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Simple Summary


This study aimed to evaluate the active constituents and fumigation effectiveness of 16 distinct plant essential oils (EOs) on greater wax moth (GWM) eggs and fifth instar larvae. The results show that wintergreen, star anise, and clove oils exerted significant insecticidal effects on both GWM eggs and fifth instar larvae. Methyl salicylate and trans-anethole, which constitute 93.26% and 87.75% of wintergreen and star anise oils, respectively, function as the sole active ingredient of their respective oils. Eugenol, which constitutes 77.75% of clove oil, is primarily responsible for its insecticidal activity, although it is not the sole contributor. All these EO components exhibit significant insecticidal properties, with trans-anethole demonstrating the highest level of toxicity. Our research adds valuable insights to the literature by presenting the first investigation into the effectiveness of EOs for fumigating GWM eggs. Moreover, the results highlight the potential use of anise oil as a novel approach for managing GWM, thus offering a more efficient alternative to traditional methods.




Abstract


The greater wax moth (GWM, Galleria mellonella) is a prevalent pest of the honeybee and a significant risk to both honeybee populations and honeycomb storage. Research on the toxicity of essential oils (EOs) to GWM larvae has provided promising results, although their ovicidal effects and active ingredients require further study. Identifying effective plant compounds is essential for developing insecticides for GWM control. This study assessed the fumigation efficacy of 16 EOs on GWM eggs and fifth instar larvae and determined the effectiveness of these EOs and their primary components for fumigating fifth larvae. Wintergreen, star anise, and clove oils demonstrated significant insecticidal effects on GWM eggs and fifth instar larvae, resulting in a mortality rate exceeding 80% within 48 h. Gas chromatography-mass spectrometry analysis identified methyl salicylate (93.26%), trans-anethole (87.75%), and eugenol (77.75%) as the primary compounds in wintergreen, star anise, and clove oils, respectively. Further toxicity testing confirmed that these compounds were responsible for the observed insecticidal properties of the EOs. Notably, trans-anethole exhibited the lowest LC50 value (25.22 μL/L) against the fifth instar larvae of GWM and significant toxicity against GWM eggs and fifth instar larvae, suggesting its potential as a viable option for the future control of GWM populations.







Keywords:


essential oil; Galleria mellonella; wax moth eggs; fifth instar larvae; fumigation toxicity












1. Introduction


As important pollinating insects, honeybees play an important role in the biodiversity of ecosystems and sustainable development of agriculture [1,2]. Unfortunately, changes in the environment and land use and decreases in bee health have led to a decline in honeybee populations worldwide [3,4,5]. With the development of apiculture, the pest control of honeybees has become a topic of concern. One significant threat to honeybees is the greater wax moth (GWM, Galleria mellonella), a major pest of honeybees (especially Apis cerana) worldwide [5]. It causes damage to the honeycomb and bee health and often leads to the loss of A. cerana colonies [6,7].



Thus, the damage caused by GWM infestations to honeybee colonies and honeycomb storage must be controlled [8]. However, traditional control measures become ineffective in controlling GWM because of the special foraging behaviour of these insects, which includes invasion and burrowing [9]. More importantly, as GWM is a parasite of honeybee hives, chemical control measures must ensure that the health of the bee is not affected, thus increasing the difficulty of GWM control [10]. Currently, chemical fumigation is the preferred practice for controlling insect pests in stored products [11,12], including honeycomb storage without honeybees. However, traditional and efficient fumigation methods, such as using aluminium phosphide [13] and p-dichlorobenzene [14,15], present numerous challenges, including host toxicity, residue contamination of honeybee products, drug resistance, and environmental harm. The use of insecticides is subject to increasingly stringent regulations, exemplified by the prohibition of p-dichlorobenzene in the European Union, United States, and Canada [6]. Carbon dioxide (CO2) fumigation has been proposed as a non-polluting and feasible method for controlling the greater wax moth [7,16]. However, CO2 fumigation requires specialised gas storage and transportation infrastructure, as well as a well-sealed preservation environment, which may not be cost-effective for small-scale beekeeping operations [17]. Consequently, there is a critical need to develop safe, economical, and efficient alternatives to controlling GWM.



Plant essential oils (EOs) are valuable natural insecticides for pest control [18,19]. Previous studies have demonstrated the efficacy of some EOs as fumigants because of their ability to repel and induce toxicity in GWM larvae under laboratory conditions. These oils have been shown to inhibit larval and pupal development, potentially leading to abnormalities in GWM development post-larval hatching [20,21,22]. EOs can quickly disperse into the surrounding environment via fumigation and penetrate pests owing to their high volatility and lipophilic properties [23]. Absorption of EOs via the body surface or respiratory system of pests primarily induces toxic effects on the nervous and endocrine systems [24]. Egg and pupal stages are typically the most tolerant to fumigants in many species [25]. However, the fumigation toxicity of EOs against GMW eggs is not known. In addition, the effectiveness of EOs depends on their main components and concentrations, which can vary due to factors such as the season, location, harvest time, and extraction method [26]. Therefore, after determining the effects of EOs, the individual ingredients of these oils must be identified and analysed to develop a stable pest control method.



This study aimed to evaluate the fumigation effectiveness of 16 EOs on the eggs and fifth instar larvae of GWM. EOs exhibiting toxicity towards eggs and larvae were identified along with the active constituents of these oils. Subsequent research was conducted to assess the fumigation toxicity of the EOs that showed high efficacy against fifth instar larvae and identify individual components. This study introduced a promising method for the targeted protection of honeycombs against GWM, thereby paving the way for the development of fumigation strategies that utilise plant-derived compounds.




2. Materials and Methods


2.1. Insects


The GWM population used in the experiments was obtained from the laboratory of the Jinhua Academy of Agricultural Sciences. This population underwent over 10 generations of breeding and cultivation and was fed aged bee comb material and bee pollen. The larvae of GWM were reared at 30 °C and 60% relative humidity under constant darkness.




2.2. EOs and Pure Compounds


Based on the literature, EOs that have been reported to possess insecticidal activity were selected. The EOs used in this study are listed in Table 1. Wintergreen, star anise, clove, tea tree, schizonepeta, perilla, cinnamon, citronella, eucalyptus, peppermint, oriental arborvitae, artemisia, pepper, neem, camphor, and oregano oils were supplied by Huashuo Essential Oil Enterprise stores, China, and prepared by the steam distillation method.



Pure compounds of trans-anethole (99%) and eugenol (99%) were purchased from Shanghai McLean Biochemical Technology Co., Ltd. (Shanghai, China), and methyl salicylate (99.9%) was purchased from ANPEL-RTACE Standard Technical Service Co., Ltd. (Shanghai, China).




2.3. Fumigation Toxicity Bioassays of GWM Eggs


The methodology utilised in this study involved EO fumigation assays following the airtight fumigation assay protocol described by Pavela [27] and Jin [28]. Specifically, 50–100 eggs were transferred to a 250 mL Erlenmeyer flask with a rubber plug to ensure a tight seal. Then, a 1 × 5 cm filter paper strip was affixed to the rubber plug using insect needles to ensure that the strip was suspended within the bottle and not in contact with its walls. Subsequently, 40 µL of plant EO (fumigation concentration of approximately 133.33 µL/L) was applied to the filter paper strip. The rubber plug was promptly inserted into the bottle, which was placed in an incubator set at 30 °C, 60% relative humidity, and total darkness for a duration of 48 h. The rubber plug was opened every 24 h to allow for the influx of fresh air. A blank control group was also established. Six replicates were used for each group. Following a 48 h fumigation period, the filter paper strip containing the EO was retrieved. Subsequently, all eggs were allowed to hatch over an 8 d period, after which photographs were captured using a light microscope (K402 McOddy microscope, Motic China Group Co., Ltd., Xiamen, China). The total number of eggs and unhatched eggs (Figure 1) and corrected mortality rates were then determined.




2.4. Fumigation Toxicity Bioassay of 5th Instar Larvae


The test method was the same as above. Approximately 40 µL of EOs, with a fumigation concentration of approximately 133.33 µL/L, was administered for the fumigation treatment. The blank control was untreated. Each replicate consisted of ten insects, with six replicates prepared for each group. Throughout the experiment, larvae were not provided any feed. The mortality and corrected mortality of the larvae were calculated.




2.5. Gas Chromatography–Mass Spectrometry (GC–MS) Analysis of EOs


The percentage composition of EOs with a mortality rate exceeding 80% was determined using gas chromatography–flame ionizing detection (GC–FID), and the compounds were identified by GC–MS. Prior to analysis, the EO sample (10 μL) was dissolved in 1 mL of hexane, filtered with a 0.22 μm organic filter membrane, and introduced into the instrument. The GC analyses were performed using a Shimadzu GC-2014C (Shimadzu Corp., Kyoto, Japan) equipped with an FID and an Rtx®-1 capillary column (25 m × 0.32 mm × 0.5 μm film; Restek, Bellefonte, PA, USA). The oven initial temperature was 35 °C for 3 min, which was increased at a rate of 10 °C/min to 280 °C and then maintained isothermally for 10 min. The temperatures of the injector and detector were 280 °C and 300 °C, respectively. The split ratio was 50:1, with an injection volume of 1 μL. Helium gas was used as the carrier gas at a flow rate of 3 mL/min. Samples were injected in triplicate for quantification.



The chemical characterization of EO compounds was performed using a GC–MS system (7890B-5977B, Agilent Technologies Co., Ltd., Santa Clara, CA, USA) equipped with a HP-5MS chromatographic column (30 m × 250 μm × 0.25 μm). Helium gas was used as the carrier gas at a flow rate of 1 mL/min. The injection volume was 1 μL with a split ratio of 20:1. The injector temperature was set at 280 °C. The temperature program consisted of an initial column temperature of 40 °C for 4 min, which was increased to 280 °C at a rate of 10 °C/min and then maintained for 5 min. The mass spectrometry conditions were as follows: EI mode: ionization energy: 70 eV; ionization source temperature: 230 °C; scan range: 50–550 amu; and scan rate: 200 spectra/s.



The GC–MS data were acquired using MassHunter Workstation Qualitative Analysis Software (Version B.08.00) (Agilent, Santa Clara, CA, USA). The retention indices (RIs) were calculated based on the data of C7–C40 n-alkanes acquired with the same GC–MS method. Identification of the EO components was performed using the NIST17 mass spectral library database by comparing RI values with published data [29,30,31].




2.6. Fumigation Toxicity Bioassays of EO Components


The fumigation effects of EO components on GWM eggs and larvae were tested following the methodology described in Section 2.3 and Section 2.4. Six replicates were prepared for each group.




2.7. Determination of the LC50 for 5th Instar Larvae


The study employed the airtight fumigation assay method outlined above to determine the LC50 values of EOs and predominant compounds that demonstrated significant effects. Fifth instar larvae were exposed to different concentrations of the test substances (0 μL/L, 8.33 μL/L, 16.67 μL/L, 33.33 μL/L, 66.67 μL/L, 133.33 μL/L, and 266.67 μL/L), and their mortality rates were assessed after 24 and 48 h. Six replicates were used for each condition.




2.8. Statistical Analysis


The corrected mortality was calculated as follows: corrected mortality % = (% of mortality in treatment  −  % of mortality in control)/(100  −  % of mortality in control) [32].



Statistical analyses were performed based on one-way analysis of variance in SPSS version 23 (IBM SPSS Statistics 23) (IBM Corp., Armonk, NY, USA). The regression equation for the relationship between virulence and lethal medium concentration (LC50) via fumigation poisoning was determined by converting the corrected death rate to a probability value (y) using the log-probability method and representing the concentration as a base 10 logarithm (x).





3. Results


3.1. Fumigation Activity


The fumigation toxicity of 16 EOs against the GWM eggs and fifth instar larvae is reported in Figure 2. The average egg and larvae mortality rates of the control group were very low (3.58% and 3.33%, respectively), indicating the feasibility of this approach. At a concentration of 133.33 μL/L, star anise oil exhibited the highest efficacy, achieving a corrected mortality rate of 100% for both eggs and fifth instar larvae. This was followed by wintergreen oil and clove oil, which also demonstrated a 100% fumigation mortality rate for eggs and over 80% for fifth instar larvae. In contrast, the insecticidal effects of cinnamon, citronella, artemisia, pepper, and neem oils were less than 40%. Interestingly, most EOs displayed greater toxicity towards eggs; however, camphor and eucalyptus oil showed significant insecticidal activity against fifth instar larvae, with mortality rates of 93.15% and 89.72%, respectively.




3.2. Chemical Composition of EOs


GC–MS analyses were conducted on the three most active oils, and the components with relative peak areas exceeding 0.5% are listed in Table 2. Total ion chromatograms of the three Eos, (A) wintergreen oil, (B) star anise oil, and (C) clove oil, are reported in Figure 3. The findings reveal that terpenoids were the predominant components of the three EOs. Wintergreen oil consisted solely of methyl salicylate (93.26%). The predominant compound in star anise oil was trans-anethole (87.75%), although it also contained α-pinene (1.19%), limonene (1.44%), linalool (1.12%), estragole (1.41%) and cis-anethole (0.66%). Clove oil primarily consisted of eugenol (77.75%) and caryophyllene (8.35%) but also included γ-terpinene (0.51%), terpinen-4-ol (0.63%), methyl salicylate (0.75%), and humulene (2.24%).




3.3. Fumigation Activity of EO Components on Eggs and Larvae


The fumigation efficacy of the primary components methyl salicylate, trans-anethole, and eugenol on GWM eggs and fifth instar larvae was investigated (Figure 4). The three components resulted in 100% mortality rates for GWM eggs. Furthermore, after 48 h of fumigation, the corrected mortality rates for fifth instar larvae were 100%, 100%, and 78.33% for methyl salicylate, trans-anethole, and eugenol, respectively.




3.4. Fumigant Toxicity of EOs and Main Components on Fifth Instar Larvae


Table 3 shows the LC50 and LC90 values of the EOs and their primary monomer constituents studied against GWM fifth instar larvae after 24 h and 48 h of exposure. As observed, a gradual decrease in the LC50 values over time was observed for the three plant EOs. Specifically, at the 24 h time point, the LC50 levels were ranked in the following order from lowest to highest: wintergreen at 51.07 μL/L, star anise at 64.61 μL/L, and clove oil at 91.30 μL/L. Following a 48 h exposure period, clove oil displayed the highest larvicidal activity with an LC50 of 29.24 μL/L and LC90 of 86.25 μL/L.



The 48 h fumigant toxicity exhibited by methyl salicylate and trans-anethole surpassed that of the EOs. In contrast, eugenol displayed lower fumigant toxicity than clove oil. Moreover, trans-anethole, which is the main compound of star anise oil, was efficient against larvae, with a 48 h LC50 of 25.22 μL/L. Additionally, trans-anethole was the compound with the greater slope, indicating that small changes in concentration were required to increase the mortality of GWM.





4. Discussion


This study tested the fumigation efficacy of 16 EOs on GWM eggs and fifth instar larvae based on a biological assay. Wintergreen, star anise, clove, oregano, tea tree, and peppermint oils demonstrated a fumigation mortality rate exceeding 80% on GMW eggs at a concentration of 133.33 μL/L. This is the first report on the fumigation efficacy of EOs on GWM eggs; thus, the findings provide important insights into their fumigation effects. Our study also revealed that the EOs of eucalyptus, anise, camphor, and clove had fumigation mortality rates exceeding 80% for fifth instar larvae of GWM (Figure 2).



Interestingly, most EOs displayed greater toxicity towards eggs; however, camphor and eucalyptus oil showed significant insecticidal activity against fifth instar larvae, with mortality rates of 93.15% and 89.72%, respectively. Studies show that plant extracts and EOs are toxic to insect larvae and eggs [33]. Typically, the dense eggshell of insect eggs poses a challenge for the penetration of insecticides, thereby limiting their toxic effects and rendering the eggs more resistant to insecticides compared to the larval stage [34,35]. The methanol extract of Pisonia alba effectively prevents and controls the larvae, pupae, and eggs of Aedes aegypti and Culex quinquefasciatus mosquitoes, with a higher LC50 for eggs than third instar larvae [36]. Nevertheless, the efficacy of EOs varies with the developmental stage and species of the insect and the botanical source of the oil. Ephestia kuehniella eggs are less tolerant to EOs than their final larvae [37]. Helicoverpa armigera eggs are more susceptible to oregano essential oil than third instar larvae, as indicated by the higher LC50 [38]. In contrast, these eggs are less sensitive to Cheilocostus speciosus EO [39]. In this study, most EOs, except eucalyptus and sassafras, showed stronger fumigation effects on GWM eggs at the same concentrations and exposure times. This may be due to the larger size of the fifth instar larvae used in the study, because older larvae generally require higher concentrations of EOs for effectiveness [40].



Consistent with our results, one study reported the fumigation efficiency of clove oil, eugenol, and methyl salicylate (the primary component of wintergreen oil) on the fifth instar larvae [41]. The potential efficacy of star anise EO has not yet been documented. Nonetheless, previous studies on Ctenocephalides felis [42] and Schistosoma mansoni [43] have reported the insecticidal effects of anise oil. Our findings present a new application of anise oil as a potential method for controlling GWM, thus providing a more effective EO alternative for mitigating GWM damage and establishing a basis for future research and control strategies.



The insecticidal effects of EOs are mainly due to their main compounds [26,44], although minor components may also play a role in their larvicidal activity [45]. In the present study, methyl salicylate, the primary compound identified in wintergreen oil at a concentration exceeding 93% [46], demonstrated a complete insecticidal effect and showed similar efficacy on GWM eggs and larvae, as well as comparable LC50 values. In addition, trans-anethole (87.75%) and eugenol (77.75%) represented the primary constituents of star anise and clove oil, respectively, and their primary constituents were similar to those reported previously [47,48]. The results show that trans-anethole had a lower LC50 than star anise oil, indicating it is the only active ingredient. This could be why a higher dose of star anise oil is required for the same insecticidal effect, potentially due to other compounds masking this distinction. These findings align with previous research by Pavela et al. [49] on Culex quinquefasciatus larvae. Contrary to the above findings, the LC50 value of eugenol was higher than that of clove oil, which was consistent with the trend in the study by Owayss [41]. Other compounds in clove oil, particularly caryophyllene (8.35%), may contribute significantly to its insecticidal effectiveness. Caryophyllene displays various biological activities, such as antibacterial and insecticidal activity [50,51], underscoring the need for additional research to explore its potential insecticidal effects. Nonetheless, the insecticidal efficacy of eugenol remained satisfactory because the 48 h toxicity levels of eugenol surpassed those of star anise and wintergreen oils.



The highest fumigation toxicity towards the fifth instar larva of GWM over 48 h was observed for trans-anethole relative to the other substances evaluated. Consequently, using this particular compound may allow for a reduction in drug dosage without compromising the insecticidal efficacy, thereby potentially mitigating adverse odour profiles and medication costs. Moreover, trans-anethole is a predominant compound in various EOs, such as dill (Foeniculum vulgare Mill.), anise (Pimpinella anisum L.), and star anise (Illicium verum Hook.f.), and it exhibits significant fumigation potential [52,53,54,55]. The effects of these EOs vary depending on the concentration of trans-anethole present, and the utilisation of constituents in their pure form does not exhibit this variability [56]. In addition to the insecticidal properties against pests, trans-anethole has been shown to exhibit broad antifungal activity against the budding yeast Saccharomyces cerevisiae [57], plant pathogenic fungi [58], and Enterococcus faecalis [59]. We speculate that it plays a positive role in the disinfection of honeycombs, although this requires further study.



In terms of safety, methyl salicylate, trans-anethole, and eugenol are safe and non-toxic, making them suitable for application in the food industry as preservatives and additives. However, the use of EOs can alter the flavour profile of honey. EO residues such as thymol present in honey are significantly below the recommended safety threshold and diminish rapidly due to their volatile nature, suggesting that there may be no associated food safety risk for consumers [60]. Additionally, these substances are readily accessible and economically viable.



In the apiary industry, preparations based on EOs have been approved for the control of parasitic bee mites [61]. Natural pesticide products containing eugenol, such as EcoPCOR, have also been commercialised for the control of crawling and flying insects [62]. In practical production, the comb can be preserved when using EOs by placing the combs into multi-layer hives. A specified quantity of EO is applied directly to an appropriate carrier, and then the hive is sealed with plastic film to ensure airtight storage. Nevertheless, this study solely examined EOs and their constituents in a controlled laboratory setting. External factors such as fluctuations in ambient temperature and the integrity of container seals could potentially impact the effectiveness of EOs in practical applications. Future research should explore the impact of EOs on GWM under field conditions and develop formulations with enhanced efficacy, stability, and cost-effectiveness. These studies could provide valuable insights into the application of EOs as novel insecticides/fumigants, thereby contributing to the development of targeted and effective methods for controlling specific pests.




5. Conclusions


This study revealed that wintergreen, star anise, and clove oils exhibited notable fumigation effects on the eggs and fifth instar larvae of GWM through bioassay testing. Moreover, methyl salicylate, trans-anethole, and eugenol were identified as the active fumigant components in these oils. Among them, trans-anethole showed the strongest insecticidal activity against GWM. This suggests that these components could work well as fumigants for bee combs to stop moth infestations, thereby offering a natural management option.
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Figure 1. Morphology of the eggs. 
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Figure 2. Corrected mortality (%) of greater wax moth (GWM) after essential oil treatment (48 h at 30 °C) based on the fumigation toxicity bioassay. The insects were tested in six replicates (n = 10 larvae and n = 50–100 eggs each) per formulation. Control value represents the mortality rate of the blank control group. 
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Figure 3. Total ion chromatograms of the three EOs, (A) wintergreen oil, (B) star anise oil, and (C) clove oil. 
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Figure 4. Corrected mortality rate (%) of essential oil components on the eggs and 5th instar larvae of GWM. The insects were tested based on six replicates (n = 10 larvae and n = 50–100 eggs each) per formulation. 
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Table 1. Plant species and essential oils tested in this study.






Table 1. Plant species and essential oils tested in this study.





	Essential Oil
	Family
	Scientific Name
	Extracted Plant Part





	Wintergreen
	Aquifoliaceae
	Ilex purpurea
	leaf



	Star anise
	Magnoliaceae
	Illicium verum
	seed



	Clove
	Myrtaceae
	Syzygium aromaticum
	flower bud



	Tea tree
	Myrtaceae
	Melaleuca alternifolia
	leaf



	Schizonepeta
	Lamiaceae
	Nepeta cataria
	leaf



	Perilla
	Lamiaceae
	Perilla frutescens
	leaf



	Cinnamon
	Lauraceae
	Cinnamomum cassia
	leaf, bark



	Citronella
	Poaceae
	Cymbopogon citratus
	leaf



	Eucalyptus
	Myrtaceae
	Eucalyptus globulus
	leaf



	Peppermint
	Lamiaceae
	Mentha piperita
	leaf



	Arborvitae
	Cupressaceae
	Platycladus orientalis
	leaf



	Artemisia
	Asteraceae
	Artemisia argyi
	stem, leaf



	Pepper
	Rutaceae
	Zanthoxylum bungeanum
	seed



	Neem
	Meliaceae
	Melia azedarach
	seed



	Camphor
	Lauraceae
	Camphora parthenoxylon
	wood



	Oregano
	Lamiaceae
	Origanum vulgare
	leaf










 





Table 2. Analysis of the main chemical components of the essential oils (EOs).
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EOs

	
No.

	
RIexp

	
RIlit

	
Chemical Compounds

	
Relative Content

(%)






	
Wintergreen

	
1

	
1196

	
1195

	
Methyl salicylate

	
93.26 ± 0.38




	
Star anise

	
1

	
936

	
938

	
α-Pinene

	
1.19 ± 0.01




	
2

	
1032

	
1031

	
Limonene

	
1.44 ± 0.02




	
3

	
1102

	
1101

	
Linalool

	
1.12 ± 0.01




	
4

	
1204

	
1202

	
Estragole

	
1.41 ± 0.01




	
5

	
1259

	
1259

	
cis-Anethole

	
0.66 ± 0.02




	
6

	
1295

	
1289

	
trans-Anethole

	
87.75 ± 0.47




	
Clove

	
1

	
1056

	
1062

	
γ-Terpinene

	
0.51 ± 0.02




	
2

	
1177

	
1175

	
Terpinen-4-ol

	
0.63 ± 0.01




	
3

	
1193

	
1195

	
Methyl salicylate

	
0.75 ± 0.02




	
4

	
1359

	
1360

	
Eugenol

	
77.75 ± 0.21




	
5

	
1422

	
1419

	
Caryophyllene

	
8.35 ± 0.1




	
6

	
1457

	
1452

	
Humulene

	
2.25 ± 0.04








Abbreviations: RIexp: experimental retention index; RIlit: literature data.













 





Table 3. Fumigation toxicity of essential oil constituents (EOCs) on 5th instar larvae of GWM.
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EOCs

	
Time (h)

	
LC50 (95% CI) a

(μL/L)

	
LC90 (95% CI) a

(μL/L)

	
Slope ± SE b

	
χ2 c

	
p-Value






	
Wintergreen oil

	
24

	
51.07

(41.98–61.40)

	
139.51

(107.69–210.26)

	
2.94 ± 0.30

	
43.19

	
<0.001




	
48

	
39.60

(32.74–46.72)

	
92.06

(75.29–122.93)

	
3.50 ± 0.32

	
48.64

	
<0.001




	
Star anise oil

	
24

	
64.61

(49.46–86.40)

	
246.85

(157.97–619.46)

	
2.02 ± 0.29

	
47.08

	
<0.001




	
48

	
42.18

(33.07–53.78)

	
107.98

(82–174.60)

	
3.22 ± 0.34

	
65.49

	
<0.001




	
Clove oil

	
24

	
91.30

(71.70–128.25)

	
405.29

(239.78–1182.32)

	
1.98 ± 0.30

	
30.09

	
<0.001




	
48

	
29.24

(21.53–36.63)

	
86.25

(66.53—129.99)

	
2.73 ± 0.30

	
53.34

	
<0.001




	
Methyl salicylate

	
24

	
42.68

(35.45–50.79)

	
125.36

(97.11–185.88)

	
2.74 ± 0.36

	
6.21

	
<0.001




	
48

	
32.87

(26.56–39.30)

	
98.11

(76.80–143.44)

	
2.70 ± 0.37

	
4.87

	
<0.001




	
trans-Anethole

	
24

	
45.29

(29.59–63.66)

	
702.381

(349.47–2794.64)

	
1.08 ± 0.19

	
28.84

	
<0.001




	
48

	
25.22

(19.21–31.07)

	
64.68

(50.46–96.92)

	
3.13 ± 0.41

	
33.71

	
<0.001




	
Eugenol

	
24

	
249.08

(173.59–455.34)

	
2023.33

(904.44–9394.68)

	
1.41 ± 0.23

	
16.75

	
<0.001




	
48

	
36.41

(28.16–45.16)

	
204.83

(149.01–327.29)

	
1.71 ± 0.20

	
29.59

	
<0.001








Abbreviations: a: lethal concentration (μL/L) to 50% (LC50) or 90% (LC90) of the exposed population; CI, confidence limit; b: SE, standard error; c: χ2, chi-square.
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