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Molecular breeding of mulberry for improved feed quality

ABSTRACT

	[bookmark: _GoBack]Mulberry (Morus spp.) leaves are the exclusive food source for the silkworm, Bombyx mori, and their nutritional quality directly determines larval growth, cocoon yield, and silk characteristics. Traditional breeding and agronomic practices have improved leaf yield and quality, but they often face limitations in precision, speed, and adaptability to environmental stresses. Recent advances in genomic and molecular tools, including high-quality chromosome-level assemblies, pangenomics, transcriptomics, proteomics, and metabolomics, have provided unprecedented insights into genes and pathways controlling leaf macronutrient content, amino acid composition, soluble sugars, and bioactive secondary metabolites such as flavonoids and 1-deoxynojirimycin (DNJ). Functional genomics, marker-assisted selection, genomic selection, and emerging CRISPR/Cas-based editing now offer opportunities to fine-tune these traits for enhanced silkworm performance. However, technical barriers in transformation and regeneration, trade-offs between nutritional and anti-nutritional compounds, climate variability, and socio-regulatory factors remain challenges for practical deployment. Integrating molecular breeding with sustainable cultivation practices, climate-resilient strategies, and effective policy and extension frameworks is crucial for developing high-quality mulberry cultivars that support both sericulture productivity and long-term ecological sustainability.
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1. INTRODUCTION

Mulberry (Morus spp.) leaves are the exclusive food source for the silkworm Bombyx mori throughout its larval stages, making mulberry health and leaf quality central to silk production (Yan et al. 2024; Dai et al. 2023). High nutritive content in mulberry leaves, particularly in proteins, essential amino acids, soluble sugars, and low anti-nutritional factors influences larval growth rate, cocoon weight, shell ratio, and ultimately silk quality (Yan et al., 2024; Temteme et al., 2024). Conversely, leaves with lower nutritional quality or subjected to stressful growing conditions can reduce silkworm viability and silk yield (Peng et al., 2023; Li et al., 2022).
Traditional breeding and fertilization strategies have been used for decades to improve mulberry leaf yield and quality. These include selecting cultivars for larger leaf size or higher crude protein, optimizing soil nutrition via fertilization or foliar sprays, or managing agronomic practices such as leaf age and harvest timing (Mir et al., 2024; Vallapu et al., 2024). However, these methods have limitations, such as they often lack precision, take many generations, show slow progress, and may not adequately address trade-offs (e.g. between yield and nutritive value, or stress resistance vs leaf composition) or adapt to changing environmental stresses, like heat, drought, salinity that can negatively affect leaf chemistry (Li et al., 2022; Dai et al., 2025).
In recent years, molecular breeding and genomics tools have opened new opportunities for mulberry improvement. Chromosome-level genome assemblies and population resequencing (e.g. Morus atropurpurea) have identified genetic regions and candidate genes associated with leaf biomass, size, and adaptation to environments (Dai et al., 2023). Transcriptomic, proteomic, and metabolomic studies under abiotic stresses are uncovering how stress alters leaf metabolic pathways, gene expression, and thus nutritive traits (Liu et al., 2025; Li et al., 2022). Moreover, gene family analyses such as those of the Dof transcription factor family under drought are beginning to provide tools for selecting or engineering better leaf quality. Dof (DNA binding with one finger) transcription factors are plant-specific zinc finger proteins that regulate diverse processes including growth, metabolism, and stress responses, making them valuable targets for mulberry improvement (Dai et al., 2025). Overall, these advances suggest molecular breeding can more precisely and rapidly address the key traits needed to improve feed quality in mulberry, thereby improving silkworm productivity and silk quality.
2. GENOMIC AND MOLECULAR RESOURCES IN MULBERRY
The past decade has seen a rapid expansion of genomic resources for mulberry (Morus spp.), moving the species from a handful of draft assemblies to chromosome-level and gap-free genome assemblies. A telomere-to-telomere, gap-free reference of Morus notabilis has been reported, providing improved resolution of centromeric and repetitive regions and revealing unusual chromosomal features relevant to genome evolution and gene discovery (Ma et al., 2023). Complementary haplotype-resolved and high-quality draft assemblies for other Morus taxa, including cultivar-level assemblies such as an Indian Morus indica draft and more recent haplotype/chromosome assemblies, now enable comparative genomics and more confident gene model annotation across cultivars and wild relatives (Jain et al., 2022; Xia et al., 2024). Table 1 summarizes the key genomic and molecular resources currently available for mulberry, including genome assemblies, transcriptomic datasets, and multi-omics resources relevant to leaf feed quality. These resources furnish a genomic backbone that supports trait mapping, candidate-gene discovery, and the design of molecular markers for breeding.
Population resequencing and plastome phylogenomics have further clarified genetic diversity and domestication signals in the genus, offering a route to build pangenomes that capture presence/absence variation and structural polymorphisms relevant to leaf traits (Wang et al., 2024; Zeng et al., 2022). Pangenome and resequencing approaches are particularly useful for perennial, heterozygous species like mulberry. Many trait-relevant genes, such as those affecting leaf development or secondary metabolism, may be present in some cultivars and absent or structurally altered in others. Recent efforts compiling multiple chloroplast and nuclear genomes have begun to show the breadth of genetic variation available for breeding programs. These resources are now being used to associate allelic variation with phenotypes such as leaf size, biomass, and stress adaptation (Dai et al., 2023; Zeng et al., 2022).
Alongside genomic assemblies, transcriptomic and multi-omics datasets have matured as practical tools to link genotype to leaf phenotype. Tissue-specific RNA-seq (leaf, phloem, root) and stress-responsive transcriptomes have been used to identify gene networks controlling leaf development, photosynthate partitioning, and stress-induced shifts in metabolism (Xu et al., 2021; Dou et al., 2024). Integrative studies that combine transcriptomics with metabolomics now pinpoint candidate genes associated with accumulation of key nutritive components and anti-nutritional metabolites, enabling functional prioritization of targets for molecular breeding. Time-series and treatment studies such as hormone treatments or drought simulations have revealed co-expression modules and transcription factors that can be used as markers or editing targets to modulate leaf composition without sacrificing yield (Liu et al., 2025; Xu et al., 2021; Chen et al., 2024).
Several gene families and biosynthetic pathways have emerged as particularly relevant to mulberry leaf nutritive value. Amino-acid and nitrogen assimilation pathways underlie crude protein content and the supply of essential amino acids critical for silkworm growth, while sugar transporters and carbohydrate metabolism genes regulate soluble sugar levels that influence palatability and energy supply. The biosynthesis of bioactive secondary metabolites such as flavonoids and the iminosugar 1-deoxynojirimycin (DNJ) also has dual importance, these compounds can confer plant defense but may modify silkworm feeding or digestion. Work on DNJ biosynthesis in mulberry identified enzymes such as MnGutB1 that catalyze steps in DNJ formation and clarified precursor pathways, providing concrete molecular targets to modulate DNJ levels if desirable (Yang et al., 2023; Lu et al., 2023). Similarly, flavonoid pathway analyses and stress-induction transcriptomics have catalogued phenylpropanoid and flavonoid biosynthetic genes whose expression correlates with leaf flavonoid content across cultivars and harvest times (Xu et al., 2021; Chen et al., 2024). Collectively, these genomic and transcriptomic findings define a set of candidate gene families, including nitrogen assimilation, amino-acid biosynthesis, sugar transporters, flavonoid/phenylpropanoid enzymes, and DNJ biosynthetic enzymes, that are practical starting points for marker development, association mapping, and precise molecular interventions aimed at improving feed quality (Xu et al., 2021; Dou et al., 2024; Chen et al., 2024).
The convergence of gap-free and haplotype-aware genome assemblies, pangenomic and resequencing work, and tissue-resolved transcriptomics/metabolomics provides an unprecedented toolkit for mulberry molecular breeding. These resources make it feasible to move beyond phenotype-only selection toward informed marker-assisted selection, genomic selection, and targeted editing of gene networks that control the biochemical traits most relevant to silkworm nutrition. The following sections discuss how these tools are being applied to identify and deploy causal variants for improved leaf feed value (Ma et al., 2023; Xia et al., 2024; Wang et al., 2024; Xu et al., 2021).

Table 1: Key Genomic and Molecular Resources in Mulberry

	Resource Type
	Species
	Applications
	Reference

	Genome assembly
	Morus notabilis
	Gap-free, chromosome-level, useful for gene discovery
	Ma et al., 2023

	Draft genome
	Morus indica
	Haplotype-resolved, enables comparative genomics
	Jain et al., 2022

	Transcriptome
	Morus alba
	Leaf-specific, stress-responsive, links genes to traits
	Xu et al., 2021



3. NUTRITIONAL AND METABOLIC TRAITS RELEVANT TO SILKWORM PERFORMANCE
Mulberry leaf composition is the direct nutritional environment for Bombyx mori larvae and therefore a primary determinant of larval growth, survivorship, cocoon yield, and silk quality. The most important leaf traits are macronutrient content, particularly crude protein and its constituent amino acids, and soluble carbohydrates, and secondary metabolites that can be nutritional, deterrent, or bioactive, for example flavonoids and the iminosugar 1-deoxynojirimycin (DNJ). Several recent multi-omics and feeding studies demonstrate that changes in these traits are reflected in larval physiology and cocoon traits, and that cultivar- and environment-driven variation in leaf chemistry maps onto measurable differences in silkworm performance (Liu et al., 2024; Sangha et al., 2024; Doliș et al., 2024).

3.1. Macronutrients: proteins, amino acids and sugars
Protein and amino-acid supply from leaves underpins larval tissue synthesis and silk protein production. Crude protein content and the profile of essential amino acids (especially lysine, methionine, threonine, and histidine) in mulberry leaves correlate with faster larval growth, higher pupal weight, and increased cocoon and shell weights in controlled feeding trials (Hăbeanu et al., 2024; Muzamil et al., 2023). Proteomic and metabolomic comparisons between cultivars have shown that younger leaves or specific genotypes often contain higher levels of soluble protein and free amino acids, which improve digestibility and nutrient assimilation by larvae (Hou et al., 2021; Liu et al., 2024). Soluble sugars and carbohydrate availability also affect palatability and energy provision; studies comparing leaf digestibility demonstrate that both quantity and the quality (sugar composition and ratio to protein) influence feed conversion efficiency in Bombyx mori (Doliș et al., 2024; Wu et al., 2022).

3.2. Secondary metabolites: defense compounds versus nutritive effects
Secondary metabolites play dual roles. Some confer plant defense and antioxidant benefits but may reduce palatability or inhibit insect digestive enzymes; others may have no negative effect or can even be beneficial at low doses. Flavonoids and related phenylpropanoids are abundant in many mulberry cultivars and provide antioxidant and antimicrobial properties. Depending on structure and concentration, flavonoids can affect gut physiology or microbial composition in insects and thereby alter digestion and immunity (Shi et al., 2022; Hassan et al., 2020). DNJ is a notable mulberry secondary metabolite with strong α-glucosidase inhibitory activity; while DNJ is of pharmacological interest for humans, its effects in the silkworm gut are complex and cultivar-specific, some studies report variation in DNJ content across tissues and cultivars that could influence larval carbohydrate metabolism (Xin et al., 2024; Lu et al., 2023). Thus, molecular breeding aimed at improving feed quality must balance reduction (or controlled modulation) of anti-nutritional compounds with preservation of the plant’s defensive chemistry.

3.3.  Cultivar and environmental variability, and links to cocoon outcomes
Significant genotype × environment variation exists for both nutritive and secondary metabolite traits. Comparative metabolomic and proteomic studies show hundreds to thousands of metabolites differing between cultivars and under different growing or stress conditions (Liu et al., 2024; Xu et al., 2025). These chemical differences translate into measurable differences in silkworm performance. Cultivars with higher protein and optimal amino acid profiles produce heavier pupae and cocoons. In contrast, those with elevated specific phenolics or high DNJ may show reduced feed conversion or altered growth curves (Sangha et al., 2024; Doliș et al., 2024). Environmental stressors such as drought, heat, and heavy metals also reprogram leaf metabolism, increasing some secondary metabolites and sometimes decreasing soluble protein, which can detrimentally affect larval growth (Chen et al., 2024; Liu et al., 2025). Therefore, selection of genotypes for molecular breeding should incorporate stability of nutritive traits across environments and consider trade-offs between stress resilience and feed quality.

3.4.  Practical implications for breeding and feed management
From a breeding and management perspective, the evidence supports three practical avenues. First, molecular breeding should prioritize genes and regulatory networks that increase leaf protein and favorable amino-acid proportions while maintaining acceptable levels of palatable carbohydrates (Hou et al., 2021; Hăbeanu et al., 2024). Second, targeted modulation of secondary metabolism (for example, tuning flavonoid or DNJ pathway flux) may be possible using genomic selection or gene editing to achieve an optimal balance between plant health and larval nutrition (Yang et al., 2023; Lu et al., 2023). Third, agronomic interventions such as timing harvest for optimal leaf age, foliar nutrient applications, or controlled post-harvest handling remain useful complements to genetic improvement and can help stabilize feed quality in the short term (Muzamil et al., 2023; Alfazairy et al., 2024). Combining these approaches will be necessary to deliver consistent improvements in cocoon production and silk quality under variable field conditions. Table 2 summarizes key mulberry leaf nutritional and secondary metabolite traits, their typical ranges across cultivars or environments, and observed effects on silkworm growth and cocoon production.

Table 2: Mulberry Leaf Nutritional & Metabolic Traits and Effects on Silkworm Performance

	Leaf Trait
	Range Across Cultivars / Conditions
	Impact on Silkworm Growth and Cocoon Quality
	Reference


	Crude protein
	18–25%
	Higher larval growth rate, increased pupal and cocoon weight
	Hăbeanu et al., 2024

	Essential amino acids (Lys, Met, Thr, His)
	Variable
	Supports silk protein synthesis and larval development
	Muzamil et al., 2023

	Soluble sugars
	5–12%
	Provides energy for larvae; improves feed conversion efficiency
	Wu et al., 2022


	Flavonoids
	0.5–2%
	Can modulate gut physiology and microbial composition; may influence digestion and immunity
	Shi et al., 2022; Hassan et al., 2020


	1-Deoxynojirimycin (DNJ)
	0.2–1.0%
	Alters carbohydrate metabolism; high levels may reduce palatability or feed conversion
	Lu et al., 2023; Xin et al., 2024



4. MOLECULAR BREEDING AND BIOTECHNOLOGICAL APPROACHES
Advances in molecular tools allow breeders to go beyond traditional selection, enabling precise targeting of traits like protein content, amino acid composition, and secondary metabolites. Below are approaches that are either already applied in mulberry or promising to implement.

4.1.  Marker-Assisted Selection (MAS) and Genomic Selection
Marker-assisted selection uses molecular markers such as single nucleotide polymorphisms (SNPs) and simple sequence repeats (SSRs) that are tightly linked to favorable alleles to speed up breeding, especially when phenotyping is expensive or traits are quantitative. While MAS in mulberry for feed quality is still relatively underexplored, functional genomics and QTL (Quantitative Trait Locus) mapping studies suggest that such opportunities exist. For example, the Dof transcription factor family in Morus notabilis has been implicated under drought stress with expression affecting metabolic and growth traits, which could serve as markers for indirect breeding of stable leaf quality under stress (Dai et al., 2025). Also, the growth-regulating factor (GRF) family in mulberry has been characterized, with differential expression in genotypes showing contrasting growth rates (leaf yield) (Rukmangada et al., 2018; Liu et al., 2023). These gene families are good candidate sources for marker development.
Genomic selection (GS), which uses genome-wide marker data and statistical models to predict breeding values, has been widely successful in crops. In mulberry, population diversity and genomic resources are now sufficient to begin GS, though published examples specifically addressing feed quality traits are rare. The recent heat stress transcriptome in Morus alba identifies differentially expressed genes relevant to valine, leucine and isoleucine degradation and starch/sucrose metabolism pathways, suggesting that GS models incorporating these genes could predict performance under high temperature (Jin et al., 2023; Mondal et al., 2023).

4.2.  Functional Genomics for Identifying Candidate Genes
Functional genomics (transcriptomics, metabolomics, proteomics) is already uncovering genes and pathways that contribute directly to leaf nutritive and anti-nutritive traits. For example, RNA-seq analysis under heat stress in Morus alba has identified key genes in starch and sucrose metabolism and in amino acid degradation (e.g., valine, leucine, isoleucine) that respond to stress and could affect soluble sugar/protein balance (Jin et al., 2023; Shi et al., 2024; Zhu et al., 2024). Additionally, the Dof gene family (transcription factors) from Morus notabilis shows specific expression patterns under drought stress, suggesting roles in regulating metabolic and leaf yield traits (Dai et al., 2025). The flavonoid biosynthesis pathway has also been elucidated via combined transcriptome and metabolome analyses, showing which structural enzymes (e.g., Phenylalanine Ammonia-Lyase [PAL], Chalcone Synthase [CHS], Flavonol Synthase [FLS]) and sugar-modifying enzymes (UGTs) are linked to flavonoid diversity among cultivars (Xu et al., 2021; Wang et al., 2024; Chen et al., 2024; Yang et al., 2023). Several key gene families identified through these functional genomic studies are summarized in Table 3, while Figure 1 illustrates how such resources are integrated into a molecular breeding pipeline for mulberry feed quality.

Table 3: Candidate Genes and Gene Families Affecting Leaf Feed Quality

	Gene/Family
	Function
	Target Trait
	Reference

	Dof TF
	Transcription factor
	Stress response, leaf metabolism
	Dai et al., 2025

	GRF
	Growth-regulating factor
	Leaf yield
	Rukmangada et al., 2018

	MnGutB1
	DNJ biosynthesis
	Secondary metabolite modulation
	Yang et al., 2023

	PAL, CHS, FLS
	Flavonoid biosynthesis
	Leaf flavonoid content
	Xu et al., 2021






Figure 1: Molecular breeding pipeline for mulberry feed quality, from genomic resources to improved leaf traits and silkworm performance.


4.3.  CRISPR/Cas and Gene Editing Prospects
CRISPR/Cas systems offer precise editing (knock-out, knock-in, promoter editing) of genes involved in nutritive or metabolic traits. Although direct examples in mulberry for feed quality are limited, there are recent promising demonstrations in related plants. A recent study in paper mulberry (Broussonetia papyrifera) used CRISPR/Cas9 to mutate the FERULATE 5-HYDROXYLASE (F5H) gene, altering lignin composition and thereby improving properties of resulting lignocellulosic biomass. While lignin is not a feed component for silkworms, this demonstrates that precise editing in Moraceae species is feasible (Xu et al., 2024).
In mulberry, one might imagine similar edits in genes controlling sugar metabolism (invertases, sucrose synthase), or in genes regulating DNJ biosynthesis (e.g. MnGutB1), flavonoid pathway enzymes, or amino acid metabolic pathways (Li et al., 2020). Also, editing promoter regions may allow fine-tuning of expression rather than complete loss, which is especially important when trade-offs exist (e.g. between defense and nutrition) (Xia et al., 2024).

4.4.  Transgenics, RNAi, and Other Biotechnological Tools in Mulberry Breeding
Transgenic approaches have been employed to enhance resilience in mulberry to abiotic stresses, thereby indirectly improving leaf quality for silkworm nutrition. For instance, the overexpression of the Arabidopsis AtSHN1 gene in Indian mulberry (Morus indica) led to increased leaf surface wax content, which improved leaf moisture retention and reduced post-harvest water loss. These modifications resulted in enhanced drought and salinity tolerance without adversely affecting leaf quality for silkworms (Sajeevan et al., 2017; Sarkar et al., 2025).
RNA interference (RNAi) technology has been utilized to target specific genes in mulberry, aiming to reduce anti-nutritional factors. For example, studies have focused on the elimination of serine protease inhibitors (SPIs) from mulberry leaves, which are known to affect protein digestion in silkworms. Processing techniques such as high-temperature treatments have been explored to inactivate these inhibitors, thereby improving the nutritional quality of mulberry leaves (Luo et al., 2022).
5. CHALLENGES AND FUTURE DIRECTIONS
Mulberry molecular improvement faces several technical hurdles, particularly in reliable transformation, regeneration, and stable expression of engineered or edited genes. While transient transformation protocols (e.g. via Agrobacterium tumefaciens-mediated vacuum infiltration and sonication) have recently been optimized for rapid gene function assays in Morus spp., they do not yet substitute for stable transformation required for breeding improvements (Mo et al., 2024). Regeneration efficiency remains genotype-dependent and low in many mulberry cultivars, hindering the deployment of CRISPR/Cas9 or transgenics for feed-quality traits. For example, transformation in Morus indica cv. K2 via A. tumefaciens shows good transient expression but declines in stability over time in many tissues (Indian mulberry transformation work). Moreover, protocols for shoot regeneration from explants are more developed in paper mulberry and related species than in commercial Morus alba or high-feed-quality genotypes (Cui et al., 2020). These technical limitations slow down functional validation of candidate genes, deployment of molecular breeding, and precision editing for traits like protein content, amino acid balance, or DNJ modulation.
Beyond technical issues, trade-offs and socio-environmental factors pose significant challenges to future progress. Enhancing nutritional traits such as increasing leaf protein, essential amino acids, or soluble sugars may inadvertently increase anti-nutritional compounds (e.g. phenolics, tannins) or reduce plant resistance to pests or environmental stresses. Studies of mulberry genotypes for animal feed show considerable variability; some genotypes with high crude protein also show higher tannin or saponin levels, which may affect digestibility or palatability (Mithilasri et al., 2023). Climate change adds further complexity, changing temperature, humidity, and drought stress alter leaf chemistry (both nutritive and secondary metabolite profiles), which may reduce consistency of feed quality and thus silkworm performance (Manzoor & Qayoom, 2024; Kaushik et al., 2025). Finally, policy, regulatory approval (especially for edited or transgenic lines), biosafety evaluation, and farmer acceptance are not trivial. Regulatory frameworks for genome editing are evolving (some regions exempting certain edited plants), but public perception, cost, propagation infrastructure, and seed/plant distribution systems remain bottlenecks. For improved adoption, molecular tools must be paired with extension work, cost-benefit demonstration, and risk assessment to ensure that innovations reach sericulture farmers and deliver improvements sustainably.
6. CONCLUSION
Molecular breeding of mulberry holds immense promise for improving feed quality and thereby enhancing silkworm growth, cocoon yield, and silk quality. Over the past decade, the availability of high-quality genomic assemblies, pangenome analyses, and multi-omics datasets has transformed mulberry from a largely underexplored perennial crop into a species with rich molecular resources for targeted breeding. Advances in functional genomics, marker-assisted selection, and emerging CRISPR/Cas applications are opening new avenues to fine-tune key traits such as protein content, amino acid balance, sugar composition, and the levels of secondary metabolites like flavonoids and DNJ. However, technical barriers in stable transformation and regeneration, trade-offs between nutritive and anti-nutritive traits, and the challenges posed by climate variability highlight the need for integrated strategies that balance productivity with resilience. Policy frameworks, biosafety considerations, and farmer adoption will also play critical roles in determining the practical impact of these innovations. Going forward, a synergistic approach that combines genomics-driven breeding with sustainable cultivation practices offers the most realistic path toward developing high-quality mulberry cultivars that support both sericulture productivity and long-term ecological stability.
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