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Abstract

:

Essential oils have insecticidal activity against several insects and are composed of numerous compounds. This study investigated the insecticidal effects of the Thuja occidentalis L. (Cupressaceae) essential oil, terpinyl acetate, and bornyl acetate against the peach aphid [Myzus persicae (Sulzer)]. The insecticidal effect of essential oils on three Cupressaceae plants was highest in T. occidentalis. The Thuja occidentalis essential oil was extracted by steam distillation, and the optimum conditions were found. The GC-MS profiling of essential oil components extracted from T. occidentalis leaves identified 16 volatile compounds. The main components were α-thujone (16.58%), β-myrcene (14.62%), bornyl acetate (9.31%), and terpinyl acetate (8.52%). As a result of the metabolite profiling of three Cupressaceae plants, terpinyl acetate and bornyl acetate were present in large amounts in all of the essential oils, and they had an acetate structure, so it was estimated that they had insecticidal activity. The insecticidal activity of these two compounds was stronger than the other individual monoterpene compounds. The addition of surfactants to the terpinyl acetate and bornyl acetate showed strong insecticidal activity. Terpinyl acetate and bornyl acetate can be used as environmentally friendly insecticidal-active compounds.
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1. Introduction


The use of synthetic pesticide chemicals puts humans and the environment at risk and contributes to economic and ecological challenges worldwide. The search for new effective pesticidal compounds is essential to combat increasing resistance rates [1].



Plants may provide a potential alternative to currently used insecticides and acaricides because they virtually constitute a rich source of bioactive chemicals [2,3]. It has been well-acknowledged that many plant-derived extracts and phytochemicals, such as alkaloids, phenolics, and terpenoids, are potential alternatives to synthetic insecticides [4]. Plant pesticides are generally known to act specifically on pests, are relatively harmless to non-target organisms, including humans, and are biodegradable and harmless to the environment [5,6,7].



Thuja occidentalis L., commonly known as arbor vitae or white cedar, is indigenous to eastern North America and is growing in Europe as an ornamental tree. In folk medicine, T. occidentalis has been used to treat bronchial catarrh, enuresis, cystitis, psoriasis, uterine carcinomas, amenorrhea, rheumatism, chronic upper respiratory tract infections, and antibiotics [8,9,10].



The green peach aphid, Myzus persicae (Sulzer) (Hemiptera: Aphididae), is a pest that sucks the sap of leaves and young shoots, causes severe leaf drying, and excretes a honeydew fungus that grows on and reduces the productivity of major crops while transmitting viruses to plants [11]. The treatment of aphid repellents is efficient and can prevent side effects caused by chemical insecticide treatments [12].



The terpenoids available in relatively large amounts as essential oils, resins, and waxes are important to renewable resources and provide a range of commercially valuable products, including solvents, flavorings, fragrances, adhesives, coatings, and synthetic intermediates [13]. Essential oils possess acute toxicity to insects [14], repellent activity [15], and antifeedant activity [16], as well as acute toxicity against adults and larvae [17].



Metabolic profiling has traditionally focused on two main perspectives when used as a tool to study secondary metabolism. First, it has been used to isolate and identify individual and unknown secondary metabolites [18]. Second, metabolic profiling has been used to study secondary metabolism’s molecular aspects [19]. The profiling of volatile plant metabolites has been applied to identify plant-pathogen-associated compounds [20] and interspecies identification [21]. These efforts have often focused on a limited number of secondary metabolites associated with the particular pathway under study, and studies on the insecticidal activity of single components of essential oils have not been extensively conducted.



Essential oils are made up of various compounds. Although several studies have proven that essential oils have insecticidal effects, studies on specific individual components are very scarce [22,23]. Yong et al. [24] analyzed the chemical composition of essential oils extracted from three conifer leaves by GC-MS and profiled three essential oil components with a high antifungal activity. As a result, the compound present in all three species was bornyl acetate and terpinyl acetate. Then, as a result of assaying the antifungal activity of six monoterpenes, it was revealed that the individual monoterpenes with the highest antifungal activity were bornyl acetate and terpinyl acetate.



The isolation of an individual compound has various advantages. The individual compound can be used to identify the precise insecticidal mechanism for insect toxicity and can be used as an economical biological pesticide and a biomarker of valuable plant resources. In addition, the isolation of individual compounds can enhance insecticidal effects and mixing with other compounds can reduce the likelihood of developing insecticidal resistance by target pest populations [25,26,27]. It is known that the combination of individual active compounds present in essential oils may exhibit synergistic or antagonistic effects [28,29]. Therefore, recently, research on the insecticidal effect produced by combinations of terpenes with insecticidal activity has increased significantly. These individual compounds can be used to maximize the effectiveness and specificity in the design of future insecticides with specific or multiple target sites while ensuring economic and ecological sustainability.



This study was conducted under the hypothesis that bornyl acetate and terpinyl acetate may have a high insecticidal effect. Therefore, in this study, the insecticidal effects of the T. occidentalis essential oil, terpinyl acetate, and bornyl acetate, the main monoterpenes of coniferous species, were investigated against M. persicae.




2. Materials and Methods


2.1. Plant Material and Chemicals


The healthy and mature leaves from 30 to40-year-old Chamaecyparis obtusa (Siebold & Zucc.) Endl., Chamaecyparis pisifera (Siebold & Zucc.) Endl. and T. occidentalis were collected from the Experiment Forest of Gyeongsang National University in Korea (GPS 35°09′11” N, 128°06′04” E, altitude 26 m). Three Cupressaceae leaves were harvested in July 2019. The moisture content of the leaves was 62.3%, and leaves were separated from the branches after cutting off branches at a height of 2 m from the ground. The separated leaves were immediately sealed in PE vinyl, and then the essential oil was extracted immediately. Essential oil extraction was performed using the extraction apparatus reported by Yang et al. [30].



The monoterpene used in this study was (+)-2-carene (97%, Sigma-Aldrich Co., St. Louis, MO, USA), (R)-(+)-limonene (97%, Sigma aldrich), 1-decene (94%, Sigma aldrich), and p-cymene (99%, Acros organics).




2.2. Extraction of Essential Oil


The extraction of essential oils from T. occidentalis leaves was performed using a method by Seo et al. [31]. An amount of 50 g of T. occidentalis leaves was cut into 1–2 cm pieces, put into a 2 L round flask containing 500 mL of distilled water, and distilled at 100 °C for 7 h.



The extracted essential oil was measured with a burette attached to the bottom of the extraction apparatus [30]. As for the method used for extracting essential oils, a steam distillation method in which water was heated to volatilize and then cooled to recover the essential oil was used. The equipment used for extraction was the equipment manufactured by Yang et al. [30]. After cutting 100 g of leaves into 2 * 2 cm (width * length), put them into a mixer, grind them for 1 min, and extract 125 g of leaves in an extractor containing 1 L of distilled water for 3 h, then select them, and add them to 1 L of distilled water for 5 h. As heat source equipment, a heating metal with a capacity of 2 kW was used. The essential oil was collected in a burette attached to the extraction device without a separate purification process, and the amount of extracted essential oil was measured with a gauge attached to the extraction device when it had cooled for 1 h after the completion of extraction. The extraction of pre-experimental results was performed once.



The yield of essential oils from the leaves was calculated according to the dry weight of the plant material. The extracted oil was stored in a refrigerator at 4 °C. The resulting oil solution was used for compositional analysis and aphid experiments.


   Yield   of   essential   oil     ( % )   =     Volume   of   essential   oil   ( mL )     Dry   sample   ( g )       ×   100   



(1)








2.3. Chemical Profiling of T. occidentalis Essential Oils through GC-MS


Each essential oil was analyzed on a gas chromatograph (HP5890 SERIES II)—mass spectrometer (GC-MS, HP 5971 SERIES MSD) for metabolite profiling. The GC column was a 60 mm × 0.25 mm × 0.25 μm i. d. HP-1 fused silica capillary column. The GC conditions were as follows: the injector temperature was 250 °C; the column temperature of the isothermal was at 50 °C for 5 min, then programmed to 240 °C for 3 min and held at this temperature for 10 min; the ion source temperature was 230 °C. Helium was used as the carrier gas at 1 mL/min. The effluent of the GC column was introduced directly into the source of the MS. Spectra and was obtained in the EI mode with a 70-eV ionization energy. The sector mass analyzer was set to scan from 50 to 800 amu for 2 s. Compounds were identified by comparison with retention times, and mass spectra were obtained with the authentic standards in the GC-MS system used for analysis. When authentic samples were not available, the identification was carried out by the comparison of mass spectra with those in the mass spectra library [32]. Contents of terpenoid compounds were determined through a relative area (%) on analyzed peaks.




2.4. Insecticidal Activity of Essential Oils of Three Cupressaceae Plants


The insecticidal activity of essential oils, when extracted from the leaves of three Cupressaceae plants (C. obtusa, C. pisifera and T. occidentalis), was tested for the insecticidal effect on aphids by the fumigation method below. As a result, the insecticidal activity of the T. occidentalis essential oil was higher than that of C. obtusa and C. pisifera, so the subsequent study conducted a follow-up study on T. occidentalis essential oils, as follows: the insecticidal activity of essential oils against aphids was measured using the fumigation method.




2.5. Insecticidal Assay of Essential Oil, Terpinyl Acetate, and Bornyl Acetate against M. persicae


For the peach aphid (Myzus persicae Sulzer) used in the insecticidal experiment, the second-generation nymph (wingless aphid) was used. These were provided by the Korea Biochemical Co. (Jinju, Korea), and cabbages were raised as a host. Aphids were reared in acrylic insect breeding cages (L40 × W40 × H50 cm) containing host seedlings under the conditions of a 16 h light: 8 h dark photoperiod, 25 ± 1 °C, and 60 ± 10% relative humidity.



The peach aphids were bred after cabbage leaves more than 6 weeks old after sowing were collected. The M. persicae was reared on a plant leaf under a controlled environmental growth chamber with a 12 h light: 12 h dark photoperiod at 25 °C and 70–80% RH. All bioassays were in the same environmental conditions used to maintain the culture. In all bioassays, the aphids were considered dead when no leg or antennal movements were observed upon gentle prodding with a brush and when aphids showed post-mortem color change.



Six monoterpenes (bornyl acetate, terpinyl acetate, (+)-2-carene, ®-(+)-limonene, 1-decene, and P-cymene) were purchased and tested for their insecticidal effectiveness. The pesticidal activity of essential oils and monoterpenes was tested by fumigation and contact (spray).



For the insecticidal activity test by fumigation, filter paper (Advantec No.2) with a diameter of 70 mm was cut into 2 cm by 4 cm lengths to adsorb the T. occidentalis essential oil along with 6 monoterpene substances at the concentrations of 0, 0.125, 0.25, 0.5, 1, 2, and 5 μL/L.



The impregnated filter paper was attached to a 500 mL plastic glass bottle cap. The plastic cap was then screwed tightly onto the vial. Each bottle contained 20 M. persicae adults. Mortality rates were determined every 3 h after the initiation of exposure until 60 h. All experiments were performed in a growth chamber set at 20 ± 2 °C, 12-= h (dark: bright) photoperiod, and 70% RH. All tests were repeated 5 times, and the insecticidal effect after treatment was measured by counting the immobile dead insects.



Another insecticidal activity was tested with contact toxicity via a spray. T. occidentalis essential oils and monoterpenes (terpinyl acetate and bornyl acetate) were prepared at various concentrations (5%, 10%, 15%, and 20%) in 8% of the Tween-20 solutions. To test the contact toxicity, 20 aphid-attached young cabbage leaves were placed in a plastic container (diameter 15 cm × height 10 cm) lined with filter paper (Advantec No. 2, diameter 90 mm). The insecticide was sprayed 50 cm above the bottom of the plastic container at 15-min intervals. All tests were repeated 5 times, and the insecticidal effect was observed while performing this for 60 min.




2.6. Statistical Analysis


All the above experiments were conducted in five replications. A one-way analysis of variance (ANOVA) followed by Duncan’s multiple-range test (DMRT) was applied to evaluate differences among the treatments. When it comes to percentage data, they were transformed into an arcsine value.





3. Results


3.1. Insecticide Activity of Essential Oils of Three Cupressaceae Plants


The insecticidal activity of essential oils extracted from the leaves of three Cupressaceae plants was different for each species (Figure 1). The insecticidal activity of T. occidentalis essential oils was higher than that of C. obtusa and C. pisifera. The T. occidentalis essential oil showed a 60% insecticidal effect for 12 h and a 100% insecticidal effect at 2.0 μL after 18 h of treatment. C. obtusa and C. pisifera essential oils showed a 100% insecticidal effect for 45 h. Therefore, we conducted subsequent studies on T. occidentalis essential oils.




3.2. Extraction of T. occidentalis Essential Oils


The essential oil was extracted by the steam distillation method from T. occidentalis leaves. The yield of the essential oil increased according to the extraction time. An optimal extraction was 50 g of leaves added to 500 mL of distilled water and extracted after 7 h at 100 °C (Figure 2).




3.3. Chemical Profiling of T. occidentalis Essential Oils through GC-MS


The chemical compositions of essential oils obtained from T. occidentalis leaves were analyzed by GC MS (Figure 3). The constituent substances of essential oil were identified by GC-MS in the leaves. (Table 1). The analysis led to the identification of 16 volatiles from essential oils in T. occidentalis leaves. The main constituents were α-thujone (16.58%), β-myrcene (14.62%), bornyl acetate (9.31%), and terpinyl acetate (8.52%). The chemical composition of T. occidentalis essential oils was slightly different compared to the previous study by Yong et al. [24].




3.4. Selection of Putative Insecticidal Compounds from the Essential Oil


An individual compound with insecticidal activity in this study was followed by the metabolite profiling of GC-MS. In a previous study, we investigated the antimicrobial compounds by profiling the essential oil components of Cupressaceae plants [24]. For the measurement of these bioactive compounds, the three terms are designed as follows: the first compound must be contained in all three essential oils; second, the three essential oils must have a large amount of compounds; and thirdly, the biological activity, chemical structure, that is, whether it contains an acetate group was considered. The content of bornyl acetate and terpinyl acetate in the T. occidentalis essential oil was different between C. obtusa and C. pisifera. However, the content of these compounds was high in all three species (Table 1). Through metabolite profiling using GC-MS, terpinyl acetate and bornyl acetate were selected (Figure 4).




3.5. Insecticidal Activity of T. occidentalis Essential Oils


Different fumigation activities were investigated according to the treatment concentrations (0, 0.125, 0.25, 0.5, 1, 2, 5 μL/L in the air) of the T. occidentalis essential oil. The insecticidal activity of the T. occidentalis essential oil against adults of M. persicae differed according to the treatment concentration (Figure 5). The insecticidal activity of T. occidentalis essential oils was increased concentration-dependently. At the concentration of 0.125 μL/L, the insecticidal effect started to appear after 12 h of treatment, and the mortality rate did not exceed 40%. At concentrations of between 1.0 and 2.0 μL/L, insecticidal activity began to occur 3 h after treatment. The concentration showing the highest insecticidal activity among the treatments was 5.0 μL/L. At 5.0 μL/L, the insecticidal effect appeared immediately after treatment. The mortality rate increased with an increasing treatment concentration.




3.6. Insecticide Activity of Terpinyl Acetate and Bornyl Acetate


The insecticidal activity against M. persicae through the fumigation of monoterpene was investigated. The insecticidal test was carried out for 60 h and was monitored every 3 h after treatment (Figure 6). Six types of monoterpenes showed different insecticidal activities. The insecticidal effect was demonstrated 3 h after treatment, and the insecticidal activity increased as time passed. The terpinyl acetate showed 100% lethality after 21 h, and the bornyl acetate showed 100% lethality after 15 h. Limonene showed a strong insecticidal effect at the beginning, but after 15 h, the insecticidal effect was weaker than both the terpinyl acetate and bornyl acetate. Another monoterpene, in the form of cymene, showed 100% lethality after 36 h. Limonene showed 100% lethality after 48 h. In conclusion, terpinyl acetate and bornyl acetate showed the most vigorous insecticidal activity against M. persicae.




3.7. Insecticidal Activity of Essential Oil and Monoterpenes with Surfactant


The insecticidal activity was measured for 60 min and monitored every 15 min based on the spray method using various concentrations (5%, 10%, 15%, and 20%) of the T. occidentalis essential oil, terpinyl acetate, and bornyl acetate, each containing 8% Tween 20 (Figure 7). As a result, the treatment agent showed that the highest insecticidal activity was the essential oil. The T. occidentalis essential oil showed an insecticidal effect immediately after spraying, and the mortality rate increased over time. In addition, the insecticidal activity of the T. occidentalis essential oil increased as the treatment concentration increased. The highest insecticidal activity among the treatments was 10% of the T. occidentalis essential oil, which killed 95% in 60 min.



The insecticidal activity was investigated according to the concentrations (5%, 10%, 15%, 20%) of terpinyl acetate and bornyl acetate, which are terpenoid components of the T. occidentalis essential oil (Figure 7). These components showed differences in insecticidal activity according to the treatment concentration. In addition, the insecticidal effect on M. persicae increased with increasing concentrations. The terpinyl acetate and bornyl acetate showed an insecticidal effect immediately after spraying, and the longer the treatment time, the higher the activity.



Among the surfactant-containing monoterpenes, the insecticidal effect of bornyl acetate was stronger than that of the terpinyl acetate. In each experiment, the most powerful insecticidal activity was observed in 10% of the terpinyl acetate solution, which killed 75% of the aphids after 60 min, and 20% of the bornyl acetate solution, which killed 90% of the aphids after 60 min. However, there were no significant differences between these treatments (Table 2).





4. Discussion


Among the insecticidal effects of the essential oils of three Cupressaceae plants, T. occidentalis had the highest insecticidal effect. The insecticidal activity of the T. occidentalis essential oil has already been studied. Szolyga et al. [34] studied how the insecticidal activity of the essential oil T. occidentalis showed an insecticidal effect when an acetone solution at a concentration of 10 mg/mL was treated to Alphitobius diaperinus Panzer (Coleoptera: Tenebrionidae), and young larvae were more sensitive than older larvae to the tested chemical. In addition, Kéïta et al. [35] reported that the T. occidentalis essential oil had an insecticidal effect on Callosobruchus maculatus.



When the essential oil or monoterpene was fumigated, it started showing insecticidal effects after 3 h, as well as a very large insecticidal effect on aphids after 9–15 h. In the case of T. occidentalis essential oils, the mortality rate was 100% after 15 h, and the C. obtusa and C. pisifera essential oils showed 100% mortality after 45 h. Even in the untreated group, all were killed after 60 h. Often, biological assays for pests are performed in sealed desiccators. In most essential oil insecticidal tests, mortality is usually measured after 24 h [36,37]. In our study, the insecticidal kinetics of insects were identified even after 24 h. After 24 h, the insecticidal activity was less than 40%, which was not significantly different from other studies. However, the 100% mortality in the control treatment after 60 h seems to be due to the small size of the container used at the time of treatment. Pascual-Villalobos et al. [38] also discussed the importance of the experimental container in the insecticidal activity test for essential oils against green peach aphids. However, further research on this is required.



The essential oil from T. occidentalis leaves was extracted by steam distillation, and the yield was found to be affected by extraction time, leaf-to-water ratio, and pretreatment. The highest yield of the essential oil was 0.35%. It is known that the content of essential oils varies from plant to plant by species [39]. The yield of the essential oil of Cupressaceae plants was lower than that of other softwood essential oils. Although the amount of essential oils in the Cupressaceae plants was small, it is known that the insecticidal power was very good [40,41].



The yield of the essential oil was also different from previous research. The yield of T. occidentalis was as low as 0.35%, much lower than that of C. obtusa (4.5%) and C. pisifera (5.3%) [30]. Tumen et al. [42] also stated that the yield of the essential oil was 0.13–0.48 mL/100 g in a pinecone tree, 0.42–0.59 mL/100 g in fir, 0.36 mL/100 g in spruce, and 0.37 mL/100 g in cedar. The difference in refinery yield seems to be a characteristic of endemic species, and it is estimated that there are factors at play, such as the environment.



Secondary metabolites are usually synthesized in plants because they represent the most important defense mechanisms against pathogens. The quantity produced along with their quality may vary depending on plant species, habitat, the organ of production and climatic conditions [43,44].



The main components of the essential oil in T. occidentalis were α-thujone (16.58%), β-myrcene (14.62%), bornyl acetate (9.31%), and terpinyl acetate (8.52%). Szolyga et al. [34] also analyzed the chemical composition of the T. occidentalis essential oil by GC-MS. As a result, the monoterpenoid ketones, including α-thujone (69.8%), β-thujone (9.5%), and fenchone (7.8%), were the main components. The monoterpenoid alcohols, including terpinene-4-ol, p-cymene-8-ol, and diterpenoid beyerene, were present only in small amounts (<3.0%). In addition, Kéïta et al. [35] reported the existence of 22 compounds by analyzing the T. occidentalis essential oil used for the fumigation of insects by gas chromatography. These results showed that the composition of essential oils in this study was somewhat different.



The concentrations of bornyl acetate and terpinyl acetate were different for each essential oil. The T. occidentalis essential oil contained terpinyl acetate (8.52%) and bornyl acetate (9.31%). This content is significantly lower than that of the C. obtusa essential oil (terpinyl acetate at 12.04% and bornyl acetate at 14.45%) and the C. pisifera essential oil (terpinyl acetate at 4.61% and bornyl acetate at 20.43%). Moreover, the chemical composition of the T. occidentalis essential oil in this study was somewhat different from that reported by other researchers. EMEA [45] reported that α-thujone and l-fenchone were the main ingredients, and Wallach [46] reported that α-pinene and 1-borneol (free and acetate) were the main ingredients. Although the concentrations of bornyl acetate and terpinyl acetate in the T. occidentalis essential oil were low, the insecticidal effect was high, indicating the potential of these two substances as strong insecticides.



Among the essential oil components, the strongest insecticidal component was judged to be an acetic acid-based substance. It indicated that both the bornyl acetate and terpinyl acetate had insecticidal activity. Xie et al. [36] also reported that the geranyl acetate showed the strongest insecticidal activity, followed by neryl acetate (LC50 = 0.19 μL/L) and bornyl acetate (LC50 = 0.38 μL/L) for monoterpenes, which showed an insecticidal effect on subterranean termites [Reticulitermes chinensis Synder (Isoptera: Rhinotermitidae)].



Terpinyl acetate and other short-chain esters are natural flavors widely used in food, cosmetic and pharmaceutical industries as food additives, perfumes, odorants, and disinfectants [47]. Bornyl acetate is the acetate ester of borneol. It is used as a food additive as well as a flavoring and odorant. It is a component of essential oils extracted from pine needles and is primarily responsible for odor [48]. The content of bornyl acetate was reported to be as high as about 30% in Pinus uncinata Ramond ex DC. (Pinaceae) essential oil and fir trees [Abies balsamea (L.) Mill. (Pinaceae), A. sibirica Ledeb.] [49]. However, in general, it has been reported that the content of bornyl acetate in essential oils of Pineaceae varies from trace amounts to 15.7% [50].



This variation in the type and concentration of terpenoid components in essential oils can be attributed to environmental factors (climate/weather, soil/nutrient) that can affect the regulation of essential oil biosynthesis [51]. On the other hand, it should be considered that different proportions of the main constituents of various essential oils may vary depending on several factors such as origin, age, plant part, temperature, extraction method, and storage [52]. Indeed, the adaptive metabolism of plants affects the quality, quantity, and chemical composition of plant essential oils, possibly contributing to the creation of unique and specific chemical compositions [53].



Essential oils are compounds of many ingredients. There are few studies on the insecticidal effect of specific components among essential oils extracted from the leaves of the coniferous species. Liu et al. [54] reported that among the components of Artemisia rupestris L. (Asteraceae) essential oils, four constituent compounds, α-terpinyl acetate, α-terpineol, 4-terpineol acetate, and linalool, exhibited contact toxicity to booklice (Psocoptera). Among them, α-terpinyl acetate was reported to have nearly 4.5 times more insecticidal effect than crude essential oil against booklice.



In addition, it was reported that bornyl acetate, a major component of the essential oil in the root of Valeriana officinalis L. (Caprifoliaceae), had insecticidal and repellent effects against Liposcelis bostrychophila Badonnel (Psocoptera: Liposcelididae) and Tribolium castaneum Herbst (Coleoptera: Tenebrionidae) [37]. Furthermore, bornyl acetate was tested for fumigant activity against adults of Callosobruchus chinensis L. (Coleoptera: Chrysomelidae) and Sitophilus oryzae L. (Coleoptera: Curculionidae) [55].



According to the treatment method of essential oils, it was found that insecticidal activity was different. In the case of this study, it was applied in two ways: fumigation and spray (contact). As a result, the spray had an insecticidal effect in a short time at a high concentration, and the fumigation showed the insecticidal effect slowly while the insecticidal power was continued. The investigation of the pesticidal pathways of natural insecticides is important to explore the most appropriate formulations and delivery means suitable for future commercialization [56]. The insecticidal activity by fumigation and contact seems to be different depending on the type of essential oil. It has been reported that the insecticidal activity of the A. rupestris essential oil is higher by fumigation than by spray (contact) [53]. Many essential oils primarily act as fumigants with additional contact actions. However, in this study, fumigation and spray treatments were not conducted at the same concentration. Further research on the dual fumigant + contact action of the T. occidentalis essential oil is also required.



In general, essential oils can be inhaled, ingested, or absorbed through the cuticle by insects [57]. According to previous studies, the fumigation toxicity of essential oils and its main component, volatile monoterpene, has been reported. Insects were also susceptible to topical application and died within at least 2–3 min.



The insecticidal effects of fumigation on individual ingredients other than essential oils have also been reported. It has also been reported that bornyl acetate has an insecticidal effect upon fumigation and contact. Feng et al. [37] reported that the bornyl acetate, a major component of essential oils from the root of Valeriana officinalis L., had insecticidal and repellent effects on Liposcelis bostrychophila and Tribolium castaneum through fumigation and contact.



Pesticide formulations contain pesticidal active ingredients that control target pests, carriers such as organic solvents or mineral clays, surface-active ingredients such as stickers and dusting agents and/or stabilizers, dyes, and other components such as chemicals for improvement or enhancement [58]. In our study, tween 20 was applied as a surfactant, but if a specialized surfactant is applied in the future, the insecticidal power will be more substantial.



Figure 8 schematically shows the process of searching for a single monoterpene which would have an insecticidal effect on Myzus persicae through chemical profiling from the essential oil of T. occidentalis, which is known to have high antibacterial and insecticidal effects. The essential oil was extracted from T. occidentalis leaves by crushing and steam distillation, and terpinyl acetate and bornyl acetate, which have excellent insecticidal effects, were detected through chemical profiling using GC-MS. These two monoterpenes showed strong insecticidal effects as a result of two insecticidal activity assays: direct contact (spraying) and fumigation. As a result, it was possible to discover an individual compound with biological activity among the essential oil components composed of more than dozens of compounds. These substances showed similar activity to the insecticidal effect of the essential oil and showed an excellent insecticidal effect even with the addition of the surfactant. Finally, this study requires the development of formulations (e.g., sprays, fumigants etc.) that can improve insecticidal power and safety and reduce costs.




5. Conclusions


This study aimed to identify monoterpenes with potent insecticidal activities against peach aphids (Myzus persicae) through the metabolite profiling of T. occidentalis essential oils composed of various substances. Until now, the development of plant-derived insecticides has been studied for essential oils. However, in the future, for the delivery of natural insecticides and to increase the insecticidal activity through mixing with other insecticides, strong individual insecticidal ingredients will begin to be developed. Terpinyl acetate and bornyl acetate, which were detected through metabolite profiling using GC-MS, showed strong insecticidal activities against peach aphids. It was confirmed that these two compounds can be applied to eco-friendly components through mixing with surfactants. However, although our experiments have demonstrated efficacy on a small scale in the laboratory, a commercial scale analysis will be required. In addition, it is necessary to verify the insecticidal effect of terpinyl acetate and bornyl acetate on various pests and the off-target effect on beneficial insects (bees, parasitoids, and predators). It is also essential to verify a more accurate insecticidal mechanism and efficacy, chemical injury, persistence, environmental impacts, and correlation between cost and efficacy. However, this study is significant in that the T. occidentalis essential oil and individual monoterpenes, namely terpinyl acetate and bornyl acetate, have shown potential as new biological pesticide sources which are expected to be developed as eco-friendly biopesticides in the future.
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Figure 1. Insecticidal effect of essential oils from leaves of Thuja occidentalis, Chamaecyparis obtusa, and Chamaecyparis pisifera. The essential oils were prepared at 2.0 μL/L and the insecticidal effect was tested by fumigation method. 
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Figure 2. Yield of Thuja occidentalis essential oil based on extraction time. 






Figure 2. Yield of Thuja occidentalis essential oil based on extraction time.



[image: Horticulturae 08 00969 g002]







[image: Horticulturae 08 00969 g003 550] 





Figure 3. Gas Chromatogram of essential oils extracted from Thuja occidentalis leaves. The GC column was a 60 mm × 0.25 mm × 0.25 μm i. d. HP-1 fused silica capillary column. The peak numbers correspond to the numbers in Table 1. 
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Figure 4. Putative insecticidal compounds profiled by GC-MS analysis. (a) Terpinyl acetate; (b) Bornyl acetate. 
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Figure 5. Insecticidal effect of Thuja occidentalis essential oil at various concentrations against Myzus persicae. The insecticidal effect was tested by fumigation method. 
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Figure 6. Insecticidal effect of six monoterpenes against Myzus persicae. Six types of monoterpenes were prepared at 2.0 μL/L and the insecticidal effect was tested by fumigation method. 
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Figure 7. Insecticidal effect of surfactants mixed with Thuja occidentalis essential oil, terpinyl acetate, and bornyl acetate. (a) Spraying of essential oil with 8% (v/v) tween 20; (b) Spraying of terpinyl acetate with 8% (v/v) tween 20; (c) Spraying of bornyl acetate with 8% (v/v) tween 20; Con: 8% (v/v) tween 20. 
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Figure 8. Schematic diagram for the analysis of the insecticidal effect of Thuja occidentalis essential oil, terpinyl acetate, and bornyl acetate on Myzus persicae. EO—essential oil, BA—bornyl acetate, and TA—terpinyl acetate. 
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Table 1. Content of volatile compounds in Thuja occidentalis essential oils identified by gas chromatography-mass spectrometry.
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Compounds

	
RT a

	
MF b

	
MW c

	
RI d

	
Essential Oil Composition (%) e




	
Thujaoccidentalis

	
Chamaecypariscbtusa

	
Chamaecyparispisifera






	
α-Pinene

	
5.33

	
C10H16

	
136

	
934

	
9.21

	
4.02

	
10.79




	
Camphene

	
5.62

	
C10H16

	
136

	
970

	
2.52

	

	
4.46




	
β-Phellandrene

	
6.11

	
C10H16

	
136

	
1014

	
1.64

	

	




	
β-myrcene

	
6.46

	
C10H16

	
136

	
991

	
14.62

	
2.76

	
10.55




	
Limonene

	
7.14

	
C10H16

	
136

	
1198

	
5.05

	

	
6.07




	
thujone

	
8.53

	
C10H16O

	
152

	
1105

	
16.58

	

	




	
α-Thujone

	
8.69

	
C10H16O

	
152

	
105

	
3.56

	

	




	
Camphor

	
9.16

	
C10H16O

	
152

	
1129

	
1.97

	

	




	
Bornyl acetate

	
11.31

	
C12H20O2

	
196

	
1283

	
9.31

	
14.45

	
20.43




	
Terpinyl acetate

	
12.18

	
C12H20O2

	
196

	
1327

	
8.52

	
12.04

	
4.61




	
Caryophyllene oxide

	
15.23

	
C15H2

	
204

	
1409

	
1.53

	

	




	
α-cedrol

	
15.47

	
C15H26O

	
222

	
1596

	
1.93

	
1.78

	




	
7-Methanoazulen

	
15.77

	
C15H24

	
204

	
2110

	
1.07

	

	




	
α-Cedrane

	
15.82

	
C15H2

	
206

	
1633

	
1.06

	
2.24

	




	
Phenanthrene

	
18.69

	
C14H10

	
178

	
1792

	
3.14

	

	
2.16




	
Norkaur

	
19.13

	
C20H32

	
272

	
1198

	
10.82

	
3.99

	
3.63








a RT—retention time; b MF—Molecular Formula; c MW—Molecular Weight; d Retention Index (RI) was obtained by referring to analysis data [33]; e The content of essential oil components is expressed in %, and the numerical value is an average value for three repeated experiments.
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Table 2. ANOVA test between insecticidal effects of Thuja occidentalis essential oil (10%), terpinyl acetate (10%), and bornyl acetate (20%) with 8% (v/v) tween 20 after 60 min.
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	Sum of Squares
	df
	Mean Squares
	F
	p





	Between Groups
	186.89
	2
	93.44
	1.281
	0.313



	Within Groups
	875.66
	12
	72.97
	
	



	Total
	102.55
	14
	
	
	







The insecticidal effects (%) were transformed into arcsine square root values before ANOVA test.
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