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Biochemistry of Insect Pheromones: Pathways, Regulation, and Applications in Chemical Ecology


ABSTRACT
Pheromones are chemical signals acting like hormones outside the body of the releaser, affecting that act like hormones outside the body of the releaser, affecting the behavior of conspecific individuals. The first insect sex pheromone, bombykol [(E, Z)-10,12-hexadecadien-1-ol], was isolated from the silkworm moth Bombyx mori (Butenandt et al., 1959). The first insect pest pheromone identified was from the gypsy moth, synthesized as gyplure [(Z)-18-hydroxyoctadec-9-en-7-yl acetate] from ricinoleic acid (Jacobson et al., 1964). (Z)-7-dodecenyl acetate was later identified as the sex pheromone of the cabbage looper Trichoplusia ni (Berger, 1966). Terpenoid alcohols ipsenol, ipsdienol, and verbenol were identified as pheromones of the bark beetle Ips paraconfusus (Silverstein et al., 1966). By the 1980s, it was evident that fatty acid and isoprenoid pathway products, modified by pheromone-specific enzymes, generated diverse pheromone molecules (Bjostad et al., 1987; Jurenka, 2003). The honeybee queen pheromone also arises from selective fatty acid chain-shortening (Plettner et al., 1996). In insects such as cockroaches and beetles, juvenile hormone regulates both ovarian maturation and pheromone production (Schal et al., 2003; Seybold & Vanderwel, 2003). Feeding and sugar metabolism significantly influence pheromone titers, as demonstrated in moths and cockroaches (Foster, 2009). Future applications may include sterile-male release strategies to disrupt reproduction in pest populations.

1. INTRODUCTION
Agriculture is the backbone of the economy, providing food security, raw materials, and livelihoods to a significant portion of the global population (Dodiya and Barad, 2022). Pheromones are chemical messengers that influence the behavior of individuals of the same species (Karlson & Lüscher, 1959). Unlike hormones, which act internally, pheromones are secreted externally and received by conspecifics through olfaction or contact. Insects rely on pheromones for mate attraction, aggregation, oviposition, food location, and predator avoidance (Pedigo, 2003; Cork, 2004). Pre A requisite prerequisite of evaluating the role of kairomones and tritrophic interaction in the searching behavior of biocontrol agent agents (Dodiya et al., 2023). Pheromonal communication is effective over long distances, stable in the environment, and independent of visual or auditory cues.
Pheromones are categorized as:
· Primer pheromones – inducing long-term physiological changes, e.g., caste regulation in social insects (Pedigo, 2003; Cork, 2004).
· Releaser pheromones – causing immediate, reversible behavioral changes, such as sex pheromones, aggregation signals, trail-marking, and alarm pheromones (Jutsum & Gordon, 1989; Cork, 2004).
Sex pheromones are usually female-produced to attract males, though in some species, males produce pheromones to trigger female courtship (Nieberding et al., 2008). Aggregation pheromones attract both sexes to shared resources (Heuskin et al., 2011), alarm pheromones trigger dispersal or defense (Verheggen et al., 2010), trail pheromones guide nestmates to food (Tschinkel & Close, 1973), and host-marking pheromones reduce competition among parasitoids (Heuskin et al., 2011).
2. OVERVIEW OF PHEROMONE BIOCHEMISTRY 
The first insect sex pheromone, bombykol [(E, Z)-10,12-hexadecadien-1-ol], was identified from the silkworm moth Bombyx mori (Butenandt et al., 1959). Its elucidation spanned more than 20 years and required nearly half a million female abdomens. A few years later, (Z)-7-dodecenyl acetate was identified as the sex pheromone of the cabbage looper Trichoplusia ni (Berger, 1966). Around the same time, three terpenoid alcohols—ipsenol, ipsdienol, and verbenol—were reported as aggregation pheromones of the bark beetle Ips paraconfusus (Silverstein et al., 1966). This discovery highlighted that pheromones are typically multicomponent blends, with single-component pheromones being rare.
Advances in analytical instrumentation have since reduced the number of insects required for pheromone extraction from hundreds of thousands to single individuals. Over the past four decades, pheromone components have been chemically and behaviorally characterized for thousands of insect species, particularly those of agricultural importance.
A central question in pheromone research was whether components were derived directly from dietary constituents or synthesized de novo. It is now evident that most insect pheromones are synthesized de novo from primary metabolites, although exceptions exist (Tillman et al., 1999; Eisner & Meinwald, 2003; Blomquist et al., 2005, 2010). By the 1980s, it became clear that products of fatty acid and isoprenoid pathways, modified by a small number of tissue-specific enzymes, generate the diversity of insect pheromones (Bjostad et al., 1987; Jurenka, 2003).
In Lepidoptera, Roelofs and colleagues demonstrated that specific chain-shortening reactions, Δ11-desaturases, and carboxyl modifications generate many moth pheromones (Bjostad et al., 1987; Jurenka, 2003). Honeybees similarly rely on fatty acid chain-shortening to produce queen pheromones (Plettner et al., 1996, 1998). In other insects, pheromone biosynthesis involves elongation and oxidative decarbonylation of fatty acids, yielding hydrocarbons or related derivatives (Tillman et al., 1999; Blomquist, 2010; Millar, 2010).
In bark beetles (Ips, Dendroctonus spp.), pheromones such as ipsenol, ipsdienol, and frontalin are derived from modifications of the isoprenoid pathway intermediates (Blomquist et al., 2010). Regulatory studies in beetles, cockroaches, and flies established that juvenile hormone (JH) often coordinates ovarian maturation with pheromone production (Seybold & Vanderwel, 2003; Schal et al., 2003). In flies, ovarian ecdysteroids such as 20-hydroxyecdysone also regulate pheromone biosynthesis (Wicker-Thomas, 1995a,b; Blomquist, 2003).
In female moths, pheromone biosynthesis is uniquely regulated by a neuropeptide. The pheromone biosynthesis-activating neuropeptide (PBAN), isolated in 1989, is a key regulator of sex pheromone production (Raina et al., 1989; Rafaeli & Jurenka, 2003; Rafaeli, 2009). In some species, however, pheromone production appears to follow developmental rather than endocrine regulation.
3. SOURCES OF PHEROMONE COMPONENTS 
Insect pheromones are synthesized from primary metabolites, but the specific pathways vary among taxa.
3.1 Fatty Acid–Derived Pheromones

In Lepidoptera, most female sex pheromones are derived from saturated fatty acids such as palmitic and stearic acid. These undergo chain-shortening, desaturation, reduction, and acetylation to form alcohols, aldehydes, or acetates (Bjostad et al., 1987; Jurenka, 2003). Honeybee queen pheromones also originate from selective chain-shortening of fatty acids (Plettner et al., 1996, 1998). Similarly, cuticular hydrocarbons in cockroaches and beetles are synthesized via elongation and oxidative decarbonylation of fatty acids (Blomquist, 2010).
3.2 Isoprenoid-Derived Pheromones

In bark beetles (Ips spp., Dendroctonus spp.), aggregation pheromones such as ipsenol, ipsdienol, and frontalin are produced from intermediates of the isoprenoid pathway. These compounds are generated by hydroxylation, oxidation, or reduction of farnesyl diphosphate and related precursors (Blomquist et al., 2010; Seybold & Vanderwel, 2003).
3.3 Amino Acid– and Sterol-Derived Pheromones

In some Diptera, ovarian ecdysteroids such as 20-hydroxyecdysone regulate pheromone biosynthesis, linking reproduction and chemical signaling (Wicker-Thomas, 1995a,b; Blomquist, 2003). In cockroaches, juvenile hormone functions both as a regulator of ovarian maturation and as a precursor or modulator in pheromone biosynthesis (Schal et al., 2003).
3.4 Dietary Contributions

Although most pheromones are synthesized de novo, some insects incorporate dietary precursors. For instance, plant-derived compounds are sequestered and modified for pheromone production in certain Lepidoptera and Coleoptera species (Tillman et al., 1999; Eisner & Meinwald, 2003). Feeding and sugar metabolism significantly influence pheromone titers in moths and cockroaches (Foster, 2009).
Overall, fatty acid and isoprenoid pathways represent the dominant sources of pheromone components, with hormonal and nutritional factors fine-tuning their synthesis.

4. REGULATION OF PHEROMONE PRODUCTION 
Pheromone production in insects is tightly regulated by hormonal, neural, nutritional, and environmental factors to ensure synchronization with reproductive and behavioral needs.
4.1 Hormonal Regulation
Juvenile hormone (JH) plays a central role in coordinating reproduction and pheromone biosynthesis in many insects. In cockroaches and beetles, JH regulates both ovarian maturation and pheromone production (Schal et al., 2003; Seybold & Vanderwel, 2003). In Diptera, ovarian ecdysteroids such as 20-hydroxyecdysone influence pheromone biosynthesis and sexual signaling (Wicker-Thomas, 1995a,b; Blomquist, 2003).
In female moths, pheromone production is uniquely controlled by the pheromone biosynthesis-activating neuropeptide (PBAN), identified in 1989 (Raina et al., 1989). PBAN binds to receptors in pheromone glands, triggering second messenger cascades that activate key biosynthetic enzymes (Rafaeli & Jurenka, 2003; Rafaeli, 2009).
4.2 Nutritional Regulation
Feeding strongly influences pheromone titers. In moths, sugar availability affects fatty acid metabolism, altering pheromone gland activity. Similarly, cockroaches rely on dietary nutrients to maintain pheromone output (Foster, 2009).
4.3 Environmental Regulation

Pheromone production often follows diel rhythms, ensuring release at specific times of day or night that maximize mate attraction (Jurenka, 2003). Light–dark cycles, temperature, and humidity can modulate both the quantity and blend composition of pheromones.
4.4 Developmental and Neural Factors

In some species, pheromone production follows developmental programming rather than active endocrine regulation. Neural control also influences pheromone release, ensuring context-dependent signaling such as during courtship or alarm responses.
5. MODE OF ACTION AND RECEPTION OF PHEROMONES 
The effectiveness of pheromones depends not only on their biosynthesis and release but also on their detection and processing by the insect’s sensory system.
5.1 Olfactory Detection

Most pheromones are detected through olfactory sensilla located on the antennae. Volatile molecules enter the sensillar lymph and are transported by odorant-binding proteins (OBPs) to specific olfactory receptors (ORs) on the dendritic membranes of sensory neurons (Vogt, 2005). In Lepidoptera, pheromone-binding proteins (PBPs), a specialized class of OBPs, are highly selective for sex pheromone components (Leal, 2013).
5.2 Signal Transduction

Upon binding to ORs, pheromone molecules trigger conformational changes that activate ion channels, leading to depolarization of olfactory receptor neurons (ORNs). The resulting electrical signals are transmitted to the antennal lobe, where glomeruli integrate input from different receptor types (Kaissling, 2004).
5.3 Central Processing

From the antennal lobe, pheromone signals are relayed to higher brain centers such as the mushroom bodies and lateral protocerebrum, where they are integrated with other sensory inputs to produce appropriate behavioral responses (Hansson & Stensmyr, 2011).
5.4 Contact and Gustatory Reception

Not all pheromones are volatile. Cuticular hydrocarbons and contact pheromones, often involved in mate recognition, are detected via gustatory receptors on the antennae, palps, or tarsi (Howard & Blomquist, 2005).
5.5 Specificity and Sensitivity

The pheromone communication system is highly specific, allowing insects to distinguish conspecific signals even in environments with multiple pheromone blends. Sensitivity is remarkable—male moths can detect single molecules of female pheromones (Kaissling, 2009).
6. APPLICATIONS IN CHEMICAL ECOLOGY AND PEST MANAGEMENT 
The discovery and synthesis of insect pheromones have enabled environmentally friendly strategies for pest management. Unlike conventional insecticides, pheromone-based methods are species-specific, non-toxic to natural enemies, and compatible with integrated pest management (IPM) programs.
6.1 Monitoring and Surveillance

Synthetic pheromone lures are widely used for monitoring pest populations. They provide reliable information on species presence, seasonal abundance, and population dynamics, thereby guiding decisions on the timing of control measures (Witzgall et al., 2010).
6.2 Mass Trapping

In some cropping systems, pheromone traps are deployed at high density to capture and remove large numbers of adult insects. This reduces mating opportunities and suppresses pest populations, as demonstrated in fruit fly and moth management programs (El-Sayed et al., 2006).
6.3 Mating Disruption

Mating disruption is one of the most successful applications of sex pheromones. By saturating the environment with synthetic pheromones, males are unable to locate females, leading to reduced mating and lower pest densities in subsequent generations (Cardé & Minks, 1995; Witzgall et al., 2010). This strategy is used extensively in managing pests such as the codling moth Cydia pomonella and pink bollworm Pectinophora gossypiella.
6.4 Attract-and-Kill and Push–Pull Strategies

Pheromones can be combined with insecticides in “attract-and-kill” formulations, which selectively target pests while minimizing chemical inputs. In push–pull strategies, pheromones repel pests from the crop (push) while attractants lure them into traps (pull), thereby reducing infestation levels (Cook et al., 2007).
6.5 Conservation of Natural Enemies

Because pheromone-based approaches are highly specific, they avoid harming predators, parasitoids, and pollinators. This makes them particularly valuable in sustainable pest management and organic agriculture (Dodiya et al., 2024).
6.6 Post-Harvest Applications

Pheromone traps are also employed in storage systems to monitor and control pests such as moths and beetles, thereby protecting stored products without chemical residues (Dodiya et al., 2023). Overall, pheromone technology offers precise, ecologically sound alternatives to insecticides and plays an important role in sustainable agriculture.
7. FUTURE PROSPECTS AND CONCLUSIONS 
Research in pheromone biochemistry has provided fundamental insights into insect communication and opened novel avenues for pest management. Despite decades of progress, several challenges and opportunities remain.
7.1 Advances in Molecular Biology and Genomics

The sequencing of insect genomes and advances in functional genomics now allow identification of genes encoding desaturases, reductases, and other pheromone biosynthetic enzymes (Jurenka, 2003; Groot et al., 2016; Dodiya et al., 2023). CRISPR/Cas9 and RNAi technologies provide tools for manipulating these pathways, offering potential for genetic disruption of pheromone production in pest species (Dodiya et al., 2025).
7.2 Synthetic Biology and Microbial Production

Recent studies suggest that microbial or plant-based expression systems can be engineered to produce pheromone components at scale (Holkenbrink et al., 2020). Such biotechnological approaches may reduce costs and improve the accessibility of pheromone formulations.
7.3 Improved Delivery Systems

Current formulations often face challenges such as limited field longevity and environmental degradation. Development of controlled-release dispensers, nanotechnology-based carriers, and biodegradable matrices could enhance field performance and reduce application costs (Witzgall et al., 2010).
7.4 Integration into IPM Programs

Future pest management will increasingly depend on pheromone-based tools integrated with biological control, host plant resistance, and cultural practices. Adoption at the farmer level requires cost-effective products, user-friendly technologies, and effective extension strategies (Dodiya et al., 2025).

7.5 Climate Change and Ecological Considerations

Changing climates may alter pheromone production, release, and reception in insects, potentially shifting pest dynamics. Understanding these interactions will be critical for maintaining the reliability of pheromone-based monitoring and control (El-Sayed et al., 2006).

8. FUTURE SCOPE IN ASSAM CONDITION

The future of pheromone-based pest management in Assam holds immense promise, particularly in the context of sustainable agriculture and ecological security. The state has a diverse pest complex in crops such as cabbage, brinjal, bhut jolokia, tomato, mustard, potato, and cucurbits, where conventional chemical control often disrupts natural enemies and poses environmental risks (Ahmed et al., 2016; Borah et al., 2016; Begam et al., 2016; Buragohain et al., 2017; Pradhan et al., 2020; Ganesh et al., 2023). Studies have highlighted the role of natural enemies like parasitoids and predators in regulating pest populations (Saikia et al., 2017; Daizy Sarma et al., 2021; Venkatesh et al., 2025), indicating that pheromone technology can be strategically integrated to enhance biological control and reduce pesticide dependence. With evidence of successful adoption of biopesticides and botanicals in Assam’s cropping systems (Kashyap et al., 2020; Saikia & Borkakati, 2019), the incorporation of pheromone traps, mating disruption, and monitoring tools represents the next logical step in Integrated Pest Management (IPM). Moreover, farmers’ growing awareness of eco-friendly practices (Barman et al., 2022; Nath et al., 2023; Rahman et al., 2022) provides a favorable socio-economic environment for scaling up pheromone-based interventions. In the coming years, research and extension efforts should focus on crop-specific pheromone formulations, cost-effective delivery systems, and integration with bio-intensive modules, paving the way for reducing crop losses while safeguarding agroecosystem health in Assam.

9. CONCLUSION
Pheromones represent a precise, species-specific, and environmentally benign tool for insect pest management. Continued advances in molecular biology, chemical ecology, and biotechnology are expected to expand their applications. With proper integration into IPM systems, pheromone-based strategies will contribute significantly to sustainable agriculture and food security.
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Table 1. New sex pheromones and sex pheromone components recently identified from insect pests (2010–2020). (Source: Rizvi, et al., 2021)
	Pheromone/Pheromone Components
	Insect
	References

	(E)-11-hexadecenal, (E,E)-10,12-hexadecadienal
	Diaphania glauculalis (Lepidoptera: Crambidae)
	Ma et al. [15]

	(E)-10-hexadecenal, (Z)-10-hexadecenal, (E)-10-hexadecenol, (E,E)-10,12-hexadecadienal, (Z,Z,Z)-3,6,9-tricosatriene
	Conogethes pluto (Lepidoptera: Crambidae)
	El Sayed et al. [16]

	(Z)-11-hexadecenyl acetate, (Z)-11-hexadecenal, (Z)-11-hexadecenol
	Trichophysetis cretacea (Lepidoptera: Crambidae)
	Pong et al. [17]

	(4aS,7S,7aR)-nepetalactone, (1R,4aS,7S,7aR)-nepetalactol
	Hyalopterus pruni, Brachycaudus helichrysi (Hemiptera: Aphididae)
	Symmes et al. [18]

	(E,Z)-3,13-octadecadienyl acetate, (Z,Z)-3,13-octadecadienyl acetate
	Synanthedon vespiformis (Lepidoptera: Sesiidae)
	Levi-Zada et al. [19]

	(E)-11-tetradecenyl acetate, (E,E)-9,11-tetradecadienyl acetate, (E)-11-tetradecenol, (E)-11-hexadecenyl acetate
	Epiphyas postvittana (Lepidoptera: Tortricidae)
	El Sayed et al. [20]

	(Z,E)-9,12-tetradecadienyl acetate, (Z)-9-tetradecenyl acetate, (Z)-11-hexadecenyl acetate, (Z,E)-9,12-tetradecadienol, (Z)-9-tetradecenol, (Z)-11-hexadecenol
	Spodoptera exigua (Lepidoptera: Noctuidae)
	Acín et al. [21]

	(Z,Z)-3,13-dodecadienolide
	Parcoblatta lata (broad wood cockroach)
	Eliyahu et al. [22]

	(R,R)-(Z)-3,7,11,15-tetramethyl hexadec-2-enal, (R,R)-(E)-3,7,11,15-tetramethyl hexadec-2-enal
	Dociostaurus maroccanus (Moroccan locust)
	Guerrero et al. [23]

	(4,5,5)-(trimethyl-3-methylenecyclopent-1-en-1-yl)methyl acetate
	Delottococcus aberiae (Hemiptera: Pseudococcidae)
	Vacas et al. [24]

	(Z)-9-tetradecenyl acetate, (Z)-9-tetradecenol, tetradecyl acetate
	Coryphodema tristis (Lepidoptera: Cossidae)
	Bouwer et al. [25]

	(−)-δ-heptalactone
	Rhagoletis batava (Diptera: Tephritidae)
	Büda et al. [26]

	(E,E,Z,Z)-4,6,11,13-hexadecatetraenal
	Callosamia promethea (Lepidoptera: Saturniidae)
	Gago et al. [27]

	(−)-iridomyrmecin
	Leptopilina heterotoma (Hymenoptera: Figitidae)
	Weiss et al. [28]

	(Z,E)-5,7-dodecadienyl acetate, (Z,E)-5,7-dodecadienol, (Z,E)-5,7-dodecadienyl propionate
	Dendrolimus tabulaeformis (Lepidoptera: Lasiocampidae)
	Kong et al. [29]

	(E)-7,9-decadienol, (E)-8-decenol
	Monema flavescens (Lepidoptera: Limacodidae)
	Shibasaki et al. [30]

	(1S,4R,1′S)-4-(1′,5′-dimethylhex-4′-enyl)-1-methylcyclohex-2-en-1-ol
	Oebalus poecilus (Heteroptera: Pentatomidae)
	Oliveira et al. [31]

	(3S,6S,7R)-1,10-bisaboladien-3-ol, (3R,6S,7R)-1,10-bisaboladien-3-ol
	Tibraca limbativentris (Hemiptera: Pentatomidae)
	Blassioli-Moraes et al. [32]








