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Abstract 

The domesticated silkworm (Bombyx mori L.) is a model species of great economic and biological 

significance. Traditional breeding has significantly enhanced silk yield and disease resistance; however, 

it remains time-consuming and lacks precision. Recent advancements in molecular breeding and 

genetic engineering—particularly the advent of gene editing technologies such as CRISPR-Cas9-have 

revolutionized silkworm research. These approaches enable precise manipulation of target genes, 

facilitating the development of transgenic silkworms with desirable traits, including enhanced silk 

productivity, resistance to viral pathogens such as nucleopolyhedrovirus (BmNPV), and the ability to 

produce therapeutic and industrial recombinant proteins, such as human interferon, epidermal growth 

factor, and spider silk proteins. This review comprehensively discusses the progress in molecular 

breeding strategies (including marker-assisted selection and traditional transgenic), gene editing tools 

with a focus on CRISPR-Cas9, and future prospects for the genetic improvement of silkworms in both 

commercial sericulture and biotechnology applications. 
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1. Introduction 

The silkworm a domesticated insect has been an indispensable component of the sericulture 

industry for millennia. As the exclusive producer of commercial silk, it holds immense 

economic value, particularly in Asia. Beyond its role in silk production, silkworm serves as a 

powerful model organism for genetic, molecular, and physiological studies due to its fully 

sequenced genome, short life cycle and well established rearing protocols (Goldsmith et al., 

2005; Xia et al., 2004) [7, 23]. 

Historically, genetic improvement of silkworms was achieved through conventional breeding 

approaches such as hybridization, mass selection and recurrent selection. These methods led 

to the development of strains with improved cocoon yield, disease resistance and adaptability 

to specific climatic conditions. However, traditional breeding is inherently time-consuming, 

labor-intensive and limited in precision. It also faces challenges in addressing emerging 

threats such as climate variability, pathogen resistance and demand for specialized silk traits 

(Maheswar, i 2023) [14]. 

The advent of molecular breeding tools including marker-assisted selection (MAS), 

quantitative trait loci (QTL) mapping and transcription profiling has significantly improved 

the resolution and efficiency of genetic improvement in silkworms (Yamamoto et al., 2008) 
[25]. Furthermore, recent breakthroughs in genetic engineering and genome editing 

technologies, particularly the CRISPR-Cas-9 system have opened new avenues for precise 

gene manipulation. These tools enable targeted gene knockouts, insertions or replacements 

allowing researchers to dissect gene function and engineer desirable traits such as enhanced 

silk quality, pathogen resistance, thermal tolerance and recombinant protein expression. 

As a result, silkworm biotechnology is transitioning from classical breeding paradigms to 

precision molecular breeding with implications for both industrial sericulture and 

biotechnological applications. This review provides an overview of molecular breeding 

strategies and highlights the transformative impact of gene editing technologies-especially 

CRISPR-Cas-9 on functional genomics and genetic improvement in B. mori. 
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2. Molecular breeding in silkworm 
Molecular breeding refers to the use of DNA-based 
molecular markers and biotechnological tools to assist in the 
selection and propagation of desirable traits in organisms. In 
silkworm this approach complements traditional breeding by 
providing a more precise, efficient and faster method of 
identifying and incorporating beneficial genes related to 
traits such as high cocoon yield, disease resistance, 
thermotoleraent and improved silk quality (Tang et al., 
2024) [16]. 
 
2.1 Marker-assisted selection (MAS) 
Marker-Assisted Selection (MAS) is a molecular breeding 
technique that utilizes specific DNA markers to track the 
inheritance of genes associated with desirable traits. In 
silkworms MAS has emerged as a powerful tool to 
accelerate the development of superior strains by enabling 
early and accurate selection at the molecular level rather 
than relying solely on observable traits. 
 
2.1.1 Molecular markers in silkworm  
Various types of molecular markers have been applied in 
silkworm MAS including: 

 RAPD (Random Amplified Polymorphic DNA): 
Useful for identifying genetic variation in populations, 
though less reproducible. 

 SSR (Simple Sequence Repeats or Microsatellites): 
Highly polymorphic and co-dominant markers used for 
mapping QTLs, diversity analysis and strain 
identification (Jiang et al., 2012) [9]. 

 SNPs (Single Nucleotide Polymorphisms): Abundant 
and stable markers suited for high-resolution mapping 
and genome-wide association studies (GWAS). 

 
These markers have been employed to map Quantitative 
Trait Loci (QTLs) linked with economically significant 
traits such as cocoon weight, shell ratio, silk fineness, larval 
growth rate, thermotolereant and disease resistance. 

 

2.1.2 MAS applications in silkworm breeding 
Several research efforts have successfully applied MAS to 
improve silkworm traits: 

 Cocoon and Silk Yield Traits: QTL mapping using 
SSR and SNP markers has identified loci on 
chromosomes 2, 3, 11, and 18 associated with cocoon 
weight, shell percentage, and filament length 
(Maheswari et al., 2023) [14]. 

 Thermal Tolerance: DNA markers linked to heat-
shock protein genes (e.g., hsp70, hsp90) have been used 
to screen thermotolerant genotypes for summer rearing 
(Xiao et al., 2017; Yamamoto et al., 2008) [17, 25]. 

 Disease Resistance: QTLs related to resistance against 
Bombyx mori nucleopolyhedrovirus (BmNPV) and 
Beauveria bassiana have been identified using SSR 
markers, enabling the selection of resistant lines (Lie et 
al., 2010) [12]. 

 Sex Determination and Hybrid Identification: 
Markers such as W-chromosome specific sequences 
and strain-specific SSRs have been applied for gender 
determination in early larval stages and hybrid 
verification in seed production.  

 

2.1.3 Benefits of MAS in silkworm breeding 

 Enables early selection of desirable genotypes before 
phenotypic traits are expressed. 

 Reduces generation time and breeding cost. 

 Increases precision and success rate of hybrid 

development. 

 Facilitates introgression of specific traits into elite lines 

without disturbing other desirable attributes. 

 

2.1.4 Limitations and future prospects 

Despite its advantages MAS requires initial investment in 

marker development and genotyping infrastructure. 

Moreover, traits governed by multiple genes or strongly 

influenced by the environment (e.g., cocoon quality under 

fluctuating temperature) may be harder to manage solely 

through markers. However, combining MAS with genomic 

selection and CRISPR-based validation offers a promising 

strategy for next-generation silkworm improvement. 

 

2.1.5 Genomic resources 
The availability of high-quality genomic and transcriptomic 

resources has significantly accelerated molecular breeding 

and functional genomics research in the silkworm. The 

complete genome sequence of the silkworm was first 

published by Xia et al. (2004) [23], marking a major 

milestone in lepidopteran genetics. This genome revealed 

over 14, 000 protein-coding genes and provided a 

comprehensive view of metabolic and silk-producing 

pathways. 

To further support research and breeding applications, 

specialized databases like SilkDB and KAIKObase have 

been developed: 

 SilkDB (http://silkworm.genomics.org.cn): Offers 

genome annotations, gene expression profiles, and 

comparative genomics tools for gene discovery and 

marker development. 

 KAIKObase (https://kaikobase.dna.affrc.go.jp/): A 

comprehensive database integrating genomic, EST, and 

BAC data, used extensively for gene mapping, mutant 

analysis, and trait association studies. 

 

These resources have enabled advanced approaches such as 

Genome-Wide Association Studies (GWAS) and differential 

gene expression analysis, allowing researchers to identify 

candidate genes associated with key agronomic traits such 

as cocoon weight, thermal resistance and disease tolerance 

(Xia et al., 2004) [23]. These genes can then be targeted 

through marker-assisted selection or genome editing for trait 

improvement. 

 

3. Genetic engineering in silkworm 
Genetic engineering in silkworm enables precise insertion 

and expression of foreign genes to improve desirable traits 

or introduce novel functionalities. This approach has 

become a cornerstone in silkworm biotechnology, 

contributing to both sericulture and recombinant protein 

production. 

 

3.1 Transgenic silkworms 

The development of transgenic silkworms primarily utilizes 

transposon-based vectors, such as piggyBac to stably 

integrate foreign genes into the silkworm genome. These 

vectors have high transformation efficiency and stable germ 

line transmission. Pioneering studies successfully produced 

transgenic silkworms expressing green fluorescent protein 

(GFP) as a reporter system (Tomita et al., 2003) [18]. 

Subsequently, functional proteins such as antiviral peptides 

and enzymes have also been expressed.  
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3.2 Applications 

Genetic engineering has expanded the functional potential 

of silkworms across several domains: 

 Production of Human Therapeutic Proteins: 

Transgenic silkworms have been engineered to express 

recombinant human proteins such as collagen, 

antibodies, and interferons within their silk glands or 

hemolymph, offering a cost-effective platform for 

biopharmaceutical production (Tomita et al., 2003) [18]. 

 Enhanced Disease Resistance: Introduction of genes 

encoding antiviral or antifungal peptides has 

significantly improved resistance against major 

silkworm pathogens such as Bombyx mori 

nucleopolyhedrovirus (BmNPV) and Beauveria 

bassiana, helping stabilize cocoon yield (Gaudelli et 

al., 2017) [6] 

 Functional Silk Biomaterials: Through targeted gene 

expression in silk glands, transgenic silkworms have 

produced silk fibers embedded with bioactive 

molecules or engineered with enhanced tensile strength, 

elasticity, or biodegradability making them ideal for 

biomedical applications (Teule et al., 2012) [17]. 

 

These advances position genetically modified silkworms as 

dual-purpose bioreactors for silk production and therapeutic 

protein synthesis, while also offering solutions to key 

challenges in commercial sericulture. 

 

4. CRISPR-Cas9 and gene editing in silkworm 

Recent advances in genome editing technologies have 

revolutionized functional genomics and breeding programs 

in Bombyx mori. Among these, the CRISPR-Cas9 system 

has emerged as the most versatile and efficient tool, 

enabling precise genetic modifications that are faster and 

more economical than traditional gene-editing platforms 

(Miao et al., 2005) [21]. 

 

4.1 CRISPR-Cas9 System 

The CRISPR-Cas9 (Clustered Regularly Interspaced Short 

Palindromic Repeats-CRISPR-associated protein 9) system 

is a bacterial adaptive immune mechanism repurposed for 

targeted genome editing. It uses a synthetic single-guide 

RNA (sgRNA) to direct the Cas9 endonuclease to specific 

genomic loci, creating double-stranded breaks (DSBs). 

These breaks are repaired by either non-homologous end 

joining (NHEJ) or homology-directed repair (HDR), 

allowing for targeted gene knockouts or insertions (Cong et 

al., 2013; Doudna & Charpentier, 2014) [2, 4]. 

Its high efficiency, simplicity, and adaptability to multiplex 

editing have made CRISPR-Cas9 a tool of choice for gene 

function analysis and trait improvement in silkworms. 

 

4.2 CRISPR-Cas9 in silkworm research 

The application of CRISPR-Cas9 in B. mori has rapidly 

expanded since its first implementation, enabling targeted 

edits across a wide range of gene families: 

 Knockout of BmNPV Entry Receptors: Disrupted 

genes encoding viral entry receptors such as Niemann-

Pick C1 (BmNPC1), leading to reduced viral replication 

and improved resistance against Bombyx mori 

nucleopolyhedrovirus (BmNPV) (Jiang et al., 2012. 

Gundi et al., 2023) [9, 8] 

 Silk Protein Genes: Used CRISPR-Cas9 to target 

fibroin heavy chain (FibH) and sericin genes, altering 

silk fiber properties and enabling the creation of 

functional silk biomaterials Anzalone et al. (2019) [1]. 

 Sex Determination Genes: Targeted Masc gene, a key 

male sex-determination factor, leading to sex reversal 

and providing insights for gender-specific breeding and 

sterile line development. 

 BmNPV-Resistant Silkworms: Dong et al. (2020) [3] 

generated BmNPV-resistant lines by editing multiple 

antiviral target genes, showcasing the potential for 

durable and inheritable viral resistance. 

 Pigmentation and Morphological Traits: CRISPR 

has also been used to manipulate visible traits (e.g., 

melanin synthesis genes like yellow, ebony) for genetic 

tracking and functional validation (Tang et al., 2024) 

[16]. 

 

These applications demonstrate the utility of CRISPR-Cas9 

not only in trait enhancement but also as a research tool for 

functional genomics and synthetic biology in lepidopterans. 

 

4.3 Other gene editing tools 

Before CRISPR, earlier programmable nucleases were used 

in silkworms but had notable limitations: 

 TALENs (Transcription Activator-Like Effector 

Nucleases) and ZFNs (Zinc Finger Nucleases) enabled 

site-specific gene editing but required complex protein 

engineering for each target site. Their application in 

silkworms included gene knockouts and transgenic 

model development (Yamamoto, et al., 2018) [26] but 

adoption remained limited due to high technical 

demands. 

 Base Editing and Prime Editing: These are the next-

generation tools for precise genome modifications 

without causing double-stranded breaks: 

o Base Editors enable direct conversion of specific 

base pairs (e.g., C-G to T-A), ideal for correcting 

point mutations.  

o Prime Editors expand this capability by inserting 

or replacing short DNA sequences without 

inducing DSBs.  

 

Although not yet widely used in B. mori, these advanced 

systems are being explored for applications requiring high-

fidelity editing, such as the creation of designer silkworms 

and functional gene validation with minimal off-target 

effects. 

 

5. Challenges and ethical considerations 

While gene editing holds promise, there are concerns 

regarding: 

 Off-target effects (Yang et al., 2021) [27] 

 Regulatory frameworks for genetically modified 

organisms (GMOs) 

 Public perception and ecological risks 

 

Efforts are being made to improve specificity and assess 

long-term environmental impacts before commercial 

deployment. 

 

6. Future prospects 

The integration of CRISPR-Cas9 and emerging genome 

editing tools into silkworm research represents a paradigm 

shift in both basic and applied sciences. These technologies 

not only expedite the understanding of gene function but 
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also open up vast possibilities for industrial, agricultural, 

and biomedical applications. Several promising future 

directions include: 

 

6.1 Designing climate-resilient silkworm 

With climate change threatening traditional sericulture, 

there is a pressing need to develop silkworm strains that can 

withstand thermal stress, fluctuating humidity and oxidative 

damage. Genome editing can be harnessed to target heat-

shock proteins, antioxidant enzymes, and stress-responsive 

transcription factors to enhance thermotolerance and 

survivability under extreme climatic conditions. CRISPR-

based functional validation of these stress-related genes can 

accelerate the breeding of resilient silkworms tailored for 

tropical and subtropical regions (Xia et al., 2004; Xia et al., 

2014) [23, 22]. 

 

6.2 Biomanufacturing of vaccines and enzymes 

Transgenic and genome-edited silkworms offer a cost-

effective platform for biopharmaceutical production. The 

silkworm silk gland and hemolymph are excellent 

biofactories for producing: 

 Therapeutic proteins (e.g., collagen, monoclonal 

antibodies) 

 Vaccines (e.g., virus-like particles) 

 Industrial enzymes (e.g., proteases, cellulases) 

 

The CRISPR system allows precise gene integration under 

tissue-specific promoters, improving expression efficiency 

and product quality (Tomita et al., 2013). This holds 

tremendous potential for low-cost, scalable production of 

biopharmaceuticals, especially in developing countries. 

 

6.3 Integration with AI and genomic selection 

The convergence of genomic tools with artificial 

intelligence (AI) and machine learning offers new pathways 

for precision breeding. AI can process multi-omics data 

(genomics, transcriptomics, proteomics) to predict gene 

function, identify elite genotypes, and model gene-

environment interactions. When combined with CRISPR, 

this can lead to predictive gene editing, enabling breeders to 

forecast and achieve specific phenotypic outcomes more 

accurately and rapidly. 

 

6.4 Gene drives for pest and disease vector control 

Gene drive systems powered by CRISPR have been 

proposed as a revolutionary tool to control insect pests and 

vectors by promoting the inheritance of targeted traits (e.g., 

sterility, pathogen resistance) through natural populations. 

In Lepidoptera, including wild silkworms and pest moths, 

gene drives could: 

 Prevent mating between wild and commercial 

silkworms 

 Control invasive pests in sericulture farms 

 Reduce the spread of viral and fungal pathogens 

Although still at a theoretical and experimental stage, gene 

drives hold transformative potential for sustainable pest 

control in sericulture ecosystems (Esvelt et al., 2014) [5]. 

 

6.5 Multi-omics integration for synthetic biology 

The integration of CRISPR-based editing, synthetic 

promoters, and multi-omics approaches (including 

epigenomics and metabolomics) will enable the design of 

custom silkworm strains. These could produce specialty 

silks (e.g., spider silk-like fibers), exhibit biocontrol traits, 

or serve as biosensors in agriculture and environmental 

monitoring. 

 

6.6 Collaborative imperative 

To realize these prospects, interdisciplinary collaboration is 

crucial. Progress will require: 

 Molecular biologists to identify and edit target genes 

 Bioinformaticians to manage and interpret large-scale 

genomic data 

 Biotechnologists to scale and commercialize edited 

silkworm lines 

 Ethicists and policymakers to develop regulatory 

frameworks that balance innovation with biosafety 

 

Public-private partnerships, funding for CRISPR-related 

silkworm research, and open-access genomic platforms will 

further catalyze innovation in this field. 

 

7. Conclusion 

Molecular breeding and genome editing have ushered in a 

new era in silkworm research and sericulture improvement. 

Marker-assisted selection, QTL mapping, and transcriptome 

analyses have facilitated the identification of genes linked to 

vital traits like cocoon yield, disease resistance, and stress 

tolerance. The advent of CRISPR-Cas9 has revolutionized 

functional genomics in silkworms by enabling precise gene 

knockouts and insertions with remarkable efficiency. These 

tools have allowed the development of transgenic silkworms 

for producing pharmaceutical proteins, novel silk 

biomaterials, and BmNPV-resistant lines. 

CRISPR-based systems, including base editing and gene 

drives, hold potential for even more refined applications 

such as climate-resilient strains and sustainable pest control. 

The integration of AI with genomics can further accelerate 

precision breeding. However, challenges remain in terms of 

biosafety regulations, public acceptance, and ecological risk 

assessments. Moving forward, multidisciplinary 

collaboration and ethical governance will be essential to 

harness the full potential of genetic engineering in 

sericulture. These innovations not only promise to enhance 

silk production but also broaden the utility of silkworms as 

biofactories for future biotechnological applications. 
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