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Abstract

:

The present study determines the chemical composition of Schinus molle essential oil and its mortality and repellent effect on Bactericera cockerelli immature stage and Sitophilus zeamais adults. Twenty-four compounds were identified and the most abundant were o-Cymene (29.04), 1R-α-Pinene (15.52), camphene (14.00), and β-myrcene (11.54). On the fifth-instar psyllid nymph, the LC50 and LC90 at 48 h were 442.67 and 864.29 ppm, and for the fourth-instar were 273.41 and 534.67 ppm. The maize-weevil registered an LC50 and LC90 of 343.25 and 986.96 ppm for the fifteenth day. A selection index (Si) of 0.37 with 800 ppm was registered, showing the highest repellent activity, while with the lowest concentration (50 ppm), non-repellent activity was recorded. However, all concentrations above 100 ppm showed repellency against the maize weevil. The study reveals, for the first time, the essential oil’s insecticidal effects on the fourth and fifth nymphal stage of the potato/tomato psyllid B. cockerelli and the usefulness of the essential oil as a repellent against adult of S. zeamais. The Si effect on maize weevil was grouped into categories.
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1. Introduction


Food production must rise in the next twenty years to satisfy demand from the world’s growing population. The FAO [1] estimated that agriculture would have to produce almost 50% more food, fodder, and biofuel than it produced 10 years ago. A large number of pests have disturbed agriculture crop yield [2]. Meanwhile, food security is at risk with broad economic, social, and environmental consequences [3]. Crop damage caused by agricultural pests is a worldwide problem.



The tomato/potato psyllid Bactericera cockerelli (Sulc) (Hemiptera: Triozidae) is an important pest in Solanaceae crops [4,5], its presence in extreme cases can cause total losses [6,7]; this insect is distributed in Central and North American [8,9,10,11]. In Mexico, it is reported in the tomatoes/potatoes production areas of Villa de Arista, San Luis Potosí; Yurécuaro, Michoacán; La Laguna Region in the states of Durango and Coahuila; San Quentin, Baja California; Morelos; Puebla; Guanajuato; Nayarit; Sinaloa, and the State of Mexico [12]. B. cockerelli causes damage by infecting plants during feeding-sucking activities on leaves and stems, resulting in chlorosis and transmitting phytoplasmas-bacterial plant pathogens that can cause devastating yield losses of up to 80% [13,14,15]. The psyllid B. cockerelli is a vector of Candidatus Liberibacter (psyllaurous) solanacearum [6,16] and is a causal agent of permanent tomato disease [14], Zebra chip [17], and potato purple-tip [18]. The maize weevil Sitophilus zeamais (Motschulsky) (Coleoptera: Dryophthoridae) is an economically important insect in agricultural and stored grains; it is widespread worldwide and causes large economic losses [19,20,21,22,23]. Weevil infestations can cause reduced weight and quality of grain [24,25,26]. Deterioration of maize affects the moisture content, leading to fungi colonization, generating total or partial darkening of the germ or the entire grain heating. These affections cause biochemical changes and mycotoxins production that affects public health when maize is employed as food for animals or humans [21,27,28].



In Mexico, farmers depend on synthetic chemical insecticides but derived of their improper use, they have a negative influence on the natural environment [29,30,31]. For example, in Coahuila and San Luis Potosi State, farmers make twelve applications of thiacloprid and imidacloprid during the growing season for tomato/potato psyllid management, which generate multiple mechanisms of resistance of the insect [12]. For maize weevils’ management, they used phosphine [32] and methyl bromide [33], commonly used regardless of their inherent risks [34]. To minimize pesticide use, non-synthetic, friendly chemical strategies have been sought, profitable, and with low or no residual effects [35,36,37,38].



Plant-derived natural products are an alternative to synthetic chemical insecticides [35,36]. Plants synthesize secondary metabolites that are decisive in the resistance and defense against insects, the damage caused by herbivores, and infections caused by microorganisms, among others [39,40]. The main secondary metabolites belong to three chemical groups: phenolic compounds (coumarins, flavonoids, and tannins), nitrogen-containing compounds (alkaloids, mainly), and carbon and hydrogen compounds (terpenoids) [41,42,43,44]. Secondary metabolites have a wide range of biological activities [42]. They act by disrupting the cellular and physiological processes responsible for homeostasis, which, as a result, has an insect-static effect or leads to death. Other main effects studied on secondary metabolites include inhibition of feeding, interruption of development, reduction of fertility, deformations or malformations in consecutive generations, interference with vital enzyme activity, effect on the nervous system, blockage of metabolic pathways, behavioral effects, and reductions in insects’ population [45,46,47,48,49,50,51,52,53].



Schinus molle (Sessé & Moc.) (Anacardiaceae) is an aromatic plant species used for pest control; it is native to the Andean region of South America, mainly Peru, although it extends from Ecuador and Central America to Southern California and western Texas in the United States; it is a cosmopolitan plant widely distributed in Mexico, commonly known as “pirul” [54,55]. It also is used to treat disease and enhance general health and wellbeing [56]. The insecticide effect of leaves and fruit essential oil as a fumigant and repellent has been shown on Triatoma infestans (Olmedo & Carcavallo) (Hemiptera: Reduviidae) [41]. Its insecticide and attractive activity in rice weevil Sitophilus oryzae (L.) (Coleoptera: Curculionidae) have also been tested [57] and against the eucalyptus defoliator Gonipterus plantensis (Gyllenhaal) (Coleoptera: Curculionidae) [58].



Using “pirul” essential oil against crop pests has been demonstrated, suggesting the hypothesis that this plant contains secondary metabolites that can be used for the control of the tomato/potato psyllid and the maize weevil to protect stored grains. Therefore, the present study determines the chemical composition of “pirul” essential oil and its mortality and repellent effect on B. cockerelli immature stages and S. zeamais adults.




2. Materials and Methods


The experiment took place at the Laboratory of Applied Entomology (LAE) of the Center for Sustainable Development Studies and Wildlife Use (CEDESU), Autonomous University of Campeche (UAC), in Campeche, Mexico (19°48′05.48″ N, 90°30′16.23″ W).



2.1. Plant Material Collection


Freshly green collected samples of S. molle leaves were obtained from the Research Center for Integral Regional Development, Oaxaca Unit (CIIDIR-OAX) of the National Polytechnic Institute, in Santa Cruz Xoxocotlán, Oaxaca, Mexico (17°1′39.92″ N, 96°43′13.24″ W). The plant material was selected for aromatic properties, availability, and frequency of use among the inhabitants [59,60]. A sample specimen was deposited in the CIIDIR-OAX herbarium for future reference. The plant was washed with chlorinated water, placed on newspaper for drying undercover, and pulverized using a mechanical mill (Fritsch®, Pulverisette 19, Idar-Oberstein, Germany) with a variable speed of 300–3000 rpm.




2.2. Insect Mass Rearing


About 3500 unsexed adults and nymphs of B. cockerelli were collected from organic tomato crops in the municipality of Zimatlan de Alvarez, Oaxaca, Mexico (16°52′23.85″ N 96°46′31.07″ W). Nymphs and adults were placed in plastic containers with 5000 mL capacity and tomato plant leaves with moist cotton to prevent dehydration during transport to the laboratory. Subsequently, the organisms were placed in 8-week-old tomato plants for the oviposition of the psyllids inside 0.5 × 0.5 × 0.5 m entomological cages with anti-aphid mesh covers. Infested tomato plants (after 9 d) were shaken from the cage and moved to another cage (1.5 × 1.5 × 1.5 m), where the insects completed their development. Healthy tomato plants were incorporated to achieve new generations during the development of the bioassays.



Unsexed adults of maize weevil were obtained from infested corn kernels from farmers in San José de las Huertas, Ejutla de Crespo, Oaxaca, Mexico (16°33′54.0″ N, 96°42′24.9″ W). One hundred pairs of adult weevils were placed in 20 L plastic jars containing 2500 g of seeds. Subsequently, the jars were covered with screw caps with holes (2 cm) and a 40 mesh anti aphids net placed in a ventilated place. All adults were removed through sieving after the oviposition period of 14 d and each jar was left undisturbed under laboratory conditions until the F1 progeny emerged, which was used in the experiments [61].



Both colonies were kept in the LAE-CEDESU-UAC at 25 ± 1.5 °C, under a photocycle of 12:12 (L:D) h and relative humidity of 70 ± 10%. The specimens were identified and confirmed based on the keys described by Munyaneza [62], Munyaneza and Henne [63], and Haines [64].




2.3. Extraction of Essential Oil


The essential oil extraction was carried out in an aromatic water recirculation system using a Clevenger-type device adapted with a conventional microwave (Samsung MW1235WB, 1.1 ft3, 2450 MHz, Compton, CA, USA), using a 1:10 (p/v) ratio of plant material in water. The essential oil was quantified every 10 min (radiation time) and allowed to settle for 5 min. The essential oil layer was separated from the aqueous phase with a separating funnel and the oil obtained was dehydrated with anhydrous sodium sulfate (Na2SO4) and stored in an amber bottle at 4 °C for bioassays.




2.4. Identification of Volatile Compounds


The headspace solid-phase microextraction (HS-SPME) was used to identify volatile organic compounds. Fibers coated with polydimethylsiloxane of 100 µm were used. The fibers were conditioned before use by heating them in the chromatographic injector port, performing a complete execution on the system. A sample of 8 µL of essential oil was deposited in a 5 mL headspace vial and was enriched for 4 min on an SPME fiber. The analysis was performed on an Agilent HP 6890 with a 5973 GCMS System (Wilmington, DE, USA). The compounds were separated into an Agilent J&W HP-5ms capillary column (Wilmington, DE, USA). The enriched fiber was placed in the GC injector. The oven temperature was set at 40 to 250 °C with increasing intervals of 10 °C/min. The execution was completed in 10 min. The relative percentages of essential oil compounds were obtained using helium as a carrier gas with a flow rate of 1 mL/min. The compounds were identified by the GC retention time and the mass spectrum library of the National Institute of Standards and Technology (NIST) 02; also, the spectra were compared with those stored in the NIST 14 library.




2.5. Tomato/Potato Psyllid Mortality


The bioassay was performed individually for fourth and fifth instar nymphs using the standard leaf dip technique [65]. The bioassays were carried out with three repetitions using six concentrations obtained by serial dilution method of essential oil in 70% ethanol with Tween-20 (0.01% of polysorbate) to prepare a serial dilution of test concentrations. Serial dilutions at concentrations of 50, 100, 200, 400, 600, and 800 ppm were performed, a negative control (100 μL of 70% ethanol upon the leaves) and a positive control using Imidacloprid 35% (CONFIDOR 350 SC®, Bayer México, Mexico City, Mexico) (5 μL/cm2) was established [27,66,67]. Control groups were used to ensure that the results were because of the independent variable.



The leaves were immersed for 10 s in the different treatments (20 leaves per treatment) and were allowed to dry individually inside Petri dishes with filter paper (Whatman #1) at room temperature on paper moistened with distilled water. In each petri dish, groups of twenty individuals of fourth and fifth instar nymphs were placed individually on the leaves for each treatment. The nymphs were placed with an entomological brush. Data mortality was recorded at 24 and 48 h.




2.6. Mortality of Maize Weevil


Ten (10) grams of maize grains were used, which were placed in 9 cm diameter Petri dishes. The essential oil was diluted with 5 mL of ethanol to achieve test solutions at 50, 100, 200, 400, 600, and 800 ppm. In each Petri dish, 0.5 mL of the test solutions were applied until all grains were covered. After 20 min of evaporating the ethanol, 20 adults of 10–12 d old unsexed were placed [68]. The weevil mortality was recorded at 1, 5, 10, and 15 d after application. A negative control without application of essential oil and with 100 µL acetone was established [27,66,67] and piperonyl butoxide with deltamethrin as pyrethroid insecticide at 10 µL/cm2 (K-Obiol 2.5, Bayer Mexico) was used as a positive control. The mortality was expressed as the percentage concerning the dead or living insects found in the control group, where dead insects were those that did not show movement. The bioassays were carried out with four repetitions.




2.7. Maize Weevil Selection Index


The experiment was conducted using an apparatus comprising five circular plastic containers, with a central flask connected to the other four containers by plastic cylinders (10-cm long, 1-cm in diameter) on a diagonal [61,69,70,71]. Containers 1 and 2 were filled with 50 g of maize grain treated with essential oil, and containers 3 and 4 with 50 g of maize grain without treatment application (ethanol control), in container number 5 in the center of the device., 20 adults fasting for 24 h without sexing were released. A commercial repellent, N, N-diethyl-3-methylbenzamide (DEET), was used as a positive control. The total number of insects per container after 24 h were recorded, and calculated the Selection Index (Si) as proposed by Mazzonetto [72] and Mazzonetto and Vendramin [69]; Si = (2 × G)/(G + C), where Si is the selection index, C is the number of insects on the untreated containers (%), and G is the number of insects on the treated container (%).



The repellent/attraction effect (selection index) of essential oil on maize weevil were grouped into categories proposed by Arivoli et al. [73] with some modifications:



o—Neutral activity (Si = 1)



−—No-repellent activity (Si > 1.00)



+—Low repellent activity (0.75 ≥ Si ≥ 0.99)



++—Middle repellent activity (0.50 ≥ Si ≥ 0.74)



+++—High repellent activity (0.25 ≥ Si ≥ 0.49)



++++—Very high repellent activity (0.00 ≥ Si ≥ 0.24)




2.8. Statistical Analyzes


The bioassays were carried out individually under a completely randomized experimental design for each insect pest and variable studied. Data were tested for normality of errors (Shapiro–Wilk test) and homogeneity of variances (Bartlett test). One-way analysis of variance (ANOVA) and comparison of means were performed using Tukey’s test (p < 0.05) as a post hoc test performed with the help of Minitab version 18.1. Mortality data from each concentration assay were subjected to Probit analysis and LC50 and LC90 values were estimated [41,57,58]. Student’s t-test was used to compare significant differences between the means of the number of adult weevils in the treated and untreated maize grain. The data are presented in tables with the values of the means and standard deviation for the mortality and selection index variables, while the lethal concentrations are expressed as means and standard error of the mean with the fiducial confidence intervals (95.0%) to determine a range of values that meet reliability standards.





3. Results


3.1. Compounds Identification


The volatile compounds obtained through microwave-assisted hydrodistillation of powdered dried leaves of S. molle are shown in Table 1. By comparing the mass spectra of each compound with the data stored in the NIST 14 library, 24 chemical compounds representing 99.74% of their composition were identified. The most abundant compounds were o-Cymene (29.04), 1R-α-Pinene (15.52), camphene (14.00), and β-myrcene (11.54). Among the least present compounds, we have β-Pinene (8.17), α-Phellandrene (7.26), β-Phellandrene (5.39), and Tricyclene (4.19); the remaining compounds represent 4.63% of the total and their concentration ranges between 1.01 and 0.04% (Figure 1).



The yield of essential oil extracted from the leaves of S. molle by microwave-assisted microdistillation was 0.79% (1:10 w/v) with an isolation time of 30 min.




3.2. Tomato/Potato Psyllid Biological Response


Both instar-stages of tomato-potato psyllid were susceptible to the essential oil. There was a directly proportional relationship between treatment-concentrations and psyllid mortality. The highest concentration (800 ppm) on the fourth and fifth-instar nymph recorded mortality of 97.50 ± 2.89 (F = 393.87, df = 7, 24, p < 0.001, r2 = 0.9914) and 85.00 ± 4.08% (F = 384.13, df = 7, 24, p < 0.001, r2 = 0.9912) at 48 h; while with the lowest one (50 ppm) 7.50 ± 2.89 (F = 393.87, df = 7, 24, p < 0.001, r2 = 0.9914) and 5.00 ± 4.08% (F = 384.13, df = 7, 24, p < 0.001, r2 = 0.9912) mortality was registered (Table 2).



On fifth-instar nymph, the LC50 and LC90 at 24 h were 523.81 ± 27.69 (473.31–583.95) and 1029.90 ± 63.01 ppm, and for 48 h were 442.67 ± 21.71 and 864.29 ± 45.09 ppm. The lethal concentrations LC50 and LC90 on fourth-instar nymph to 24 h were 329.43 ± 16.96 and 662.34 ± 31.08 ppm, while at 48 h were 273.41 ± 14.33 and 534.67 ± 25.63 ppm (Table 3).




3.3. Mortality of Maize Weevil


The highest concentration (800 ppm) for the tenth- and fifteenth-day registered mortality was 66.67 ± 5.77 (F = 64.90, df = 7, 16, p < 0.001, r2 = 0.966) and 80.00 ± 10.00% (F = 21.34, df = 7, 16, p < 0.001, r2 = 0.9033), while with the lowest one (50 ppm) on fifteenth day, 30.00 ± 10.00% mortality were achieved (Table 4).



For the fifth day, low biological activity was recorded with an LC50 and LC90 of 781.49 ± 116.35 and 1641.29 ± 300.86 ppm, which increased gradually until the fifteenth day, in which was registered an LC50 and LC90 of 343.25 ± 46.46 and 986.96 ± 125.86. During this time frame, no egg-laying was observed (Table 5).




3.4. Maize Weevil Selection Index (Si)


The number of maize weevils on treated grains decreases while essential oil concentration increases. A Si of 0.37 ± 0.12 (F = 13.78, df = 7, 16, p < 0.001, r2 = 0.8577) with 800 ppm concentration were recorded denoting a high repellent activity (+++, 0.25 ≥ Si ≥ 0.49); while with the lowest one (50 ppm) a Si of 1.07 ± 0.15 (F = 18.77, df = 6, 14, p < 0.001, r2 = 0.8894) were registered, showing no-repellent activity, instead all essential oil concentrations above 100 ppm showed repellent-effect on the maize weevil (Table 6).





4. Discussion


Plants produce a vast array of secondary metabolites. These compounds have important ecological functions, protecting plants against insect attacks [74,75]. The exploration of bio-insecticide alternatives involves two aspects of the application: one is subsistence agriculture, which tries to seek independence of the farmer by giving pest-fighting alternatives through plants in the same environment; and the second is to seek new molecules with insecticidal properties that could be synthesized in laboratories [35,76]. For this reason, it is why the need arises to explore the chemical composition of plant essential oils employed by the population, as their appropriateness becomes safer and more reliable.



The essential oil chemical composition in our study differs in the number of founded compounds from other studies, such as those implemented by Doleski et al. [77] in Brazil with fresh leaves of “pirul”, in which they identified nineteen compounds represented by Bicyclogermacrene (20.50%), β-caryophyllene (19.70%), Spathulenol (19.20%), Globulol (9.50%), Germacrene-D (7.40%), Caryophyllene oxide (5.30%), and terpinen-4-ol (1,20%), while Machado et al. [78] and Benzi et al. [57] mentioned twenty-two compounds as Limonene (15.68%), α-Phellandrene (13.80%), Elemol (9.00%), β-Cubebene (7.30%), Camphene (5.31%), δ-Cadinene (5.26%), γ-Eudesmol (3.61%), α-Pinene (3.56%) y β-Eudesmol (2.80%). These differences may be because of several factors, such as the type of material used for extraction (fresh or dried leaves), phenological age of the plant, developmental and climatic conditions, and the cutting season of the leaves [79,80]. So, the differences between chemical compositions suggest different chemotypes, which become a direct factor in the efficiency of the essential oil in integrated pest management.



The efficacy of S. molle as a biopesticide has been shown in several studies, but in these, they used solvents of diverse polarities to obtain bioactive molecules. Huerta et al. [81] assessed the toxicity of ethanolic and aqueous extracts of fresh leaves from S. molle on adults of Xanthogaleruca luteola Müller (Coleoptera: Chrysomelidae), a pest of elms (Ulmus spp., Ulmaceae), with a ratio of 2.0 to 4.7% in weight/volume (w/v) with ethanol and 2.5 to 5.6% w/v with water, achieving of 73.6 to 100% and 15.3 to 27.8% mortality; similarly, ethanol and aqueous extracts from leaves of “pirul” have been evaluated on third-stage larvae of Gonipterus platensis (Marelli) (Coleoptera: Curculionidae) with 0.5 to 3.4% w/v, achieved mortality data between 47.10 to 100.00% [58]. The greatest insecticidal effect of S. molle essential oil has been reported on Haematobia irritans (Linneus) (Diptera: Muscidae), with 96% mortality [82].



Hussein et al. [83] demonstrated the effectiveness of the S. molle essential oil on Aphis nerii Boyer de Fonscolombe (Hemiptera: Aphididae) by calculating a lethal concentration of 1.0 mg/L and an inhibitory effect on the activity of acetylcholinesterase with 0.5 mg/L. Zahran et al. [84] report unfavorable results of the effectiveness of the essential oil in the larvae of Culex pipiens Linnaeus (Diptera: Culicidae), although, in adults, they report high toxicity with an LC50 of 2.45 mg/L compared to other essential oils within the same study.



De Batista et al. [85] demonstrated the efficacy of the S. molle, a non-polar extract and essential oil, on Ctenocephalides felis Bouché (Siphonaptera: Pulicidae), reaching up to 100% mortality at a concentration of 800 µg/cm2. The above-mentioned shows that the set of chemicals that make up this species, both in extract and essential oil, can have a synergistic effect since 100% effectiveness is achieved, compared to that found when individual metabolites are evaluated.



Some studies address the synergism of secondary plant compounds. Arceo-Medina et al. [86] evaluated the null acaricidal activity of the various compounds found in Petiveria alliacea Linnaeus (Caryophyllales: Petiveriaceae) against Rhipicephalus microplus Canestrini (Ixodida: Ixodidae), observing the null acaricidal activity of the compounds individually; while when combining these compounds exhibited a synergistic increase in activity, with a high mortality rate (≥92%) on larvae and adults. Likewise, it was found that when two compounds (Bornyl acetate and camphene) from Valeriana officinalis var. latifolia Linnaeus (Dipsacales: Caprifoliaceae) were mixed, a synergistic effect was presented, increasing the toxicity of stored grain beetles [87].



In this study, we found compounds showing their biological effectiveness against other organisms, even in low percentages. For example, Ávila et al. [88] found that δ-Cadinene has a positive effect against Spodoptera frugiperda Walker (Lepidoptera: Noctuidae), and it was more active (LC50 = 9.4 μL/L) when the essential oil got from Piper septuplinervium (Miq.) C. DC. (Piperaceae) leaves. Xiao et al. [89] showed similar results for Psoroptes cuniculi Delafond (Sarcoptiformes: Psoroptidae) management, showing 80% mortality after three hours of application. The above shows that it could involve this metabolite in the positive result shown in our study against B. cockerelli and S. zeamais.



Sesquiterpene potential has also been reported, such as the β-caryophyllene showing contact and fumigant activity against adults of Megoura japonica Matsumura (Hemiptera: Aphididae) recorded an LC50 of 0.072 µg/L and 8.82 mg/L [90]; likewise, De-Carvalho et al. [91] mentioned that β-caryophyllene and gurjinene founded in Cordia verbenacea DC. (Lamiales: Boraginaceae) have an acaricidal effect against R. microplus, another compound identified in our study. Therefore, it is fundamental to continue with individual compounds assessments to confirm isolated biological activity or synergism.



The repellent effect of S. molle was confirmed by Benzi et al. [57] were, who mentioned that ethanolic extract of leaves at 0.04 and 0.4% w/v had repellent effects (65.00 and 71.47%) on adults of S. oryzae Linnaeus (Coleoptera: Curculionidae), while the derivates of the fruit lacked repellent activity. In our study, we found promising results with a lower concentration of essential oil than those found by these authors, we can express the essential oil showed better activity than solvents extract because of the compound’s evaporation process during the solvent extraction in the rotary evaporator or natural conditions. The potentiality of the chemical constituents from “pirul” is clear, and for the moment, we prove the efficacy of this natural product on maize weevil adults and report for the first time the use of this essential oil for the management of the fourth and fifth nymphal stage of the potato/tomato psyllid. The fourth instar nymphs of the psyllid are more susceptible than the fifth instar nymphs. This may be because of the waxy secretions that envelop the most developed nymphs, protecting the insect from the penetration of the product [92].



Terpenoids mostly dominate essential oils, and their main mode of action against insects is neurotoxicity [93]. Rizvi et al. [94] mention that essential oil significantly inhibits acetylcholinesterase activity in insects; however, experiments on other pest organisms can be developed [95].



When terpenoids come into contact with insects, they slow down passaging food through the intestine, reducing digestibility by inhibiting the secretion of digestive enzymes (proteases) and forming conglomerates of terpenoids and proteins of low digestibility. Consequently, the insect presents physical weakening (starvation) and low growth and development rate. Coumarins are conjugated with the enzyme transaminase and cytochrome P450, thus inhibiting the insect detoxification system [96]. Likewise, monoterpenoids have hydrophilic-hydrophobic properties, penetrating insect cuticles and interfering with their physiological functions [97].




5. Conclusions


The study reveals for the first-time efficiency of Schinus molle essential oil insecticidal agents against two economic importance crops pests, on fourth and fifth instar nymphs of B. cockerelli and S. zeamais adults. Likewise, this plant-derived natural essential oil can be used as a repellent for the maize weevil; it is an efficient alternative for managing agricultural crop pests, being a feasible and ecological option for the environment.



For future perspectives, larger laboratory and field studies will be needed to investigate the “pirul” essential oil effects to cover the whole possible insects’ stages (egg, nymph/larva, and adult) and non-target organisms, likewise test for all possible insecticidal effect (toxicity, repellency or anti-feeding activity). The use of botanical insecticides will help the development of sustainable agriculture.
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Figure 1. Chromatogram of Schinus molle essential oil obtained by HS-SPME/GC-MS. 
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Table 1. Compounds obtained from Schinus molle leaves essential oil analyzed by GC–MS.
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	Peak
	Retention Time
	Compound a
	Peak Area (%) b
	KI c
	KI d





	1
	5.85
	Tricyclene
	4.19
	919
	921



	2
	6.06
	1R-α-Pinene
	15.52
	929
	ND



	3
	6.34
	Camphene
	14.00
	930
	933



	4
	6.76
	β-Pinene
	8.17
	957
	964



	5
	6.91
	β-Myrcene
	11.54
	984
	981



	6
	7.23
	α-Phellandrene
	7.26
	1000
	1002



	7
	7.62
	o-Cymene
	29.04
	1017
	ND



	8
	7.92
	β-Phellandrene
	5.39
	1028
	1026



	9
	8.10
	γ-Terpinene
	1.01
	1028
	1030



	10
	8.54
	p-Cymenene
	0.36
	1078
	1078



	11
	8.64
	Perillen
	0.30
	1083
	ND



	12
	8.83
	2,6-dimethyleneoct-7-en-3-one
	0.13
	1117
	ND



	13
	9.77
	Biisobutenyl
	0.40
	1132
	ND



	14
	9.90
	L-4-terpineol
	0.24
	1175
	ND



	15
	10.04
	Crypton
	0.27
	1184
	1187



	16
	10.83
	Cuminal
	0.04
	1235
	1226



	17
	11.38
	L-bornyl acetate
	0.40
	1280
	ND



	18
	12.69
	α-Cubebene
	0.11
	1348
	1354



	19
	12.88
	β-Elemene
	0.11
	1394
	1391



	20
	13.16
	α-Gurjunene
	0.17
	1409
	1401



	21
	13.33
	Caryophyllene
	0.38
	1427
	1444



	22
	13.78
	Humulene
	0.12
	1455
	1477



	23
	14.30
	β-Gurjenene
	0.18
	1439
	1440



	24
	14.58
	δ-Cadinene
	0.41
	1524
	1541



	Total %
	
	
	99.74
	
	







a Compounds identified based on the CAS Registration Number of the NIST library. b Percentage of the total area got in the Hewlett Packard capillary column (HP-5MS). c Kovats retention index calculated; d Kovats retention index tabulated; ND: not determined.
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Table 2. Mortality (%) of Bactericera cockerelli nymphal stages treated with Schinus molle essential oil.
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Concentration

(ppm)

	
Nymph Mortality at 24 h

	
Nymph Mortality at 48 h




	
Fourth-Instar

	
Fifth-Instar

	
Fourth-Instar

	
Fifth-Instar






	
800

	
90.00 ± 4.08 b

	
70.00 ± 4.08 b

	
97.50 ± 2.89 a

	
85.00 ± 4.08 b




	
600

	
87.50 ± 2.89 b

	
53.75 ± 4.79 c

	
93.75 ± 2.50 a

	
60.00 ± 4.08 c




	
400

	
66.25 ± 4.78 c

	
45.00 ± 4.08 d

	
72.50 ± 5.00 b

	
48.75 ± 4.79 d




	
200

	
48.75 ± 4.79 d

	
43.75 ± 4.79 d

	
55.00 ± 7.07 c

	
47.5 ± 5.00 d




	
100

	
21.25 ± 4.79 e

	
11.25 ± 2.50 e

	
22.50 ± 6.45 d

	
12.50 ± 2.89 e




	
50

	
7.50 ± 2.89 f

	
5.00 ± 4.08 e,f

	
8.75 ± 2.50 e

	
6.25 ± 4.79 e,f




	
Control (-)

	
0.00 ± 0.00 f

	
0.00 ± 0.00 f

	
0.00 ± 0.00 e

	
0.00 ± 0.00 f




	
CONFIDOR 350 SC®

	
100.00 ± 0.00 a

	
100.00 ± 0.00 a

	
100.00 ± 0.00 a

	
100.00 ± 0.00 a








Data for columns with different letters are significantly different p < 0.05.
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Table 3. Lethal concentrations and regression analysis of Bactericera cockerelli nymphal stages treated with Schinus molle essential oil.
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	Stage Exposure/Time
	LC50 (CI)
	LC90 (CI)
	Slope (SE)
	X2 (df)
	z-Value
	p-Value





	24 h
	
	
	
	
	
	



	fourth-instar
	329.43 ± 16.96 (296.69–363.83)
	662.34 ± 31.08 (607.58–731.39)
	−1.26 (0.09)
	35.59 (5)
	−12.71
	0.0001



	fifth-instar
	523.81 ± 27.69 (473.31–583.95)
	1029.90 ± 63.01 (923.14–1177.11)
	−1.32 (0.10)
	41.97 (5)
	−13.10
	0.0001



	48 h
	
	
	
	
	
	



	fourth-instar
	273.41 ± 14.33 (245.86–302.62)
	534.67 ± 25.63 (489.54–591.68)
	−1.34 (0.10)
	29.30 (5)
	−12.71
	0.0001



	fifth-instar
	442.67 ± 21.71 (401.89–88.12)
	864.29 ± 45.09 (786.27–966.77)
	−1.34 (0.10)
	40.62 (5)
	−13.25
	0.0001







LC: lethal concentration; LC50: lethal concentration that control a half of pest population; LC90: lethal concentration that control 90% population. CI: fiducial confidence intervals. SE: standard error; X2 (df): chi-squared value (degrees of freedom); z-value: test statistic value (z-score); p-value: probability value.
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Table 4. Mortality (%) of the maize weevil Sitophilus zeamais treated with Schinus molle essential oil.
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Concentration (ppm)

	
Accumulated Mortality (%)/Day




	
1

	
5

	
10

	
15






	
800

	
0.00 ± 0.00 b

	
50.00 ± 10.00 b

	
66.67 ± 5.72 b

	
80.00 ± 10.00 a,b




	
600

	
0.00 ± 0.00 b

	
33.33 ± 5.77 b,c

	
53.33 ± 5.75 b,c

	
63.33 ± 11.55 b,c




	
400

	
0.00 ± 0.00 b

	
33.33 ± 5.77 b,c

	
46.67 ± 5.77 c

	
56.67 ± 5.77 b,c,d




	
200

	
0.00 ± 0.00 b

	
26.67 ± 5.77 c

	
40.00 ± 4.79 c

	
53.33 ± 5.77 b,c,d




	
100

	
0.00 ± 0.00 b

	
23.33 ± 15.28 c

	
36.67 ± 15.28 c,d

	
46.70 ± 25.20 c,d




	
50

	
0.00 ± 0.00 b

	
13.33 ± 5.77 c,d

	
20.00 ± 3.33 d

	
30.00 ± 10.00 d,e




	
Control (-)

	
0.00 ± 0.00 b

	
0.00 ± 0.00 d

	
0.00 ± 0.00 e

	
0.00 ± 0.00 e




	
K-Obiol 2.5®

	
100.00 ± 0.00 a

	
100.00 ± 0.00 a

	
100.00 ± 0.00 a

	
100.00 ± 0.00 a








Data for columns with different letters are significantly different p < 0.05. CI: fiducial confidence intervals.













[image: Table] 





Table 5. Lethal concentrations and regression analysis of Sitophilus zeamais adults treated with Schinus molle essential oil.
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	Day
	LC50 (CI)
	LC90 (CI)
	Slope (SE)
	X2 (df)
	z-Value
	p-Value





	1
	ND
	ND
	-
	-
	-
	-



	5
	781.49 ± 116.35 (611.35–1164.71)
	1641.29 ± 300.86 (1230.19–2701.71)
	−1.16 (0.15)
	7.44 (5)
	−7.41
	0.190



	10
	502.50 ± 60.70 (398.26 -659.28)
	1220.58 ± 173.63 (967.21–1748.29)
	−0.89 (0.14)
	11.77 (5)
	−6.22
	0.038



	15
	343.25 ± 46.46 (251.56–445.21)
	986.96 ± 125.86 (797.92–1349.80)
	−0.68 (0.13)
	16.50 (5)
	−4.95
	0.006







ND: not determined. LC: lethal concentration; LC50: lethal concentration that control a half of pest population; LC90: lethal concentration that control 90% population. CI: fiducial confidence intervals. SE: standard error; X2 (df): chi-squared value (degrees of freedom); z-value: test statistic value (z-score); p-value: probability value.
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Table 6. A selection index of Sitophilus zeamais on treated and untreated maize grain with the Schinus molle essential oil.
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Concentration (ppm)

	
Maize Weevils

	
Selection Index

	
Range




	
Treated Grain

	
Untreated Grain






	
800

	
18.33 ± 5.77 b,c

	
81.67 ± 5.77 a,b

	
0.37 ± 0.12 b,c

	
+++




	
600

	
21.67 ± 7.64 b,c

	
78.33 ± 7.64 a,b

	
0.43 ± 0.15 b,c

	
+++




	
400

	
23.33 ± 5.77 b

	
76.67 ± 5.77 b

	
0.47 ± 0.12 b

	
+++




	
200

	
35.00 ± 5.00 a,b

	
65.00 ± 15.00 b,c

	
0.70 ± 0.10 a,b

	
++




	
100

	
35.00 ± 15.00 a,b

	
65.00 ± 15.00 b,c

	
0.70 ± 0.30 a,b

	
++




	
50

	
53.33 ± 7.64 a

	
46.67 ± 7.64 c

	
1.07 ± 0.15 a

	
−




	
Control (-)

	
50.00 ± 10.00 a

	
50.00 ± 10.00 c

	
1.00 ± 0.20 a

	
o




	
DEET

	
0.00 ± 0.00 c

	
100.00 ± 0.00 a

	
0.00 ± 0.00 c

	
++++




	
   x -    ± SE

	
28.75 ± 3.47

	
71.25 ± 3.47

	

	




	
t-test

	
8.6501

	

	




	
df

	
46

	

	




	
t-critical

	
2.0128

	

	








Data per column that does not share letters are significantly different p < 0.05. Neutral activity (Si = 1), No-repellent activity (Si > 1.00), Low repellent activity (0.75 ≥ Si ≥ 0.99), Middle repellent activity (0.50 ≥ Si ≥ 0.74), High repellent activity (0.25 ≥ Si ≥ 0.49), Very high repellent activity (0.00 ≥ Si ≥ 0.24).    x -    ± SE: mean ± standard error; t-value: t-score.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  agriculture-12-00554


  
    		
      agriculture-12-00554
    


  




  





media/file0.png





media/file2.png
6.34 g
792
6.06 (‘ H
ﬁ 6.76
ﬂm SPME
7.23
3.685
810
8.3 g64 : ; 11.38 13.33 s
6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00

Time (min)





media/file1.jpg
600 700 800 900 100 10 1200 1300 1400
“Time (min)





