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ABSTRACT

	Silkworm health is a critical factor in sustaining sericulture, yet recurring outbreaks of viral, bacterial, fungal, and protozoan pathogens continue to undermine productivity and farmer livelihoods worldwide. To address this, recent research has expanded understanding of the innate immune system of Bombyx mori and its potential for genetic improvement. This review consolidates advances in immune biology, detailing barrier defenses, hemocyte-mediated cellular activities, and humoral responses such as antimicrobial peptides and phenoloxidase cascades. Molecular processes including pattern recognition, signaling networks, stress proteins, and RNA interference are also examined as key components shaping pathogen resistance. On the applied front, progress in transcriptomics, proteomics, and epigenetics is uncovering genetic markers and regulatory mechanisms linked to resilience. Complementing this, biotechnology-driven tools, such as CRISPR/Cas genome editing, RNAi-based approaches, and transgenic expression systems offer new avenues for enhancing disease resistance. By linking these molecular insights with breeding and selection programs, the review outlines strategies for building robust silkworm strains. In doing so, it provides a comprehensive synthesis that connects fundamental immunology with practical breeding innovations. Beyond technical progress, the discussion underscores the importance of harmonized regulatory policies and farmer-oriented extension support for translating research into field-level solutions. Finally, the review identifies knowledge gaps and emphasizes the role of integrated multi-omics, synthetic biology, and supportive regulatory frameworks in advancing disease management and securing the future of sericulture.
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1. INTRODUCTION

The Bombyx mori, plays a crucial role in sericulture, significantly impacting economies and rural livelihoods. However, diseases caused by various pathogens lead to substantial economic losses in silk production (Bhat et al., 2024; Sujatha et al., 2024). This review focuses on the innate immune mechanisms of silkworms and the genetic approaches to enhance disease resistance, aiming to provide insights into improving silkworm health and productivity.
Sericulture is vital for rural economies, providing employment and income to millions of households in silk-producing regions (Gunashekhar et al., 2024). Beyond its socio-economic benefits, silk production contributes significantly to the agricultural GDP of many countries, making it a strategic agricultural enterprise (Popescu et al., 2024). Despite its importance, the industry faces persistent threats from infectious diseases. Pathogens such as viruses and bacteria can cause severe losses, affecting both the quality and quantity of silk produced (Kausar et al., 2019; Mondal et al., 2024). Viral infections, particularly those caused by Bombyx mori Densovirus, are especially devastating, often resulting in high mortality rates among larvae (Gupta et al., 2015; Naik et al., 2025). These outbreaks not only disrupt production cycles but also increase the economic burden on farmers through higher rearing costs and reduced marketable yields.
The rationale for focusing on silkworm immunity lies in the fact that B. mori possesses a sophisticated innate immune system, comprising antimicrobial peptides, hemocyte-mediated cellular responses, and other defense mechanisms (Wan et al., 2013; Ghani et al., 2025; Awais et al., 2024). Understanding these mechanisms can facilitate the development of disease-resistant silkworm strains, thereby reducing the industry’s dependence on chemical treatments (Somasundaram et al., 2013; He et al., 2025). Recent advances in transcriptomics, proteomics, and metabolomics have provided unprecedented insights into the molecular underpinnings of silkworm immunity, enabling researchers to map complex defense pathways and identify novel immune effectors. Moreover, functional studies using RNA interference (RNAi) and CRISPR/Cas9 genome editing are beginning to validate the roles of key genes in pathogen recognition and elimination, paving the way for targeted interventions (Li et al., 2023; Alexandru-Ioan et al., 2024). Integration of these molecular insights with selective breeding programs could accelerate the development of resilient silkworm lines, offering a sustainable solution to persistent disease outbreaks (Li et al., 2023; Gowda et al., 2025).
The aim of this review is to synthesize current knowledge on silkworm immunity and genetic resistance, with a particular emphasis on identifying potential genetic markers and breeding strategies that could enhance resilience against diseases (Gowda et al., 2025; Banerjee et al., 2024). While significant advancements have been made in elucidating the immune responses of silkworms, challenges remain in translating this understanding into effective breeding programs. Addressing these gaps will be crucial for fully harnessing genetic resistance to ensure the long-term sustainability and productivity of sericulture. Additionally, integrating genetic strategies with improved management practices could provide a holistic framework for sustainable disease control in silk farming.
2. OVERVIEW OF MAJOR SILKWORM PATHOGENS
Bombyx mori is highly susceptible to a wide range of pathogens, including viruses, bacteria, fungi, and protozoa, which can significantly disrupt cocoon production and degrade silk quality. These infections lead to major economic losses in silk-producing regions worldwide. A detailed understanding of the immune responses and genetic resistance mechanisms of the silkworm is therefore indispensable for developing disease-resistant strains. The following section outlines the most significant pathogens affecting silkworms and highlights the genetic strategies being employed to strengthen their immunity (Mondal et al., 2024; Suraporn et al., 2025).
Among viral pathogens, the Nuclear Polyhedrosis Virus (BmNPV) is recognized as the most destructive, responsible for more than 60% of disease-related mortality in silkworms. Infected larvae exhibit symptoms such as reduced feeding, sluggish movement, and eventual body liquefaction, making it one of the most feared diseases among sericulturists. Resistance to BmNPV is determined by both dominant and recessive genes, and considerable progress has been made in developing resistant strains through hybridization and genetic modification techniques (Gowda et al., 2025; Hu et al., 2023; Li et al., 2023). Other important viral pathogens include the Cytoplasmic Polyhedrosis Virus (BmCPV) and the Densonucleosis Virus (BmDNV). BmDNV resistance is conferred by a single dominant gene, simplifying its integration into breeding programs, whereas BmCPV resistance involves polygenic control, making the breeding process more complex (Sivaprasad et al., 2022).
Bacterial and fungal pathogens also pose a major threat to silkworm health and productivity. Flacherie disease, caused by opportunistic bacteria such as Serratia and Bacillus species, can spread rapidly in rearing facilities, especially under stress conditions like overcrowding, poor ventilation, or inadequate hygiene. The silkworm’s innate immune system plays a critical role in countering these infections, primarily through the production of antimicrobial peptides that inhibit bacterial growth (Kausar et al., 2019; Suraporn et al., 2025; Mondal et al., 2025). Fungal infections, particularly those caused by Beauveria bassiana and Aspergillus spp., present an additional challenge, as their spores can remain viable in the environment for extended periods. The silkworm’s defense against fungal pathogens includes cuticle hardening, melanization, and the activation of antifungal peptides, although the degree of effectiveness varies across strains and environmental conditions (Kausar et al., 2019; Geng et al., 2021).
Protozoan pathogens, with Nosema bombycis as the primary example, remain a persistent problem in sericulture. This microsporidian parasite causes pebrine disease and can be transmitted vertically from moths to their offspring, making prevention and early detection critical for disease control. Pebrine reduces larval vitality, lowers cocoon yield, and predisposes infected silkworms to other diseases. Current research efforts aim to identify molecular markers for early diagnosis and to decode the host–parasite interaction at both genomic and proteomic levels. These insights are being used to guide selective breeding and genetic engineering approaches to produce resistant strains (Kausar et al., 2019; Naik et al., 2025; Hu et al., 2021).
Although substantial progress has been made in understanding silkworm immunity and developing resistant strains, there are still significant challenges in fully mapping host–pathogen interactions. Pathogen evolution, variability in resistance among silkworm strains, and the emergence of new disease agents complicate management efforts. Environmental changes, particularly those associated with climate variability, can further influence pathogen prevalence and severity. Ensuring sustainable silk production will require an integrated approach that combines advanced breeding, genetic engineering, disease monitoring, and improved farm management practices. Strengthening collaborative research networks and promoting the adoption of resistant silkworm varieties will be essential for reducing disease incidence and safeguarding the future of sericulture (Hu et al., 2023; Li et al., 2023).
3. SILKWORM IMMUNE SYSTEM: STRUCTURE AND COMPONENTS
The immune system of the silkworm, Bombyx mori, is entirely based on innate immunity, as it lacks the adaptive immune components present in vertebrates. This innate system comprises a range of structural and functional elements that collectively provide protection against pathogens, ensuring the survival and productivity of the insect (Awais et al., 2024; He et al., 2025). Because B. mori is highly vulnerable to microbial infections, which can have severe impacts on silk yield and quality, the efficiency of its innate immune responses is critical to sustaining sericulture (Kausar et al., 2019; Hossain et al., 2023).
Innate immunity in B. mori encompasses both humoral and cellular responses, each playing a complementary role in defense. The humoral branch involves the production of antimicrobial peptides such as Cecropin and Attacin, as well as enzymes like phenoloxidase and lysozymes, which target and neutralize pathogens. The cellular branch is mediated by specialized immune cells—hemocytes—that carry out processes such as phagocytosis, encapsulation, and nodule formation to eliminate invading microorganisms (Tanaka & Yamakawa, 2011; Gadwala et al., 2021; Zhou et al., 2024). These coordinated responses enable the insect to mount a rapid and effective defense against a broad spectrum of microbial threats.
Physical barriers provide the first line of defense in the silkworm’s immune system. The cuticle, a chitinous outer layer, serves as a robust shield that prevents pathogens from penetrating the body. Internally, the peritrophic membrane, which lines the gut, acts as a secondary barrier by restricting microbial invasion while simultaneously facilitating nutrient absorption (Tanaka & Yamakawa, 2011; Zha et al., 2021; Wang et al., 2023; Tang et al., 2024). These structural defenses are essential in limiting pathogen access before the immune system is fully engaged.
Cellular immunity is primarily executed by hemocytes, which are multifunctional immune cells circulating in the hemolymph. These cells participate in phagocytosis, engulfing and digesting small pathogens; in encapsulation, where larger invaders are surrounded and neutralized; and in nodulation, a process in which multiple hemocytes aggregate to form nodules that isolate harmful microorganisms (Wan et al., 2013; Tungjitwitayakul & Tatun, 2019; Liu et al., 2022; He et al., 2025; Archana & Hemadri, 2025). This cellular arm of the immune system is indispensable for controlling infections that bypass the physical barriers.
The humoral immune response further strengthens the silkworm’s defense arsenal. Six families of antimicrobial peptides, including Cecropin and Attacin, are secreted into the hemolymph to directly target and destroy pathogens (Tanaka & Yamakawa, 2011). The phenoloxidase cascade plays a pivotal role in melanin synthesis, which contributes to pathogen encapsulation and wound healing (Kausar et al., 2019). In addition, lysozymes break down bacterial cell walls, while lectins act as pattern recognition proteins, binding to specific molecular signatures on pathogens to facilitate their neutralization (Tanaka & Yamakawa, 2011; Ghani et al., 2025; Zdybicka-Barabas et al., 2025).
Despite its effectiveness, the innate immune system of B. mori has inherent limitations, most notably the absence of adaptive immunity, which in vertebrates provides a more targeted and long-lasting defense against specific pathogens (Awais et al., 2024; Dastidar et al., 2025). This absence reflects an evolutionary trade-off in invertebrate immunity, where rapid, broad-spectrum responses are prioritized over highly specific but slower adaptive mechanisms. Understanding these structural and functional aspects of silkworm immunity not only advances basic insect immunology but also holds practical significance for developing strategies to enhance disease resistance in sericulture. Understanding these structural and functional aspects of silkworm immunity not only advances basic insect immunology but also holds practical significance for developing strategies to enhance disease resistance in sericulture.
4. MOLECULAR MECHANISMS OF SILKWORM IMMUNE RESPONSE
The immune response of the silkworm (Bombyx mori) represents a complex interplay of diverse molecular mechanisms that collectively safeguard the organism from pathogenic threats. These mechanisms predominantly involve pattern recognition receptors (PRRs), key signalling pathways, RNA interference (RNAi) systems, and stress-responsive proteins (Kauser et al., 2019; Zhou, 2020; Jiang, 2021). A comprehensive understanding of these molecular components is essential for devising strategies to enhance the silkworm's resistance to pathogens, particularly viruses that pose significant challenges to sericulture.
4.1.  Pattern Recognition Receptors (PRRs)
Pattern recognition receptors form the first line of defense by detecting pathogens through the identification of conserved pathogen-associated molecular patterns (PAMPs). In B. mori, 14 distinct PRRs have been identified, including peptidoglycan recognition proteins (PGRPs) and β-glucan recognition proteins (βGRPs) (Kloc et al., 2024). These receptors are crucial for initiating immune responses upon encountering diverse microbial invaders, thereby forming a cornerstone of the innate immune system (He et al., 2025; Wan et al., 2013). Once activated, PRRs trigger downstream signalling cascades that lead to the production of antimicrobial peptides and other immune effectors.
4.2.  Signalling Pathways
Following pathogen detection, the silkworm relies on several highly conserved signalling pathways to orchestrate its immune defense. The Toll pathway is primarily responsible for activating antimicrobial peptide production in response to microbial infections, particularly from Gram-positive bacteria and fungi (Wan et al., 2013; Kausar et al., 2019; Gadwala et al., 2021). The IMD pathway, on the other hand, is specialized for combating Gram-negative bacterial infections, activating defense genes that counteract such pathogens (Wan et al., 2013; Ghani et al., 2025; Jiang, 2021).
The JAK/STAT pathway plays an important role in regulating immune responses and coordinating intercellular communication during pathogen invasion (Jiang, 2021; Ghani et al., 2025). Meanwhile, the MAPK pathway modulates various cellular processes, including inflammation, stress responses, and apoptosis, allowing the silkworm to adapt to changing physiological conditions during infection (Jiang, 2021; Lv et al., 2023). Together, these pathways form an intricate network that integrates multiple immune signals to generate a rapid and effective defense.
4.3. RNA Interference (RNAi) in Antiviral Defense
RNA interference is one of the most vital antiviral defense mechanisms in B. mori. This process operates by specifically targeting and degrading viral RNA, thereby preventing replication and spread within the host (Jiang, 2021; Hu et al., 2023). In the context of viral infections such as those caused by Bombyx mori nucleopolyhedrovirus (BmNPV), RNAi machinery plays a decisive role in suppressing viral load. Its effectiveness has led researchers to explore RNAi-based genetic strategies for enhancing silkworm antiviral resistance in commercial sericulture (Zhao et al., 2022; Hu et al., 2023).
4.4.  Stress Proteins
Stress proteins, notably heat shock proteins and antioxidative enzymes, provide crucial support to the immune system by protecting cellular integrity during infection and environmental stress (Wan et al., 2013; Makwana et al., 2021; Ashraf & Qamar, 2023). Heat shock proteins facilitate proper protein folding and prevent aggregation of damaged proteins, while antioxidative enzymes neutralize harmful reactive oxygen species generated during immune responses. These protective actions not only mitigate cellular damage but also ensure that immune processes proceed efficiently under stressful conditions (Makwana et al., 2021).
Overall, while the innate immune system of B. mori is highly robust and versatile, it lacks the adaptive immune mechanisms present in vertebrates. This inherent limitation underscores the importance of deepening our understanding of these innate molecular defenses and identifying strategies to strengthen them. Enhancing PRR efficiency, modulating key signalling pathways, and exploiting RNAi potential are promising directions for improving disease resistance in silkworm populations (Wan et al., 2013; Gadwala et al., 2021). A consolidated summary of the immune components of Bombyx mori, their associated pathogens, and primary functions is provided in Table 1, integrating outer defenses, cellular and humoral immunity, signaling pathways, specialized defenses, and pathogen-specific responses.
Table 1. Comprehensive Overview of the Immune System of Bombyx mori
	Category
	Components / Effectors
	Target Pathogens
	Function / Mode of Action

	Outer Defenses
	Cuticle, Peritrophic membrane
	All pathogens
	Physical barrier to prevent pathogen entry

	Cellular Immunity
	Hemocytes (granulocytes, plasmatocytes, oenocytoids, spherulocytes)
	Bacteria, fungi, protozoa

	Phagocytosis, encapsulation, nodulation

	Humoral Immunity – AMPs (Antimicrobial peptides)
	Cecropins
	Gram-negative & Gram-positive bacteria
	Disrupt bacterial membrane integrity

	
	Defensins
	Gram-positive bacteria
	Pore formation in bacterial membranes

	
	Moricins
	Broad spectrum (bacteria, fungi)
	Inhibit membrane function

	
	Gloverins
	Gram-negative bacteria
	Bind bacterial outer membrane proteins

	
	Attacins
	Gram-negative bacteria
	Inhibit outer membrane protein synthesis

	Humoral Immunity – Other Factors
	Phenoloxidase cascade, Lysozyme, Lectins
	Bacteria, fungi, protozoa
	Melanization, lysis, pathogen recognition

	Signaling Pathways
	Toll, IMD (Immune Deficiency pathway), JAK/STAT (Janus Kinase / Signal Transducer and Activator of Transcription pathway), MAPK (Mitogen-Activated Protein Kinase pathway)
	All pathogens
	Activation and regulation of immune responses

	Specialized Defenses
	RNAi (Dicer-2, Argonaute-2), Stress proteins (HSP70, HSP90)
	Viruses, protozoa
	Targeted antiviral defense, stress response

	Pathogen-Specific Notes
	BmNPV, CPV (viruses)
	RNAi, apoptosis, antiviral proteins
	Suppress viral replication and spread

	
	Bacillus thuringiensis, Serratia marcescens (bacteria)
	AMP production, phagocytosis
	Rapid bacterial killing

	
	Beauveria bassiana, Aspergillus flavus (fungi)
	Encapsulation, melanization
	Restrict fungal growth

	
	Nosema bombycis (protozoa)
	Stress protein response, lectins
	Inhibit parasite development




5. GENETIC BASIS OF DISEASE RESISTANCE IN SILKWORM
The genetic basis of disease resistance in silkworms represents a complex interplay between genetic variation, quantitative trait loci (QTL) mapping, transcriptomic and proteomic insights, and epigenetic regulation. Together, these factors define the silkworm’s ability to withstand infections from major pathogens such as Bombyx mori densonucleosis virus (BmDNV) and Bombyx mori nucleopolyhedrovirus (BmNPV). A deeper understanding of these mechanisms not only reveals how natural resistance has evolved but also provides critical information for designing targeted breeding and molecular interventions (Gao et al., 2024; Sharma et al., 2020; Hu et al., 2023).
5.1.  Genetic Variation Among Breeds and Strains
Genetic variation within silkworm breeds and strains plays a pivotal role in determining their tolerance or resistance to viral infections. A well-documented example is the resistance to BmDNV-2, which is linked to a single gene, nsd-2. This gene encodes an amino acid transporter located in the midgut membrane. In resistant strains, a deletion mutation in nsd-2 prevents the virus from binding to and entering midgut epithelial cells, effectively blocking the initial step of infection (Ito et al., 2021; Kadono-Okuda et al., 2014). This naturally occurring genetic variation has been strategically harnessed by breeding programs to develop resistant silkworm lines. Hybrid breeding, combined with modern genetic modification approaches, has yielded strains with enhanced resistance profiles while maintaining desirable silk yield and quality (Hu et al., 2023; Gowda et al., 2025).
5.2.  Quantitative Trait Loci (QTL) Mapping
QTL mapping is a powerful genomic tool for identifying loci associated with complex traits such as viral resistance. In poultry, for instance, transcriptional regulation emerged as a major determinant of resistance to Marek’s disease, with allele-specific expression SNPs accounting for a substantial proportion of genetic variance (Cheng et al., 2015). Drawing parallels to silkworms, similar QTL mapping strategies can be applied to pinpoint resistance loci against BmDNV and BmNPV. Identifying these loci could guide marker-assisted selection and accelerate the development of resistant silkworm lines through targeted breeding and gene editing approaches (Li et al., 2023; Hu et al., 2023).
5.3.  Transcriptomic and Proteomic Insights
Transcriptomic studies have revealed that resistant and susceptible silkworm strains exhibit distinct gene expression profiles upon viral challenge. For example, in cotton bollworm, resistance to Bt toxins was linked to the activation of specific sets of genes, highlighting the role of transcriptional control in adaptive resistance mechanisms (Yu et al., 2022; Zhao et al., 2023). In silkworms, differential expression of immunity-related genes, including those encoding antimicrobial peptides, pattern recognition receptors, and signalling molecules, has been observed in resistant strains. Proteomic analyses further complement these findings by identifying proteins that are differentially abundant between resistant and susceptible phenotypes. Notably, heat-shock proteins and cytochrome P450 enzymes are consistently upregulated in resistant strains, suggesting their role in enhancing cellular stress responses, detoxification, and pathogen defense (Chen et al., 2011; Lingaiah et al., 2024).
5.4.  Epigenetic Regulation of Immune Genes
Although research on epigenetic regulation of immune genes in silkworms is still limited, evidence from other model organisms indicates that epigenetic mechanisms such as DNA methylation, histone modifications, and chromatin remodeling play important roles in regulating host immunity. For example, in poultry, epigenetic control of transcriptional programs has been linked to enhanced disease resistance (Cheng et al., 2015). Similar regulatory layers may exist in silkworms, where changes in chromatin accessibility or histone modification patterns could modulate the expression of key immune effectors in response to viral infection (Kloc et al., 2024; Kausar et al., 2022). Understanding these processes could open new avenues for improving resistance through epigenome-targeted interventions.
While these genetic and molecular insights form a strong basis for understanding disease resistance in Bombyx mori, it is important to recognize that resistance is not a static trait. Viral pathogens, including BmNPV and BmDNV, exhibit genetic variability and adaptive evolution, which can overcome previously effective defense mechanisms (Hu et al., 2023; Kloc et al., 2024). Therefore, integrating continuous genomic surveillance of pathogen populations with breeding programs is essential. This dynamic approach will allow the timely identification of emerging virulent strains and facilitate the incorporation of new resistance alleles into commercial silkworm lines, ensuring sustained productivity and health in sericulture systems (Sharma et al., 2020; Gao et al., 2024).
6. BIOTECHNOLOGICAL APPROACHES TO ENHANCE DISEASE RESISTANCE

6.1.  Selective breeding and marker-assisted selection
Classical selective breeding remains a cornerstone for improving disease resistance in Bombyx mori, and modern molecular tools like Quantitative Trait Locus (QTL) mapping and marker-assisted selection (MAS) have accelerated the identification and use of resistance loci in breeding programs. Whole-genome resequencing and QTL-seq studies have begun to reveal loci associated with traits that trade off with immunity (e.g., silk protein synthesis vs. larval-pupal conversion), providing candidate markers that can be used for MAS or genomic selection to combine production and resistance traits in improved strains (Gao et al., 2024). Marker-assisted selection shortens selection cycles by enabling breeders to select on genotype (linked SNPs/QTL) rather than only on phenotype, which is especially useful for complex, polygenic resistance traits that are difficult to score directly under variable rearing conditions (Gao et al., 2024; Chandrakanth et al., 2024). 
6.2.  CRISPR/Cas genome and RNA editing (gene-level engineering)
CRISPR technologies have been deployed in B. mori for both DNA- and RNA-targeted manipulations to enhance antiviral defenses. DNA-targeting CRISPR/Cas9 has been used in transgenic strategies that disrupt essential viral genes or introduce antiviral effectors into the host genome; such transgenic CRISPR/Cas9 lines exhibited markedly enhanced resistance to Bombyx mori nucleopolyhedrovirus (BmNPV) in both laboratory and an industrial strain, and without major loss of commercial traits in reported cases (Yang et al., 2021; Li et al., 2023; Chen et al., 2017). Inducible CRISPR systems (e.g., baculovirus-inducible constructs) further refine safety and specificity by activating editing only upon infection (Liu et al., 2021). More recently, RNA-targeting CRISPR effectors (Cas13 family) have been adapted for robust transcript knockdown/editing in silkworm cells and larvae, offering a DNA-safe alternative to permanently edit host genomes while still impairing viral RNAs or manipulating host transcripts that modulate susceptibility (Tang et al., 2024). These CRISPR approaches offer precision, the potential for heritable resistance, and new routes to target either pathogen genomes or host susceptibility factors. 
6.3.  Transgenic silkworms expressing antimicrobial/antiviral proteins
Transgenic expression of heterologous antimicrobial peptides (AMPs) or antiviral effectors in tissue-specific patterns (for example, midgut or fat body) has been shown to increase resistance to bacterial and viral pathogens. Transgenic lines expressing Black Soldier Fly AMPs or synthetic AMP cassettes showed enhanced survival against gram-positive and gram-negative entomopathogens, and transcriptomic analyses confirm upregulation of immune effectors in such lines (Xu et al., 2020; Deng et al., 2023). Transgenic antiviral strategies have also used overexpression of host antiviral genes or CRISPR effectors to directly impair viral replication in vivo, demonstrating proof-of-concept for heritable antiviral immunity in economically relevant strains (Yang et al., 2021; Deng et al., 2023). Key considerations for transgenic strategies include tissue specificity, fitness costs, regulatory approval, and public acceptance in deployment. 
6.4.  RNAi-based pathogen control (host- or pathogen-directed)
RNA interference (RNAi) remains a versatile biotechnological tool in silkworm pathology: (1) RNAi can be used to knock down host genes that unintentionally aid pathogen survival (immune regulators or other susceptibility factors), and (2) RNAi can target essential viral or microsporidian transcripts directly. Experimental RNAi by injection or feeding has achieved gene knockdown in B. mori and increased susceptibility or resistance depending on the target (e.g., Cat L-like knockdown altered Bt toxicity), illustrating RNAi’s potential both to study immunity and to manipulate it for control strategies (Yang et al., 2022). While RNAi delivery in Lepidoptera can be challenging (variable oral uptake, degradation), newer delivery systems (nanoparticles, transgenic expression of hairpin RNAs, and Cas13-based RNA editing) are improving efficacy and stability for in vivo applications (Jiang, 2021; Tang et al., 2024). RNAi approaches are attractive because they can be designed to target pathogen-specific sequences, minimizing non-target effects. 
6.5.  Practical and regulatory considerations
Each biotechnology has trade-offs: selective breeding and MAS are low-risk and compatible with current industry practices but may be slower; CRISPR/transgenic strategies deliver high precision and potentially rapid gains but face regulatory hurdles and public acceptance issues; RNAi offers a non-permanent, sequence-specific tool but requires reliable delivery. Combining approaches (e.g., using MAS to introgress engineered resistance loci into elite strains, or transgenic RNAi constructs deployed in strains that were MAS-selected for other production traits) is likely the most pragmatic path for near-term deployment in commercial sericulture (Gao et al., 2024; Yang et al., 2021).
7. FUTURE PERSPECTIVES AND RESEARCH GAPS
Despite substantial progress in transcriptomic, proteomic, and metabolomic studies in Bombyx mori, integrated multi-omics analyses (e.g., combining methylomics, metabolomics, and microbiome profiling) remain scarce. For example, silkworm genome and proteome datasets have shed light on heterosis and epigenetic regulation (Xiang et al., 2010; Xiao et al., 2020), and miRNA omics research is beginning to reveal how dietary factors (like selenium supplementation) affect silkworm development via post-transcriptional regulation (Ge et al., 2025). Future studies should embrace spatial transcriptomics, single-cell omics, and epigenome–microbiome integration, especially focusing on tissue-specific immune responses in diverse pathogen contexts. These holistic approaches promise to uncover new regulatory layers of silkworm immunity and pave the way for a systems-level understanding vital for precise genetic or breeding interventions (Feng et al., 2024; Ma et al., 2024).
Simultaneously, synthetic biology offers transformative potential to customize silkworm immune systems via synthetic circuits or inducible immunity modules. However, practical deployment of such engineered silkworms is hindered by regulatory complexity and commercialization challenges. Although general frameworks for insect breeding and genetic improvement highlight the promise of genomic selection and gene, actual translation into sericulture is limited by biosafety criteria, approval processes, and socio-economic acceptance editing (Xiang et al., 2010; Hansen et al., 2025). To bridge the gap, future work must combine technological innovation with pathway standardization—developing guidelines for biosafety assessment, public engagement, and harmonized regulatory policies tailored to genetically engineered sericultural strains.
8. CONCLUSION
The health and productivity of the silkworm remain pivotal to sustaining the economic and cultural fabric of sericulture-dependent regions. Advances in molecular biology, functional genomics, and biotechnology have greatly expanded our understanding of B. mori immunity, revealing multiple opportunities to engineer disease resistance. From leveraging natural genetic variation and QTL-based marker-assisted selection to implementing CRISPR/Cas genome editing, transgenic expression of antimicrobial effectors, and RNAi-mediated control, diverse strategies are now available to combat persistent and emerging pathogens. However, the dynamic nature of host–pathogen interactions, pathogen evolution, and environmental variability demand a continuous and adaptive approach. Integrating molecular insights with selective breeding, multi-omics data, and precision biotechnology can yield robust, disease-resistant strains without compromising silk quality. Future progress will hinge on closing research gaps in epigenetic regulation, tissue-specific immune responses, and microbiome interactions, while addressing biosafety, regulatory, and socio-economic considerations. A coordinated framework combining scientific innovation with responsible deployment will be essential for realizing the full potential of engineered silkworm immunity, ensuring the long-term sustainability and global competitiveness of sericulture.
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