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Abstract

:

The need to use environmentally friendly substances in agriculture for pest control has become increasingly urgent in recent years. This was generated by humanity’s awareness of the harmful effects of chemicals with increased persistence, which accumulated in nature and harmed living beings. Essential oils are among the most important biopesticides and could significantly contribute to the expansion of ecological agriculture, replacing traditional methods. However, for judicious use, it is necessary to have a thorough knowledge of the mechanisms by which these oils act on both harmful and useful insects. An important step in transitioning from theory to practice is adapting essential oil application technologies for open fields, overcoming the difficulties created by their high volatility and low remanence, which results in a rapid reduction in the toxic effect. The review proposes an in-depth, up-to-date analysis of the existing literature on these subjects, aiming to provide researchers with some potential future study directions and practitioners with a solid base of information regarding the interaction between insects and essential oils.
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1. Introduction


The essential oils produced by plants as secondary metabolites have influenced the modulation of the interaction between them and insects over millions of years of evolution. They have served as attractors for pollinators and other insects useful to plants, or as a defense against harmful insects [1]. The coexistence between plants and other organisms (insects, herbivorous mammals, fungi, bacteria, etc.) has determined the appearance of numerous subtle mechanisms of adaptation and resistance to those and consequently to various secondary metabolites.



People recognized the potential of substances extracted from plants and the help they could give in the fight against agricultural pests long before understanding their structure and properties. The first historical data showing the use of plant extracts against insects date back to over 3000 years ago [2]. The progress of knowledge, on the one hand, and the damage caused to the environment by the most recently introduced synthetic pesticides have determined in recent years the appearance of numerous studies on essential oils used as biopesticides.



Despite their similar anatomical structures, not all insect species respond uniformly to essential oils; different components of the volatile oils can have completely opposite effects on related insect species. For example, geraniol acts as a repellent for flies [3] or mosquitoes [4], but it is attractive for pollinators [5], including bees [3].



Considering the wide range of insect responses to certain essential oils, some defense mechanisms of plant species producing these oils can serve as indicators of the degree of toxicity of the oil against a specific harmful insect species. For example, citrus species (lemon, orange, grapefruit) are almost never affected by infestation by the fruit fly Anastrepha fraterculus Wiedemann (Diptera: Tephritidae) [6]; even when females lay eggs on these plants, the larvae are found dead near the place of oviposition due to the insecticidal effects of the essential oils stored in the secretory cavities present both in the leaves and in the pericarp of the fruits of these species.



An increasing number of studies on the effects of essential oils on insects and their results outline more and more clearly the idea that these effects are varied and cannot be generalized even to all species within a family once they have been found in relation to a pest.



At the same time, another problem emerges from the results of researchers who dealt with this subject: the application technology of the oil significantly influences the obtained results. Since most studies are conducted under laboratory conditions, extrapolating the effects to open-field administration is not always possible [7,8].



In this paper, we aim to investigate in depth the mechanisms by which essential oils generally act on insects. Understanding the interaction between pests and the active substances in essential oils is crucial in choosing the most effective solutions for their combat. Many studies focused on the toxic effects of essential oils on different species of insects are limited to specifying the LC50 (lethal concentration that kills 50% of the individuals tested) or LD50 (the amount of substance that causes the death of half of the individuals in a group), without delving into the study of the mechanisms by which this death is caused.



In order to gain an overview of the studies carried out in the last 25 years, a bibliometric analysis on this subject was performed. This analysis aimed to highlight trends in authors’ interest in researching the mechanisms of action of essential oils on insects, the evolution of approaches on successive stages over time, and the contribution of various countries to obtaining practical and theoretical data.



Additionally, modern technologies for applying essential oils that can be successfully used in agricultural practice were investigated and systematized. This is important because different formulations of the oils before application lead to obtaining quite varied results, highlighting the fact that not only the active substance is important but also the ”vehicle” through which it reaches the target species [9].




2. Methodology


To conduct this study, we undertook a comprehensive exploration of specialized paper databases. This involved thorough research and analysis of the available literature relevant to our investigation.



The bibliometric analysis was carried out using the following programs Bibliometrix (University of Naples Federico II, Naples, Italy) (version 4.3.1) https://www.bibliometrix.org/home/index.php (accessed on 18 February 2024) [10,11] and VOSviewer (Leiden University, Leiden, The Netherlands) (version 1.6.20) https://www.vosviewer.com (accessed on 18 February 2024).



To gather essential data, we accessed the Web of Science core collection (WoS) databases on 16 February 2024. WoS is a database that collects papers published in peer-reviewed journals, with an impact factor, widely accepted and used by specialists in various fields [12]. This includes over 21700 journals and over 91 million records (February 2024, source https://clarivate.libguides.com/librarianresources/coverage) (accessed on 16 February 2024). The objective was to discern the current trend in researchers’ investigations concerning the mechanisms of essential oils in insects. The search was carried out under the following conditions: all types of documents for the period 1975–2024 were considered; the search terms were “essential oil” (All Fields) AND “insects” (All Fields) AND “mechanism” (All Fields).



Using these data saved in BibTex and Ris formats (including full records and cited references), a bibliometric analysis was conducted. Following the search, 300 papers were identified, of which 240 were retained to carry out the proposed study. Papers that do not refer to essential oils, those that focused on their antimicrobial activity, the insecticidal activity of other plant-derived compounds, as well as papers referring only to the composition of the essential oils, were excluded from the analysis. The abstract of each paper was analyzed in order to establish whether the content was correlated with the investigated subject. Also, papers published in 2024 were excluded, given the short time that has passed since the beginning of the year, making these results irrelevant for the entire calendar year. A diagram showing the methods of collection, selection and processing of data from WoS [13] is presented in Figure 1.



In parallel, both Web of Science and other databases (Scopus and Google Academic) were queried for keywords such as “biopesticides”, “field experiments”, “nanoemulsions”, “nanoparticles”, “NaDES”, “acetylcholinesterases”, “octopamine receptors”, “tyramine receptors”, “GABA receptors”, “GluCls”, “superoxide dismutase”, “catalase”, “peroxidases”, “glutathione-S-transferase”, “Insect Growth Regulators”, “ cuticle”, “repellent”, “synergistic”, in conjunction with “insects”, “essential oil” or “mechanism” in order to identify as many studies as possible that are related to the subject of the current paper.




3. Results and Discussions


3.1. Bibliometric Analysis Regarding the Mechanisms of Action of the Essential Oils on Insects


In order to analyze trends in the study of the mechanisms of action of essential oils on insects, we used the following bibliometric indicators: number of publications and their total citations/year, the most relevant sources (the top 15 journals in which selected papers were published), author’s production and country production overtime, co-occurrence network of terms from the title and abstract of the papers, word cloud diagram representing the major research highlights (Keywords Plus) and thematic evolution plot.



The structure of entries by document type was as follows: out of 240 works, 138 are articles (57.5%), 56 early access articles (23.33%); 7 proceedings papers (2.91%), 30 reviews (12.5%), 8 early access reviews (3.33%), and 1 book chapter (0.41%). The language of the papers was English.



From the analysis of the temporal distribution of papers published in connection with the analyzed subject, we observed a low interest from researchers between 1999 and 2012 (with only 1–2 papers published annually). Between the years 2013 and 2019, there was a moderate increase in the number of works (ranging between 6 and 18), while in the last 4 years (2020–2023), there has been a significant increase in the number of publications (ranging between 22 and 39/year) (Figure 2).



The number of citations for the 240 selected papers is high: 7363 citations (7013 without self-citations), with an average of 30.68 citations/article and an h-index of 40. A directly proportional increase in citations compared to the number of published papers can be observed, which is particularly remarkable after 2021.



It follows that in the last 4 years, 55% of the papers on this topic from the last 25 years were published. The growing trend of researchers’ interest in the use of essential oils in the fight against insect pests is combined with the need to understand the mechanisms of their action and the implications that various methods of administration have on both pests and non-target species.



The results are in accordance with those obtained by the authors in a recent study on use of the essential oils as biopesticides [14]: papers in WoS in the last 4 years represent 62.61% (in correlation with harmful insect species) and 65.21% (in correlation with non-target species) of the total number of indexed publications referring to these subjects.



The most relevant sources (top 15 journals) were Pesticide Biochemistry and Physiology, Insects, Pest Management Science, Molecules, Industrial Crops and Products, Journal of Pest Science, Journal of Stored Products Research, Journal of Chemical Ecology, Plants-Basel, Journal of Economic Entomology, Plos One, Scientific Reports, Acs Omega, Crop Protection, Entomologia Experimentalis et Applicata (Figure 3). Of these, seven journals are classifiedin Q1, six journals in Q2 and one in Q3.



There were 14,805 references to the 240 documents analyzed; among these papers the most cited are from the following journals: Pest Management Science (376 citations), Industrial Crops and Products (360 citations), Journal of Economic Entomology (337 citations), Journal of Agricultural and Food Chemistry (331 citations), Journal of Stored Products Research (326 citations), Pesticide Biochemistry and Physiology (294 citations), Parasitology Research (264 citations), Journal of Chemical Ecology (259 citations), Plos One (245 citations) and Annual Review of Entomology (220 citations).



We notice that the top 3 journals in terms of papers cited in the group of documents analyzed are among the top 10 journals that publish works related to this subject. This fact denotes a concentration of interest in some journals to publish studies on the use of environmentally friendly pesticides in accordance with the general increased interest in green agriculture in recent years.



In the group of investigated papers, 1158 authors were identified. Among these, the top 10 authors can be found in Figure 4. This also illustrates the production of the first 10 authors from 2010 (when the author Coats J.R started his work) until now. We notice that 8 out of 10 authors continue their publishing activity. There is an overlap between the top 10 authors and the most prolific countries: 7 authors are institutionally affiliated in China, 1 in Italy (the first author in the top 10), 1 in Brazil and 1 in the USA.



The most prolific countries are China (202 appearances), followed by Brazil (150), USA (107), Italy (44) and South Korea (40). Figure 5 also shows the production of the top 5 countries during the years 1999 and now. If the production of the five countries was initially low and almost equal, after 2009, we can see the detachment of the USA compared to the other four countries. Its dominance lasts until 2021, because starting in 2020, the rapid ascent of China begins, which in the following year overtakes the existing leader at that time.



The analysis of keywords extracted from the title and abstract was carried out with Vos Viewer using the full counting method. In the co-occurrence network, links between keywords are highlighted, with the size of the nodes directly proportional to the frequency of their appearance in the analyzed group of papers.



The results obtained were the following: out of 7654 terms with at least 20 occurrences/terms (n = 20), 60 met the conditions. Among these, the most relevant 60% were selected (36 items of which 35 were analyzed), and grouped in three clusters (Figure 6).



Cluster 1 (red) contains 14 items, the most relevant of which are “adult”, “mortality”, “exposure”, “response” and “gene”. It is focused on the mortality induced by the essential oils in tests performed on insects (one of the secondary terms being “ppm”). Cluster 2 (green) contains 12 items, of which “plant”, “extract”, “development”, “resistance” and “biopesticides” appear more frequently. This cluster predominantly refers to the role of plant extracts used as biopesticides in the fight against harmful insects, as well as their natural or induced resistance to potentially toxic substances they encounter. Cluster 3 (blue) contains nine items that refer, in particular, to components of essential oils, “carvacrol”, “cineole”, “linalool” and “thymol” and their effect on insects. Other keywords represented include “acetylcholinesterase” and “larvae”.



The absence from the three clusters of some important terms in the analysis of the mechanisms of action of the essential oils on insects, such as “nanoemulsions”, “octopamine receptors”, “tyramine receptors”, “GABA receptors”, “GluCls”, “superoxide dismutase”, “catalase”, “peroxidases”, “glutathione-S-transferase”, and “Insect Growth Regulators”, reveals their low frequency in the analyzed documents and implicitly the limited number of studies in which they currently appear.



Figure 7 depicts the word cloud diagram; this was conducted using KeyWords Plus, a distinctive algorithm exclusive to Clarivate databases. It enhances cited-reference searching by scouring across disciplines to identify articles that share commonly cited references.



The top five keywords were as follows: essential oil (90), chemical composition (39), resistance (37), mechanisms (35), and toxicity (33); the frequency of each word is specified in parentheses. As expected, the primary term is “essential oil”, and the following words express research directions and associations made in the studies regarding the action mechanisms of essential oils. Establishing the chemical composition of the tested oils is crucial due to the significant variations observed depending on the environment in which the oil-providing plants grow [14,15]. Investigations on the mechanism of action of the essential oils are correlated with the degree of toxicity that they (or their components) exhibit on insects [16,17], as well as with resistance phenomena that reduce the effectiveness of biopesticides on target species [18].



The evolution of research on the mechanisms of action of essential oils on insects can be observed by following the plot in Figure 8. In the first time interval 1999–2010, the number of keywords is lower, in accordance with the reduced number of papers published in that period (Figure 2). Most studies refer to the effects of essential oils on harmful pests in storage [19], where they were easier to apply because closed spaces enhanced the effectiveness of volatile substances compared to open fields. In the period 2011–2016, the emphasis of investigations shifted to the toxicity of essential oils as well as their repellent effect.



In the intervals of 2017–2020 and 2021–2023, the number of publications is increasing and with them, the topics covered are also diversifying. Microencapsulation techniques (used for the open field distribution of the essential oils used as biopesticides) and their insecticidal activity in in vitro experiments are highlighted.




3.2. Application Technologies of the Essential Oils: From Laboratory Experiments to Field Results


Until now, the vast majority of the experimental studies on the insecticidal effects of essential oils from different plant species have been carried out in laboratories, with only a few continuing to establish the effectiveness of their application in open-field conditions [20,21].



In the case of laboratory experiments, the application of the essential oils (pure or in various types of formulations) is carried out by several methods:




	−

	
Direct contact/topical application methods, by applying a known amount of essential oils directly on the insect’s body [7,22];




	−

	
By fumigation [22,23,24].




	−

	
Administration in food [21,25,26].









In all these situations, the exposure of the insects to the action of the essential oils is enforced, as they are kept in cages or boxes throughout the experiment [27]. This approach eliminates, the possibility for insects to evade the harmful effects of the essential oils, which also exert repellent effects, as is well known [28,29]. For these reasons, the simple extrapolation of the results obtained in the laboratory to applications in the open field is nearly impossible in these types of studies.



Due to their high volatility at temperatures frequently encountered in the atmosphere, as well as rapid degradation under the influence of environmental factors such as light and air contact [30], essential oils are often applied by fumigation in greenhouses or in grain storages [31].



That is why it is necessary to continuously seek out the most effective methods of applying essential oils used as biopesticides, ensuring their longer persistence in the environment and maintaining maximum efficiency. For a long time, emulsions/microemulsions were used because they were cheap and easy to make, but this technology does not have the ability to maintain the effectiveness of the active substance for too long [32]. However, in order to achieve increased efficiency in the bioavailability of the active substance, nanotechnologies represent an option that needs to be studied much more intensively to find the most effective methods of application in pest management.



3.2.1. Nanostructured Formulations of the Essential Oil—Advantages and Disadvantages


The administration method of essential oils can significantly impact toxic doses, affecting both harmful species and non-target species alike.



Traditional methods of nanoformulation of various lipid substances often involve substances toxic to the environment and detrimental to human health [33]. Therefore, special attention must be paid to the use of these technologies in manufacturing products intended to be biopesticides to ensure the environmentally friendly effect of the active substances even after they have been processed to prolong persistence, reduce volatility, or increase solubility. Nanoemulsions are commonly prepared by mixing essential oils with Tween® 80, a dispersing agent in the form of a nonionic detergent and surfactant, typically in concentrations ranging from 3% to 5% [34,35]. The emulsion is subsequently stirred at many rotations per minute (RPM), optionally followed by ultrasonication. If these values are increased, the process occurs with cooling to prevent the evaporation of the active substance. The diameter of the obtained droplets typically ranges between 20 and 200 nm, with variations depending on the type of essential oils used and the method employed [27,34,35,36]. The stability of bioactive substances in nanoencapsulation with Tween 80 or 20 is enhanced, often without the need for a co-surfactant [37].



Other substances that have been tested for the creation of nanoemulsions include alginate and glycerol [38], as well as saponin [36], which itself has insecticidal properties and can act synergistically with the essential oils used [39].



The chemical nature of the component elements in the essential oils influences the size of the particles obtained: when oxygenated monoterpenes and sesquiterpene hydrocarbons predominate in the oil component, smaller particles are obtained [36,40]; at the opposite pole are organosulfur compounds from garlic oil [40], phenylpropanoids and alkane hydrocarbon from clove oil [41].



Even in the case of nanoemulsions, the problem of stability over time and maintaining the reduced size of the particles with the active substance is of great importance. For example, in the case of citronella oil (Cymbopogon nardus (L.) Rendle (Poaceae)), the nanoemulsions obtained using a mixture of Tween 60 and Span 60 were stable when stored at 4 °C for 28 days. However, the particles increased considerably in size, leading to phase separation when the mixture was stored at 45 °C [42].



In addition to the immediate effect of nanoemulsions, studies have also shown a cumulative effect over time due to the progressive release of the active substance from the solutions formulated in this manner [40].



For instance, in the case of citronella oils, their application in the form of nanoemulsions significantly increased the mortality of Spodoptera littoralis (Boisduval) (Lepidoptera: Noctuidae) larvae [43]. At concentrations reduced by half, the nanoemulsified oil was 12–18% more efficient than bulk oil.



Nanoemulsification of the essential oils does not always increase the insecticidal effects on the target species. Mahran and collaborators [41] showed that this technique did not improve the performance of clove (Syzygium aromaticum (L.) Merr. & L. M. Perry (Myrtaceae)) and ginger (Zingiber officinalis Roscoe (Zingiberaceae)) oils on the larvae of Culex pipens L. (Diptera: Culicidae).



Nanoparticles containing essential oils can be prepared using various materials, including metals, semiconductors or polymers (chitosan, cyclodextrin, pectin, starch cellulose, polycaprolactone, alginate and polyethylene glycol (PEG)), [44]. Among these, PEG is most frequently used in agriculture for different purposes [45,46] (Ibrahim, 2020, Antofie and Sava, 2021).



Polymer-based nanoparticles represent an efficient method of administering essential oils, which has been tested against both harmful insects in storage (Rajkumar et al., 2020) and some phytophagous species [47].



The effectiveness of nanoparticles with chitosan was demonstrated regarding the essential oil of Trachyspermum ammi (L.) Sprague ex Turrill (Apiaceae) (syn Carum copticum (L.)) on Rhyzopertha dominica (Fabricius) (Coleoptera: Bostrichidae) and Tribolium confusum Jacquelin du Val (Coleoptera: Tenebrionidae) [48]. However, the authors warn of the need for further studies to confirm the effectiveness of the use of nanoparticles in open-field treatments. Nanoparticles with polyethylene glycol, using lemon peel essential oil were significantly more effective in combating the black cutworm Agrotis ipsilon (Hufnagel) (Lepidoptera: Noctuidae) [47]. Additionally, nanoparticles with citronella essential oil and chitosan–cellulose increased the insecticide effect against the cotton leafworm Spodoptera littoralis [49].



Not all studies have shown a higher efficiency of nanoparticles with essential oils compared to bulk oils. Ikawati and collaborators [17] found that nanoparticles with PEGs of clove (Syzygium aromaticum) essential oil did not exhibit increased efficiency in activity against red flour beetle (Tribolium castaneum (Herbst) (Coleoptera: Tenebrionidae)); however, their persistence, due to the encapsulation process, increases up to 16 weeks of high contact toxicity. Similar results were obtained in the case of garlic oil included in nanoparticles with PEG: its persistence in the environment increased for up to 5 months, although the initial toxicity was lower [50].



Atomized powders are obtained through spray-drying techniques, which involve drying a previously prepared emulsion with hot gas, typically an inert one. This process causes the solvent to evaporate leaving behind fine, solid drops containing the active substance [30] (Yammine et al., 2023). Both micro- and nanometric particles can be obtained through this technique [51]. For instance, Lippia sidoides Cham. (Verbenaceae) oils (in chitosan) [52], rosemary, and Artemisia oils (with gum arabic and maltodextrin) have been encapsulated in nanoparticles using this method [34].



Due to the high temperatures used, well above the evaporation point of the essential oils, important quantities of oil can be lost in this process [53], and it is necessary to evaluate the economic efficiency in the case of mass production.



One of the major obstacles to the use of essential oils as biopesticides is their poor solubility in water. For this reason, finding non-toxic solvents to facilitate the application of these compounds in agriculture has been the concern of many researchers. The development of Natural Deep Eutectic Solvents (NaDES) and testing for their use as vectors of the essential oils to combat pests is still in its infancy, and very few studies are available: Choi and collaborators [54] described for the first time this class of green solvents, which consist of substances normally found in the cellular environment, such as citric acid, choline chloride, maleic acid, choline tartrate, betaine, carnitine, etc. [55].



NaDES acts as a solvent for dissolving essential oils creating a suitable reaction environment for nanoparticle synthesis. These solvents have important characteristics that favor their use as nano-carriers for active substances with increased volatility such as essential oils: they are in liquid form at the temperatures frequently found in the environment; they are not toxic, non-flammable, weakly volatile and chemically stable [56].



Dunan and collaborators [34] investigated the insecticidal effects of commercially obtained Artemisia and Rosemary essential oil on silverleaf whiteflies Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae), one of the most important invasive insect pests in the world. They compared the insecticidal effects of these oils administered in different forms. The NaEDS formula proved to be less toxic for the harmful species compared to the oil administered in the form of nanoemulsions, but this was also less toxic than the host plant (tomato), for which it is recommended for pest control.



Although they are not yet widely used in agricultural practice, nanoformulations of essential oils represent a promising option for expanding organic agriculture. These formulations have the ability to overcome the main shortcomings of essential oils that prevent them from being effective as biopesticides. In the form of nanoemulsions or nanoparticles, they become more effective, presenting a considerably increased contact surface relative to volume [57].



In the use of nanoformulated essential oils, an important obstacle is the production costs, which in some situations can be quite high. Spray drying techniques involve significant costs for purchasing the necessary equipment to obtain nanoparticles [58].




3.2.2. Mechanisms of Action of Essential Oils in Insect Species


Most of the pesticides used in agriculture, whether synthetic or biopesticides, rely on the neurotoxic action of the different compounds on the target species. However, when the target species and the useful species in the agricultural ecosystem, especially the pollinators, are phylogenetically related and therefore structurally and functionally similar, it becomes challenging to identify the active substances that affect the pest without harming the non-target species.



In other words, the origin of the bioactive molecule cannot guarantee higher selectivity. Concerning bioinsecticides, the source of the compound does not dictate its toxicity, and the perceived safety of these substances is once again a misconception [59]. Among the components of essential oils, monoterpenes are known to have the strongest insecticidal action [60].



Virtual screening methods, also known as chemoinformatics, have revolutionized the discovery of new bioactive compounds by efficiently assessing large structural libraries against biological systems. These methods streamline the discovery process, saving time and resources [61].



Used mainly in pharmacological studies to identify active substances useful in the treatment of various diseases, chemoinformatics is beginning to gain ground in studies related to the effectiveness of some biopesticides. There are several methods to investigate in silico the interactions between biomolecules and various receptors [61]. Ligand-Based Virtual Screening (LBVS) analyzes compound structures to predict activity (Garcia-Hernandez et al., 2019), while Structure-Based Virtual Screening (SBVS) uses ligand recognition and binding in bio-receptor structures [62]. LBVS relies on similarity search, machine learning, and pharmacophore modeling, while SBVS employs molecular docking and dynamics simulations. Both methods are crucial for discovering new bioactive molecules (including essential oils components) for medicine, pharmacy, and agriculture.



	
Changes in the activity of acetylcholinesterases (AChEs)






Acetylcholinesterase (AChE) is an enzyme that plays a crucial role in the nervous system of most animals, including insects [63]. It hydrolyzes the neurotransmitter acetylcholine (ACh) into its components, acetate and choline [64]. This process is vital in preventing continuous stimulation of the postsynaptic neuron and allows for proper nerve signal regulation. This was the target for most synthetic insecticides [65].



The components of the essential oils, including terpenes terpenoids, and phenylpropanoids, interact with AChE activity. Their insecticidal/miticidal effect is manifested by the inhibition of enzymatic activity. This inhibition leads to the accumulation of ACh at the synapses [66], resulting in increased nervous excitement and ultimately causing the death of the insect.



Classical pesticides are known to strongly inhibit AChE in insects [67]. However, their toxic effects are equally manifested in both insects and vertebrates, including humans. Nonetheless, there are slight structural differences at the ligand-binding sites in AChE between insects and mammals [68]. These differences can be exploited by selecting specific inhibitors for AChE in insects that do not affect the enzyme’s activity in mammals.



Oregano oil inhibited the AChE activity of Aedes aegypti after 12 h. A concentration of 40 µg/mL of nanoemulsion caused complete mortality for both adults and larvae [69].



AChE inhibition by Artemisia nakaii Pamp. (Asteraceae) essential oil was observed on Spodoptera litura (Fabricius) (Lepidoptera: Noctuidae) [70]. Among the components of the essential oil, analyzed separately, β-selinene had the strongest AChE inhibition, almost 70%, at a concentration of 10 μg/mL.



Carvacrol and α-pinene showed a high inhibition rate of AChE in the German Cockroach (Blattella germanica), ranging between 55.1% and 86.3% [71]. Carvacrol has been demonstrated to affect the nervous system of insects in a manner similar to that of classic pesticides [72], specifically by inhibiting acetylcholinesterases (AChE) [73].



Lemongrass oil [74], and citrus oil [75] significantly decrease AChE activity in Callosobruchus maculatus (Coleoptera: Chrysomelidae). Among the most effective components of the essential oils that inhibit enzymatic activity are α-pinene β-pinene, β-phellandrene, carvacrol, limonene, menthol, menthone, 1,8-cineole, etc. [65].



The interaction mechanism of the main components of Eucalyptus camaldulensis essential oil (among which trans-myrtanol, carvacrol and β-caryophyllene) with acetylcholinesterase was modeled in silico by Beyaoui and collaborators [76]. Molecular docking analyses serve the purpose of assessing the compatibility of chemical compounds with the binding site of a receptor and determining specific interactions.



Hymenoptera species from the genera Apis, Bombus, Camponotus, Scolia, Rhynchium, Polistes, Vespula, and Vespa, known for their crucial role as pollinators in various ecosystems, especially agricultural ones, possess AChE2-type acetylcholinesterases. Insects from other genera, such as Megachile, Chalicodoma, Xylocopa, Crocisa, and Anthophora, have AChE1-type acetylcholinesterases [63]. Many conventional pesticides aim to inhibit AChE by binding to its active site in harmful insects. Considering the presence of AChE in both useful (pollinating) and pest insects, we can infer that organic pesticides containing essential oils with an AChE-inhibiting effect may equally affect pests and useful insects, which are non-target species.



Under the pressure of pesticides administered in agriculture, especially in the last hundred years, some insect species have developed resistance to them. This resistance, including point mutations in the gene encoding AChE, has been observed in species such as the melon aphid (Aphis gossypii Glover, Hemiptera: Aphididae)) [77].



An increase in AChE activity was recorded in Tuta absoluta (Lepidoptera: Gelechiidae) treated with oregano oil, mint oil, and the individual component elements of these oils [78]. This reaction serves as a defense mechanism for lepidopteran insects against the action of the essential oils.



	
Inhibition of octopamine and tyramine receptors (OARs/TARs)






Octopamine and tyramine are important biogenic amines [79], synthesized from tyrosine [80]. They serve as neurotransmitters, neurohormones, and neuromodulators [81,82] and are present in large quantities in the nervous system of arthropods, including insects [83]. Comparable to stress hormones, their levels increase under specific conditions, similar to adrenaline and noradrenaline in vertebrates [80]. Octopamine influences memory and learning processes in honeybees, such as Apis mellifera [79], and modulates muscle performance, fat metabolism, heart rate, and respiration in insects [80]. OA/TA neurons extensively branch out throughout the insect body [84], reaching skeletal muscles, reproductive organs, the heart, antennae, legs, wings and halteres (based on anatomical studies conducted on Drosophila melanogaster Meigen (Diptera: Drosophilidae)). This justifies the relevance of modulating complex behaviors.



Since octopamine and tyramine are absent in vertebrates, pesticides formulated to interfere with these compounds are harmless to them [85].



There are relatively few studies investigating the interaction of essential oils and their components with the octopamine receptors system (OAR) or tyramine receptors (TAR), as well as the mechanisms of action. Generally, these substances mimic the effects of octopamine [86], leading to increased levels of intracellular calcium and cAMP [86], primarily functioning as agonists of these receptors.



The experimental studies conducted by Enan [87] revealed that the insecticidal effect of eugenol is mediated through the octopamine receptor system (OAR), and phenolic compounds are more toxic than monoterpenoids. The presence and location of a hydroxyl group and spacing on the benzene ring determine the degree of toxicity of a compound from the essential oils via the OAR system. Clove oil, with an increased content of eugenol and b-caryophyllene, interacts with this and blocks OAR in both the corn leaf aphid Rhopalosiphum maidis (Fitch) (Hemiptera: Aphididae) and the non-target ladybeetle Coleomegilla maculata De Geer (Coleoptera: Coccinellidae) [59].



Cinnamon oil and its primary component, cinnamaldehyde, have been found to disrupt the structure of antennal receptors (damage to sensilla was observed under the scanning electron microscope) in red fire worker ants of the genus Solenopsis (Hymenoptera: Formicidae). This disruption leads to a decrease in octopamine content and, consequently, impairs the ants’ social behavior and the ability to recognize their nest mates [88].



The monoterpenoids α-terpineol and cinnamic alcohol induced the blockade of octopamine receptors in the species Camponotus pennsylvanicus (De Geer) (Hymenoptera: Formicidae), Periplaneta americana (L.) (Blattodea: Blattidae), and Blattella germanica (Blattodea: Blattellidae) at an approximate inhibitory concentration (IC50) of 9 nmol/mL [87]. Ants were found to be more sensitive to eugenol and α-terpineol [89]. However, monoterpenoids may serve another role in interacting with OAR; for instance, menthol potentiates the toxic action of carbamate (a synthetic pesticide) by activating OAR, ensuring increased efficiency at a lower dose than usual [86]. In this way, the adverse environmental effects of synthetic pesticides can be mitigated.



Type 1 tyramine receptors (TAR1s) in Apis mellifera have a different structural configuration compared to that of Diptera or Coleoptera [82]. This particularity could explain the low sensitivity of bees to phenolic monoterpenoids that inhibit TAR, such as carvacrol [90].



	
Inhibition of GABA (Gamma-amminobutyric acid) receptors






GABA is an inhibitory neurotransmitter present in the nervous systems of nearly all insect species [91]. It stands as one of the primary targets for pesticides, alongside AChE (acetylcholinesterase) and OARs/TARs. This includes not only traditional pesticides but also, more recently, certain biopesticides.



When GABA binds to its receptors, it triggers the opening of chloride (Cl−) channels, enabling chloride ions to enter neurons, ultimately leading to the inhibition of the nervous system [92]. GABA receptors can either bind to or be inhibited by the active substances found in various pesticides. In both scenarios, this leads to the insect’s death, either through hyperexcitation or the inhibition of neuronal activity [93].



The monoterpenoids carvacrol, pulegone, and thymol were all identified as positive allosteric modulators for the insect’s GABA receptor [94], while linalool and α-terpineol did not exhibit any effects on chloride ion uptake in the ventral nerve cords of the American cockroach Periplaneta americana [93].



The effects of essential oils or some of their components have been studied extensively in mammals [65,93], with less emphasis on insects [92]. However, the interaction between these receptors and some biopesticides opens the perspective of their use in combating harmful arthropods.



Recent studies [95] indicate that numerous insect species, especially those belonging to Lepidoptera and Coleoptera, have evolved alongside plants that produce essential oils, particularly those rich in terpenes. These insects have developed various mechanisms of resistance to the neurotoxic effects of the essential oils, including adaptations in GABA receptors.



	
Glutamate-gated chloride channels (GluCls)






GluCls are an important neurotransmitter receptor in the nervous system of invertebrates in general (including insects) [96]. GluCls are generally expressed in the zone area of the head and neural ganglia, but can also be found in the legs, intestine, or reproductive system of different species of insects.



Because GluCls are not present in vertebrates, insecticides that target them are considered safe for humans. GluCls were identified in Apis mellifera [97] in the brain (being involved in the processes of olfactory learning and memory), muscles, and antennae.



Among synthetic insecticides, fipronil (from the phenylpyrazole family) inhibits GluCls [98], causing hyperexcitability in insects. This mechanism is similar to that exerted on GABA receptors, as both are related in the Cys-loop ligand-gated ion channels (cysLGICs) family [94,96].



Although studies on the effects of essential oils on GluCls in insects are very limited, their future exploration may provide interesting perspectives for the use of this class of biopesticides. It has already been shown that in worms (Haemonchus contortus Cobb (Nematoda: Trichostrongylidae)), thymol and menthol inhibit GluCls [99].



	
Antioxidant defense enzymatic systems






Reactive oxygen species (ROS) are generated during the oxidative metabolism process in living organisms. They have evolved antioxidant defense mechanisms to protect against the damages caused by ROS, which comprise both enzymatic and non-enzymatic components.



The antioxidant enzyme system serves as a vital physiological mechanism for combating oxidative stress in insects. This system includes enzymes such as superoxide dismutase (SOD), catalase (CAT), peroxidases (POD), and glutathione-S-transferase (GST). SOD facilitates the conversion of superoxide anions into hydrogen peroxide and molecular oxygen. Meanwhile, CAT and POD collaborate to break down hydrogen peroxide into water and oxygen. Additionally, GST plays a role in eliminating toxic compounds resulting from lipid peroxidation within cells [100,101]. A decrease in the level of these enzymes (under the influence of the essential oils) is associated with a sensitivity of insects to their action, while increased levels indicate resistance.



Insects possess enzymatic and nonenzymatic defense mechanisms against chemical stress, potentially mitigating the adverse impact of reactive oxygen species (ROS) on cells [102]. Increased oxidative stress may contribute to insect mortality.



Neem oil is one of the essential oils most intensively used as a biopesticide [103]. Following the treatment applied to Apis cerana cerana adults, azadirachtin (AZA) does not have an immediate effect on the activity of two antioxidant enzymes, SOD and CAT, at 24 h and 48 h. However, there are fluctuating changes observed in the activity of another enzyme, phenoloxidase (PO), with 10 mg·L−1 AZA increasing PO activity at 48 h, while both concentrations of AZA (5 mg·L−1 and 10 mg·L−1) inhibited PO activity at 24 h [5].



Some studies have reported a decrease in the concentration of protective enzymes against oxidative stress when certain essential oils are applied at LD50 levels. For instance, the application of lemongrass oil to Spodoptera littoralis resulted in a reduction in the concentration of cytochrome P-450 and GST (LD50 = 2664 mg·L−1) [104]. Interestingly, the application of citral alone did not yield a similar effect. This observation suggests that the synergistic action between the components of the oil enhances the insecticidal effect, potentially by impacting the enzymatic system involved in defense [104]. In studies conducted on mammals, citral has demonstrated antioxidant activity in various investigations, suggesting a potential ability to suppress oxidative stress [105]. Stimulating effects of SOD and GST were also observed [106] in the cowpea weevil Callosobruchus maculatus (Coleoptera: Chrysomelidae) after the application of lemongrass.



The essential oil of peppermint (and its component elements, tested separately—menthone and menthol) on the harmful insects Sitophilus oryzae (Coleoptera: Curculionidae) and Tribolium castaneum led to an increase in the SOD level and a decrease in the CAT level [107]. In this case, a significant increase in SOD activity was observed, surpassing the levels observed in the control group. This heightened SOD activity effectively countered the adaptive response aimed at generating reactive oxygen species (ROS) and resulted in a reduction in CAT activity.



A great variability in the responses of insects’ antioxidant enzyme systems can be observed. The increase in the level of enzymes involved in reducing oxidative stress is, on the one hand, a natural response to the increase in ROS at the cellular level under the influence of essential oils [108]. On the other hand, the ability of some oils to reduce the levels of these enzymes facilitates the insecticidal effect by decreasing the defense capacity of the insects against the administered substances. The modulation of antioxidant systems serves as a response to cytotoxicity induced by oxidative stress from both bioinsecticides and conventional insecticides [108]. Nevertheless, the reactions are particular and different depending on the essential oil administered and the targeted species.



	
Dysregulation of insect development in different stages of the life cycle






Essential oils (or certain of their components) sometimes act as Insect Growth Regulators (IGR), interfering with insect development processes. Their use is a convenient option because they are specific for insects and harmless for other non-target species [19]. They interact with the methoprene-tolerant receptor (Met), which is the intracellular receptor for juvenile hormones (JH) involved in insect metamorphosis [16], and also with the ecdysone hormone receptor. Considering that JH has a sesquiterpenoid structure [109], substances that are also found in the composition of many essential oils, interference with it is to be expected.



The computational protocol used by Corrêa and collaborators [16] reveals how compounds in essential oils can affect insect metamorphosis. By acting as agonists, they suppress the production of juvenile hormones by insects, leading to abnormalities in development and increased mortality. Low concentrations of Baccharis dracunculifolia DC (Asteraceae) extract and high levels of E-Nerolidol extend the larval stage of Chrysomia albiceps (Wiedemann) (Diptera: Calliphoridae), as predicted by the computational model.



Nerolidol, a squiterpene alcohol found as a component of essential oils in several plants including Stevia rebaudiana [110], jasmine, lavender, ginger, and cannabis [111], has the effect of inhibiting the larval development of some species of insects. It prolongs the development period of the larva or pupa, leading to the interruption of metamorphosis and the death of the individual in higher concentrations. On the Egyptian cotton leafworm, Spodoptera littoralis, nerolidol significantly affects the development process, leading to the appearance of malformed individuals in different stages and blocking the emergence of adults [16].



Ecdysone, a polyhydroxysteroid, is the major ecdysteroid secreted by insects in the prothoracic glands [112]; its active form is ecdysteroid 20-hydroxyecdysone (20E). Its secretion is stimulated by the prothoracicotropic hormone (PTTH) produced by neurons in the insect’s brain [113]. Some components of essential oils interact with ecdysone, which plays a key role in the molting phenomenon in insects.



Azadirachtin, an oxygenated sesquiterpene and the main component of neem oil, interacts with ecdysteroids in the bodies of insects, reducing their concentration [114]. Studies have shown that larval development is inhibited in Lutzomyia longipalpis (Lutz & Neiva) (Diptera: Psychodidae). The authors demonstrated the specific effect of this component by administering ecdysone: it reverses these effects of azadirachtin. Azadirachtin also causes morphological changes in insects, such as delays in growth, malformations, and inhibition of molting [115].



	
Cuticular permeability and its role in sensitivity/resistance of the insects to the essential oils






The insect cuticle consists of chitin (a polysaccharide), lipids, and proteins. It comprises two layers: an internal layer called the procuticle, which contains chitin, and an external layer known as the epicuticle, where chitin is absent [116]. Lipids, synthesized in oenocytes, are deposited on the outer layer. The cuticle plays a vital role in an insect’s life by shielding it from dehydration and protecting it against the harmful effects of toxins in the environment.



Cuticular permeability plays an important role in the sensitivity/resistance of insects to pesticides in general and biopesticides/essential oils in particular [117]. The penetration of the essential oil into the body of the larva/adult is conditioned by the thickness of the cuticle and surface tension of the oil [118].



Some components of essential oils, such as limonene, a monoterpene found in the composition of oils not only from Citrus sp. but also from other plant species, have the effect of dislocating the lipids that make up the cuticle. This results in dehydration and, ultimately, the death of the insect [25].



Icerya aegyptiaca (Douglas) (Hemiptera: Monophlebidae) is a highly polyphagous insect, attacking over 120 plant species, and is widely distributed. They possess a well-developed wax scale, which prevents pesticides from penetrating inside their bodies. Zhou and collaborators [119] showed that rosehip seed oil and its separate components, cineole and camphor, in combination with the matrine alkaloid effectively dissolved and broke the wax shell of the insect. In this way, the body is left unprotected and easily accessed by the applied insecticides. Additionally, by dissolving the wax filaments on the insect’s body, the hydrophobic character of the scale was greatly reduced, leaving it defenseless.



The increased efficiency of the essential oils (compared to synthetic insecticides) in partially dissolving and destroying the structure of the cuticle is even more important, as its thickening is a mechanism developed by insects to acquire resistance to pesticides [116]. The enzymes that catalyze the synthesis of cuticular hydrocarbons appear to be overexpressed in insects that develop resistance to pesticides over time.



Moreover, reducing the degree of hydrophobicity and increasing the wettability of the cuticle by administering essential oils can have a harmful effect on the target insects in two ways: firstly, by allowing the entrance of the oils (or other substances with insecticidal action whose activity is potentiated) into their body where they can exert their toxic effects; secondly, the destruction of the cuticle leads to the dehydration of the insect and ultimately to its death [120].



Addressing insecticide resistance through novel pest management technologies requires understanding the complex role of the insect cuticle as both a target and a barrier for chemical insecticides. This understanding offers insights for developing effective solutions in pest management [121].



	
Repellent and deterrent effects on insects






Numerous components of essential oils have been reported to have repellent action on some species of harmful insects, including eucalyptol (1,8-cineole), eugenol, limonene, menthol, thymol, etc. [122].



The repellent effect can be utilized to keep pests at a distance, especially in grain storage, where their persistence is longer due to the enclosed space compared to open fields. The essential oil from a species of mint (Mentha haplocalyx Briq. (Lamiaceae)), which contains significant amounts of menthol (59.71%), menthyl acetate (7.83%) and limonene (6.98%)), exhibits a strong repellent effect on the cigarette beetle (a stored product pest that affects tobacco) Lasioderma serricorne (Fabricius) (Coleoptera: Ptinidae) [123]. Furthermore, when tested separately, the main component of the oil, menthol, showed an even stronger repellent effect than DEET at 2 h.



The essential oils from other species of Lamiaceae have demonstrated repellent effects on some species of harmful insects, indicating their increased potential for use in this regard. For example, Ocimum kenyensea Ayob. ex A.J.Paton. (Lamiaceae) oil exhibited repellent effects on Thrips tabaci Lindeman (Thysanoptera: Thripidae), Bemisia tabaci, and Aphis gosypii [124]. Similarly, Salvia officinalis L. (Lamiaceae) and S. rosmarinus Spenn. (Lamiaceae) oil demonstrated a repellent effect on the pomegranate aphid Aphis punicae Passerini (Hemiptera: Aphididae), without significantly affecting an important natural enemy of insect pests, Coccinella undecimpunctata L. (Coleoptera: Coccinellidae) [125].



The lemongrass essential oil (Cymbopogon citratus (DC.) Stapf) demonstrated strong repellency (Class IV) against adults of three prevalent stored product pests: Sitophilus oryzae, Acanthoscelides obtectus (Say) (Coleoptera: Bruchidae) and Tribolium castaneum, when used in quantities varying between 0.05% and 0.5%. However, when administered in a quantity exceeding 0.5%, it exhibits extreme repellency (Class V) against A. obtectus and T. castaneum. Simultaneously, at the same concentration, it showed a moderate repellency against the larvae of the species Plodia interpunctella (Hübner) (Lepidoptera: Pyralidae) [126].



The variability of obtained results suggests the need to extend the studies to identify the oils to which the harmful insects are sensitive when using the lowest concentrations.



The repellent effect of the essential oils must be considered from several aspects when applied to an ecosystem. While an essential oil or component may have a negative impact on a pest, it can simultaneously repel beneficial insects. For example, ginger oil (Zingiber officinale), has been found to repel adults of Trichogramma pretiosum Riley (Hymenoptera: Trichogrammatidae), a valuable parasitoid in controlling numerous species of harmful insects [127]. Similarly, oils from Allium sativum L. (Amaryllidaceae), Carapa guianensis Aubl. (Meliaceae), and Mentha x piperita L. (Lamiaceae) also demonstrated moderate repellent effects against this species. Understanding such correlations is crucial because, in cases where combined pest management strategies are employed, one of the active substances used may inadvertently combat even the biological agents introduced into the ecosystem for pest control purposes.




3.2.3. The Synergistic Action of Essential Oils and Their Components on Insects


The effects of essential oil mixtures on harmful insects have been relatively under investigated, with studies being carried out mainly in the last 5–10 years. By combining essential oils, three types of effects can be obtained: synergistic, additive, and antagonistic.



Rarely do the separate components of the essential oils demonstrate a stronger insecticidal effect than the whole oil. Most of the time, the action of some components potentiates the action of others. Even the compounds found in small quantities in oil can have significant effects on its degree of toxicity [120].



The synergistic action of the essential oils or their various components is specific, as the results of the studies undertaken in this regard have shown. The reactions vary for different insect species when the same oils are used, and the selectivity sometimes also decreases at the level of the development stage. For instance, in the case of Musca domestica L. (Diptera: Muscidae) larvae exposed to thymol and p-cymene, which are the major components of Thymus vulgaris L. (Lamiaceae) oil, their synergistic effect was not manifested, but it appeared in the case of the adults [120].



For example, the simultaneous application of basil and mandarin oils on Spodoptera litura shows a significantly increased synergistic effect compared to the separate application of the two oils [118].



The mixtures of the essential oil of Dysphania ambrosioides with oils from Pelargonium graveolens, Piper arboreum, P. diospyrifolium, P. gaudichaudianum, and P. tuberculatum) proved to be very toxic to the maize weevil Sitophilus zeamais Motsch (Coleoptera: Curculionidae) [128]. These mixtures exhibited a more toxic effect than the essential oils tested separately, indicating a synergistic effect. Specifically, D. ambrosioides oil significantly potentiates the action of the other oils with which it was tested. This finding holds potential significance for pest management strategies targeting this pest. Indeed, essential oils can exhibit synergistic effects when combined with other plant-derived substances. For instance, rose oil used in combination with matrine, an alkaloid extracted from species of the Sophora genus, demonstrated increased toxicity towards the Egyptian mealybug Icerya aegyptiaca. This combination facilitated the penetration of oil through the thick layer of protective wax that covers the insect, thereby enhancing its toxic effect on acetylcholinesterase [119].



Components of the essential oil are also utilized in the production of pheromones The synthetic Nasonov pheromone composed of citral, geraniol, and nerol has been shown to reduce the time spent by honey bees in feeding areas to a similar extent as the synthetic pesticide DEET. Electroantennogram (EAG) recordings of bee antennae exposed to the synthetic pheromone and its separate components revealed a more intense response to the synthetic Nasonov application than to citral, geraniol and nerol (in that order). In all cases, the response was superior to that induced by the application of DEET. Honeybee antennae contain placoidea sensilla, which contain neuronal receptors (5–35) with increased sensitivity to citral and geraniol [129]. In this case, the synergistic effect of terpenoids in their action on insects is evident.






4. Conclusions


Of the almost 3000 essential oils produced by plants across various botanical families that have been described so far, only approximately 300 of these are marketed and used in various fields such as medicine/pharmacy, food, cosmetics, agriculture, etc. and of these only 11 are marketed as biopesticides, being registered at the level of the U.S. Environmental Protection Agency (EPA) and/or which are included in the EU Pesticides Database So, the possibilities of future exploration of the use of the essential oils in pest control are very promising.



Also, according to the bibliometric analysis, the number of studies on the mechanisms of action of essential oils on insects has experienced a significant increase in the last four years. These approaches will help in a more precise choice of the oils used in pest management, depending on the target species and protecting, at the same time, the useful species.



After the study carried out in this review, the following needs emerge in the future approaches of researchers:




	
First, research is required to investigate the effects of essential oils that have shown insecticidal properties in laboratory tests when applied in open-field conditions.



	
The impact of the essential oils on non-target species must be studied in parallel with their effect against harmful insects; although they are considered green insecticides, they are not without action on other species, besides those they directly target. Insects, having similar anatomical structures, are assumed to be susceptible to the effects of the same bioactive substances.



	
It is necessary to carry out studies on the economic efficiency of the use of nanoformulations in the distribution of essential oils in the open field. Although many studies show their increased effectiveness compared to bulk oils, the cost/efficiency ratio is important to ascertain.



	
The mechanisms of action of essential oils on insects, although they have experienced a significant increase in recent years, are still insufficiently known. Chemoinformatics can be used to predict the effects of essential oil compounds on the molecular targets of insecticides.
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Figure 1. Flow diagram for data collection, selection and processing. 
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Figure 2. Number of publications/year and their total citations/year (source—Web of Science). 
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Figure 3. Most relevant sources—top 15 journals (source: Bibliometrix ®R package, version 4.3.1. software). 
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Figure 4. Authors production overtime (plot created with VOS viewer 1.6.20 software). 
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Figure 5. Country production over time (plot created with VOS viewer 1.6.20 software). 
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Figure 6. Co-occurrence network of terms from the title and abstract of the papers: three clusters can be observed: cluster 1 (red) with 14 items, cluster 2 (green) with 12 items and cluster 3 (blue) with 9 items. (plot created with VOS viewer 1.6.20 software). 
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Figure 7. Word cloud diagram representing the major research highlights (35 Keywords Plus) (source: Bibliometrix ®R package, version 4.3.1. software). 
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Figure 8. Thematic evolution plot illustrating the evolution of the research trends and their convergence as well as divergence under four different time intervals: 1999–2010, 2011–2066, 2017–2020, and 2021–2023 (plot created with Bibliometrix®R package, version 4.3.1 software). 
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