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ABSTRACT

	Sericulture is a vital agro-industry that links molecular biology, developmental physiology, and applied farming practices to the sustainable production of silk. Recent research has highlighted the pivotal role of pheromones and neuropeptides in coordinating diapause, reproductive regulation, and silk gland function, thereby shaping cocoon yield and quality. This review synthesizes advances in understanding pheromone signaling, with emphasis on the pheromone biosynthesis activating neuropeptide (PBAN) and its integration with juvenile hormone (JH), diapause hormone (DH), and other regulatory peptides. We describe how these neuroendocrine networks connect environmental cues such as photoperiod and temperature to systemic resource allocation, mating synchronization, and silk gland transcriptional control. The review also explores how endocrine and pheromone signaling impacts cocoon production by regulating energy partitioning, fibroin expression, and stress responses. Translational opportunities are highlighted across genetic interventions, endocrine manipulations, nutritional and microbiome strategies, and pheromone-based pest management. Together, these insights demonstrate how integrating pheromone biology with neuropeptide and hormonal regulation can inform practical strategies to enhance cocoon yield, support rural economies, and advance eco-friendly sericulture practices.
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1. INTRODUCTION

Sericulture remains an economically and culturally important agro-industry across Asia, Africa and parts of Europe, supplying high-value textile fibre and a range of bioproducts while supporting rural livelihoods (Altman & Farrell, 2022). Efficient cocoon production depends not only on larval nutrition and husbandry but also on precise control of reproductive timing and seasonal dormancy. Diapause and the timing of reproduction determine the number and scheduling of cocoon crops per year, the synchronization of mating and oviposition, and thus have direct effects on overall silk yield and farm-level economics (Shimizu, 2024; Easwaran & Montell, 2023). Managing these life-history transitions is therefore a core concern for both fundamental biologists and applied sericulture practitioners.
At the molecular and physiological level, pheromones and neuropeptides occupy central roles in coordinating reproduction and developmental timing. Sex pheromones drive mate attraction and mating behaviour, and their biosynthesis is commonly regulated by the highly conserved Pheromone Biosynthesis Activating Neuropeptide (PBAN) / pyrokinin neuropeptide family and its receptors (Jurenka, 2017; Dou & Jurenka, 2023). Beyond classical roles in pheromone production, accumulating evidence shows that neuropeptidergic signaling, including diapause hormone, PBAN-family peptides, juvenile hormone modulators and clock-linked neuropeptides, forms an integrated network that links environmental cues (photoperiod, temperature) to endocrine outputs controlling diapause and reproductive physiology (Helfrich-Förster, 2024; Homma et al., 2022).
Recent studies using transcriptomics, receptor functional assays, genetic perturbations and endocrine measurements reveal multiple points of cross-talk: circadian and photoperiodic pathways modulate neuropeptide release, neuropeptides alter hormone titres and reproductive allocation, and these shifts can feed back to affect behaviour and resource allocation relevant to cocoon formation (Cha et al., 2023; Helfrich-Förster, 2024). Such mechanistic integration suggests real translational potential. By targeting neuropeptide or pheromone pathways it may be possible to manipulate diapause induction, reproductive timing, or energy partitioning in ways that enhance seasonal productivity or reduce crop risk, applications of direct interest to modern sericulture (Altman & Farrell, 2022; Shimizu, 2024).
The present review aims to consolidate current understanding of how pheromones and neuropeptides coordinate diapause, reproductive regulation, and silk yield in silkworms. Emphasis is placed on conserved molecular pathways, their physiological outcomes, and the links between developmental timing and sericultural productivity. The discussion highlights emerging findings in neuroendocrine and chemical signaling that point toward strategies for improving cocoon production. By bringing together advances in molecular biology, physiology, and applied sericulture, this synthesis outlines both the established knowledge base and the critical directions that could enhance future management and utilization of silkworm resources.

2. PHEROMONE SIGNALING IN SILKWORMS: FROM MATING TO METABOLIC REGULATION
Pheromone signaling in silkworms plays a crucial role in mating behavior and reproductive success. The primary sex pheromone, bombykol, is synthesized and released by females to attract males. This process is tightly regulated by the pheromone biosynthesis activating neuropeptide (PBAN), a member of the pyrokinin family of neuropeptides. PBAN is produced in the subesophageal ganglion and acts on the pheromone glands to stimulate pheromone production (Dou & Jurenka, 2023). Recent transcriptomic analyses have identified PBAN genes across various insect species, highlighting its conserved role in pheromone biosynthesis. Additionally, studies have shown that PBAN's expression is regulated by environmental cues, such as photoperiod and temperature, which influence reproductive timing and diapause induction (Dou & Jurenka, 2023; Shimizu, 2024).

2.1.  Mechanism of PBAN Action
Upon release, PBAN binds to its G-protein-coupled receptor, the pheromone biosynthesis activating neuropeptide receptor (PBANR), located on the pheromone gland cells. This binding initiates a signaling cascade involving the activation of intracellular calcium and cyclic antimicrobial peptides (cAMP) pathways. These secondary messengers lead to the activation of various enzymes responsible for the biosynthesis of bombykol. Recent studies have elucidated the detailed signaling mechanisms, highlighting the role of calcium/calmodulin-dependent protein kinase II in this process (Dou & Jurenka, 2023; Zhang et al., 2025). Furthermore, pharmacological studies have demonstrated that inhibitors of calcium channels and protein kinase A can suppress PBAN-induced pheromone production, confirming the involvement of these pathways in PBAN signaling (Zhang et al., 2025).

2.2.  PBAN and Reproductive Behavior
Beyond its role in pheromone production, PBAN influences reproductive behavior. The presence of PBAN and its receptor in various tissues suggests a broader role in regulating reproductive physiology. For instance, PBAN signaling has been implicated in modulating the activity of accessory glands and gonoducts, which are essential for successful fertilization (Čižmár et al., 2019). Additionally, PBAN's involvement in energy metabolism, particularly in lipid mobilization, underscores its significance in supporting reproductive processes (Ohnishi et al., 2011). Studies have also shown that PBAN affects mating behavior by influencing the release of other neuropeptides that modulate sexual receptivity and courtship behavior (Tsuchiya et al., 2021).

2.3.  Integration with Other Neuropeptides
PBAN does not function in isolation; it interacts with other neuropeptides to coordinate reproductive events. For example, allatotropins and small neuropeptide F (sNPF) have been shown to regulate post-mating refractoriness and reproductive system activity, indicating a complex network of neuropeptide signaling that governs reproductive timing and behavior (Zhu & Nagata, 2025). Moreover, interactions between PBAN and other neuropeptides, such as corazonin and GABAergic signaling pathways, have been implicated in the regulation of diapause induction and termination, highlighting the interconnectedness of these signaling pathways in controlling reproductive cycles (Shimizu, 2024; Liu et al., 2025).

2.4.  Implications for Sericulture
Understanding the intricacies of PBAN signaling and its role in reproduction offers potential avenues for enhancing silk production. By manipulating PBAN pathways, it may be possible to optimize mating behaviors, synchronize reproductive cycles, and improve overall silk yield. Such insights are valuable for advancing sericulture practices and ensuring sustainable silk production. Recent advancements in gene editing technologies, such as CRISPR/Cas9, have enabled targeted manipulation of PBAN signaling components, providing tools for the development of silkworm strains with improved reproductive traits and increased silk productivity (Liu et al., 2025).

3. NEUROPEPTIDES AND HORMONAL INTERACTIONS IN DEVELOPMENTAL TIMING
Insects use a coordinated neuroendocrine network to convert environmental cues, such as photoperiod, temperature, nutrition into developmental outcomes such as diapause and reproductive maturation. Central to this network are peptide hormones and classic endocrine factors that act at multiple levels, from neurosecretory release to peripheral endocrine glands, producing tightly timed shifts in physiology and behaviour (Hand et al., 2016; Dou & Jurenka, 2023).

3.1.  Diapause hormone (DH)
Diapause hormone is a pyrokinin-family neuropeptide that directly triggers diapause in many species by acting on embryonic or maternal tissues depending on life-history strategy. DH release is regulated by photoperiodic and circadian inputs, and its downstream effects include metabolic reprogramming (e.g., glycogen or lipid accumulation) that secures a diapause state (Hand et al., 2016; Dou & Jurenka, 2023). Recent syntheses highlight how receptor variation and signalling context determine whether DH elicits embryonic diapause, larval arrest, or modifications to development rate, and new reviews emphasize the conserved role of DH across taxa while noting species-specific deployment strategies (Dou & Jurenka, 2023; Izadi, 2025).


3.2.  Juvenile hormone (JH)
Juvenile hormone is the principal endocrine regulator that integrates developmental and reproductive decisions. Low JH titres are commonly associated with diapause and reproductive arrest, whereas restored JH promotes gonadal maturation and reproductive activity (Zhou et al., 2022). Modulation of JH is achieved both by changing biosynthesis in the corpora allata and by altering degradation through juvenile hormone esterase (JHE) and juvenile hormone epoxide hydrolase (JHEH), processes shown experimentally to promote or terminate diapause in diverse insects (Li et al., 2022; Ma et al., 2021). Importantly, JH signalling interacts with nutrient-sensing pathways (insulin/FOXO [Forkhead box O] axis) and ecdysteroids, providing a multi-node control system that couples environmental information to reproduction and lifespan trade-offs (Hutfilz, 2022; Zhou et al., 2022).

3.3.  Allatotropins and allatostatins
Allatoregulatory peptides, allatotropins (ATs) and allatostatins (ASTs; A, B and C families) act as upstream modulators of JH biosynthesis and thus exert strong control over diapause and reproductive timing. ATs stimulate corpora allata activity and can promote JH synthesis and related reproductive processes, while ASTs inhibit JH production and support transitions into diapause or quiescence (Alzugaray & Ronderos, 2018; Wegener & Chen, 2022). Recent functional and receptor studies, including AST-C characterizations and discovery of AST-C receptor ligands, show that AST signalling is pleiotropic, modulating feeding, circadian physiology and stress responses in ways that bias the organism toward diapause or reproduction depending on context (Sun et al., 2022; Kahveci et al., 2024).

3.4.  Network-level crosstalk and integration with pheromone pathways
These peptide/hormone systems do not act in isolation. PBAN-family peptides, including PBAN and DH members, link pheromone biosynthesis and diapause pathways at the neuroendocrine level. PBAN stimulates pheromone gland biosynthesis via PBAN receptors and second messenger cascades; the production and release of PBAN-family peptides are sensitive to JH status and to circadian/photoperiodic regulators, creating feedback loops that align mating behaviour with reproductive readiness and seasonal timing (Dou & Jurenka, 2023; Cha et al., 2023). Likewise, allatostatins and allatotropins modulate corpora allata output and thereby alter PBAN-sensitive processes indirectly by changing JH titres. The result is a multilayered regulatory web in which photoperiodic inputs, clock genes, neuropeptide release and endocrine gland responses converge to determine whether an insect invests in immediate reproduction or enters diapause (Hand et al., 2016; Song & Stanley, 2024; Dou & Jurenka, 2023). The major neuropeptides and hormones implicated in diapause, reproductive regulation, and silk yield, along with their principal functions, are summarized in Table 1.











Table 1. Neuropeptides and Hormones Regulating Diapause, Reproduction, and Silk Yield	Comment by LEGA: Better to leave the entire table on the next page
	Neuropeptide / Hormone
	Primary Function
	Target Tissues / Organs
	Role in Diapause & Reproduction
	Role in Silk Production
	References

	PBAN (Pheromone Biosynthesis Activating Neuropeptide)
	Stimulates pheromone biosynthesis, regulates mating
	Pheromone gland
	Synchronizes sexual behavior and mating success
	Indirect via reproductive synchronization
	Dou & Jurenka, 2023; 
Cha et al., 2023; 
Zhang et al., 2025

	Diapause Hormone (DH)
	Triggers diapause initiation
	Ovaries, embryonic tissues
	Controls diapause entry and maternal transmission
	Diverts resources away from silk yield
	Hand et al., 2016;
Tsuchiya et al., 2021;
Izadi, 2025

	Juvenile Hormone (JH)
	Integrates development, reproduction, and metabolism
	Corpora allata, silk gland
	High JH → reproduction; Low JH → diapause
	Promotes fibroin gene expression and cocoon weight
	Ma et al., 2021;
Zhou et al., 2022;
Liu et al., 2023

	Allatotropins (ATs) & Allatostatins (ASTs)
	Regulate JH synthesis (stimulatory/inhibitory)
	Corpora allata
	Fine-tune reproductive maturation and diapause
	Indirect regulation of silk via JH pathway
	Wegener & Chen, 2022;
Sun et al., 2022;
Kahveci et al., 2024

	Insulin-like Peptides (ILPs)
	Regulate metabolism and growth
	Silk gland, fat body

	Coordinate growth and energy balance with reproduction
	Stimulate fibroin synthesis, gland development

	Li et al., 2015;
Wu et al., 2022




4. LINKS TO COCOON PRODUCTION AND SILK YIELD
Pheromonal and neuropeptidergic signaling influence cocoon production indirectly by reshaping whole-animal physiology. They alter how energy is stored and mobilized, shift reproductive allocation, and affect silk gland activity and gene expression. Recent metabolomic and omics studies show that hormone and peptide axes such as insulin-like peptides, juvenile hormone, and PBAN/DH family peptides modulate silk gland growth, fibroin/sericin expression, and cocoon phenotypes (Li et al., 2015; Wu et al., 2022).

4.1.  Energy allocation and metabolic provisioning
Peptide hormones regulating lipid and carbohydrate mobilization, including adipokinetic hormone and bombyxin-like insulin peptides, are central to reallocating resources between maintenance, reproduction, and silk synthesis (Toprak, 2020). Metabolomic profiling linked poor cocoon yield with disrupted carbohydrate, amino acid, and lipid metabolism in midgut, haemolymph, and silk gland tissues (Wu et al., 2022). These signatures overlap with pathways regulated by insulin-like peptides in silk gland cells, supporting a mechanistic link between peptide signalling and silk yield (Li et al., 2015).

4.2.  Neuropeptides, juvenile hormone metabolism and reproductive trade-offs
Juvenile hormone (JH) signalling in the silk gland directly regulates silk gene expression. Elevated JH activity, achieved through analog treatments, prolongs the final larval instar and increases cocoon weight and thickness (Liu et al., 2023). Conversely, perturbations in JH-binding proteins (Zhang et al., 2023a) or juvenile hormone esterase enzymes (Zhang et al., 2023b) depress fibroin expression and lower silk synthesis, highlighting how JH pathway balance influences silk investment.

4.3.  Silk gland growth, transcriptional control and peptide signals
The growth potential of silk glands, driven by endoreplication and cell enlargement, sets the ceiling for silk synthesis. Single-cell transcriptomics has mapped distinct silk gland cell types regulating fibroin production (Ma et al., 2022). A follow-up spatial atlas confirmed the architectural basis of silk gland function in the final instar (Ma et al., 2024). Functional experiments show that enhancing Myc, a conserved transcription factor controlling cell growth and protein synthesis, increases fibroin production and cocoon shell weight, providing direct evidence of transcriptional regulation of silk yield (Qian et al., 2021).

4.4.  Stress, gland dysfunction and resource diversion
Disruption of silk gland function diverts amino acids and energy reserves away from silk deposition. Cytotoxin-mediated gland dysfunction reduced cocoon shell weight and confirmed the necessity of intact endocrine and silk gland function for normal yield (Lye et al., 2024). Similarly, multi-tissue metabolic analyses suggest that stress-induced endocrine imbalance reduces cocoon quality (Wu et al., 2022).

4.5.  Synthesis and applied implications
Together, these studies suggest three key implications. First, manipulating endocrine and neuropeptide pathways can extend the silk-producing phase and improve yield (Liu et al., 2023). Second, omics approaches provide biomarkers linking systemic metabolism with silk performance (Ma et al., 2022; Ma et al., 2024). Third, safeguarding silk gland integrity from stressors is critical to sustain high-quality silk output (Lye et al., 2024).


5. APPLICATIONS IN SERICULTURE: FROM BREEDING TO PEST MANAGEMENT
Understanding pheromone and neuropeptidergic pathways opens several practical routes to improve sericulture outcomes. Below we describe translational opportunities grouped into breeding and genetic approaches, endocrine/biotechnological interventions, nutritional and microbiome strategies, and pheromone-based pest management, with each subsection highlighting the experimental or field-level evidence that supports potential sericultural application (Denlinger, 2022; Liu et al., 2023).

5.1.  Breeding and genetic interventions
Targeted breeding and genetic modification can exploit knowledge of neuroendocrine control to change life-history timing or enhance silk traits. Genome editing tools such as CRISPR/Cas systems now permit loss- and gain-of-function experiments in silk moths and related lepidopterans, enabling modification of clock, diapause, or endocrine genes that control developmental timing and resource allocation (Xu & O’Brochta, 2015; Yu et al., 2023). Ablation or disruption of diapause-determining neuroendocrine centers has also been shown to abolish egg diapause, pointing to strategies for producing non-diapausing laboratory strains suitable for year-round breeding and transgenesis (Yamada et al., 2022). These genetic tools therefore offer routes to create lines with altered voltinism, synchronized reproduction, or improved silk gland growth while ethical, regulatory and off-target considerations remain important.

5.2.  Endocrine and peptide-targeted manipulations
Direct manipulation of hormonal axes provides rapid, reversible ways to influence diapause and silk production. Juvenile hormone (JH) analogues and anti-diapause sera have long been used experimentally to alter diapause status and development; recent studies show that JH modulation changes silk gene expression and cocoon traits, and reviews summarize chemical and physical diapause manipulators that could be used in applied settings (Denlinger, 2022; Liu et al., 2023). Similarly, peptide-targeted approaches such as antibodies or receptor ligands against diapause hormone or PBAN family peptides have been explored experimentally to modify diapause or pheromone output, suggesting translational potential to adjust reproductive timing without permanent genetic change. These endocrine strategies can be useful where breeding cycles must be altered quickly to meet market demand (Zhang et al., 2011).

5.3.  Nutrition, probiotics and microbiome interventions
Because neuropeptides and hormones integrate environmental and nutritional signals, diet and microbiome interventions are pragmatic levers for sericulture. Nutritional supplements, prebiotics or probiotics can modify host metabolism and endocrine state, and metabolomic studies link systemic nutrient status to cocoon yield (Wu et al., 2022). Early work also indicates that dietary additives or microbiome manipulations can influence JH titres and immune/endocrine resilience, which in turn affect silk gland activity and final cocoon quality. These approaches are attractive because they are non-transgenic and readily implemented at farm scale, though they require dose and safety optimization (Suraporn & Terenius, 2021; Liu et al., 2023).




5.4.  Pheromone-based monitoring and pest management
Pheromone technologies provide immediate, low-residue tools to protect mulberry and cocoon production. Sex pheromone-baited traps, lure-based monitoring, mass trapping and mating disruption have proven effective in many lepidopteran pests and are applicable to key mulberry pests where defined attractants exist (Cui & Zhu, 2016; Lizana et al., 2022). Recent work on pheromone-binding proteins and ligand design for mulberry pests illustrates how advances in chemosensory biochemistry can improve trap specificity and longevity (Li et al., 2024). Implementing pheromone-based IPM in mulberry plantations can reduce pesticide use, protect leaf quality for rearing, and ultimately support higher cocoon yields when integrated with cultural controls. 

5.5.  Implementation challenges and ethical/regulatory considerations
Translating fundamental findings into sericulture practice requires addressing scale, cost, and biosafety. Gene-edited or transgenic lines must meet regulatory, trade and public-acceptance hurdles. Hormonal or peptide treatments require residue, non-target and welfare assessment. Pheromone dispensers and formulations need cost-effective, long-lasting controlled-release technologies for smallholder adoption. Reviews of diapause manipulation tools and gene-editing protocols underline both the promise and the caveats: practical deployment must be coupled with risk assessment, farmer training and species-specific validation (Denlinger, 2022; Xu & O’Brochta, 2015). Representative interventions that target neuropeptide and pheromone pathways with potential applications in sericulture are summarized in Table 2.

Table 2. Interventions Targeting Neuropeptide and Pheromone Pathways in Sericulture	Comment by LEGA: Better to leave the entire table on the next page.

If you choose to leave it on two pages, the title must appear on the next page, it looks nicer
	Target Pathway / Signal
	Experimental / Field Evidence
	Effect on Cocoon / Silk Yield
	Potential Challenges
	References


	JH-binding proteins, diapause hormone, silk genes
	Gene knockouts and editing alter diapause and silk synthesis
	Non-diapausing strains, increased silk output

	Technical and regulatory barriers
	Xu & O’Brochta, 2015;
Yu et al., 2023;
Yamada et al., 2022

	JH pathway
	Application delays diapause and prolongs silk gland activity
	Higher fibroin levels, improved cocoon weight
	Residue risks, dosage optimization
	Liu et al., 2023;
Ma et al., 2021;
Zhou et al., 2022

	PBAN/PBANR signaling
	Altered pheromone biosynthesis in lab and field trials
	Better synchronization of reproduction, potential diapause control
	Still experimental, species-specific
	Dou & Jurenka, 2023;
Cha et al., 2023;
Zhang et al., 2025

	Endocrine–nutrient interactions
	Dietary supplementation altered JH titers and survival under stress
	Enhanced cocoon quality and resilience
	Needs large-scale validation
	Suraporn & Terenius, 2021;
Wu et al., 2022

	Sex pheromone signaling in pests
	Pheromone traps and lures tested in mulberry pests
	Improved mulberry leaf quality → higher cocoon yield
	Cost-effectiveness and stability
	Cui & Zhu, 2016;
Lizana et al., 2022; Li et al., 2024




6. FUTURE PERSPECTIVES
Integrating pheromone biology with neuroendocrine regulation offers new opportunities for advancing sericulture. Single-cell and spatial transcriptomic studies are beginning to map how silk gland cell types respond to systemic signals such as PBAN, juvenile hormone, and insulin-like peptides, providing a framework for linking chemical cues to cocoon traits (Ma et al., 2022; Ma et al., 2024). CRISPR-based editing and related genomic tools now allow precise manipulation of candidate genes controlling diapause, reproduction, and silk synthesis, accelerating functional discovery (Xu et al., 2015; Yu et al., 2023).
At the applied level, hormone and peptide-based treatments could extend rearing seasons, suppress diapause, or boost silk yield, while pheromone-based strategies offer eco-friendly pest control (Denlinger, 2022; Dou & Jurenka, 2023; Liu et al., 2023). Omics-guided biomarkers further provide a means to predict and manage silk performance under factory or field conditions (Wu et al., 2022; Lye et al., 2024). Future work should prioritize integrating multi-omics with functional genomics, validating interventions in field settings, and ensuring open datasets and farmer-oriented applications. With these tools, the next decade may yield both deeper biological insight and tangible improvements in silk production.

7. CONCLUSION	Comment by LEGA: Maybe be more succinct
The regulation of diapause, reproduction, and silk yield in silkworms is governed by a tightly integrated network of pheromones, neuropeptides, and endocrine factors. PBAN and its related pathways exemplify how conserved molecular signals coordinate reproductive timing, energy allocation, and silk gland activity in response to environmental cues. By linking these mechanisms to practical applications, sericulture can benefit from both molecular-level interventions, such as CRISPR-based genetic tools and peptide-targeted treatments, and field-level innovations including probiotics, optimized nutrition, and pheromone-based pest control. The emerging convergence of omics technologies, functional genomics, and applied sericulture research offers a roadmap for enhancing cocoon yield and resilience under variable conditions. Future progress will depend on bridging laboratory discoveries with scalable, sustainable practices that address economic, ecological, and regulatory realities. Harnessing pheromone and neuropeptide biology not only deepens our understanding of silkworm physiology but also creates actionable strategies for the modernization and sustainability of sericulture.
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