


Advances in Semiochemical-Based Pest Management: From Pheromones to Kairomones

Abstract
In recent years, semiochemical-based approaches have emerged as promising alternatives to conventional pesticides, offering sustainable solutions for pest management. Integrating semiochemicals into agricultural practices provides innovative strategies to tackle pest-related challenges. Notable advancements include the “lure and infect” method, which combines pheromones with entomopathogenic fungi to attract pests and enhance pathogen efficacy, and the auto-dissemination approach, which facilitates the spread of microbial pathogens within insect populations, effectively controlling pests such as the fall armyworm. Additionally, the concept of plant defense induction through interactions with phytophagous predators offers a novel avenue to increase crop resistance. The production of insect pheromones in plants further contributes to sustainable pest control by interfering with pest mating behaviors. Tools such as electroantennography have proven valuable for elucidating insect olfactory responses, aiding in the identification of effective semiochemicals. Strategies like push-pull systems manipulate pest behavior using plant-derived compounds, while advanced pheromone dispensers ensure controlled and long-lasting release. Collectively, these developments underscore the potential of semiochemicals to redefine integrated pest management, promoting environmentally friendly and effective pest control solutions. Continued research and innovation are essential to optimize these approaches and fully realize their role in sustainable agriculture.
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Introduction 
The 21st century poses significant challenges to global agriculture, as the world’s population is projected to approach 10 billion by the year 2050. This demographic expansion necessitates a substantial rise in agricultural productivity; however, it coincides with increasing concerns over the extensive use of conventional chemical pesticides due to their adverse effects on human health and the environment (Popp et al., 2013). The growing consumer preference for safe and nutritious food with minimal pesticide residues has further emphasized the importance of adopting sustainable and eco-friendly farming practices (Reganold et al., 2016). Addressing these intertwined challenges demands innovative and environmentally responsible strategies that can improve crop yield and quality while mitigating pest resistance and ecological degradation.
In this regard, semiochemicals have gained attention as an effective and sustainable alternative to traditional pesticides, offering species-specific, ecologically sound pest management options (Pickett, J. & Khan, Z., 2016). The incorporation of semiochemicals into agricultural pest management is consistent with the core principles of Integrated Pest Management (IPM), providing selective, efficient, and environmentally compatible tools for pest control while reducing dependency on synthetic insecticides (Witzgall et al., 2010). Although pheromone-based research has predominantly focused on lepidopteran pests, recent advancements have extended to other insect orders such as Hymenoptera, Isoptera, and Hemiptera (Zarbin et al., 2007)
The expanding scope of research underscores the increasing recognition of the vast potential of semiochemicals in managing a wide range of pest species. Progress in molecular biology has significantly deepened our understanding of the mechanisms governing semiochemical perception and function. Investigations into pheromone receptors (PRs) have elucidated how insects detect and interpret pheromone cues, offering valuable insights for the design of more precise and effective pest management tools (Touhara, K. & Vosshall, L., 2009). This molecular-level comprehension serves as a foundation for refining and optimizing the application of semiochemicals in agricultural systems. Beyond fundamental research, there has been growing emphasis on technological advancements that enhance the practical utilization of these compounds. The development and evaluation of meso- and mega-dispensers represent a noteworthy innovation in pheromone-based pest management (Miller, J. & Gut, L., 2015). These advanced release systems are designed to ensure more consistent, prolonged, and cost-effective delivery of semiochemicals, thereby improving both their field efficiency and economic feasibility.
Semiochemicals exert multifaceted influences on insect behavior, regulating key activities such as mate attraction, aggregation, host selection, and oviposition site identification (Baker, T., 1997) By strategically manipulating these chemical signals, it becomes possible to disrupt pest communication, lure insects into traps, or deter them from crops, providing multiple environmentally compatible avenues for pest suppression (Angelopoulos et al., 1999). Additionally, semiochemicals can be utilized to modulate the behavior of natural enemies, enhancing their effectiveness in biological control and reinforcing Integrated Pest Management (IPM) strategies. In light of the dual imperatives of boosting agricultural productivity and ensuring ecological sustainability, the utilization of semiochemicals presents a forward-looking and eco-rational approach to pest regulation. This review seeks to examine recent advancements in semiochemical discovery and application, emphasizing their transformative potential to reshape pest management practices in modern agriculture and beyond.
Semiochemicals in Pest Management: Types and Emerging Market Trends
Semiochemicals are chemical compounds that facilitate communication among organisms and play an integral role in shaping insect behavior and ecological interactions. These signaling molecules transmit information related to mate finding, territorial demarcation, threat alerts, and coordination of collective behaviors (Cork et al., 2004). Semiochemicals are generally divided into two principal categories: pheromones, which regulate communication within a species, and allelochemicals, which mediate interactions between different species. Pheromones are species-specific chemical messengers that induce distinct behavioral or physiological responses in individuals of the same species (Karlson, P. & Luscher, M., 1959). Based on their biological functions, pheromones are further classified into several types (De Puysseleyr, V., 2014) (Table 1).
Table 1. Broad Categorization of Semiochemicals and Their Functional Roles
	Type

	Subtype
	Primary Function
	Representative Compound
	Target/ Associated Organism

	Pheromones
	Aggregation
	Attract individuals of both sexes to feeding sites or suitable habitats
	3-Methylbut-3-en-1-ol
	Beetles

	
	Alarm
	Warn conspecifics of potential danger or predator attack
	(E)-β-Farnesene
	Aphids


	
	Sex
	Facilitate mate attraction and courtship behavior
	Bombykol
	Silk moths (Bombyx mori)

	
	Trail
	Direct social insects toward food sources or nesting sites
	(Z)-9-Hexadecenal
	Ants

	
	Oviposition Deterrent
	Prevent egg deposition in previously used or unsuitable sites
	Methyl eugenol
	Fruit flies

	
	Home Recognition
	Allow nestmates to recognize and differentiate colony members
	Cuticular hydrocarbons
	Social insects

	
	Royal
	Enable recognition of reproductive individuals within a colony
	Heneicosane
	Termites


	Allelochemicals
	Allomones
	Confer advantage to the emitter, typically by deterring predators or herbivores
	Nicotine
	Tobacco plants

	
	Kairomones
	Benefit the receiver, such as aiding predators or parasitoids in host location
	Bark beetle aggregation pheromones
	Predatory beetles

	
	Synomones
	Provide mutual benefit to both the emitter and receiver
	Floral volatiles / scents
	Plants and pollinators

	
	Antimones
	Have adverse effects on both the emitter and receiver
	Geosmin

	Various organisms

	
	Apneumones
	Emitted from non-living substrates, often influencing insect behavior
	Green leaf volatiles
	Damaged plants



Aggregation pheromones attract both males and females to shared resources such as food or breeding sites. For instance, the hemiterpene compound 3-methylbut-3-en-1-ol functions as an aggregation pheromone in certain beetle species (Bowers et al., 1972). Alarm pheromones act as warning signals, alerting conspecifics to imminent threats; sesquiterpenes such as (E)-β-farnesene and germacrene A are key components of aphid alarm pheromones (Vandermoten et al., 2012). Oviposition-deterrent pheromones discourage females from depositing eggs in already occupied or unsuitable habitats—a behavior reported in fruit flies such as Rhagoletis pomonella (Walsh) (Prokopy et al.,1982). Home recognition pheromones, including queen pheromones in eusocial insects, help colony members identify their nestmates and reproductive individuals (Meer, R. & Preston, C., 2008). Among other types, sex pheromones are crucial in mate location and attraction, typically released by females to attract males. The first identification of such a pheromone was in the silk moth (Bombyx mori) (Butenandt, et al., 1959). Trail pheromones assist social insects in locating food and exhibit both orientation and recruitment effects (McPheron, et al., 1997). Similarly, royal pheromones, such as heneicosane in termites, allow workers to recognize reproductives and sustain caste differentiation (Funaro C. et al., 2018).
In contrast, allelochemicals mediate interspecific communication and are classified according to the nature of benefit shared between the emitter and the receiver (El-Ghany, N., 2019). Allomones advantage the emitter, often functioning as defensive compounds against herbivores or predators—for example, nicotine synthesized by tobacco plants acts as an effective insect deterrent (Vilela, E. & Della Lucia, T., 2018). Kairomones, on the other hand, favor the receiver; a classic example is the attraction of checkered beetles to bark beetle aggregation pheromones, which aids in prey location. Synomones provide reciprocal benefits to both interacting species, such as floral volatiles that attract pollinators or herbivore-induced plant volatiles (HIPVs) that recruit natural enemies of herbivorous insects. Antimones are disadvantageous for both emitter and receiver, often evoking repellence or avoidance in interspecific interactions (Vilela, E. & Della Lucia, T., 2018). Apneumones originate from non-living sources and can trigger behavioral responses that may benefit one species while being detrimental to another (Bruce, T. &, Pickett, J., 2011).
The comprehensive understanding of semiochemical-mediated interactions has enabled their effective incorporation into Integrated Pest Management (IPM) programs. Pheromones, in particular, have been extensively employed for pest surveillance and control. Pheromone traps serve as reliable tools for monitoring pest population dynamics, facilitating timely and targeted management decisions (Hajjar, et al., 2015). Mass trapping, involving large-scale deployment of pheromone-baited traps, effectively reduces pest densities in the field. Mating disruption, which relies on the release of synthetic sex pheromones, interferes with mate location and subsequently suppresses pest reproduction. Furthermore, the attract-and-kill approach combines pheromones with toxicants to selectively lure and eliminate target pests (Reddy, G. & Guerrero, A., 2020).
The global market for semiochemicals was estimated at USD 4.74 billion in 2022 and is projected to expand at a compound annual growth rate (CAGR) of 15.84% between 2023 and 2030, reaching approximately USD 15.36 billion by 2030 (Greyviews, 2022).
Among the different categories, insect sex pheromones dominate the market, accounting for nearly 69% of total sales, followed by aggregation pheromones with around 25% share (Rizvi et al., 2021). These compounds are primarily utilized for the management of lepidopteran pests, which represent about 82% of total applications, whereas dipteran pests comprise roughly 7%. The Asia–Pacific region is anticipated to experience the most rapid market expansion, driven by governmental initiatives promoting sustainable agriculture, growing adoption of eco-friendly pest management practices, and the increasing prevalence of pest outbreaks. Moreover, semiochemicals have emerged as valuable tools in pre-border biosecurity programs, aiding in the early detection, monitoring, and eradication of invasive pest species, thereby contributing substantially to global efforts in sustainable agriculture and pest management (Rizvi et al., 2021).
Mechanisms and Roles of Semiochemicals in Insect–Plant Interactions: Implications for Pest Management
Insects respond to semiochemicals that regulate a wide range of behavioral and physiological activities. Numerous bioactive compounds have been isolated and characterized from plants through phytochemical analyses, demonstrating diverse effects on insect pests (Hassan et al., 2008). These plant-derived volatiles play multiple roles for herbivorous insects, including locating food sources, identifying mates, selecting oviposition sites, and determining hibernation habitats (El-Ghany, N., 2019). Detection occurs via chemoreceptor cells located on antennae, tarsi, and mouthparts, which are specialized for sensing taste and olfactory cues (Miller, J. & Strickler, K., 2015).
The behavioral response of insects to plant volatiles can vary widely, ranging from attraction to avoidance, depending on the species and its ecological adaptation to host plants. Some insect species have evolved to exploit host plant compounds as precursors for sex pheromones or even as pheromones themselves. For example, male orchid bees collect terpenoid blends from orchids and utilize them as aggregation pheromones during mating (Dressler, R., 1982). Similarly, pyrrolizidine alkaloids are employed by various insects—including moths, butterflies, grasshoppers, beetles, and aphids—as chemical defenses against natural enemies (Nishida, R., 2002).
The effectiveness of semiochemicals in pest management depends on several factors, including release rate and trap design. The release rate is critical for trapping efficiency, as excessively high concentrations may not enhance captures and may even act as repellents. For instance, studies on the red flour beetle (Tribolium castaneum) indicated that higher pheromone release rates were neither attractive nor repellent, whereas older traps with lower emission rates were more effective (Hussain, A., 1994). Trap design also significantly influences the success of semiochemical-based control strategies. Variables such as shape, size, height, alignment with wind direction, positioning, and deployment timing can markedly affect capture efficiency. Common trap types include sticky traps, water traps, and inverted cone traps, each suited for specific monitoring or control objectives. Moreover, integrating chemical and visual cues in trap design has been demonstrated to enhance insect responsiveness to lures (Zakir, A., 2013).
Recent Developments in Semiochemical Applications for Insect Pest Management:
Innovative Trapping Approach 
In recent years, the integration of semiochemicals with entomopathogenic fungi has emerged as a highly promising approach for sustainable pest management. This strategy, often termed “lure and infect,” leverages the natural dispersal mechanisms of pathogens while enhancing their efficiency through targeted application (Vega, F., 2009). Entomopathogens naturally spread via aerial dispersal of spores, through parasitoids, predators, and insect vectors (Meyling, N. & Eilenberg, J. 2007). The “lure and infect” method, however, actively attracts pest insects to devices containing entomopathogenic fungi using semiochemical cues (Baverstock, J., 2010). Upon contact, pests become contaminated with the pathogen and subsequently transmit it to conspecifics, potentially triggering epizootic outbreaks within the pest population (Klassen, D., 2022).
The efficacy of this approach has been demonstrated in several agricultural pest management scenarios. The combination of Metarhizium anisopliae and the thrips attractant Lurem-TR for controlling bean flower thrips on cowpea (Mfuti et al., 2017). Field trials comparing spot versus cover spray applications revealed that the spot-application “lure and infect” technique was most effective, reducing thrips density from 67.4 ± 10.3 per plant in control plots to 30.5 ± 6.0 per plant, while requiring 81.2% less inoculum than cover sprays, making it cost-effective for smallholder farmers. Similarly, Hajjar et al., 2015 investigated pheromone traps combined with Beauveria bassiana for managing red palm weevils. Pheromone traps lined with B. bassiana-treated fabric successfully attracted and infected both sexes for up to 13 days post-application, achieving high mortality at a concentration of 1 × 10⁹ spores/mL. Successful applications of this combined strategy have been reported for a wide range of pests, including bark beetles (Ips typographus), weevils (Cylas formicarius and Cosmopolites sordidus), moths (Plutella xylostella), stink bugs (Plautia crossota stali), thrips (Megalurothrips sjostedti), and aphids (Phorodon humuli) (Jaronski, S., 2010). Despite these successes, challenges remain in optimizing the lure-and-infect approach. For example, sex-specific semiochemicals that attract only one sex can limit efficacy (Witzgall, P. & Kirsch, P., 2010), and applying this method to soil-dwelling insects presents unique difficulties, although promising advances have been made (Leskey, T., 2009). For instance, Agriculture and Agri-Food Canada has developed prototype granules combining Metarhizium brunneum with pheromones to attract Agriotes cutworms (Kabaluk, J. & Ericsson, J., 2009).
Maximizing the effectiveness of the lure-and-infect strategy requires careful consideration of the spatial arrangement between semiochemicals and fungal inoculum in the delivery system (Pell, J., 2010). Proper physical separation is essential to ensure optimal autoinoculation and successful infection of target pests. As research continues, further refinements are expected to broaden the applicability of this strategy to a wider range of pests and cropping systems. Overall, the integration of entomopathogenic fungi with semiochemicals represents a promising and environmentally sustainable avenue for the future development of precise, targeted, and effective pest management solutions.
Auto-Spread Technique for Pest Management
The auto-dissemination strategy represents an innovative method for the targeted application of microbial agents, facilitating the spread of infectious pathogen propagules both within and between insect populations (Vega, F., 2012). This approach has demonstrated potential in controlling Spodoptera frugiperda (fall armyworm) adults through the use of specific entomopathogenic fungi, including Beauveria bassiana and Metarhizium anisopliae isolates. M. anisopliae Ma-San Rafel-2 isolate, when combined with a synthetic sex pheromone, not only attracted male moths but also caused significant mortality, highlighting its efficacy for fall armyworm management. Consequently, the auto-dissemination approach offers a promising strategy to enhance the effectiveness of microbial biocontrol agents in suppressing fall armyworm populations.


Plant Immunization through Zoophytophagous Predators: Advancing Beyond Conventional Biocontrol
The concept of plant vaccination through zoophytophagous predators has emerged as a promising strategy to strengthen plant resistance against insect pests and diseases (Pérez-Hedo et al., 2022). These unique predators, capable of feeding on both plant tissues and insect prey, play a dual role in ecosystems by inducing plant defense responses through their phytophagous activity. Their feeding behavior triggers complex physiological and biochemical changes in plants, enhancing their overall defense capacity (Pérez-Hedo et al., 2022). Typically, these induced responses are characterized by the activation of defense-related genes and the release of volatile organic compounds (VOCs) that function as semiochemical signals (Bouwmeester et al., 2019). Such VOC emissions contribute to pest management in multiple ways—by directly deterring herbivores or indirectly attracting their natural enemies, thereby reducing pest pressure (Dicke, M. & Baldwin, I., 2010). Moreover, these plant responses can extend to neighboring plants, priming them against future pest attacks in a phenomenon known as plant priming  (Martinez-Medina et al., 2016).
Among zoophytophagous predators, several species have been extensively studied for their ability to activate plant defenses. De Puysseleyr, V., 2011 explored interactions between economically important zoophytophagous predators, Nesidiocoris tenuis and Orius laevigatus, and their host plants. Their research demonstrated that both predators activate jasmonic acid (JA)-mediated wound responses in plants, with N. tenuis inducing the release of compounds such as p-cymene—known for its repellent and potentially toxic effects on herbivorous insects. In addition, predatory mites and anthocorid bugs, particularly species of the genus Orius, have been shown to elicit strong defense responses in several crops (Schimmel et al., 2017). The accumulating evidence underscores the potential of zoophytophagous predators not only as biocontrol agents but also as catalysts for activating innate plant defenses—offering an innovative ecological approach to pest management. To translate this concept into practical agricultural systems, further research is needed to elucidate the underlying molecular and chemical mechanisms, optimize predator–plant combinations, and integrate these strategies effectively within sustainable crop protection programs (Messelink et al., 2014).
Plant-Mediated Production of Insect Pheromones:
[bookmark: _Hlk211588447][bookmark: _Hlk211587582]Recent research has provided valuable insights into the complex interactions between plant semiochemicals and insect sex pheromones, offering significant potential for pest management. Plant volatiles can strongly influence the effectiveness of herbivore sex pheromones in attracting conspecifics (Rodriguez-Saona, C. & Stelinski, L., 2009). For instance, studies on cotton leafworms have shown that specific combinations of host plant volatiles are required for sex pheromones to effectively lure insects to mating sites (Zakir et al., 2013). Conversely, certain plant defense compounds, such as 4,8-dimethylnona-1,3,7-triene, can markedly suppress pheromone signals (Hatano et al., 2015). These findings open new avenues for crop breeders to manipulate plant volatile profiles, either making fields less attractive for pest mating or enhancing the effectiveness of pheromone-based mass trapping (Bruce, T. & Pickett, J., 2011). The interplay between plant volatiles and pheromone signals presents both opportunities and challenges for pest management. (Landolt & Phillips, 1997) emphasized the importance of host plants in shaping the sexual behavior of phytophagous insects. Many insects either acquire compounds from host plants for use as sex pheromones or precursors, or produce pheromones in response to specific plant cues. Understanding these dynamics is critical for developing pest control strategies that leverage natural plant-insect interactions.
Advances in biotechnology have enabled the production of insect pheromones in heterologous hosts, such as plants and yeast, which can express key enzymes involved in pheromone biosynthesis, including desaturases, reductases, and esterases (Löfstedt, C. & Borodina, I., 2020). This biotechnological approach offers a promising alternative to traditional chemical synthesis, providing a sustainable and cost-effective method for pheromone production. Lepidopteran sex pheromone biosynthesis typically involves modifications of palmitoyl-CoA via fatty acid desaturases (FADs), chain elongation or shortening, followed by transformations catalyzed by fatty acid reductases (FARs), acetyltransferases, or fatty alcohol oxidases (Hussain et al., 1994). The diversity of Type I moth pheromones, which comprise roughly 75% of all known lepidopteran pheromones, is attributed to the specificity and combinations of these enzymes (Löfstedt, C. & Borodina, I., 2016).
The production of moth sex pheromones using Nicotiana benthamiana as a plant factory was pioneered by transiently expressing multiple genes responsible for consecutive biosynthetic steps, successfully generating multicomponent pheromones for Yponomeuta evonymella and Y. padella (Ding et al., 2014). These plant-derived pheromones were highly effective and specific in trapping male moths, comparable to conventionally synthesized pheromones. This semi-synthetic strategy offers a scalable and eco-friendly method to produce high-purity pheromones while minimizing hazardous waste. Building on this concept, the feasibility of producing pheromones in genetically modified oilseed crops was demonstrated by engineering Camelina sativa to express (Z)-11-hexadecenoic acid, a precursor for sex pheromones of multiple moth species (Wang et al., 2022). Field trials confirmed that plant-derived pheromones were as effective as synthetic equivalents for monitoring diamondback moth (Plutella xylostella) and disrupting mating of cotton bollworm (Helicoverpa armigera), highlighting the potential for economically viable, large-scale pheromone production.
Electrophysiological Recording of Insect Antennae:-
Electroantennography (EAG) has become a pivotal technique in insect olfactory research, providing measurements of the overall antennal response transmitted to the brain upon exposure to specific odorants (Roelofs, W., 1984). This approach is extensively employed in electrophysiological studies to elucidate olfactory pathways and signal processing across diverse insect species (Kaissling, K., 1986). EAG has proven particularly valuable for understanding the olfactory behavior of agricultural pests, thereby informing the development of more targeted pest management strategies.
For instance, the plum curculio (Conotrachelus nenuphar, Herbst) is a major pest in commercial orchards, and EAG studies have been instrumental in identifying attractive odor sources. (Leskey et al., 2009) developed a robust EAG protocol using a whole-body mount with glass electrodes, revealing that females exhibited significantly higher antennal response amplitudes than males across various odor stimuli. Similarly, the electroantennogram (EAG) responses of the shoot and fruit borer (Earias vittella, Fabricius) to host plant and green leaf volatiles were investigated, revealing sexual dimorphism in olfactory perception, with green leaf volatiles eliciting stronger responses than host plant extracts (Kumar et al., 2021). Such insights are crucial for the development of novel semiochemical-based strategies for integrated pest management (IPM) of E. vittella in crops like cotton and okra.
The Red Palm Weevil (Rhynchophorus ferrugineus), a globally significant pest of palm trees, presents unique management challenges due to its cryptic life habit within palm tissue, often delaying detection until extensive damage occurs (El-Shafie, H., 2012). Recent research has focused on exploiting its olfactory system to enhance management strategies. Pheromone traps have become a key component of IPM for this pest, using synthetic aggregation pheromones to attract and capture adults (Hallett et al., 1999). These traps use synthetic versions of the insect’s aggregation pheromone to attract and capture adult weevils However, recent studies suggest that combing them with food baits may enhance their efficacy as pheromone- based traps (Vacas et al., 2013). These studies collectively demonstrate the power of EAG in deciphering insect olfactory responses and designing integrated strategies that combine chemical communication with feeding behavior. By leveraging this knowledge, researchers can develop more effective monitoring, trapping, and control methods for a range of insect pests.
Repel-and-Attract Pest Management Approach:- 
[bookmark: _Hlk211594728]The push-pull strategy has emerged as a significant innovation within Integrated Pest Management (IPM), integrating repellent (“push”) and attractive (“pull”) cues to control insect pests (Gaikwad, M., 2019). Initially developed in Australia in 1987, this approach manipulates pest behavior and distribution, reducing dependence on conventional chemical insecticides (Khan, Z. & Pickett, J. A., 2004). Its success relies on a comprehensive understanding of insect biology, chemical ecology, and plant-insect interactions, which enables tailored applications for optimal pest suppression.
In practice, the push-pull system employs repellent stimuli to drive pests away from valuable crops, while attractive stimuli lure them into traps or trap crops for targeted removal (Khan, Z. & Pickett, J., 2010). This dual mechanism has been successfully applied across multiple agricultural contexts. For example, in maize-based systems, the strategy has been used to manage stem borers and Striga hermonthica through intercropping, combining repellent intercrops with trap crops that emit attractive green leaf volatiles (Zhang, N., 2018).
Semiochemicals have further enhanced push-pull approaches. Aphid alarm pheromones, for instance, act as repellents, reducing the appeal of protected resources (Cook et al., 2007). Similarly, the combination of orientation-disrupting techniques and attractive semiochemicals has shown promise for bark beetle management (Borden et al., 2008). Recent adaptations include controlling Drosophila suzukii Matsumura, where attract-and-kill tactics combined with oviposition deterrents significantly lowered pest populations (Cork, A., 2004). The strategy has also been effective against the Asian citrus psyllid (Diaphorina citri Kuwayama), a vector of citrus huanglongbing disease, through identification of plant-derived repellent and attractant compounds that manage psyllid populations and reduce disease transmission (Yan, H., 2014). In greenhouse systems, push-pull methods have successfully controlled western flower thrips (Frankliniella occidentalis) on hot pepper crops, employing alarm pheromones as a push component to deter pests and aggregation pheromones as a pull component to attract them to traps, leading to notable reductions in thrips density (Kim C., 2023). Additionally, the approach has been applied to the lesser mealworm (Alphitobius diaperinus) in poultry facilities. 


Next-Generation Pheromone Release Systems:
Modern Integrated Pest Management (IPM) strategies increasingly depend on the innovation and refinement of pheromone dispensers, which are essential for the effective deployment of semiochemicals used in attraction, repulsion, and mating disruption of insect pests. According to (Klassen et al., 2022), several types of dispensers—such as septum, membrane, solid matrix, sprayable, and sol–gel-based slow-release systems—are now widely explored, each offering distinct benefits regarding release rate, longevity, and application convenience. Current research focuses on improving these devices’ durability, reusability, and emission efficiency to make pheromone-based pest control more cost-effective and sustainable. The success of pheromone dispensers largely depends on maintaining accurate emission rates that replicate natural pheromone release patterns. Two major categories of semiochemical release devices have been developed: retrievable and non-retrievable (biodegradable) systems  (El-Ghany, N., 2019). Retrievable dispensers, such as extruded or reservoir types, emit pheromones continuously or intermittently, whereas biodegradable non-retrievable dispensers—including matrix-based capsules, granular formulations, and capsule suspensions—offer eco-friendly, sustained release with minimal environmental impact (Heuskin et al., 2011).
Research on pheromone-based mating disruption has highlighted the importance of optimizing release rate, point-source geometry, and plume concentration. (Baker et al., 2016) emphasized that evaluating emission on a per-dispenser-per-minute basis ensures accurate performance assessment. Similarly, the plume strand structure of pheromone release was found to influence moth response, demonstrating that refined dispenser design improves both behavioral outcomes and cost-efficiency. In field trials, (Zahradník & Zahradníková., 2024) compared various dispensers for managing the spruce bark beetle (Ips typographus), revealing significant differences in release longevity and trapping efficiency. The IT Ecolure Mega dispenser, for instance, maintained high efficacy throughout the beetle’s active flight season, highlighting the importance of choosing suitable dispensers based on pest biology and field duration. 
Recent innovations have also focused on aerosol-based pheromone release systems, which can offer improved spatial coverage and time-controlled emissions. (Benelli et al., 2019) noted that such systems allow pheromone release to coincide precisely with pest activity, thus reducing the number of dispensers needed per hectare. However, they also emphasized the need for deeper understanding of release mechanisms and optimal deployment strategies for these devices. Overall, the continued evolution of pheromone dispenser technologies represents a cornerstone for advancing IPM. The development of biodegradable materials, controlled-release mechanisms, and automated aerosol systems provides innovative, environmentally friendly pathways to improve long-term pest suppression while minimizing reliance on chemical insecticides.
Emerging Opportunities and Future Directions:
Despite the promising potential of semiochemical-based pest management, several challenges must be acknowledged. A key issue is the variable responses of insects to semiochemicals, which can fluctuate depending on compound concentration and environmental conditions, leading to inconsistent attraction or repulsion of target pests. Furthermore, the sex-specificity of some semiochemicals may limit their effectiveness, as they attract only one segment of the pest population, reducing overall control efficiency. Optimizing release rates and trap designs is also crucial, since excessively high pheromone emissions can act as repellents, while trap geometry, placement, and other design factors strongly influence capture success. The integration of semiochemicals into existing agricultural practices may encounter additional hurdles related to stability, compatibility, and field deployment, requiring further research and technological development. Although advances in molecular biology and ongoing exploration of novel formulations provide promising avenues, implementing these innovations across diverse cropping systems remains challenging. Addressing these limitations is essential to ensure that semiochemical strategies can be successfully adopted as sustainable, environmentally friendly alternatives to conventional pesticides, achieving consistent and effective pest control in practical agricultural settings.
Conclusion
Semiochemicals have emerged as a key component of sustainable pest management in modern agriculture, addressing the dual goals of increasing crop productivity and minimizing environmental impact. This review highlights their diverse applications, ranging from mating disruption and push-pull strategies to novel integrations with biological control agents such as entomopathogenic fungi. Innovative approaches like auto-dissemination techniques and the engineering of plants to produce insect pheromones present promising avenues for transforming pest management practices. Moreover, semiochemicals can stimulate plant defense mechanisms, enhancing crop resilience against pest attacks. The rapid expansion of the global semiochemicals market reflects their growing importance in promoting sustainable agricultural systems. As ongoing research continues to refine these methods and discover new applications, semiochemicals are increasingly positioned to become central tools in integrated pest management programs. By offering precise, environmentally conscious, and effective pest control, semiochemicals play a pivotal role in developing resilient and sustainable food production systems worldwide.
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