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Abstract

:

Essential oils of aromatic plants represent an alternative to classical pest control with synthetic chemicals. They are especially promising for the alternative control of stored product pest insects. Here, we tested behavioral and electrophysiological responses of the stored product pest Tribolium confusum, to the essential oil of a Brazilian indigenous plant, Varronia globosa, collected in the Caatinga ecosystem. We analyzed the essential oil by GC-MS, tested the effects of the entire oil and its major components on the behavior of individual beetles in a four-way olfactometer, and investigated responses to these stimuli in electroantennogram recordings (EAG). We could identify 25 constituents in the essential oil of V. globosa, with anethole, caryophyllene and spathulenole as main components. The oil and its main component anethole had repellent effects already at low doses, whereas caryophyllene had only a repellent effect at a high dose. In addition, the essential oil abolished the attractive effect of the T. confusum aggregation pheromone. EAG recordings revealed dose-dependent responses to the individual components and increasing responses to the blend and even more to the entire oil. Our study reveals the potential of anethole and the essential oil of V. globosa in the management of stored product pests.






Keywords:


stored insect pest; caatinga plant; olfactometry; electroantennogram; alternative pest control; essential oil; repellent effect; aggregation pheromone












1. Introduction


Pest control in agriculture is one of the most important concerns for producers. Cereal storages provide a special environment that favors insect attack, e.g., by beetles such as Tribolium confusum. These beetles are cosmopolitan pests of stored foodstuffs and rank among the most important insect pests of wheat flour and other cereal products. The global damage caused by this insect is about 5% to 30% of the total worldwide production [1]. The most widespread control method is the use of synthetic insecticides, which causes many problems such as contamination of food, environmental pollution, and the emergence of insect resistance [2]. Therefore, the development of alternative, sustainable strategies to fight stored product pests is of utmost importance to reduce the impacts on human and animal health, as well as on the environment. One approach for alternative pest management is to manipulate insect behavior, using olfactory cues.



Many insect species rely on olfactory signals for survival and reproduction. Volatiles emitted by con-specifics guide insects to find a mating partner or to aggregate in order to optimally exploit a resource [3,4,5]. Plant volatiles are used by insects to find food sources and oviposition sites. Responses to volatiles are, however, dependent on a variety of factors, such as previous exposure or the physiological state of the insect [6]. In addition, behavioral responses depend on the olfactory environment and interactions between odors from different sources, which can modify them [7]. Especially interactions between different compounds are important to be considered in the development of semiochemical-based pest management strategies, since certain plant volatiles can reduce the attractiveness of pheromones and, inversely, pheromones can reduce repulsiveness of plant volatiles or synergize with attractive plant volatiles [8,9].



In Brazil, the country with the highest plant biodiversity in the world, and where many species are still unknown to science [10], volatiles emitted by endemic plants may affect insect behavior. The essential oils of plants are a promising alternative to synthetic insecticides because they contain many different volatile compounds, and some of them in large quantities [11]. The main chemical classes of volatile organic compounds present in plant essential oils are terpenes, phenol-derived aromatic components and aliphatic components, and their bioactivity is frequently a result of synergy among constituents [12]. Recently, synergistic effects of essential oil compounds or mixtures of essential oils have been demonstrated for various types of bioactivity, including antioxidant, antimicrobial, and insecticide effects [13,14,15].



In addition to toxicity, antifeedant, and growth-inhibiting effects, essential oils can have attractive or repellent effects on many insects, including stored-product pests [16]. The essential oil of Pistacia lentiscus, for example, has a significant repellant effect on major insect pests of stored food such as Rhyzopertha dominica, Sitophilus zeamais, and T. confusum [17]. Different essential oils from wooden plant species, such as Croton anisatum and Illicium verum are repellent to Callosobruchus chinensis [18] and the essential oil of Lavendula spica has a repellent effect on T. confusum [9].



Varronia globosa (Boraginaceae), a shrub that grows in tropical areas of America, is a medicinal plant that is traditionally used for the treatment of diverse illnesses [19]. Various biological activities have been reported for V. globosa, such as antibacterial and antifungal properties [20], as well as larvicidal activity [21].



The objectives of the current study were to identify the components of the essential oil from the V. globosa leaves using gas chromatography–mass spectrometry (GC-MS) and to test the antennal and behavioral responses to this oil and two of its major compounds individually and as a blend in adults of the confused flour beetle, T. confusum, using Electroantennogram recordings and a four-way olfactometer. We also tested the attraction of T. confusum to conspecific aggregation pheromone and behavioral responses to simultaneous exposure with a highly repellent dose of V. globosa essential oil, its major compounds and T. confusum aggregation pheromone to evaluate potential interactions between attractive and repulsive stimuli. Our results show that the V. globosa essential oil and its major compounds anethole and caryophyllene are detected by the T. confusum antennae and have a repellent effect. They may thus be considered for the development of potential alternative pest management approaches.




2. Results


2.1. Chemical Analysis of V. globosa Essential Oil


In the chromatogram of the essential oil, 35 peaks occurred and 21 of them could be identified. Approximately half of the identified compounds are propenyl phenols, the other half sesquiterpenes, originating from different metabolic pathways. The most abundant compound was anethole (41.53%) and the second most abundant compound was caryophyllene (7.72%) all other compounds were present in lower amounts (Table 1). We therefore chose these two identified compounds to be tested individually in behavioral and EAG experiments. The third most abundant compound (spathulenol 7.06%) was not commercially available for tests.




2.2. Strong Repulsive Behavioral Effect of V. globosa Essential oil on T. confusum


When testing the behavioral choice between all four branches with the solvent mineral oil, no significant preference was observed (p = 0.932), indicating that there is no bias for certain branches in our experiments. The V. globosa essential oil did not elicit a significant choice at the lowest tested dose of 0.01 mg (p = 0.958), but all other tested doses had a highly significant repellent effect on T. confusum (p < 0.001, p = 0.001, p = 0.001 for 0.1 mg, 1 mg and 5 mg, respectively) (Figure 1).




2.3. Differential Repulsive Behavioral Effects of Main Constituents of V. globosa Essential Oil and Their Mixture


The major compound of the V. globosa essential oil, anethole, had no significant effect at 0.01 mg (p = 0.07), but had a repulsive effect from an amount of 0.1 mg and higher (p ≤ 0.001 for all doses) (Figure 2A). Caryophyllene alone, however, was only significantly repulsive at 1 mg (p = 0.011) but not at 0.1 mg (p = 0.058) (Figure 2B). The mixture of the two compounds at the ratio of occurrence in the essential oil had no significant effect at the 0.01 and 0.1 mg doses (p = 0.289 and 0.815, respectively), but was significantly repellent at 0.5 and 1 mg doses (p < 0.0001 for both) (Figure 2C).




2.4. Inhibition of Behavioral Aggregation Pheromone Attractiveness by V. globosa Essential Oil


Five beetles in a stimulation tube were highly attractive to individual T. confusum, confirming earlier results [9] (Figure 3, p < 0.0001). When combining this attractive stimulus with the highly repulsive dose of 5 mg of the essential oil of V. globosa, attractiveness was lost (p = 0.308).




2.5. Differential Antennal Responses to V. globosa Essential Oil, Individual Constituents and Their Mixture


Both individual compounds were detected by beetle antennae at doses of 100 µg and above on a filter paper. There was no significant difference in antennal sensitivity between the two compounds (p = 0.684) (Figure 4). The blend of the two compounds (mix) elicited EAG responses at lower doses (p < 0.0001 for both mix vs. anethole and mix vs. caryophyllene) and the complete oil elicited still significantly higher responses (p < 0.0001 for mix vs. complete oil) (Figure 4), indicating a physiological role of additional compounds.





3. Discussion


Plant bioactive compounds can be used in pest management and reduce the dependence on synthetic pesticides. For essential oils, behavioral responses can be induced by the whole product, by individual compounds or by the combination of part of the compounds. Here, we extracted and analyzed essential oil of the leaves of V. globosa. Subsequently, we investigated behavioral responses and antennal detection of T. confusum to the essential oil of V. globosa and its major compounds.



V. globosa essential oil extraction resulted in an extremely low yield. As we only recovered a small amount of oil, the yield was not evaluated. We focused on the composition of the collected oil because, as reported in some Boraginaceae species, the essential oil yield based on the dry weight, is small (less than 1%) in this family [22,23,24,25]. The analysis of the chemical composition of the tested V. globosa oil from leaves revealed that anethole and caryophyllene are the major components, followed by spathulenol. Anethole is a compound found abundantly in plants of different families such as fennel and salvia [26,27].



Our experiments on T. confusum adults show that they can detect V. globosa essential oil and present a dose-dependent behavioral response. Antennal detection, as well as repulsive behavioral responses of T. confusum, to the entire oil, to different degrees to its major components, anethole and caryophyllene, and their mixture were discovered. A similar repellent effect on T. confusum adults had been observed earlier with Lavandula spica essential oil and its main component linalool [9]. In addition to the repellent effect found in the present study, anethole also showed significant toxicity by fumigation against T. confusum and Sitophilus oryzae adults [28], as well as repellency to two Tribolium and two Sitophilus species [29]. Additionally, caryophyllene has been reported to have a repellent effect on T. castaneum [30].



We also found an inhibition of the attraction by T. confusum-produced aggregation pheromones by V. globosa essential oil, similarly to L. spica essential oil and linalool [9]. A high dose of the essential oil of V. globosa, 5 mg on the filter paper, abolished the attraction of the aggregation pheromone emitted by five conspecifics. Essential oils and their major components were also reported to reduce the male attraction to female sex pheromone in Callosobruchus chinensis [18]. This is in line with behavioral studies in Drosophila melanogaster, in which repellent compounds were shown to reduce the attraction to food-related odors when repellent and attractive compounds are mixed [31]. The disturbed response to the T. confusum aggregation pheromone signal by V. globosa components could add a supplementary effect with respect to potential application. Inhibition of conspecific attraction could be synergistic to the direct repulsive effect of V. globosa oil and thus increase its efficiency.



Behavioral tests showed that anethole elicited a strong repellent effect, similarly to the complete essential oil at a dose of 0.1 mg. However, caryophyllene, a second major compound present in V. globosa at 7.72%, only showed a repellent effect at the highest tested dose of 1 mg, but the combination of the two major compounds of V. globosa (caryophyllene and anethole) are as strongly repellent as the whole essential oil. This suggests that the large quantity of anethole present in V. globosa (41.53%) might be at the origin of the repellent effect of the complete essential oil. This does, however, not exclude that other compounds, such as spathulenol or even minor non-identified compounds also contribute to the repellent activity of the essential oil and can work in synergy. Synergistic interactions of essential oil compounds have been described earlier in different moth species in the context of feeding deterrence [32], and in toxicity tests, where major constituents in a mixture can be more toxic than when tested individually [32,33,34].



EAG recordings revealed that the two major components, their blend, and the complete essential oil, elicited an antennal response. However, the antennae of T. confusum adults detect the essential oil and its major compounds at different doses. The lowest response thresholds were observed for the detection of the complete V. globosa essential oil in T. confusum antennae. Individual compounds elicited responses only at 1000-fold higher doses in the stimulation pipette, whereas the blend of the two individual compounds elicited a response at an intermediate dose. Another stored product pest insect, Tenebrio molitor, displayed strong EAG responses to various essential oils and some of their constituents, cis-3-hexenol, isoeugenol, α-pinene, turpentine oil, eucalyptus oil, and peppermint essential oil [35]. In T. castaneum, females and males exhibited similar EAG responses and responded strongly to undecane, 1-hexen-3-ol, octanal, 2-heptanone, hexanoic acid, and ethyl hexanoate [36].



In our study, caryophyllene is detected with the same sensitivity as anethole by the insect but induced a repellent effect in the behavioral test only at a higher dose. The detection of plant compounds or pheromones via olfactory receptors in phytophagous insects does not necessarily imply an important role for these cues in attraction or repulsive responses [37,38]. For example, the compounds limonene, citronellol, and nerol, elicited strong and moderate EAG responses in stable flies, but they elicited only low behavioral repellency [39].



In conclusion, our work shows that V. globosa essential oil as a whole or its major compound anethole could potentially be used in the development of alternative pest management strategies for the protection of stored products against T. confusum. Essential oils of other plants containing anethole such as star anise or fennel could be a good alternative, because of the low yield of V. globosa essential oil (see for example [40]). Further investigations are, however, needed to develop potential treatment strategies, for example by treating storage surfaces [41]. It would also be interesting to test the toxicity of V. globosa essential oil and anethole on T. confusum in order to collect more information on its potential use in alternative pest management. The low yield of essential oil from V. globosa leaves does most likely not allow large-scale production of the oil, thus the use of commercially available anethole alone or other plant essential oils containing anethole might be more promising.




4. Materials and Methods


4.1. Insects


T. confusum adults used in our experiments were reared in the laboratory of Agrocampus Ouest, Angers and came from a culture established at the University of Tizi-Ouzou in Algeria, which was transferred to Agrocampus Ouest in Angers in 2019. Insects were kept in glass containers filled with semolina. The containers were maintained in a dark chamber under a constant temperature of 30 ± 2 °C and relative humidity of 70 ± 5%.



Because earlier studies did not detect important differences in behavioral and electrophysiological responses between males and females [5,42], and because sexing is only possible at the pupal stage with a high error rate, we used non-sexed insects aged less than 3 months for all experiments. Insects for all experiments were taken from the mass rearing containers 1 h before their use in the olfactometer or electroantennogram (EAG) setup. Freshly hatched adults, which were colorless and less mobile than older individuals, were avoided in the tests.




4.2. Plants, Essential Oils and Individual Compounds


Leaves of V. globosa were collected in Caatinga vegetation in Alagoinha country in the state of Pernambuco (Brazil). The collection site is located at latitude 08°27′59″ south and at longitude 36°46′33″ west. Taxonomic identification was carried out by experts at the Instituto Agronômico de Pernambuco (IPA) and the voucher specimens were deposited at the herbarium under the reference number 93.137. Legal registration for accessing and studying Brazilian genetic heritage was done in the Sistema Nacional de Gestão do Patrimônio Genético e do Conhecimento Traditional Associado (SisGen-A80E074). The material was hydrodistilled using a Clevenger apparatus to obtain the essential oil. Twenty grams of dried (in an oven with air circulation at 60 °C for 48 h) and crushed leaves were placed in 250 mL of de-ionized water with some pumice stones and the distillation procedure took 3 h. We recovered the essential oil droplet in 1 mL of xylene.



Anethole (99% purity) and caryophyllene (>98.5% purity) were provided by Sigma-Aldrich (Saint-Quentin Fallavier, France).



All stimuli were diluted in mineral oil and 10 μL of each solution was applied on a filter paper inserted into a Pasteur pipette. Pure mineral oil was used as a control stimulus.




4.3. Gas Chromatography-Mass Spectrometry


The essential oil was analyzed on a gas chromatograph-mass spectrometer (GCMS-QP2010 SE, Shimadzu, France). The separation was performed on a ZB-5MS capillary column (30 m × 0.25 mm × 0.25 μm, Phenomenex, France) and helium was employed as the carrier gas with a flow rate of 1.1 mL/min. The oven temperature was set to 60 °C, held for 6 min, then a temperature gradient at 1 °C per min was applied up to 220 °C and held for 4 min. The injector, interface, and source ionization temperatures were set at 220 °C. The essential oil was diluted in 1 mL of xylene and 1 μL was injected in split mode with a split ratio of 150. The ionization (electronic impact) was performed at 70 eV.



Compounds were identified by comparing mass spectra with commercially available mass spectrometry libraries (NIST11, NIST11s, and FFNSC2) and by using standards. The relative amounts of the different compounds were calculated by determining the areas under the curve of the chromatographic peaks.




4.4. Olfactometer Tests


Four-way olfactometers for small insects [43] were used for all behavioral choice tests, as described earlier [9]. Briefly, a total airflow of 500 mL/min was applied to a central hole in the device, by a sucking membrane pump, resulting in a 125 mL/min flow in each branch. Five mL syringes containing Pasteur pipettes with the test stimulus applied to a piece of filter paper were connected to the inlets of the olfactometer and diagonal inlets received the same stimulus (test odor or solvent control). Insects were introduced individually into the olfactometer through the central hole, and the time spent in each of the four odorized areas was recorded during 15 min under low daylight conditions (150–300 lux). Olfactometers were cleaned with detergent after each experiment. The orientation of the olfactometer branches was changed after each experiment to avoid a potential bias of the experimental setup. At least 28 insects were tested for each treatment and experiments for the same treatment were performed on at least 2 different experimental days.



4.4.1. Behavioral Experiments for Single Odors


Control experiments. To make sure that there was no bias in the experimental procedure, we performed control experiments applying the solvent mineral oil used to dilute our different odorants on all four branches.



Experiment 1. V. globosa essential oil was diluted in mineral oil and four final amounts on filter paper were used (5 mg, 1 mg, 0.1 mg, and 0.01 mg). Ten µL of mineral oil was used as control.



Experiment 2. Two major compounds of the essential oil of V. globosa were also tested individually. Anethole and caryophyllene represented respectively 41.52% and 7.72% of the oil. Final amounts on the filter paper of 0.01 mg, 0.1 mg, 0.4 mg, and 1 mg of anethole and 0.1 mg and 1 mg of caryophyllene were used. Dilutions were prepared in mineral oil and this solvent was used as a control stimulus.



Experiment 3. The attraction of T. confusum to conspecific aggregation pheromone was also evaluated. Five insects were placed in a silicone tube with Teflon mesh grids at both ends as stimuli [9]. The silicone tube was inserted in 5 mL syringe, similarly to the Pasteur pipette used for the other assays. Empty silicone tubes were used as control stimuli.




4.4.2. Behavioral Experiments for Odor Combinations


Experiment 4. To test if anethole and caryophyllene have a synergistic repellent effect on T. confusum, we prepared a mixture of both compounds at the ratio of occurrence in the V. globosa essential oil (41.5/7.7). We prepared a solution containing 10 mg/µL of the mixture of compounds and diluted this solution to obtain 5 mg/µL, 1 mg/µL, and 0.1 mg/µL. We used 10 µL of each solution on the filter paper in behavioral tests. Mineral oil was used as a control stimulus.



Experiment 5. To examine if the essential oil is still repellent in the presence of aggregation pheromone emitted by T. confusum, we combined a silicon tube containing 5 beetles with a tube containing a filter paper with 5 mg of the V. globosa essential oil in the same syringe. The air passed first through the tube with the beetles and then through the essential oil-containing tube to avoid an influence of the essential oil on pheromone production. Mineral oil and an empty silicon tube were used as control stimuli.





4.5. Electroantennogram Recordings


EAG recordings were performed on whole insects, which had been starved overnight. The insect was fixed in a micropipette tip, with the thorax and head protruding. A small opening was cut in the thorax to insert the indifferent electrode and the antennal tip was cut and capped with a second glass capillary filled with Beadle Ephrussi Ringer. The electrodes were connected to an amplifier (axoclamp 2B, Molecular Devices, San Jose, CA, USA), and the signal was digitalized with an IDAC-4 device and recorded on EAG Pro software (Syntech, Kirchzarten, Germany). A constant airstream (0.3 m/s) was blown over the antenna through a glass tube. A stimulation pipette was inserted into a hole within the tube and a 300 ms air pulse was applied using a stimulation device (Stimulus controller CS 55, Syntech Kirchzarten, Germany). For each stimulus, five decadic doses on the filter paper were tested (from 0.1 µg to 1000 µg). The mixture of anethole and caryophyllene was prepared at the same ratio as for behavioral experiments. For each stimulus, mineral oil was tested before a series of increasing doses. At least one second elapsed between two consecutive stimuli. Response amplitudes for each stimulus were recorded and mineral oil responses were subtracted to obtain dose-response curves. Antennae from 17 insects were recorded for individual compounds and their mix. Antennae from 11 insects were recorded for the V. globosa oil.




4.6. Data Analysis


The statistical analyses were performed using XLSTAT software (Addinsoft, New York, NY, USA).



4.6.1. Behavioral Experiments


The mean time spent in the two zones of the olfactometer with a test stimulus was compared to the mean time spent in the two zones with a control stimulus with a paired t-test. Data were tested for normality beforehand with Lilliefors and Jarque-Bera tests, revealing normal distribution.




4.6.2. Electroantennogram Recordings


An ANOVA followed by Tukey’s post hoc test was performed to compare dose-response curves obtained in the EAG recordings to the different stimuli. Data were tested for normality beforehand with Lilliefors and Jarque-Bera tests, revealing normal distribution.
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Figure 1. Behavioural effect of V. globosa essential oil at different doses in choice experiments against a control (mineral oil) (means, SE). Doses of at least 0.1 mg are repulsive to T. confusum. n = 29–32; ns not significant, *** p ≤ 0.001. 
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Figure 2. Behavioral effects of major individual compounds of the V. globosa essential oil and their mixture. (A) Responses to anethole. (B) Responses to caryophyllene. (C) Responses to the mixture of anethole and caryophyllene. n = 28–31; ns, not significant, * 0.05 > p > 0.01, *** p ≤ 0.001. 
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Figure 3. Behavioral responses to the aggregation pheromone alone (5 beetles) and in combination with a repulsive dose of the essential oil (EO). ns, not significant, *** p < 0.001. 
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Figure 4. Dose-response curves of EAG responses to the essential oil (EO), individual constituents and their mixture (Mix). Responses to the solvent mineral oil were subtracted (means and SE). Dose-response curves with different letters are significantly different (ANOVA followed by Tukey’s post hoc test p < 0.0001). n = 17 for anethole, caryophyllene and mix, n = 11 for V. globosa EO. 
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Table 1. GC-MS analysis of V. globosa essential oil.
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	1 Compounds

Similarity Index > 90% (NIST)
	Retention Time (min)
	Relative Percentage (%)





	β-Pinene
	8.73
	0.17



	Estragole
	27.95
	0.89



	Anethole
	38.28
	41.53



	Δ-Elemene
	43.59
	1.77



	α-Copaene
	47.9
	0.59



	β-Elemene
	50.19
	0.64



	Caryophyllene
	52.83
	7.72



	α-Humulene
	56.90
	2.6



	γ-Gurjunene
	59.96
	0.56



	β-Cubebene
	60.36
	3.04



	β-Selinene
	60.86
	0.49



	2 NI
	62.04
	1



	Elixene
	62.28
	4.94



	α-Guaiene
	63.19
	1.15



	γ-Cadinene
	64.56
	0.57



	2 NI
	64.93
	0.17



	2 NI
	65.08
	1.77



	Δ-Cadinene
	65.92
	1.2



	Germacrene B
	69.09
	0.58



	Spathulenol
	71.86
	7.06



	2 NI
	72.51
	0.56



	2 NI
	74.50
	2.08



	Humulene epoxide II
	75.14
	0.32



	2 NI
	76.24
	0.27



	2 NI
	76.89
	1.58



	2 NI
	77.48
	0.86



	2 NI
	78.18
	6.69



	2 NI
	79.04
	1.47



	2 NI
	79.98
	0.54



	2 NI
	80.47
	1



	Cadin-4-en-10-ol
	80.80
	1.01



	Shyobunol
	84.36
	3.53



	2 NI
	84.81
	0.6



	2 NI
	88.17
	0.62



	(E,E)-Geranyllinalool
	119.56
	0.43







1 The compounds were identified by gas chromatograph-mass spectrometer (GCMS-QP2010 SE, Shimadzu). The separation was performed on a ZB-5 capillary column (30 m × 0.25 mm × 0.25 μm). 2 NI = Not Identified.
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