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ABSTRACT 

	
The rice weevil, Sitophilus oryzae, is a primary insect pest that infests stored grains, causing damage as internal feeders and resulting in both quantitative and qualitative losses. Essential oils can be employed as a safe alternative to harmful chemical pesticides to manage rice weevils, since the chemical constituents of essential oils present a wide range of biological activities. The study aimed to evaluate the insecticidal activity of essential oil derived from patchouli Pogostemon cablin on rice weevil S. oryzae by contact, fumigant, and repellent bioassays. Bioassays were performed on same-aged adult rice weevils under laboratory conditions. The essential oil of P. cablin leaves exhibited acute toxicity against S. oryzae adults with an LC50 value of 94.55 ppm (0.75 µg/cm2) in contact toxicity bioassay after 24 hours, whereas the LC50 value in the fumigant toxicity assay was 15.81 µLL-1 air. The essential oil of P. cablin exhibited strong repellent activity against test insect at a concentration of 400 ppm (4.4 µg/cm2). The obtained results indicate that Patchouli essential oil could be developed as a safe and effective alternative for controlling rice weevils. 
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1. INTRODUCTION 

“Rice (Oryza sativa L.) is one of the most important cereals in many parts of the world. This crop is the staple food source of calories for over half the world's population, providing 20% of dietary protein and 27% of dietary energy in developing societies” (Xu et al., 2015; Majd-Marani et al., 2023). “Insect pests are a major constraint to food security, destroying up to 40% of global crop production annually. Stored product insect pests are responsible for significant post-harvest losses, with estimates ranging from 9% to 100%” (Ali et al., 2023; Hotegni et al., 2024).
“In a world where over two billion people lack year-round access to adequate food, the crop losses and systemic impacts wrought by insect pests cannot be overlooked (FAO, 2019). The rice weevil, Sitophilus oryzae L. (Coleoptera: Curculionidae), a serious and destructive pest of stored cereal grains such as rice, wheat, barley, and maize, is widely distributed in most cereal-producing regions” (Nwaubani et al., 2014). 
“Adopting integrated pest management (IPM) approaches like biocontrol, habitat management, and judicious pesticides that reduce ecological damage and resistance that balance multiple controls is an ecofriendly method to manage these severe pest infestations” (Pretty and Bharucha, 2015). “The ecotoxicological, environmental, and social consequences of the widespread use of chemical insecticides in agriculture have led researchers to find viable alternatives that are more environmentally friendly than synthetic chemicals. Interest is growing in the application of plants as bioinsecticides because their secondary metabolites have been selected over evolutionary time as a response to the impact of phytophagous insects. Among botanical extracts used as insecticides, essential oils (EOs) are a promising alternative because of their worldwide availability and relative cost-effectiveness” (Campolo et al., 2018; Khursheed et al., 2022; Walkowiak-Nowicka et al., 2023).
“The essential oil derived from Pogostemon cablin (Blanco) Benth (Lamiaceae) exhibits promising potential for the development of insecticidal products. The bioactive compounds of this plant have selective toxicity, with little impact on higher living organisms, as well as over the environment. In contrast to synthetic products, which are toxic and increasingly problematic as pollutants, the insects are becoming increasingly resistant. Therefore, it is necessary to develop insecticidal agents obtained from renewable resources, which are quickly degradable, as they have several substances that act synergistically, slowing the development of insect resistance” (Busato et al., 2015; Crouse et al., 2018; Lima Santos et al., 2022). The present investigation evaluated the effectiveness of patchouli essential oil as an insecticide for controlling the rice weevil.
2. materialS and methods 
2.1 Source of essential oil and test insect
Steam distilled Patchouli oil was sourced from Synthite Industries Private Limited (Cochin, Kerala, India). Lab culture of the test insect rice weevil S. oryzae were obtained from the Department of Agricultural Entomology, College of Agriculture, Vellayani, Kerala. The test insects were reared on rice grains in large plastic containers covered with muslin cloth for aeration. The insect culture was maintained at 27 ± 5℃ and 60 ± 5% relative humidity and without exposure to pesticides in laboratory conditions. Same aged adult insects were separated by picking by using a point tip brush for experiments. The research was conducted at the Department of Agricultural Entomology, College of Agriculture, Vellayani, Thiruvananthapuram, Kerala, India, during 2024-2025.

2.2 Fumigant toxicity of patchouli essential oil against adults of Sitophilus oryzae
Fumigant activity of essential oil was done which based on the method reported by Kim and Ahn (2001). “The test insects were released into the exposure chambers i.e., 1 L plastic containers containing acetonic solution of EO treated filter paper disc attached to the inner surface of the screw lid. The neck region of the bottles was lined with petroleum jelly to restrict the contact of test insects to the treated surface and to exclude the effect of contact toxicity. 1 ml of each test concentration (acetonic solution) were taken with a micropipette and loaded in filterpaper. Five concentrations of essential oil and control were maintained. Each treatment was replicated four times. 20 adult insects of mixed age insect cultures were released into the plastic containers and screw lid were closed. Test insects were considered dead if appendages did not move when podded with brush” (Busato et al., 2015). Mortality of insects were observed at specific time intervals. In the current study of fumigant toxicity of patchouli essential oil against rice weevil; the dose range fixed based on preliminary range tests are 10, 20, 30, 40, 50 µLL-1 air.

2.3 Contact toxicity of patchouli essential oil against adults of Sitophilus oryzae
The contact toxicity of essential oil was evaluated by the residual film method reported by Bagade et al. (2021) with suitable modifications. The Petri plate with 15 cm diameter was taken. The inner side of the lid of petri plate and sides of base of was lined with petroleum jelly. 1.5 ml of each test concentration (acetonic solution) were taken with a micropipette and loaded in Petri plates, and then the plates were slowly and carefully swirled for uniform spreading. Five concentrations of essential oil and control were maintained. Each treatment was replicated four times. 20 adult insects of mixed age insect cultures were released in treated surface of each petri plate and test insects were considered dead if appendages did not move when podded with brush at specific intervals. The dose range fixed for contact toxicity bioassay of patchouli essential oil against rice weevil, based on preliminary range tests are 200, 500, 1000, 10000, 20000 ppm which is equivalent to 1.6, 4, 8, 80, 160 µg/cm2.
 
2.4 Repellent activity of patchouli essential oil against adults of Sitophilus oryzae
The repellency test was done based on methods reported by McDonald et al., 1970; Talukder and Howse, 1993. Filter papers were cut into two equal halves; one half was treated with acetonic solution of essential oil as uniformly as possible by using micropipette. The other half of the filter paper was treated with acetone alone. Essential oil treated and untreated half was then attached lengthwise, edge-to edge and placed at the bottom of the petri plate. 20 adult insects were released at the center of the petri dishes and then petri dishes were covered with lids and kept in dark. The lid of the Petri dish was smeared with petroleum jelly to make sure the insects stayed at the bottom part of the Petri dish. The Five treatments of the essential oil were fixed based on the preliminary repellency range tests. The doses fixed for repellency bioassay were 50, 100, 200, 300, 400 ppm (0.55, 1.1, 2.2, 3.3, 4.4 µg/cm2). Each treatment was replicated four times. Number of insects repelled at 15 min, 30 min, 45 min, 1 h, and 2h after treatment were observed. 
2.5 Statistical analysis
Probit analysis (Finney, 1971) was performed to calculate LC50 and LC90 values (and their fiducial limits) of oils against the test insect and for comparisons P > 0.05 level was considered as not significant.
3. results and discussion
3.1 Fumigant toxicity
In the current study of fumigant toxicity of patchouli essential oil against rice weevil; the average per cent mortality recorded for 10, 20, 30, 40, 50 µLL-1 were 21.25, 32.50, 60.00, 67.50, 75.00 per cent respectively 12 HAT (Hours After Treatment); 36.25, 55.00, 72.50, 76.25, 83.75 per cent respectively 24 HAT; 45.00, 60.00, 77.50, 81.25, 87.50 per cent respectively 48 HAT. The higher concentration of essential oil resulted in increase in per cent mortality of insects gradually along with the time (Fig. 1.). The Lethal concentration of patchouli essential oil required to kill 50 per cent population (LC50) of S. oryzae in fumigant bioassay was 25.467 µLL-1 and LC90 was 94.976 µLL-1 at 12 HAT. The LC50 and LC90 of Patchouli EO were 15.810 µLL-1 and 74.704 µLL-1 at 24 HAT. The LC50 and LC90 of Patchouli EO were 12.516 µLL-1 and 63.237 µLL-1 respectively at 48 HAT (Table 1). 
Devi et al.  (2020) evaluated “the fumigant toxicity of P. cablin essential oil against S. oryzae adults. The essential oils were injected using syringes through rubber septum fitted to the desiccator’s lid and the infused filter papers were placed to the under surface of the glass jars which was checked from direct contact to the insects”. “The LC50 values of patchouli essential oil were 198.9 and 142.9 μl/L air (P. cablin) against S. oryzae adults after 24 and 48 h exposure, respectively. Essential oil from Cymbopogon citratus, Cymbopogon nardus, Cinnamomum zeylanicum and Alpinia calcarata gave LC50 values of 35, 82, 70 and 367 mg/L respectively in fumigation test against S. oryzae” (Paranagama et al., 2004). “Fumigation of S. oryzae adults with Allium sativum essential oil gave LC50 values of 0.30 and 0.24µl/cm3 air 24 and 48h after treatment respectively. Fumigation with Cinnamomum tamala oil gave LC50 values of 0.249 and 0.198μl/cm3 air after 24 and 48h respectively (Chaubey, 2016a; Chaubey, 2016b). The LC50 value of dichlorvos against rice weevil adults was 0.0081 mg/L air concentration” (Kim and Park, 2008). In our study, the LC50 of Patchouli EO in fumigant bioassay against S. oryzae was 15.810 µLL-1 at 24 HAT. Hence, patchouli EO in our current study shows superior insecticidal activity when compared to other essential oils and hence it can be developed as an ecofriendly alternative to deadly chemicals like dichlorvos.



Fig. 1. Percent mortality of rice weevil in fumigant bioassay with Patchouli essential oil
Error bar indicates standard deviation of each treatment
Table 1. Fumigant toxicity of Patchouli essential oil against rice weevil
	HAT
	𝝌2
	d.f.
	LC50
(µLL-1 air)

	Fiducial limit
(95% CL)
	LC90
(µLL-1 air)
	Fiducial limit
(95% CL)
	Slope ± SE

	
	
	
	
	LL
	UL
	
	LL
	UL
	

	
12 HAT
	3.210
	3
	25.467    
	19.699 
	32.273
	94.976    
	62.574 
	243.678
	2.242±0.282   

	24 HAT
	0.637
	3
	15.810    
	12.275 
	18.861
	74.704

	56.359 
	119.808
	1.900±0.273

	48 HAT
	1.129
	3   
	12.516    
	8.920 
	15.496
	63.237    

	48.282 
	100.027
	1.822±0.276   


Table value of 𝝌2 at 3 df = 7.81 at α = 0.05, 𝝌2 is non-significant at: P< 0.05
LC50- Lethal concentration causing 50 per cent mortality; LC90-Lethal concentration causing 90 per cent mortality; CL-Confidence Limit; SE- Standard Error.
3.2 Contact toxicity
In the contact toxicity bioassay of patchouli essential oil against rice weevil, the average per cent mortality recorded for 200, 500, 1000, 10000, 20000 ppm (1.6, 4, 8, 80, 160 µg/cm2) were 28.75, 50.00, 61.25, 81.25, 91.25 per cent respectively 12 HAT; 55.00, 76.25, 85.00, 91.25, 98.75 per cent respectively 24 HAT; 80.00, 91.25, 96.25, 98.75, 100.00 per cent respectively 48 HAT (Figure 2). The LC50 and LC90 of Patchouli EO for contact toxicity bioassay against rice weevil were 626.66 ppm (5.01 µg/cm2) and 19551.93 ppm (156.41 µg/cm2) at 12 HAT. The LC50 and LC90 of Patchouli EO were 94.55 ppm (0.75 µg/cm2) and 3326.44 ppm (26.61 µg/cm2) at 24 HAT. The LC50 and LC90 of patchouli EO were 25.47 ppm (0.20 µg/cm2) and 470.37 ppm (3.76 µg/cm2) respectively at 48 HAT (Table 2). 
Devi et al.  (2020) evaluated the contact toxicity of P. cablin essential oil against S. oryzae adults. In the filter paper diffusion bioassay, the LC50 values of patchouli essential oil were 4.9 and 3.7 μl/cm2 after 24 and 48 h exposure, respectively. Bagade et al. (2021) assessed “the contact toxicity of P. cablin oil against adults of T. castaneum by residual film technique.   P. cablin oil showed high mortality from 0.75% v/v concentration with 85% mean per cent mortality and reaching 100% mean per cent mortality at 1.0% v/v concentration 72 HAT”.
Mardiningsih and Rohimatun (2021) evaluated “the contact toxicity of PEO against fourth instar nymphs of Nilaparvata lugens Stål. The concentrations used for the preliminary test were 0.025, 0.05, 0.1, 0.25, 0.5, and 1% as well as control (distilled water and emulsifier); the test insects were sprayed with oil solution. LC50 and LC95 of PEO were 0.019 and 5.245 % respectively at 72 HAT”. “Essential oil from C. citratus, C. nardus, C. zeylanicum and A. calcarata gave LC50 values of 11.5, 18.7, 3.6 and 40 μ’ Bioassay of S. oryzae adults with A. sativum essential oil gave LC50 values of 0.17 and 0.13 µl/cm2 after 24 and 48h respectively in contact toxicity tests. In the contact bioassay with C. tamala oil, LC50 values were 0.241 and 0.218 µL/cm2 after 24 and 48h respectively (Chaubey, 2016a; Chaubey, 2016b). In our contact toxicity study, the LC50 of Patchouli EO against S. oryzae was 94.55 ppm (0.75 µg/cm2) at 24 HAT. In contact bioassay, LC50 values for malathion were 84.7, 76.5, 71.5 mg/m2 for 4 h exposure and 63.4, 55.8, 50.2 mg/m2 for 8 h exposure, respectively at 24, 48 and 72h observation period. Among newer insecticides, lambda-cyhalothrin was most effective with LC50 values 178.4, 167.9, 163.8 mg/m2 for 4 h exposure and 167.3, 157.8, 152.8mg/m2 for 8 h exposure, respectively at 24, 48 and 72h observation period (Neelakanta, 2022). The lower LC50 of Patchouli EO in our study indicates significant contact toxicity compared to other essential oils.

Fig. 2. Percent mortality of rice weevil in contact bioassay with Patchouli essential oil
 Error bar indicates standard deviation of each treatment
Table 2. Contact toxicity of Patchouli essential oil against rice weevil
	HAT
	𝝌2
	d.f.
	LC50
(ppm)

	Fiducial limit
(95% CL)
	LC90
(ppm)

	Fiducial limit
(95% CL)
	Slope ± SE

	
	
	
	
	LL
	UL
	
	LL
	UL
	

	
12 HAT
	2.73
	3
	626.66

	401.89
	907.82
	19551.93
	10763.12
	47150.22
	0.86 ± 0.10

	24 HAT
	6.40
	3
	94.55

	0.50
	316.44
	3326.44
	1168.80
	132678.37
	0.83 ± 0.12

	48 HAT
	1.99
	3
	25.47

	1.78
	69.88
	470.37
	275.21
	813.35
	1.01 ± 0.24


Table value of 𝝌2 at 3 df = 7.81 at α = 0.05, 𝝌2 is non-significant at: P< 0.05
LC50- Lethal concentration causing 50 per cent mortality; LC90-Lethal concentration causing 90 per cent mortality; CL-Confidence Limit; SE- Standard Error.
3.3 Repellency 
The doses fixed for repellency bioassay were 50, 100, 200, 300, 400 ppm (0.55, 1.1, 2.2, 3.3, 4.4 µg/cm2) all of which showed significant repellence against rice weevil. At 50 ppm, percent repellency ranged from 20.00 to 60.00 % from 15 to 120 Minutes After Treatment (MAT). At 100 ppm, percent repellency ranged from 42.5 to 80.00 % from 15 to 120 MAT. At 200 ppm, percent repellency ranged from 47.5 to 85.00 % from 15 to 120 MAT. At 300 ppm, percent repellency ranged from 57.5 to 92.5 % from 15 to 120 MAT. At 400 ppm, percent repellency ranged from 70.0 to 100 % from 15 to 120 MAT. The percent repellency at 300 and 400 ppm were statistically superior and on par 15 MAT (Table 3). The dose required to effectively repel the insect became less as the time passes.
Bagade et al. (2021) evaluated repellency bioassay of P. cablin oil against adults of T. castaneum by using the Area preference method. Observations were recorded for insects present on treated half (T) and control half (C) area; percentage were calculated and recorded.  Index of repellency (IR) was calculated by using the formula: IR = 2 T / T + C (Mazzonetto, 2002). The classification of the IR was done as: IR value <1 Repellency; IR value >1 Attractant and IR value = 1 Neutral. PEO exhibited the repellent effect on T. castaneum adults in choice arena testing at 30 mins, showed the same repellency at all tested concentration levels 0.05, 0.1, 0.2, 0.3, 0.5, 0.75 and 1.0% v/v with IR = 0.0.  
Repellency of aniseed, camphor, citronella, eucalyptus, geranium, lavender, lemon, rosemary, vetiver and wintergreen essential oils were tested at concentrations of 10 and 50µL against adults of S. oryzae. The order of repellency of the plant oils at 10µL on 6 hours of exposure with EPI was: camphor (- 0.90), wintergreen (-0.88), lavender (-0.70), citronella (-0.70), rosemary (-0.67), vetiver (-0.62), lemon (-0.57), eucalyptus (-0.55), geranium (-0.44) and aniseed (-0.04). At 50µL the order of repellency was camphor (-1.0), wintergreen (-0.89), citronella (-0.89), lemon (-0.89), lavender (-0.71), vetiver (-0.69), geranium (-0.65), rosemary (-0.57), eucalyptus (-0.52) and aniseed (-0.50) (Jayakumar et al., 2017). S. oryzae was repelled by M. piperita (95.0 %), R. officinalis (91.0 %) and H. officinalis (86.5 %) at oil concentration of 16 μL/30 cm2 while Repellent effect of marjoram oil ranged between 90-100% at a concentration of 4.0 %w/w within 72 hours after treatment (Khani et al., 2017; Hosny et al., 2018). All the bioassays proved the potential of patchouli EO as an insecticide. 
The chemical components of patchouli essential oil include Patchouli alcohol (42.75%), delta-Guaiene (28.30%), Azulene (20.48%), trans-Caryophellene (11.84%), Seychellence (10.77%), Nephtalene (8.02%), Cycloheptane (6.02%) and Caryophyllene (5, 73%) (Ermaya et al., 2019). Patchouli oil obtained from P. cablin and its main constituent, patchouli alcohol, were found to be toxic and repellent against Formosan subterranean termites (Coptotermes formosanus Shiraki) (Zhu et al., 2003). This suggests that major components might be the contributing factors for the insecticidal activity of patchouli EO.
India is a vibrant producer and supplier of natural essential oils to the world market. It has to play even a more dominant role in the production and processing of essential oils beyond 2000 AD to capitalize on the advantages of the current economic liberalization of globalization under the new regime of the World Trade Organization (WTO). Therefore, quality assurance, i.e., compliance with a set of specification or standards of commercial essential oils based on the philosophy of the Total Quality Management (TQM) involving customer orientation, process control, and constant improvement of quality coupled with ISO 9000 and ISO 14000 certifications must be achieved by taking due care at different vital stages of essential oil production and processing. The quality management of essential oils include (i) realization of in situ quality of the plant material chosen, (ii) enrichment or value addition of the oils, (iii) rectification of oils produced, and (iv) warding off from adulteration or inadvertent mixing 
[bookmark: _GoBack]“Stringent requirements are being introduced presently to safeguard the environment and to reduce pollution and health risk caused by the use of synthetic chemicals (used as adulterants), the oils have to conform to ISO (International Standard Organization) specifications. Organic production and eco-auditing will be required for eco-safety. For this purpose, ISO 14001 requirements may have to be met if insist on ecolabelling which means the essential oils produced should ensure that no ecological damage has been caused during their production. ISO 14001 calls for a formal commitment of the essential oils producing agency to specify its policy, identify the environmental aspects, set objectives, and targets, and comply with regulatory legislation. More and more concern for the environment and human health during the coming years will necessitate formal ISO 14000 requirements for environmental management. Essential oils will not be the exception” (Lal et al., 2020). The essential oil can be a potential candidate in future IPM programmes and safe to eat programmes. 
Table 3. Repellent activity of Patchouli essential oil against rice weevil
	EO concentration (ppm)
	Per cent Repellence

	
	15 MAT
	30 MAT
	45 MAT
	60 MAT
	120 MAT

	50
	20
(26.194) d
	27.5
(31.549) d
	35
(36.221) c
	47.5
(43.558) c
	60
(50.832) d

	100
	42.5
(40.611) c
	50
(45.000) c
	67.5
(55.284) b
	72.5
(58.451) b
	80
(63.435) c

	200
	47.5
(43.558) bc
	57.5
(49.389) bc
	70
(56.945) b
	77.5
(62.145) b
	85
(67.500) c

	300
	57.5
(49.326) ab
	67.5
(55.284) ab
	75
(60.112) b
	80
(63.435) b
	92.5
(76.174) b

	400
	70
(56.945) a
	75
(60.112) a
	85
(67.500) a
	92.5
(76.174) a
	100
(90.000) a

	SE(m)
	2.587
	2.106
	2.058
	2.771
	2.551

	CD (0.05)
	7.799
	6.349
	6.202
	8.353
	7.69


Values in parenthesis were subjected to arcsine transformation; MAT - Minutes After Treatment.
Treatments with same letters are not significantly different.
4. Conclusion

Stored product pests have long been controlled by deadly, poisonous chemical insecticides. However, the excessive use of chemical insecticides leads to resistance in insects and environmental pollution, further contributing to the deterioration of human health. The present study evaluated the entomotoxicity of P. cablin essential oil against the major stored product pest S. oryzae by fumigant, contact, and repellency bioassays. The study demonstrated that PEO has significant insecticidal activity against the rice weevil. Patchouli essential oil could be developed into an ecofriendly and safe alternative to the hazardous chemical insecticides.
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12 hr	2.5	9.574271077563381	4.0824829046386268	15	17.795130420052185	2.5	9.574271077563381	4.0824829046386268	15	17.795130420052185	10	20	30	40	50	21.25	32.5	60	67.5	75	24 hr	6.2915286960589585	7.0710678118654755	12.583057392117917	13.149778198382917	16.520189667999176	6.2915286960589585	7.0710678118654755	12.583057392117917	13.149778198382917	16.520189667999176	10	20	30	40	50	36.25	55	72.5	76.25	83.75	48 hr	7.0710678118654755	7.0710678118655181	12.583057392117917	10.307764064044152	15	7.0710678118654755	7.0710678118655181	12.583057392117917	10.307764064044152	15	10	20	30	40	50	45	60	77.5	81.25	87.5	Concentration (µLL-1 air)


Per cent mortality (%)




12 hr	2.5	7.0710678118655181	4.7871355387816878	2.5	2.5	2.5	7.0710678118655181	4.7871355387816878	2.5	2.5	200	500	1000	10000	20000	28.75	50	61.25	81.25	91.25	24 hr	7.0710678118654755	2.5	4.0824829046386304	2.5	2.5	7.0710678118654755	2.5	4.0824829046386304	2.5	2.5	200	500	1000	10000	20000	55	76.25	85	91.25	98.75	48 hr	15.811388300841896	2.5	4.7871355387816905	2.5	0	15.811388300841896	2.5	4.7871355387816905	2.5	0	200	500	1000	10000	20000	80	91.25	96.25	98.75	100	Concentration (ppm)


Per cent mortality (%)





