of EO constituent compounds selected for docking
studies is presented in Table 1.

Ligand preparation

The three-dimensional structures of the selected EO constituent compounds were obtained from the PubChem
database in 3 SDF format. The structures were converted to PDB format and imported into PyRx for ligand
preparation. The ligands were energy-minimized using the Universal Force Field (UFF), and appropriate
hydrogen atoms and partial charges were assigned. The prepared ligands were subsequently converted into the
required docking format for molecular docking.

Macromolecule/protein preparation

The FASTA sequence of the target cytochrome P450 protein of DBM was retrieved from the NCBI Protein
database using the accession number XP_082886576.1. The retrieved amino acid sequence was submitted to the
SWISS-MODEL server for three-dimensional homology modelling. The resulting protein model was
subsequently evaluated for structural quality using a Ramachandran plot. The model was considered suitable for
subsequent molecular docking based on the distribution of residues in the favoured, allowed, and disallowed
regions of the Ramachandran plot. The validated three-dimensional protein structure was then used as the
receptor for molecular docking studies with the selected essential oil constituent compounds.

In silico molecular docking

Molecular docking was performed using PyRx software with AutoDock Vina to investigate the binding
interactions between the selected essential oil constituent compounds and the modelled cytochrome P450
protein of DBM. The validated three-dimensional protein structure was imported into PyRx and prepared as the
macromolecular receptor, while the selected EO constituents were prepared as ligands. The protein was kept
rigid, whereas the ligands were treated as flexible during docking. A grid box was defined to encompass the
selected binding region of the cytochrome P450 protein. AutoDock Vina was used to generate multiple binding
poses for each ligand and to estimate their binding affinities. The docking poses were ranked according to their
binding energy (kcal mol™), with more negative values indicating stronger predicted binding affinity.

RESULTS

Ramachandran plot analysis of modelled protein

The cytochrome P450 protein was modelled using SWISS-model and shown in Fig 1. Ramachandran plot
analysis of the modelled cytochrome P450 protein showed that 96.52% of the residues were located in the
favoured regions, 3.26% in the allowed regions, and only 0.22% in the disallowed region, indicating good
stereochemical quality of the predicted protein model (Table 2, Fig 2).

In silico molecular docking

All tested compounds showed favourable binding with the modelled cytochrome P450 protein, with binding
affinities ranging from —5.2 to —6.2 kcal mol™ (Table 3). Among the tested compounds, citral exhibited the
strongest predicted binding affinity (—6.2 kcal mol™), followed by eugenol (—5.9 kcal mol™). Eucalyptol and p-
cymene showed comparable binding affinities of —5.7 kcal mol™!, whereas a-pinene, B-pinene, and y-terpineol
exhibited binding affinities of —5.3 kcal mol™. D-limonene showed the weakest binding affinity (5.2 kcal
mol™) among the tested compounds. The 2D and 3D docking structures are depicted in Fig 3.

DISCUSSION

The present molecular docking analysis demonstrated that the selected EO constituent compounds exhibited
favourable interactions with the modelled cytochrome P450 of DBM, with predicted binding affinities ranging
from —5.2 to —6.2 kcal mol™. The variation in binding affinity among the compounds indicates differences in
their ability to interact with the cytochrome P450 binding region, which may be related to differences in their
molecular structure, functional groups, and hydrophobicity. Among the tested compounds, citral showed the
strongest predicted binding affinity (—6.2 kcal mol™), followed by eugenol (—5.9 kcal mol™). These results
suggest that both compounds may have a comparatively greater propensity to interact with the target protein
than the other tested constituents. Similarly, Gaire et al. (2021) reported tha EOs inhibited cytochrome P450
activity in deltamethrin-resistant bed bug populations, supporting the potential of EOs to interfere with insect
detoxification mechanisms. Moustafa et al. (2023) provided further evidence for the interaction of citral with
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cytochrome P450, reporting that citral formed interactions with cysteine (CYS345) and histidine (HIS343)
residues of the enzyme. The authors suggested that interaction with cytochrome P450 may represent one of the
mechanisms underlying the insecticidal activity of Cymbopogon citratus EO and citral against Spodoptera
littoralis. Likewise, several studies have shown inhibition and modulation of detoxification enzymes by plant
EOs and their components (Rizvi et al., 2018; Chauhan et al., 2022; Abdelaal et al., 2021).

CONCLUSION

The molecular docking analysis demonstrated that the selected EO constituent compounds exhibited favourable
interactions with cytochrome P450 of DBM. Among the tested compounds, citral showed the strongest
predicted binding affinity (—6.2 kcal mol™), followed by eugenol (5.9 kcal mol™), and both formed multiple
interactions with key amino acid residues of the target protein. These findings suggest that citral and eugenol
may have greater potential to interact with the cytochrome P450-mediated detoxification system of DBM.
Authors contribution

KS conducted the extensive literature review and contributed to the conceptualization, methodology, validation,
formal analysis, investigation, and preparation of the original draft. TA, MM, and SV assisted with literature
collection, provided supervision and resources, and reviewed the original draft. SA, SVK and PM contributed
substantially to manuscript drafting and critical revision. All authors have read and approved the final version of
the manuscript.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge the Department of Agricultural Entomology, TNAU, Coimbatore, India, for
their valuable support throughout the course of this study.

Funding

This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-
profit sectors.

Declarations

Consent for Publication We confirm that the manuscript has been read and approved by all named authors.
Conflict of Interest The authors declare no conflict of interest.

REFERENCES

1. Abdelaal, K., Essawy, M., Quraytam, A., Abdallah, F., Mostafa, H., Shoueir, K., ... & Hafez, Y. (2021).
Toxicity of essential oils nanoemulsion against Aphis craccivora and their inhibitory activity on insect enzymes.
Processes, 9(4), 624.

2. Agamah, F. E., Mazandu, G. K., Hassan, R., Bope, C. D., Thomford, N. E., Ghansah, A., & Chimusa, E. R.
(2020). Computational/in silico methods in drug target and lead prediction. Briefings in bioinformatics, 21(5),
1663-1675.

3. Agu, P. C, Afiukwa, C. A, Orji, O. U., Ezeh, E. M., Ofoke, 1. H., Ogbu, C. O., ... & Aja, P. M. (2023).
Molecular docking as a tool for the discovery of molecular targets of nutraceuticals in diseases management.
Scientific reports, 13(1), 13398.

4. Banazeer, A., Afzal, M. B. S., Hassan, S., Ijaz, M., Shad, S. A., & Serrdo, J. E. (2022). Status of insecticide
resistance in Plutella xylostella (Linnaeus)(Lepidoptera: Plutellidae) from 1997 to 2019: cross-resistance,
genetics, biological costs, underlying mechanisms, and implications for management. Phytoparasitica, 50(2),
465-485.

5. Ben Miri, Y. (2025). Essential oils: Chemical composition and diverse biological activities: A
comprehensive review. Natural Product Communications, 20(1), 1934578X241311790.

6. Cao, J. Q. Pang, X,, Guo, S. S., Wang, Y., Geng, Z. F., Sang, Y. L., ... & Du, S. S. (2019). Pinene-rich
essential oils from Haplophyllum dauricum (L.) G. Don display anti-insect activity on two stored-product
insects. International Biodeterioration & Biodegradation, 140, 1-8.

7.  Chakraborty, P., Biswas, A., Dey, S., Bhattacharjee, T., & Chakrabarty, S. (2023). Cytochrome P450 gene
families: role in plant secondary metabolites production and plant defense. Journal of Xenobiotics, 13(3), 402-
423.

8. Chauhan, N., Kashyap, U., Dolma, S. K., & Reddy, S. G. E. (2022). Chemical composition, insecticidal,
persistence and detoxification enzyme inhibition activities of essential oil of Artemisia maritima against the
pulse beetle. Molecules, 27(5), 1547.

9. BEsteves, F., Rueff, J., & Kranendonk, M. (2021). The central role of cytochrome P450 in xenobiotic
metabolism—a brief review on a fascinating enzyme family. Journal of xenobiotics, 11(3), 94-114.

10. Gaire, S., Zheng, W., Scharf, M. E., & Gondhalekar, A. D. (2021). Plant essential oil constituents enhance
deltamethrin toxicity in a resistant population of bed bugs (Cimex lectularius L.) by inhibiting cytochrome P450
enzymes. Pesticide Biochemistry and Physiology, 175, 104829.

11. Liu, Z., Li, Q. X., & Song, B. (2022). Pesticidal activity and mode of action of monoterpenes. Journal of
Agricultural and Food Chemistry, 70(15), 4556-4571.

Genetics and Molecular Research 25 (21s): 2026 3



12. Moustafa, M. A., Hassan, N. N., Alfuhaid, N. A., Amer, A., & Awad, M. (2023). Insights into the toxicity,
biochemical activity, and molecular docking of Cymbopogon citratus essential oils and citral on Spodoptera
littoralis (Lepidoptera: Noctuidae). Journal of Economic Entomology, 116(4), 1185-1195.

13. Paudel, A., Yadav, P. K., & Karna, P. (2022). Diamondback moth Plutella xylostella (Linnaeus,
1758)(Lepidoptera: Plutellidae); A real menace to crucifers and its integrated management tactics. Turkish
Journal of Agriculture-Food Science and Technology, 10(12), 2504-2515.

14. Rizvi, S. A. H., Ling, S., Tian, F., Xie, F., & Zeng, X. (2018). Toxicity and enzyme inhibition activities of
the essential oil and dominant constituents derived from Artemisia absinthium L. against adult Asian citrus
psyllid Diaphorina citri Kuwayama (Hemiptera: Psyllidae). Industrial Crops and Products, 121, 468-475.

15. Shehzad, M., Bodlah, 1., Siddiqui, J. A., Bodlah, M. A., Fareen, A. G. E., & Islam, W. (2023). Recent
insights into pesticide resistance mechanisms in Plutella xylostella and possible management strategies.
Environmental Science and Pollution Research, 30(42), 95296-95311.

Table 1. List of EO constituent compounds selected for molecular docking

EO constituent | PubChem ID Structure
compound
Eucalyptol 2758

D-Limonene 440917
P-cymene 7463
Eugenol 3314
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Table 2. Ramachandran plot statistics of modelled Cytrochrome P450 protein of Plutella xylostella

Ramachandran plot | No. Of residues | Percentage (%)
category

Favoured regions 444 96.52

Allowed regions 15 3.26

Disallowed regions 1 0.21

Total 460 100

Table 3. Molecular docking results showing interactions between EO constituent compounds and
cytochrome P450 of Plutella xylostell

EO constituent | Binding affinity | Binding residues Binding interactions
compound (Kcal/mol)
Eucalyptol -5.7 HIS248, TYR251, | Van der Waals, alkyl, pi-
HIS247, ARGI113, | alkyl
LEU112, PHE115,
LYS244
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D-Limonene -5.2 PHE123, MET219, | Van der Waals, pi-sigma,
ILE372, ALA304, | alkyl, pi-alkyl
VALI122, PHE109,
ARGI113, PHE213

P-cymene -5.7 PHE123, ILE372, | Van der Waals, pi-sigma,
ALA304, VALI122, | pi-pi T shaped, pi-sulfur,
MET219, PHE109, | pi-pi stacked, alkyl, pi-
PHE214, ARG113 alkyl

Eugenol -59 VAL217, SER213, | Van der Waals, pi-pi T
LEU243, ARGI113, | shaped, Carbon Hydrogen
MET219, PHE214, | Bond, pi-pi stacked, alkyl,
PHE1009, PHE123, | pi-alkyl
HIS247, VALI122,
ALA304

Alpha-pinene -5.3 HIS374, ARGI104, | Van der Waals, alkyl
LEU96, ILE372,
ALA368, GLY371,
GLY434, LEU397,
ARG439, SER435,
LEU395, PHE433,
ARG438

Beta-pinene -53 PHE115, TYR251, | Van der Waals, alkyl, pi-
HIS248, LEU112, | alkyl
LY S244, HIS247

Gamma-Terpineol -53 ARGI113, PHE214, | Van der Waals, alkyl, pi-
PHE123, GLN303, | alkyl
VALI122, MET219,
ALA368, THR308,
ILE372, ALA304,
VAL367

Citral -6.2 HIS247, ARGI113, | Van der Waals, alkyl, pi-
MET250, SER213, | alkyl, conventional
PHE109, GLN303, | hydrogen bond, pi-sigma
PHE214, MET219,
PHE123, VAL122,
ILE372, ALA304,
ASP300
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Fig 1. modelled protein of Cytochrome P450
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Fig 2. Ramachandran plot analysis of Cytochrome P450 protein of Plutella xylostella (cyan, blue and red
(dots/triangles) represent torsion angles of favoured, allowed and disallowed regions respectvely; dot
represents residues other than glycine and triangles represents glycine)
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Fig 3. 2D and 3D docking interactions of EO constituent compounds and Cytochrome P450 of Plutella

xylostella
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