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ABSTRACT 

	The rice weevil Sitophilus oryzae causes direct damage to stored grains of economic importance, resulting in large economic 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 aim of this work was to evaluate the insecticidal activity of essential oil from citronella (Cymbopogon nardus) on S. oryzae by contact, fumigant and repellent bioassays. This study was conducted at Department of Agricultural Entomology, College of Agriculture, Vellayani, Thiruvananthapuram, Kerala, India during 2024-2025. The essential oil of C. nardus exhibited acute toxicity against S. oryzae adults with an LC50 value of 116.05 ppm (0.9 µg/cm2), 16.40 ppm (0.1 µg/cm2), and 4.24 ppm (0.034 µg/cm2) after 12, 24, and 48 hours in the contact toxicity bioassay. Whereas the essential oil showed a good fumigant effect with an LC50 value of 154.86, 71.97, and 19.18 µLL-1 air after 12, 24, and 48 hours. The essential oil exhibited strong repellent activity against the test insect at a concentration of 300 ppm after 15 minutes. The obtained results indicate that the citronella essential oil has the potential to be developed as a safe and effective alternative for controlling rice weevils, which will decrease the harmful effects and risk of synthetic insecticides on human beings.
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1. INTRODUCTION 

Rice (Oryza sativa) is a vital crop that provides food for almost half the globe and also serves as a staple food for around 3.5 billion people. Rice provides around 21% of human calorie needs overall, while it meets 76% of the calorie requirements of the Southeast Asian population (Zhao et al., 2020). 
The human population is projected to reach 9 billion by 2050. The population explosion leads to more food demand; agricultural production will need to increase up to 70-100% by 2050 to meet this. However, around 30% of global food production, which equates to 1.3 billion tonnes of food, is lost due to post-harvest loss (FAO, 2016; FAO 2017). 
Post-harvest losses can be caused by biotic factors like insects, fungi, rodents and abiotic factors like moisture, temperature, humidity, etc. One of the major post-harvest losses is due to insect damage. The insect pests caused 21.3 per cent damage to cereal crops after the Green Revolution in India, which was a 15.9 per cent increase in loss compared to the pre-Green Revolution era (Kumar and Jakhar, 2018). Preventing the losses due to insect damage is essential for food security. Greater emphasis must be placed on the identification and proper management of the stored product insects to achieve the goal of reducing post-harvest losses.
Among the insect orders that infest stored rice, Coleoptera, encompassing beetles and weevils, is important. Both the larval and adult stages of them attack stored products, thus making them the most damaging insects. These insects will cause a reduction in the quality of the stored products through the deposition of dead bodies, cast skins, excreta and webbings, which further leads to foul smell, discolouration, and altered taste, along with loss in quantity of stored products. Severely infested grains will become unfit for consumption. A significant stored product pest, the rice weevil, infests the grains from the field and is followed by storage (Patil et al., 2019).
The rice weevil Sitophilus oryzae (Linnaeus) (Curculionidae: Coleoptera) is one of the primary insects that infest stored grains (insect that damage sound grains as internal feeders) which causes both quantitative and qualitative losses. Rice weevils are small, reddish brown to chocolate-colored weevils having characteristic snout with slightly clubbed elbowed antennae. Symptoms and Nature of damage of rice weevil include presence of irregular holes of 1 to 1.5 mm diameter on rice kernels. “Grains are hollowed out; kernels are reduced to mere powder. Adults cut circular holes. Heating takes place during heavy infestation, which is known as 'dry heating'” (Patil et al., 2019).
“From ancient times to the present day, the use of pesticides such as insecticides has become an essential and strictly necessary agricultural component in order to minimize post-harvest losses” (Rano and Singh, 2020). “The extensive use of synthetic insecticides has led to the emergence of several problems like ecosystem disruption, water contamination, biodiversity deterioration, and insect resistance” (Chagnon et al., 2014; Stehle and Schulz., 2015; Omar et al., 2024). “Consumers demand for synthetic chemical-free products and due to severely restrictive government regulatory on synthetic insecticides, researchers turn back to botanical methods for pests’ management. Among these rising insects-controlling agents, biopesticide has been considered as a promising alternative to synthetic pesticides, for its generally more-selective and less-polluting properties” (Isman, 2006; Cantrell et al., 2012)
“Among the botanicals, essential oils are gaining popularity as pest control agents. Evidence now exists that essential oils alter the nervous and locomotor activities of insects. They are target specific and may affect the various systems of the insect pests. This may generally do no or less harm to mammals including humans when compared to chemical insect pests, therefore they can be deployed as relatively safer molecules to reign in the devastating pests and reduce economic losses. They are cost-effective, available throughout the year, non-persistent in the environment, and vertebrate or non-target toxicity is minimal in comparison with chemical pesticides” (Jyotsna et al., 2024).  
[bookmark: bbib13]“Citronella grass Cymbopogon nardus grow to about 2 m (6.6 ft) and have magenta-colored base stems. They are used for the production of Citronella essential oil, which is used in soaps, as an insect repellent (especially mosquitoes) in insect sprays and candles, and in aromatherapy. Citronella essential oil is an effective and toxic botanical which can be employed against stored-product insects” (Papulwar et al., 2018; Francikowski et al., 2019). 
In the present investigation, the effectiveness of citronella essential oil was evaluated as an ecofriendly insecticide for controlling the rice weevil by contact, fumigant and repellent bioassays at three different times intervals. 

2. material and methods 
2.1 Procurement and Maintenance of Essential oil and Test insect
Steam distilled Citronella oil (Cymbopogon nardus) was sourced from Synthite Industries Private Limited (Cochin, Kerala, India). Essential oil was stored at 4ºC. Lab culture of the test insect rice weevil S. oryzae was obtained from the Department of Agricultural Entomology, College of Agriculture, Vellayani. The test insects were reared on rice grains in large plastic containers covered with muslin cloth for aeration. The insect culture was kept without exposure to pesticides and was maintained at 27 ± 5℃ and 60 ± 5% relative humidity under laboratory conditions. Adult insects of mixed age were used in the experiments and were separated by picking by using a point tip brush before each experiment.
2.2 Fumigant Toxicity Bioassay 
Fumigant activity of the essential oils was done 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 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.  20 adult insects of mixed age insect cultures were released into the plastic containers and the screw lid were closed. Five concentrations of the essential oil were fixed based on the preliminary range tests causing 20 to 80 % mortality. 1 mL of solution of each concentration was applied to individual filterpapers in each bottle. Each treatment was replicated four times. Test insects were considered dead if appendages did not move when podded with brush. Mortality of insects were observed at specific time intervals.
2.3 Contact Toxicity Bioassay 
The contact toxicity of the essential oils was evaluated by the residual film method reported by Bagade et al. (2021) with suitable modifications. The petriplate with 15 cm diameter was taken. The sides and inner side of the lid of petri plate was lined with petroleum jelly. 5 concentrations of essential oil and control were maintained. Five concentrations of the essential oil were fixed based on the preliminary repellency range tests. Each treatment was replicated 4 times. 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. 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. 
2.4 Repellency Bioassay 
The repellency test was done based on area preference method reported by McDonald et al., 1970; Talukder and Howse, 1993. Filter papers were cut into two equal halves; one half was treated with 1 mL acetonic solution of essential oil as uniformly as possible by using micropipette. The other half of the filter paper will be treated with acetone alone. Five concentrations of the essential oil were fixed based on the preliminary repellency range tests. Each treatment was replicated four times. 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. Number of insects repelled at 15 min, 30 min, 45 min, 1 h, and 2h after treatment were observed.
Percent repellency was calculated using the formula,
 
wherein PR = percent repellency (%), Nc = number of insects in the control half, Nt = number of insects in the treated half.
2.5 Statistical Analysis 
Data on percent mortality was analyzed by ANOVA (Analysis of Variance) after arcsine transformation. The analysis was done in GRAPES software.  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 Cymbopogon nardus essential oil against rice weevil; The treatments (dose range) fixed based on preliminary range tests are 50, 150, 200, 250, 300 µLL-1 air. The average per cent mortality recorded for 50, 150, 200, 250, 300 µLL-1 air were 20.00, 37.50, 56.25, 70.00, 77.5 per cent respectively 12 HAT; 40.00, 67.50, 82.50, 83.75, 92.5 per cent respectively 24 HAT; 77.5, 91.25, 93.75, 97.50, 100 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.).

A study conducted by Hariani et al., (2024) proved that the citronella essential oil can cause mortality of adult S. oryzae. Fumigation with filterpaper treatment of 0.5 mL solution of each concentration of 0.5, 1, and 2 g/L in a container with volume 100 mL resulted in mortality rates of 18%, 36%, and 41%, respectively 72 hours after treatment. In our study, we have taken a 10 times higher doses than this study which resulted in higher mortality per centages at 12 HAT itself. This justifies the efficacy of citronella essential oil as a potent fumigant to manage S. oryzae.
The Lethal Concentration of citronella essential oil required to kill 50 per cent population (LC50) of S. oryzae was 154.86 µLL-1 air and LC90 was 661.51 µLL-1 air at 12 HAT (Hours After Treatment). The LC50 was 71.97 µLL-1 air and LC90 was 322.90 µLL-1 air at 24 HAT. The LC50 was 19.18 µLL-1 air and LC90 was 109.75 µLL-1 air at 48 HAT (Table 1). 
[bookmark: bbib9]These results are consistent with the study of Devi et al. (2020) who evaluated “the fumigant activity of essential oils of C. flexuosus, C. winterianus, C. martini.   LC50 values are 44.5 and 26.1 μl/L air (C. flexuosus), 84.5 and 54.4 μl/L air (C. winterianus), 158.5 and 137.5 μl/L air (C. martini) after 24 and 48 h exposure”. This study corroborates our results since the essential oils from similar species of plants are having similar LC 50 values of in both the studies. Another study by Jayakumar et al. (2017) evaluated the fumigant toxicity of citronella essential oil against adult rice weevils, the results revealed that LC 50 was 106.27 μL/ 70 mL air and LC90 was 163.30 μL/ 70 mL air after 24 HAT. LC 50 was 81.31μL/ 70 mL air and LC90 was 125.82 μL/ 70 mL air after 48 HAT. In all the cases, citronella essential oil showed substantial fumigant toxicity against rice weevil. “Essential oil of C. nardus leaves showed high fumigant activity against Dinoderus porcellus adults at different concentrations and exposure times. Doses ranging from 20 μL/L air to 160 μL/L air were applied, resulting in an increase in per cent mortality as the doses and exposure days increased” (Loko et al., 2021). Essential oils can act as insecticidal compounds by the inhibition of the acetylcholinesterase enzyme, which is a neurotransmitter in the insect nervous system and the most studied enzyme in stored-product insects. Essential oils can cause paralysis in insects by acting as neurotoxins and may be followed by mortality (Campolo et al., 2018).



Fig. 1. Percent mortality of rice weevil in fumigant bioassay with Citronella essential oil
Error bar indicates standard deviation of each treatment
Table 1. Fumigant toxicity of citronella essential oil against rice weevil
	HAT
	𝝌2
	d.f.
	LC50
(µLL-1 air)
(95% CL)
	    Fiducial limit 
(95% CL)
	LC90
(µLL-1 air)
(95% CL)
	Fiducial limit
(95% CL)

	Slope ± SE

	
	
	
	
	LL
	UL
	
	LL
	UL
	

	12 HAT
	7.04
	3
	154.86    

	90.41
	235.12
	661.51    
	363.44 
	6880.92
	2.03 ± 0.26

	24 HAT
	3.07
	3     
	71.97    
	39.70
	98.44
	322.90    
	231.71 
	621.63
	1.97 ± 0.25

	48 HAT
	3.37
	3
	19.18    

	0.75 
	41.88
	109.75    
	59.53 
	193.67
	1.69 ± 0.32



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 
The dose range fixed for contact toxicity bioassay of C. nardus essential oil against rice weevil, based on preliminary range tests are 100, 500,1000, 5000,10000 ppm which is equivalent to 0.8, 4, 8, 40, 80 µg/cm2. The average per cent mortality recorded for 100, 500,1000, 5000,10000 ppm were 47.50, 67.50, 72.50, 83.75, 90.00 per cent respectively 12 HAT; 68.75, 80.00, 90.00, 92.50, 96.25 per cent respectively 24 HAT; 78.75, 85.00, 91.25, 95.00, 97.50 per cent respectively 48 HAT. The per cent mortality due to citronella essential oil in contact toxicity bioassay was dose and time dependent, as the dose and time increased; the mortality also increased gradually (Fig. 2.). 
Mahfuz et al. (2019) evaluated the contact toxicity of citronella essential oil against S. oryzae, and the results show that as the dose of essential oil was increased, the per cent mortality also increased. When 0.038, 0.076, 0.089, and 0.102 µg/cm2 doses were applied the per cent mortality of insects was 23, 37, 50, and 60 per cent respectively, after 24 hours and 37, 43, 60, and 77 per cent respectively, after 48 hours. The dose taken is much lower in this study compared to our study, which justifies the lower mortality rate of insects in this study at the same time interval. 
In our study, the LC50 of Citronella EO in contact toxicity bioassay was 116.05 ppm (0.9 µg/cm2) and LC90 was 11586.02 ppm (92.7 µg/cm2) at 12 HAT. The LC50 was 16.40 ppm (0.1 µg/cm2) and LC90 was 1869.26 ppm (14.9 µg/cm2) at 24 HAT. The LC50 was 4.24 ppm (0.034 µg/cm2) and LC90 was 902.37 ppm (7.2 µg/cm2) at 48 HAT (Table 2).     
Devi et al. (2020) evaluated “the insecticidal activity of C. flexuous, C. winterianus and C. martini by contact toxicity by filter paper diffusion method against S. oryzae adults. LC50 values of essential oils were 5.0 and 3.8 μl/cm2 (C. flexuous), 11.4 and 5.3 μl/cm2 (C. winterianus), 2.6 and 1.8 μl/cm2 (C. martini) against S. oryzae adults after 24 and 48 h exposure, respectively”. The higher doses requirement in this study than our study may be due to a different protocol called filter paper impregnation method and the difference in citronella species used. Mahfuz et al. (2019) evaluated contact toxicity of citronella essential oil against S. oryzae. Contact bioassay on S. oryzae showed LD50 values of 0.089, 0.064, and 0.650 µg/cm2, after 24, 48, and 72 hours of exposure, respectively. Our present study results exhibit similar results at the concentration range in µg/cm2. The potential of citronella essential oil as a potent contact toxin is evident from these studies as well. The insecticidal properties of citronella essential oil may be attributed to its chemical compounds, most of them are terpenoid compounds which has toxic effect on the structure and function of cell membranes (Plata-Rueda et al., 2020).



Fig. 2. Percent mortality of rice weevil in contact bioassay with Citronella essential oil
Error bar indicates standard deviation of each treatment
Table 2. Contact toxicity of citronella 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
	

	[bookmark: _Hlk209772626]12 HAT
	0.32
	3
	116.05
	40.13 
	221.13
	11586.02

	5475.99 
	42033.55
	0.64 ± 0.10

	24 HAT
	1.34
	3
	16.40

	1.61 
	50.48
	1869.26

	1015.73 
	4830.25
	0.62 ± 0.12

	48 HAT
	0.67
	3
	4.24

	0.05 
	22.93
	902.37

	429.59 
	2297.10
	0.55 ± 0.13



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 Bioassay
The Five treatments of the essential oil were fixed based on the preliminary repellency range tests. The doses fixed for repellency bioassay were 10, 50, 100, 300, 500 ppm (0.11, 0.55, 1.1, 3.3, 5.5 µg/cm2). At 10 ppm, percent repellency ranged from 22.5 to 77.5 % from 15 to 120 Minutes After Treatment (MAT). At 50 ppm, percent repellency ranged from 32.5 to 82.5 % from 15 to 120 MAT. At 100 ppm, percent repellency ranged from 47.5 to 87.5 % from 15 to 120 MAT. At 300 ppm, percent repellency ranged from 65 to 92.5 % from 15 to 120 MAT. At 500 ppm, percent repellency ranged from 77.5 to 97.5 % from 15 to 120 MAT. The percent repellency at 300 and 500 ppm were statistically superior and on par 15 MAT (Table 3).
The percent repellency of citronella essential oil against S. oryzae in area preference method was found to be the highest against the doses of 0.157 and 0.062 μg/cm2 (Mahfuz et al., 2019). This result is consistent with the findings of our current study. Wong et al., (2005) found that “citronella essential oil was effective in deterring the infestation of cartons containing muesli and wheat germ by red flour beetles. The chemical components were applied as part of a coating on the carton board. In an experimental set up that accelerates infestation over a 2-week period, citronella-treated cartons (0.2 g/m2 of carton board) reduced beetle infestation to approximately 50% of the level observed in control cartons”. 
The Cymbopogon citratus EO exhibited the Class III repellent activity against Plodia interpunctella larvae at the highest concentration (0.5%). The lemongrass EO also showed strong repellency (Class IV) against S. oryzae (0.2% and 0.5% of EO), Acanthoscelides obtectus (0.1% and 0.2%), and Tribolium castaneum (0.05-0.1%). Higher lemongrass EO concentrations (0.5%) exhibited higher repellency (Class V) against A. obtectus and T. castaneum (Gvozdenac et al., 2021). C. nardus essential oil at 20 µLcm− 2 showed the highest repellent activity against D. porcellus adults after 30 min of exposure time. RD50 of C. nardus after 30 minutes and 1 hour were 9.1 and 5.6 µLcm− 2 respectively. The RD50 values indicated that the essential oil of C. nardus is having significant repellent action (Loko et al., 2021). Also, many reports have cited the insect repellent activity of citronella essential oil. In our study citronella essential oil was proved as a strong repellent against S. oryzae. Repellent activity of essential oils may be due to the monoterpenes and sesquiterpenes which cause death of insects by inhibiting AChE activity in the nervous system (Houghton et al., 2006). 
Cymbopogon essential oil is considered safe for humans, non-target organisms, and the environment. It is classified as Generally Recognized as Safe (GRAS) for use as a food additive and it also meets regulatory standards for applications in perfumery, beverages, pharmaceuticals, and pesticides (Sen et al., 2023). It is evident that the citronella essential oil can be a potential alternative for toxic synthetic pesticides since the lower dose is enough to cause a detrimental effect to the target pest without causing a non-target effect.
Table 3. Repellent activity of Citronella essential oil against rice weevil
	EO concentration (ppm)
	Per cent Repellence

	
	15 MAT
	30 MAT
	45 MAT
	60 MAT
	120 MAT

	10
	22.5
(27.855) c
	47.5
(43.558) d
	55
(47.884) c
	72.5
(58.451) c
	77.5
(61.773) c

	50
	32.5
(34.560) c
	55
(47.884) cd
	65
(53.779) c
	82.5
(65.467) bc
	82.5
(65.467) bc

	100
	47.5
(43.558) b
	60
(50.832) c
	72.5
(58.607) bc 
	87.5
(72.109) abc
	87.5
(72.109) abc

	300
	65
(53.779) a
	75
(60.112) b 
	85
(67.500) b
	92.5
(76.174) ab 
	92.5
(78.750) ab

	500
	77.5
(62.145) a
	87.5
(69.533) a
	92.5
(78.750) a
	95
(83.359) a
	97.5
(85.391) a

	SE(m)
	2.787
	1.921
	3.62
	4.722
	4.739

	CD (0.05)
	8.402
	5.791
	10.912
	14.233
	14.286


Values in parenthesis were subjected to arcsine transformation; MAT - Minutes After Treatment.
Treatments with same letters are not significantly different
4. Conclusion
The unjudicial use of synthetic insecticides to control stored product pests has resulted in the development of resistance, ecosystem disruption, residue issues and, more importantly, health deterioration. As synthetic pesticides remain a reliable control measure for pest management of postharvest produce, it is inevitable to search for reliable, efficient and non-detrimental pest management solutions. Plant-based botanicals offer an efficient alternative in this regard. Among the botanicals, essential oil-based pest management is gaining popularity due to its efficacy and safety for non-target organisms. Management of rice weevils under storage conditions is a major problem faced by farmers and sellers, as this pest can turn rice grains to dust in a matter of a few days if severely infested. The current study addresses the issue by offering a promising eco-friendly pesticidal alternative. The study proves that citronella essential oil can be developed as a management strategy for rice weevils since it shows strong contact, fumigant and repellent activities against the menacing pest rice weevil. 
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