


Mulberry Leaf Metabolomics: Linking Plant Biochemistry with Silkworm Physiology and Sustainable Sericulture


Abstract
Mulberry (Morus spp.) leaves constitute the exclusive food source for the domesticated silkworm (Bombyx mori), making their biochemical composition a critical determinant of silkworm growth, cocoon characteristics and silk productivity. Recent advances in plant metabolomics have enabled comprehensive profiling of metabolites present in mulberry leaves, providing deeper insights into the biochemical factors influencing leaf quality and insect nutrition. Mulberry leaves are rich in diverse primary metabolites, including amino acids, soluble sugars, organic acids and proteins, which are essential for silkworm metabolism and silk protein synthesis. In addition, secondary metabolites such as phenolics, flavonoids and alkaloids contribute to plant defence mechanisms and influence silkworm feeding behavior and physiological performance. Environmental conditions, including drought, salinity, temperature fluctuations and nutrient availability, significantly alter the mulberry leaf metabolome, thereby affecting larval development, cocoon weight, shell ratio and filament length. Modern analytical platforms such as gas chromatography-mass spectrometry (GC–MS), liquid chromatography–mass spectrometry (LC–MS) and nuclear magnetic resonance (NMR) have facilitated the identification and quantification of key metabolites associated with improved silkworm performance. Integrating metabolomics with other multi-omics approaches, including transcriptomics and proteomics, offers new opportunities to understand gene–metabolite interactions governing mulberry leaf quality. This review highlights recent advances in mulberry leaf metabolomics, its relationship with silkworm physiology and the potential of metabolomics-guided strategies for enhancing mulberry cultivation and promoting sustainable sericulture.
Keywords
Mulberry; Metabolomics; Silkworm physiology; Sericulture; Leaf biochemistry; Plant–insect interaction; Secondary metabolites; Sustainable silk production.
1. Introduction
Sericulture is an important agro-based industry that contributes significantly to rural livelihoods, employment generation and economic development in many countries, particularly in Asia (Ssemugenze et al., 2021). Nations such as China and India dominate global silk production, accounting for the majority of the world’s raw silk output (Dutta et al., 2025). The sericulture sector provides sustainable income opportunities for small and marginal farmers, as it integrates mulberry cultivation, silkworm rearing and silk processing into a labour-intensive but profitable farming system (Sharma & Kapoor, 2020). Beyond its economic value, sericulture also plays a vital role in promoting rural development and supporting environmentally sustainable agricultural practices (Mala et al., 2024).
Mulberry (Morus spp.) is the primary and indispensable food source for the domesticated silkworm (Bombyx mori). The growth, development and productivity of silkworms depend largely on the nutritional quality of mulberry leaves (Rohela et al., 2020). Since silkworms are monophagous insects that feed almost exclusively on mulberry foliage, the biochemical composition of these leaves directly influences larval growth, survival rate, cocoon characteristics and ultimately silk yield (Ranganatha et al., 2025). Therefore, improving mulberry leaf quality is a key factor in enhancing sericulture productivity and efficiency (Muzamil et al., 2023).
Mulberry leaves contain a wide range of biochemical constituents, including proteins, amino acids, carbohydrates, vitamins, minerals and various secondary metabolites such as phenolics and flavonoids (Hao et al., 2022). These compounds play essential roles in silkworm metabolism, digestion and silk protein synthesis. For instance, amino acids derived from mulberry leaves serve as the fundamental building blocks for fibroin and sericin, the major proteins that constitute silk fibers (Hăbeanu et al., 2024). Similarly, soluble sugars and other metabolites provide the energy required for larval growth and metabolic processes. Variations in the concentration and composition of these metabolites can significantly affect feeding behaviour, larval development, cocoon weight, shell ratio and filament length (Thulasi & Sivaprasad, 2015).
Traditional studies on mulberry leaf quality have primarily relied on conventional biochemical analyses focusing on a limited number of metabolites (Yan et al., 2023). Although these approaches have provided valuable insights into mulberry nutrition and silkworm physiology, they are often insufficient to capture the complexity of plant metabolic networks (Cai et al., 2019). Mulberry leaves contain thousands of metabolites that interact dynamically in response to genetic, developmental and environmental factors. Conventional biochemical methods may therefore fail to provide a comprehensive understanding of the metabolic processes that determine leaf quality and their subsequent effects on silkworm performance (Zhou et al., 2025).
In recent years, the advent of metabolomics has revolutionised plant physiology research by enabling comprehensive and high-throughput analysis of metabolites within biological systems. Metabolomics involves the identification and quantification of a large array of small molecules that represent the final products of cellular metabolic pathways (Shen et al., 2022). Advanced analytical techniques such as gas chromatography–mass spectrometry (GC–MS), liquid chromatography–mass spectrometry (LC–MS) and nuclear magnetic resonance (NMR) spectroscopy have made it possible to profile complex metabolite compositions in plant tissues, including mulberry leaves (Bhinderwala et al., 2018). This approach provides valuable insights into metabolic pathways, biochemical responses to environmental stress and plant–insect interactions (Rauf et al., 2025). Applying metabolomic approaches to mulberry research offers new opportunities to better understand the biochemical basis of leaf quality and its influence on silkworm physiology. By identifying key metabolites associated with improved larval growth, cocoon traits and silk production, metabolomics can contribute to the development of improved mulberry cultivars and optimised cultivation practices for sustainable sericulture (Liu et al., 2024).
The objective of this review is to synthesise current knowledge on mulberry leaf metabolomics and explore its role in linking plant biochemical composition with silkworm physiology and sericulture sustainability. Specifically, this review discusses the biochemical composition of mulberry leaves, metabolomic techniques used for metabolite profiling, environmental factors influencing the mulberry metabolome and the physiological effects of mulberry metabolites on silkworm growth and silk production. Additionally, the review highlights emerging opportunities for integrating metabolomics with other omics approaches to enhance mulberry improvement programs and promote sustainable sericulture systems.
2. Mulberry Biology and Its Importance in Sericulture
Mulberry (Morus spp.) is a perennial deciduous plant belonging to the family Moraceae and is widely cultivated as the primary host plant for the domesticated silkworm (Bombyx mori). The productivity and sustainability of sericulture largely depend on the availability of high-quality mulberry leaves, as they constitute the exclusive food source for silkworm larvae (Dhanyalakshmi & Nataraja, 2018). The biological characteristics of mulberry, including its growth habit, leaf production capacity and adaptability to diverse environmental conditions, make it a suitable crop for sericulture-based farming systems (Suresh et al., 2025b). Understanding the botanical and physiological characteristics of mulberry as well as the factors influencing leaf quality is essential for improving silkworm performance and silk yield (Baciu et al., 2023).
2.1 Botanical and Physiological Characteristics of Mulberry
Mulberry plants are woody, fast-growing shrubs or small trees characterized by broad leaves, extensive root systems and high regenerative capacity after pruning. They are well adapted to a wide range of climatic conditions, from temperate to tropical regions (Rohela et al., 2025). The genus Morus comprises several species, but only a few are widely cultivated for sericulture (Acharya et al., 2022).
Major species used in sericulture
· Morus alba – The most widely cultivated species for silkworm feeding due to its high leaf yield, superior nutritional quality and adaptability to diverse environments (Caccam & Mendoza, 2015).
· Morus indica – Commonly cultivated in tropical regions, particularly in India and valued for its rapid growth and high leaf productivity (Baciu et al., 2023).
· Morus serrata – Found mainly in Himalayan regions and adapted to cooler climates (Saini et al., 2023).
· Morus multicaulis – Known for its profuse leaf production and suitability for intensive leaf harvesting (Tikader & Vijayan, 2017).
These species differ in leaf morphology, biochemical composition and adaptability to environmental conditions, which ultimately influence silkworm feeding and silk production.
Growth and leaf production characteristics
Mulberry plants exhibit vigorous vegetative growth and high leaf biomass production. Leaf production is influenced by physiological processes such as photosynthesis, nutrient uptake and carbon–nitrogen metabolism (Cao et al., 2019). Regular pruning and harvesting stimulate the growth of young shoots and tender leaves, which are preferred by silkworm larvae. The leaves are rich in nutrients, including proteins, carbohydrates, vitamins and minerals, making them an ideal food source for silkworm development.
Leaf productivity in mulberry depends on several factors such as plant age, genotype, climatic conditions, soil fertility and cultivation practices. Efficient management of these factors ensures a continuous supply of nutritious leaves for silkworm rearing (Rafiqui et al., 2026).
2.2 Role of Mulberry Leaves in Silkworm Nutrition
Mulberry leaves provide essential nutrients required for the growth and development of silkworm larvae. Since silkworms are monophagous insects, feeding exclusively on mulberry leaves, the nutritional quality of these leaves directly influences larval health, cocoon characteristics and silk yield (Muzamil et al., 2023).
Nutritional requirements of silkworms
Silkworm larvae require a balanced supply of nutrients, including:
· Proteins and amino acids – Essential for growth and silk protein synthesis (fibroin and sericin) (Mahanta et al., 2023).
· Carbohydrates – Provide energy for metabolic activities and larval development (Hăbeanu et al., 2024).
· Lipids – Important for cellular structure and metabolism (Kaushik et al., 2025).
· Vitamins and minerals – Necessary for enzymatic functions and physiological processes (Kunz et al., 2016).
Mulberry leaves naturally contain these nutrients in appropriate proportions, making them an ideal diet for silkworms (Aramani et al., 2025).
Importance of leaf quality in cocoon production
The biochemical composition of mulberry leaves plays a crucial role in determining silkworm productivity. Leaves with higher concentrations of proteins, amino acids and sugars generally enhance larval growth, increase cocoon weight and improve shell ratio and filament length (Marin et al., 2023). Conversely, poor-quality leaves with low nutrient content can reduce feeding efficiency, impair larval development and ultimately decrease silk yield. Therefore, maintaining optimal leaf quality is a key objective in sericulture management (Shahzadi et al., 2022).
2.3 Factors Influencing Mulberry Leaf Quality
The quality of mulberry leaves is influenced by several interacting factors, including genetic characteristics of the plant, environmental conditions and agronomic practices.
Genetic factors
Different mulberry varieties exhibit significant variation in leaf yield, biochemical composition and nutritional value. Breeding programs aim to develop improved mulberry cultivars with enhanced leaf productivity, higher protein content and better adaptability to environmental stresses. Genetic factors also influence the accumulation of primary and secondary metabolites in leaves, which affect silkworm feeding behavior and physiological performance (Tian et al., 2025).
Environmental conditions
Environmental factors play a major role in determining mulberry leaf quality. Climatic conditions such as temperature, light intensity, rainfall and humidity influence plant growth and metabolic activity. Abiotic stresses such as drought, salinity and extreme temperatures can alter the metabolic profile of mulberry leaves, affecting their nutritional composition (Ackah et al., 2021). Soil properties and nutrient availability also significantly impact leaf biochemical characteristics (Tunç et al., 2025).
Agronomic practices
Proper cultivation and management practices are essential for producing high-quality mulberry leaves. These include fertilisation and nutrient management, irrigation practices, pruning and harvesting methods and pest and disease management. Optimised agronomic practices enhance leaf biomass production and improve the biochemical quality of leaves, thereby supporting efficient silkworm rearing and increased silk productivity (Ahammed et al., 2025). This understanding of mulberry biology and the factors affecting leaf quality provides a foundation for applying advanced approaches such as metabolomics to identify key biochemical markers associated with improved mulberry leaf quality and enhanced sericulture productivity (Ahmed et al., 2017).
3. Biochemical Composition of Mulberry Leaves
Mulberry leaves possess a rich and diverse biochemical composition that makes them an ideal nutritional source for the domesticated silkworm (Bombyx mori). The biochemical profile of mulberry leaves includes a wide range of primary metabolites, such as amino acids, soluble sugars, proteins and organic acids, as well as secondary metabolites including phenolics, flavonoids, alkaloids and terpenoids (Nguyen et al., 2024). These compounds not only support plant growth and metabolism but also play a crucial role in determining the nutritional quality of leaves for silkworm feeding. Variations in the concentration and composition of these metabolites directly influence silkworm growth, cocoon characteristics and silk productivity (Ackah et al., 2021). Understanding the biochemical composition of mulberry leaves therefore provides important insights into the biochemical interactions between mulberry plants and silkworms in sericulture systems.
3.1 Primary Metabolites
Primary metabolites are compounds directly involved in fundamental metabolic processes such as energy production, growth and development. In mulberry leaves, these metabolites form the major nutritional components required for silkworm growth and silk protein synthesis (Wu et al., 2022).
Amino acids
Mulberry leaves are rich in amino acids, which are essential for silkworm development and silk formation. Amino acids such as glycine, alanine, serine and tyrosine are particularly important because they serve as the primary building blocks of silk proteins, especially fibroin and sericin. The availability of these amino acids in mulberry leaves significantly influences larval growth rate, cocoon weight and silk filament quality (Yuan et al., 2023).
Soluble sugars
Soluble sugars, including glucose, fructose and sucrose, represent important energy sources for silkworm larvae. These sugars support metabolic processes such as respiration and biosynthesis during larval development. Higher sugar content in mulberry leaves enhances feeding efficiency and energy availability, which contributes to improved larval growth and cocoon production (Mahanta et al., 2023).
Proteins
Proteins present in mulberry leaves serve as an important source of nitrogen for silkworm metabolism. They are essential for tissue growth, enzyme synthesis and overall physiological functioning of silkworm larvae. Leaves with higher protein content are generally considered superior for silkworm feeding because they support better larval development and silk protein synthesis (Chundang et al., 2020).
Organic acids
Organic acids such as malic acid, citric acid and oxalic acid are important intermediates in plant metabolic pathways, particularly in respiration and photosynthesis. These compounds influence the taste, digestibility and metabolic utilisation of mulberry leaves by silkworms. Organic acids also participate in regulating plant metabolic balance and stress responses (Hăbeanu et al., 2026).
3.2 Secondary Metabolites
Secondary metabolites are specialised compounds produced by plants that are not directly involved in primary metabolic processes but play important roles in plant defense, signaling and environmental adaptation. In mulberry leaves, these compounds also influence silkworm feeding behaviour and physiological responses (Palazon & Alcalde, 2025).
Phenolics
Phenolic compounds are widely distributed in mulberry leaves and include substances such as chlorogenic acid and caffeic acid. These compounds contribute to plant defense against pathogens and herbivores and also exhibit strong antioxidant properties. In moderate concentrations, phenolic compounds can positively influence silkworm health by providing antioxidant protection (De Oliveira et al., 2025).
Flavonoids
Flavonoids such as quercetin, rutin, and kaempferol are important secondary metabolites found in mulberry leaves. These compounds function as antioxidants and protective agents against environmental stresses such as ultraviolet radiation and oxidative damage. Flavonoids may also affect silkworm metabolism by modulating physiological and biochemical processes (Roy et al., 2022).
Alkaloids
Alkaloids are nitrogen-containing secondary metabolites that play defensive roles in plants by deterring herbivores and pathogens. Although present in relatively small quantities in mulberry leaves, certain alkaloids can influence silkworm feeding behavior and metabolic processes (Divekar et al., 2022).
Terpenoids
Terpenoids are another important class of secondary metabolites involved in plant defense and signaling. They contribute to the aroma and chemical profile of mulberry leaves and may influence insect–plant interactions, including feeding preferences of silkworm larvae (Boncan et al., 2020).
3.3 Physiological Functions
The metabolites present in mulberry leaves perform multiple physiological functions that are important for both plant health and silkworm development.
Plant defence mechanisms
Secondary metabolites such as phenolics, flavonoids and terpenoids help protect mulberry plants against biotic stresses including pathogens, pests and herbivores. These compounds also contribute to the plant’s ability to tolerate environmental stresses such as drought and high temperature (Fatima et al., 2024).
Nutritional role in silkworm development
Primary metabolites in mulberry leaves provide essential nutrients required for silkworm growth and metabolism. Amino acids and proteins support tissue development and silk protein synthesis, while carbohydrates provide energy for metabolic activities during larval development (Muzamil et al., 2023).
Antioxidant activity
Many secondary metabolites present in mulberry leaves possess strong antioxidant properties that help neutralize reactive oxygen species. These antioxidants contribute to maintaining cellular stability in both plants and silkworms and may enhance the health and productivity of silkworm larvae (Das et al., 2025).
Overall, the diverse biochemical composition of mulberry leaves plays a fundamental role in determining leaf quality and its suitability for silkworm feeding. Advances in metabolomic techniques now enable comprehensive profiling of these metabolites, providing deeper insights into the biochemical basis of mulberry–silkworm interactions (Hu et al., 2021).
4. Plant Metabolomics: Concepts and Approaches
Metabolomics has emerged as a powerful approach in modern plant science for understanding complex biochemical processes and metabolic regulation. It focuses on the comprehensive identification and quantification of small molecules present in biological systems (Carrera et al., 2021). In plants, metabolites represent the final products of gene expression and enzymatic reactions, providing a direct reflection of cellular physiological status (Yan et al., 2022). Because plant metabolism is highly dynamic and responsive to environmental conditions, metabolomics offers valuable insights into plant growth, development, stress responses and interactions with other organisms. In the context of mulberry research, metabolomics provides an advanced framework for studying the biochemical composition of mulberry leaves and understanding how these metabolites influence silkworm physiology and sericulture productivity (Salam et al., 2023).
4.1 Definition and Scope of Metabolomics
Metabolomics can be defined as the comprehensive analysis of metabolites present within a biological system under specific physiological conditions. The term metabolome refers to the complete set of low molecular weight compounds found in a cell, tissue, or organism at a given time. These metabolites include amino acids, sugars, organic acids, lipids, phenolics, alkaloids, and other secondary metabolites that participate in diverse biochemical pathways (Nalbantoglu, 2019).
Plant metabolomes are highly complex and diverse, containing thousands of compounds with different chemical properties and biological functions. The diversity of plant metabolites arises from multiple metabolic pathways, including primary metabolic processes such as glycolysis, the tricarboxylic acid cycle and amino acid biosynthesis, as well as secondary metabolic pathways responsible for producing specialized compounds such as flavonoids, terpenoids and alkaloids (Gonzalez-Covarrubias et al., 2022). The metabolome is influenced by genetic factors, developmental stage and environmental conditions, making it a dynamic indicator of plant physiological status (Hajnajafi & Iqbal, 2025).
4.2 Types of Metabolomic Studies
Different approaches are used in metabolomics depending on the objectives of the study. These approaches enable researchers to analyze either specific metabolites of interest or the overall metabolic profile of biological samples.
Targeted metabolomics
Targeted metabolomics focuses on the quantitative analysis of a predefined group of metabolites. This approach is used when specific metabolic pathways or compounds are of interest, such as amino acids, organic acids, or secondary metabolites. Targeted analysis provides highly accurate and sensitive quantification and is often used to study metabolic changes associated with stress responses, nutrient metabolism, or specific physiological processes (Nafie et al., 2025).
Untargeted metabolomics
Untargeted metabolomics aims to detect and analyse as many metabolites as possible within a biological sample without prior selection. This approach provides a comprehensive overview of the metabolome and is useful for discovering novel metabolites or identifying metabolic changes associated with environmental stress, developmental stages, or genetic variation. Untargeted metabolomics is widely used for 
comparative metabolic profiling between different plant genotypes, treatments, or environmental conditions (Lelli et al., 2021).
Metabolic fingerprinting
Metabolic fingerprinting is a rapid screening method used to generate characteristic metabolic profiles of biological samples. Instead of identifying individual metabolites, this approach focuses on detecting patterns or signatures within the metabolome. These metabolic patterns can be used for classification, quality assessment and identification of metabolic differences among plant varieties or environmental treatments (Nalbantoglu, 2019).
4.3 Importance of Metabolomics in Plant Physiology and Crop Improvement
Metabolomics plays a crucial role in advancing plant physiology research by providing a comprehensive understanding of metabolic pathways and biochemical responses. Since metabolites represent the final output of gene expression and enzymatic activity, metabolomic analysis provides direct insights into plant physiological processes such as photosynthesis, respiration, nutrient assimilation and stress responses.
In crop improvement programs, metabolomics can help identify key metabolites associated with desirable traits such as stress tolerance, nutritional quality and productivity. These metabolites can serve as biochemical markers for plant breeding and selection. In mulberry research, metabolomic studies enable the identification of metabolites that influence leaf quality and silkworm performance. Understanding these metabolic relationships can contribute to the development of improved mulberry varieties with enhanced nutritional composition and better suitability for silkworm feeding (Razzaq et al., 2019).
Furthermore, metabolomics complements other omics approaches such as genomics, transcriptomics and proteomics by linking gene expression with biochemical outcomes. Integrating these approaches allows researchers to construct comprehensive metabolic networks that explain how genetic and environmental factors influence plant metabolism (Hong et al., 2016). Consequently, metabolomics has become an essential tool for studying plant–insect interactions, improving crop quality and developing sustainable agricultural systems, including sericulture (Raza et al., 2025).
5. Analytical Techniques Used in Mulberry Metabolomics
Metabolomic analysis relies on advanced analytical techniques capable of detecting and quantifying a wide range of metabolites present in plant tissues. In mulberry research, metabolomic studies primarily utilise chromatography-based separation methods coupled with mass spectrometry, as well as spectroscopy-based analytical platforms (Chen et al., 2023). These techniques enable the identification of diverse classes of metabolites, including sugars, amino acids, organic acids, phenolics, flavonoids and other secondary compounds (Hao et al., 2025). In addition to analytical instrumentation, sophisticated statistical and bioinformatics tools are required to process large datasets generated during metabolomic studies (Patel et al., 2021). Together, these approaches provide comprehensive insights into the biochemical composition of mulberry leaves and their metabolic responses to environmental and physiological factors.
5.1 Chromatography-Based Techniques
Chromatography-based techniques are widely used in plant metabolomics for the separation and identification of complex mixtures of metabolites. When coupled with mass spectrometry, these methods provide high sensitivity and accuracy for metabolite detection (Jha et al., 2025).
Gas Chromatography–Mass Spectrometry (GC–MS)
Gas chromatography–mass spectrometry is one of the most commonly used analytical platforms for metabolomic studies. In GC–MS, metabolites are first separated by gas chromatography based on their volatility and chemical properties. The separated compounds are then ionized and detected using mass spectrometry, which provides information about molecular mass and structural characteristics (Frolova et al., 2026).
GC–MS is particularly effective for analyzing volatile and thermally stable metabolites, including organic acids, amino acids, sugars and fatty acids. In mulberry metabolomics, GC–MS has been widely applied to profile primary metabolites associated with plant metabolism and leaf nutritional quality. The technique offers high resolution, reproducibility and well-established spectral libraries that facilitate metabolite identification (Frolova et al., 2026).
Liquid Chromatography–Mass Spectrometry (LC–MS)
Liquid chromatography–mass spectrometry is another powerful technique widely used in plant metabolomics. In LC–MS, metabolites are separated in a liquid phase using chromatographic columns and then detected by mass spectrometry. This method is particularly suitable for analyzing non-volatile and thermally unstable compounds, including secondary metabolites such as phenolics, flavonoids, alkaloids and terpenoids (Rathore, 2025).
LC–MS offers high sensitivity and the ability to detect a wide range of compounds present at low concentrations. In mulberry research, LC–MS is extensively used to investigate secondary metabolites that influence leaf quality and plant defence mechanisms. The technique also allows for both targeted and untargeted metabolomic analysis (Alanazi, 2025).
5.2 Spectroscopy-Based Techniques
Spectroscopy-based analytical methods are also important tools in metabolomics, particularly for the structural identification and quantification of metabolites.
Nuclear Magnetic Resonance (NMR)
Nuclear magnetic resonance spectroscopy is a non-destructive analytical technique used to identify and quantify metabolites based on the magnetic properties of atomic nuclei. NMR provides detailed structural information about metabolites and allows for the simultaneous detection of multiple compounds without extensive sample preparation (Valentino et al., 2020).
Although NMR is generally less sensitive than mass spectrometry-based techniques, it offers several advantages, including high reproducibility, minimal sample preparation, and the ability to analyze metabolites in complex biological mixtures. In mulberry metabolomics, NMR has been used to investigate metabolic profiles and identify key compounds involved in plant physiology and plant–insect interactions (Moco, 2022).
5.3 Data Analysis and Bioinformatics
Metabolomic studies generate large and complex datasets that require advanced statistical and computational tools for interpretation. Bioinformatics and multivariate statistical methods are therefore essential components of metabolomic analysis.
Multivariate analysis
Multivariate statistical techniques are used to analyze complex datasets containing numerous metabolites. These methods allow researchers to identify patterns, correlations, and metabolic differences between samples subjected to different treatments or environmental conditions (Eicher et al., 2020).
Principal Component Analysis (PCA)
Principal component analysis is an unsupervised statistical method commonly used in metabolomics to reduce the dimensionality of complex datasets. PCA helps visualise variations among samples and identify metabolites that contribute significantly to differences between experimental groups (Mayonu et al., 2025).
Partial Least Squares Discriminant Analysis (PLS-DA)
Partial least squares discriminant analysis is a supervised statistical method used to classify samples and identify metabolites responsible for group separation. PLS-DA is particularly useful for identifying potential metabolic biomarkers associated with specific physiological conditions or environmental stresses (Yamamoto et al., 2021).
5.4 Workflow of Metabolomics Studies
Metabolomic analysis generally follows a systematic workflow that includes several key steps. The process begins with sample collection and preparation, where plant tissues such as mulberry leaves are harvested, processed, and stored under controlled conditions to preserve metabolite integrity. The next step involves metabolite extraction, where suitable solvents are used to isolate metabolites from plant tissues. Extracted metabolites are then subjected to analytical separation and detection using techniques such as GC–MS, LC–MS, or NMR (Salam et al., 2023).
Following data acquisition, the resulting datasets undergo data preprocessing, which includes peak detection, normalisation, and alignment. Advanced statistical and bioinformatics tools are then applied to analyze the data, identify metabolites, and interpret metabolic patterns. Finally, the identified metabolites are mapped onto known metabolic pathways, enabling researchers to understand the biochemical processes underlying plant metabolism and plant–insect interactions (Sun & Xia, 2023). This comprehensive workflow allows metabolomics to provide valuable insights into the biochemical composition of mulberry leaves and their influence on silkworm physiology (Assouguem et al., 2025).
6. Metabolomic Profiling of Mulberry Leaves
Metabolomic profiling of mulberry leaves provides comprehensive insights into the diverse array of metabolites present in the plant and their roles in plant physiology and silkworm nutrition. Advances in analytical technologies such as GC–MS, LC–MS and NMR have enabled the detection and characterization of numerous metabolites involved in primary and secondary metabolic pathways (Das et al., 2022). These metabolites determine the biochemical quality of mulberry leaves and directly influence silkworm growth, cocoon traits, and silk production. Metabolomic studies therefore play an essential role in identifying key biochemical markers associated with superior leaf quality and improved sericulture productivity (Li et al., 2023).
6.1 Identification of Major Metabolites
Primary metabolites constitute the fundamental biochemical components involved in plant growth, energy metabolism and nutrient supply. In mulberry leaves, several classes of primary metabolites have been identified through metabolomic studies.
Amino acids
Amino acids represent an important group of metabolites that contribute to the nutritional value of mulberry leaves. Essential amino acids such as glycine, alanine, serine, tyrosine and valine are commonly detected in mulberry leaf metabolomic profiles. These amino acids are particularly important for silkworm physiology because they serve as the building blocks for silk proteins, including fibroin and sericin. Adequate levels of amino acids in mulberry leaves support efficient larval growth and enhance cocoon quality (Hu et al., 2022).
Sugars
Sugars such as glucose, fructose and sucrose are major carbohydrate components present in mulberry leaves. These soluble sugars provide a readily available energy source for silkworm larvae and support metabolic activities such as respiration and biosynthesis. Metabolomic analyses often reveal variations in sugar concentrations depending on environmental conditions, developmental stages and mulberry genotypes. Higher sugar content generally improves silkworm feeding efficiency and larval growth (Li et al., 2024).
Organic acids
Organic acids, including citric acid, malic acid, fumaric acid and succinic acid, are important intermediates of primary metabolic pathways such as the tricarboxylic acid cycle. These compounds contribute to plant metabolic regulation and influence the taste and digestibility of mulberry leaves for silkworm larvae. Organic acids also play roles in stress responses and energy metabolism in plants (Li et al., 2024).
6.2 Secondary Metabolite Profiling
Secondary metabolites represent specialized biochemical compounds that are involved in plant defense, signaling and environmental adaptation. In mulberry leaves, metabolomic studies have identified numerous secondary metabolites that contribute to plant health and influence interactions with silkworms (Wu et al., 2025).
Phenolic compounds
Phenolic compounds constitute one of the most abundant groups of secondary metabolites in mulberry leaves. These include compounds such as chlorogenic acid, caffeic acid and gallic acid. Phenolics are known for their antioxidant properties and their role in protecting plants against pathogens and environmental stress. In the context of sericulture, moderate levels of phenolic compounds may contribute to improved health and stress tolerance in silkworm larvae (Gomez-Molina et al., 2024).
Flavonoids
Flavonoids are another important class of secondary metabolites commonly found in mulberry leaves. Examples include quercetin, rutin and kaempferol. These compounds function as antioxidants and protect plant tissues from oxidative damage caused by environmental stresses such as ultraviolet radiation and high temperatures. Flavonoids also contribute to plant defence mechanisms and may influence silkworm feeding behaviour and physiological responses (Panche et al., 2016).
Antioxidants
Mulberry leaves contain a variety of antioxidant compounds that help neutralise reactive oxygen species and protect cellular components from oxidative damage. These antioxidants include both phenolic and non-phenolic compounds. Antioxidant metabolites play important roles in maintaining plant health and may also enhance the physiological stability of silkworm larvae during growth and development (Nagar et al., 2022).
6.3 Metabolic Pathways in Mulberry Leaves
The metabolites identified in mulberry leaves are involved in several interconnected metabolic pathways that regulate plant growth, energy production and stress responses.
Carbon metabolism
Carbon metabolism includes processes such as photosynthesis, glycolysis and the tricarboxylic acid cycle. These pathways generate carbohydrates and energy required for plant growth and leaf development. Sugars produced through photosynthesis serve as major energy sources and contribute to the nutritional quality of mulberry leaves for silkworm feeding (Zhou et al., 2025).
Nitrogen metabolism
Nitrogen metabolism plays a critical role in the synthesis of amino acids, proteins and other nitrogen-containing compounds. Efficient nitrogen assimilation in mulberry plants leads to higher protein and amino acid content in leaves, which directly benefits silkworm growth and silk protein synthesis (Zhang et al., 2020).
Secondary metabolite biosynthesis
Secondary metabolite biosynthesis pathways produce a wide range of compounds such as phenolics, flavonoids and terpenoids. These metabolites are derived from primary metabolic intermediates and are regulated by environmental conditions and plant developmental stages. Understanding these biosynthetic pathways helps explain how mulberry plants respond to stress and how metabolic composition influences silkworm physiology (Jan et al., 2021).
Overall, metabolomic profiling provides a comprehensive understanding of the biochemical landscape of mulberry leaves and its relationship with plant metabolism and silkworm nutrition (Devi et al., 2021). Such insights are essential for improving mulberry cultivation practices and optimizing leaf quality for sustainable sericulture.
7. Environmental and Agronomic Factors Affecting Mulberry Metabolome
The metabolome of mulberry leaves is highly dynamic and strongly influenced by environmental conditions and agricultural management practices. Variations in climatic factors, soil nutrient availability and agronomic interventions can significantly alter the metabolic composition of mulberry leaves (Sharma et al., 2025a). These changes affect both primary and secondary metabolites, which ultimately influence leaf quality and silkworm nutrition. Understanding how environmental and agronomic factors regulate metabolite accumulation in mulberry plants is essential for optimizing mulberry cultivation and improving sericulture productivity (Suresh et al., 2025b).
7.1 Abiotic Stresses
Abiotic stresses represent major environmental constraints that influence plant metabolism. In mulberry plants, stresses such as drought, salinity and extreme temperatures can trigger complex metabolic adjustments aimed at maintaining cellular homeostasis and protecting plants from damage. These stress-induced metabolic changes often result in the accumulation of osmoprotectants, antioxidants and stress-related metabolites (Zhang et al., 2023).
Drought
Drought stress significantly affects mulberry growth and metabolism by limiting water availability and reducing photosynthetic activity. Under drought conditions, mulberry plants often accumulate compatible solutes such as proline, soluble sugars and certain amino acids that help maintain osmotic balance and protect cellular structures. Additionally, drought stress can stimulate the production of antioxidant compounds such as phenolics and flavonoids, which help mitigate oxidative stress caused by reactive oxygen species (Ackah et al., 2021).
Salinity
Salinity stress disrupts ionic balance and osmotic regulation in plants, leading to metabolic disturbances. In mulberry plants exposed to saline conditions, metabolomic studies have reported increased accumulation of osmoprotective metabolites such as proline, organic acids and certain sugars. These compounds help maintain cellular osmotic balance and stabilize proteins and membranes. Salinity stress may also induce the synthesis of secondary metabolites involved in stress tolerance (Balasubramaniam et al., 2023).
Temperature Stress
Temperature extremes, including both heat and cold stress, can significantly influence mulberry metabolism. High temperatures may disrupt photosynthesis and respiration, leading to alterations in carbohydrate metabolism and the accumulation of protective metabolites. Similarly, low temperatures can induce changes in membrane lipid composition and stimulate the synthesis of stress-responsive metabolites (Sharma et al., 2025b). These metabolic adjustments help plants maintain cellular integrity and adapt to unfavorable temperature conditions (Jamloki et al., 2021).
7.2 Soil and Nutrient Management
Soil fertility and nutrient availability play critical roles in determining the biochemical composition of mulberry leaves. Proper nutrient management ensures optimal plant growth and enhances the accumulation of metabolites that contribute to leaf nutritional quality.
Nitrogen fertilization
Nitrogen is one of the most important nutrients influencing mulberry metabolism. Adequate nitrogen fertilization promotes the synthesis of amino acids, proteins and chlorophyll, which are essential for plant growth and leaf development. Increased nitrogen availability generally leads to higher protein and amino acid content in mulberry leaves, thereby improving their nutritional value for silkworm larvae. Conversely, nitrogen deficiency can reduce leaf protein content and negatively affect silkworm growth and cocoon production (Nazir et al., 2023).
Soil fertility
Soil fertility influences mulberry plant metabolism by regulating nutrient uptake and metabolic activity. Soils rich in essential nutrients such as phosphorus, potassium and micronutrients support efficient metabolic processes and enhance leaf biochemical composition. Balanced soil fertility promotes optimal synthesis of both primary and secondary metabolites, contributing to improved mulberry leaf quality and higher sericulture productivity (Marin et al., 2023).
7.3 Plant Growth Regulators and Agronomic Interventions
Plant growth regulators and agronomic interventions are increasingly used to enhance mulberry growth and improve leaf quality. These treatments can modulate metabolic pathways and stimulate the accumulation of beneficial metabolites.
Brassinosteroids
Brassinosteroids are plant steroid hormones that regulate various physiological processes including cell expansion, photosynthesis and stress tolerance. Application of brassinosteroids in mulberry plants has been reported to enhance antioxidant enzyme activity and stimulate the accumulation of protective metabolites. These changes improve plant resilience to environmental stress and may enhance leaf nutritional quality for silkworm feeding (Suresh et al., 2025a).
Salicylic acid
Salicylic acid is an important signalling molecule involved in plant defense responses and stress tolerance. Exogenous application of salicylic acid can stimulate the production of phenolic compounds and antioxidant metabolites in mulberry leaves. These metabolites contribute to improved plant health and may indirectly support silkworm growth by maintaining leaf quality under stress conditions (Janaagal et al., 2025).
Jasmonates
Jasmonates, including jasmonic acid and its derivatives, are plant hormones that regulate defense responses and secondary metabolite biosynthesis. Jasmonate signalling can stimulate the accumulation of phenolics, flavonoids and other defense-related compounds in mulberry leaves. These metabolic changes play important roles in plant adaptation to environmental stresses and may influence interactions between mulberry plants and silkworm larvae (Sohn et al., 2022).
Overall, environmental factors and agronomic practices exert a strong influence on the mulberry metabolome. Understanding these interactions provides valuable insights for developing improved mulberry cultivation strategies aimed at optimizing metabolite composition and enhancing sericulture sustainability (Pérez-Llorca et al., 2023).
8. Influence of Mulberry Metabolites on Silkworm Physiology
Mulberry leaves serve as the exclusive food source for the domesticated silkworm (Bombyx mori), and therefore their biochemical composition plays a crucial role in determining silkworm physiology, growth and silk productivity. The metabolites present in mulberry leaves, including amino acids, sugars, proteins, organic acids and secondary metabolites, directly influence various physiological processes in silkworms. These compounds affect larval development, digestive metabolism, silk protein synthesis and cocoon characteristics. Understanding the interactions between mulberry metabolites and silkworm physiology is essential for improving sericulture productivity and developing strategies to enhance silk yield and quality (Kaushik et al., 2025).
8.1 Nutritional Effects on Silkworm Growth
The nutritional quality of mulberry leaves strongly influences the growth and development of silkworm larvae. Primary metabolites such as amino acids, proteins and soluble sugars provide essential nutrients required for metabolic activities and tissue formation during larval development.
Larval development
Amino acids present in mulberry leaves are critical for silkworm growth because they serve as precursors for protein synthesis. Compounds such as glycine, alanine and serine are particularly important because they are major constituents of silk proteins. Adequate levels of these amino acids in mulberry leaves promote faster larval growth, improved survival rate and enhanced physiological development. In addition, carbohydrates present in mulberry leaves provide the energy required for cellular metabolism and growth processes in silkworm larvae.
Feeding efficiency
The biochemical composition of mulberry leaves also influences feeding behavior and efficiency in silkworms. Leaves rich in soluble sugars and balanced nutrients are more palatable and stimulate feeding activity. Higher feeding efficiency results in increased nutrient intake and improved conversion of leaf biomass into larval body mass and silk proteins. Conversely, leaves with poor nutritional quality may reduce feeding activity and negatively affect larval development (Muzamil et al., 2023).
8.2 Digestive Physiology
Mulberry leaf metabolites play an important role in regulating digestive processes in silkworm larvae. Efficient digestion and nutrient assimilation are essential for supporting rapid larval growth and silk protein synthesis (Doliș et al., 2024).
Digestive enzyme activity
Silkworm larvae possess a range of digestive enzymes, including proteases, amylases and lipases, which break down dietary nutrients into absorbable forms. The composition of mulberry leaves can influence the activity of these enzymes. Leaves with higher protein and carbohydrate content stimulate digestive enzyme activity, facilitating efficient breakdown of nutrients and improving metabolic utilization (Hăbeanu et al., 2024).
Nutrient assimilation
Following digestion, nutrients are absorbed through the midgut and transported to different tissues for metabolic processes. Amino acids and sugars derived from mulberry leaves are utilized for tissue growth, energy metabolism and silk protein synthesis. Efficient nutrient assimilation enhances larval growth and supports optimal physiological functioning in silkworms (Chen et al., 2025).
8.3 Regulation of Silk Protein Synthesis
One of the most important physiological processes influenced by mulberry leaf metabolites is the synthesis of silk proteins. Silk fibers produced by silkworms consist mainly of two proteins: fibroin and sericin (Seo et al., 2023).
Fibroin production
Fibroin is the core structural protein that forms the main component of silk fibers. The synthesis of fibroin requires a continuous supply of amino acids, particularly glycine, alanine and serine, which are abundant in mulberry leaves. Adequate nutritional intake ensures efficient fibroin synthesis within the silk glands of silkworm larvae, leading to the production of strong and high-quality silk fibers (Bitar et al., 2024).
Sericin production
Sericin is a gummy protein that surrounds fibroin fibers and helps bind them together. Like fibroin, sericin synthesis depends on the availability of amino acids obtained from mulberry leaves. The biochemical composition of the leaves therefore influences both the quantity and quality of sericin produced during cocoon formation (Aad et al., 2024).
8.4 Effects on Cocoon Quality Traits
Mulberry leaf metabolites ultimately influence several economically important cocoon traits that determine silk yield and quality.
Cocoon weight
Cocoon weight is a key indicator of silkworm productivity and is strongly influenced by larval nutrition. Mulberry leaves rich in proteins, amino acids and carbohydrates support better larval growth, which results in heavier cocoons and improved silk yield (Vallapu et al., 2024).
Shell ratio
Shell ratio refers to the proportion of cocoon shell weight relative to the total cocoon weight and is an important parameter for evaluating silk productivity. Improved nutritional quality of mulberry leaves enhances silk gland development and increases the shell ratio (Ayandokun & Alamu, 2019).
Filament length
Filament length represents the length of a continuous silk fiber that can be reeled from a cocoon. Adequate supply of amino acids and other nutrients from mulberry leaves promotes efficient silk protein synthesis, leading to longer and stronger silk filaments (Muzamil et al., 2023).
Overall, the metabolic composition of mulberry leaves has a profound impact on silkworm physiology, influencing larval growth, digestion, silk protein synthesis and cocoon characteristics. Understanding these biochemical relationships provides valuable insights for improving mulberry cultivation practices and enhancing sericulture productivity through metabolomics-guided approaches (Qayoom & Malik, 2025).
9. Integration of Metabolomics with Multi-Omics Approaches
Modern plant biology increasingly relies on multi-omics approaches to obtain a comprehensive understanding of biological systems. While metabolomics provides detailed information about the biochemical composition of plant tissues, it represents only one layer of biological regulation. Integrating metabolomics with other omics technologies such as transcriptomics, proteomics and genomics enables researchers to connect gene expression, protein activity and metabolite accumulation within a unified framework (Jendoubi, 2021). Such integration is particularly valuable in mulberry research for understanding the molecular mechanisms that regulate leaf metabolism and influence silkworm nutrition. By combining multiple omics datasets, scientists can construct gene–metabolite networks that explain how genetic and environmental factors control metabolic pathways in mulberry leaves (Dharanipriya, 2019).
9.1 Transcriptomics
Transcriptomics involves the comprehensive analysis of gene expression by studying the complete set of RNA transcripts produced in a cell or tissue under specific conditions. Techniques such as RNA sequencing (RNA-seq) allow researchers to identify genes that are actively expressed in mulberry leaves and determine how gene expression changes in response to environmental stress, developmental stages or agronomic treatments (Lowe et al., 2017).
When integrated with metabolomic data, transcriptomic analysis helps identify genes responsible for the biosynthesis of specific metabolites. For example, genes involved in the phenylpropanoid pathway regulate the production of phenolic compounds and flavonoids in mulberry leaves. Understanding these gene expression patterns enables researchers to link metabolic changes with underlying transcriptional regulation and identify candidate genes associated with improved leaf quality and stress tolerance (Blumenberg, 2019).
9.2 Proteomics
Proteomics focuses on the large-scale analysis of proteins present in biological systems. Since proteins function as enzymes that catalyze biochemical reactions, they play a central role in controlling metabolic pathways. Proteomic studies provide insights into protein abundance, post-translational modifications and enzyme activity involved in plant metabolism (Martínez-Esteso et al., 2024).
Integrating proteomic data with metabolomic profiles allows researchers to understand how enzyme activity influences metabolite accumulation in mulberry leaves. For instance, enzymes involved in carbohydrate metabolism, amino acid biosynthesis and secondary metabolite production directly affect the levels of sugars, proteins and phenolic compounds present in the leaves. Proteomic studies, therefore, help clarify the biochemical mechanisms linking gene expression and metabolic outcomes (Liu et al., 2019).
9.3 Genomics
Genomics involves the analysis of the complete genetic makeup of an organism. Advances in sequencing technologies have enabled the characterization of mulberry genomes, providing valuable information about genes responsible for plant growth, metabolism and stress responses. Genomic studies also facilitate the identification of genetic variations among mulberry cultivars that influence leaf yield and biochemical composition (Mondal et al., 2023).
Combining genomic information with metabolomic data helps identify genetic determinants of metabolite production. For example, specific genes may regulate metabolic pathways responsible for amino acid synthesis, carbohydrate metabolism or secondary metabolite biosynthesis. Identifying these genes enables plant breeders to develop improved mulberry varieties with enhanced leaf quality and better suitability for silkworm feeding (Hong et al., 2023).
Integration of metabolomics with transcriptomics, proteomics, and genomics ultimately enables the construction of gene–protein–metabolite interaction networks. These networks provide a holistic understanding of the molecular mechanisms that regulate mulberry metabolism and determine leaf nutritional quality. Such multi-omics approaches hold great potential for advancing mulberry breeding programs, improving sericulture productivity and developing sustainable mulberry cultivation systems (Gnanesh & Vijayan, 2023).
10. Applications of Metabolomics in Improving Sericulture
Metabolomics has emerged as a valuable tool for improving crop quality and productivity by enabling detailed analysis of plant biochemical composition. In sericulture, the quality of mulberry leaves directly determines the growth and productivity of silkworms. Therefore, understanding the metabolomic profile of mulberry leaves provides important opportunities to enhance mulberry cultivation and optimize silkworm performance. Metabolomic approaches can help identify key metabolites associated with superior leaf quality, guide breeding programs for improved mulberry varieties, support precision cultivation practices, and ultimately enhance silk yield and quality. These applications contribute significantly to the development of sustainable and efficient sericulture systems (Liu et al., 2024).
10.1 Identification of Metabolite Biomarkers for Leaf Quality
Metabolomics enables the identification of specific metabolites that serve as biochemical biomarkers associated with high-quality mulberry leaves. These metabolites may include amino acids, soluble sugars, organic acids, and secondary metabolites that contribute to improved silkworm nutrition. By analyzing metabolic profiles of different mulberry varieties, researchers can identify compounds that correlate with desirable traits such as enhanced larval growth, higher cocoon weight, and improved silk filament length (Huang et al., 2023).
Biomarkers identified through metabolomic studies can be used as indicators of leaf nutritional quality and plant health. Such metabolite markers provide a rapid and reliable method for evaluating mulberry varieties and cultivation practices aimed at improving sericulture productivity (Djande et al., 2020).
10.2 Metabolomics-Assisted Breeding of Mulberry Varieties
Metabolomic data can be integrated into mulberry breeding programs to develop improved cultivars with enhanced biochemical composition and higher leaf nutritional value. By comparing metabolic profiles among different genotypes, researchers can identify metabolic traits associated with superior leaf quality and stress tolerance (Zhang et al., 2025).
These metabolite traits can serve as selection criteria in breeding programs, complementing conventional genetic and phenotypic approaches. Combining metabolomics with genomics and transcriptomics further enables the identification of genes responsible for the biosynthesis of beneficial metabolites. This integrated approach facilitates the development of mulberry varieties that produce nutritionally rich leaves capable of supporting efficient silkworm growth and silk production (Mahmood et al., 2022).
10.3 Precision Mulberry Cultivation Strategies
Metabolomic studies also contribute to the development of precision agriculture practices for mulberry cultivation. By understanding how environmental conditions and agronomic interventions influence metabolite accumulation in mulberry leaves, farmers can adopt management practices that optimize leaf biochemical composition (Sharma et al., 2025).
[bookmark: _GoBack]Precision cultivation strategies may include optimised fertilisation schedules, efficient irrigation management, and the use of plant growth regulators to enhance metabolite production. These approaches help maintain consistent leaf quality throughout the growing season and ensure a stable supply of nutritionally rich leaves for silkworm rearing (Huang et al., 2023).
10.4 Enhancing Silkworm Productivity through Biochemical Optimization
Metabolomic insights into mulberry leaf composition can also be used to enhance silkworm productivity by optimizing the biochemical characteristics of silkworm feed. Leaves enriched with essential amino acids, sugars and other beneficial metabolites support improved larval growth, efficient nutrient assimilation and enhanced silk protein synthesis (Liu et al., 2024c).
By selecting mulberry varieties and cultivation practices that promote favorable metabolite profiles, sericulture systems can achieve higher cocoon yield, improved shell ratio and longer silk filaments. Ultimately, metabolomics-guided optimization of mulberry leaf quality represents a promising strategy for improving the overall efficiency and sustainability of silk production (Dong et al., 2017).
11. Future Perspectives
Advances in plant metabolomics and molecular biology are opening new opportunities for improving mulberry cultivation and enhancing sericulture productivity. With rapid developments in analytical technologies, computational tools and genetic engineering approaches, it is now possible to gain deeper insights into the metabolic processes that regulate mulberry leaf quality and silkworm nutrition. Future research integrating metabolomics with advanced biotechnological strategies will play a critical role in developing improved mulberry varieties, optimizing cultivation practices and ensuring sustainable silk production systems (Sarkar et al., 2017).
High-throughput metabolomics technologies
Recent improvements in analytical platforms such as high-resolution mass spectrometry and ultra-high-performance liquid chromatography have significantly increased the sensitivity and throughput of metabolomic analyses. These technologies allow the detection of thousands of metabolites simultaneously, providing comprehensive metabolic profiles of plant tissues. In mulberry research, high-throughput metabolomics can facilitate large-scale screening of mulberry germplasm to identify varieties with superior leaf biochemical composition and improved nutritional value for silkworms (Jaiswal et al., 2020).
Metabolic engineering and CRISPR approaches
Modern genetic engineering techniques provide new possibilities for manipulating metabolic pathways in plants. Metabolic engineering aims to enhance the production of desirable metabolites by modifying key enzymes and regulatory genes involved in metabolic pathways. Genome editing technologies such as CRISPR–Cas systems allow precise modification of genes responsible for metabolite biosynthesis. In mulberry, these approaches could be used to increase the accumulation of essential amino acids, proteins and other beneficial metabolites that improve silkworm nutrition and silk productivity (Das et al., 2024).
Climate-resilient mulberry varieties
Climate change poses significant challenges to mulberry cultivation, including increased frequency of drought, temperature extremes and soil salinity. Developing climate-resilient mulberry varieties capable of maintaining stable metabolite profiles under stress conditions is therefore essential for sustainable sericulture. Integrating metabolomics with plant breeding and molecular genetics can help identify metabolic traits associated with stress tolerance and facilitate the development of improved mulberry cultivars adapted to changing environmental conditions (Shi et al., 2025).
Sustainable sericulture systems
Future sericulture systems will increasingly emphasize sustainability, resource efficiency and environmental resilience. Metabolomics-guided strategies can support sustainable sericulture by improving mulberry leaf quality, optimizing nutrient management and reducing the impact of environmental stress on plant metabolism. Integrating metabolomics with precision agriculture technologies, breeding programs and ecological management practices will help ensure consistent mulberry productivity and enhance the long-term sustainability of sericulture industries (Rohela et al., 2020).
12. Conclusion
Mulberry leaves play a central role in sericulture as they constitute the exclusive food source for the domesticated silkworm (Bombyx mori). The biochemical composition of mulberry leaves, including primary metabolites such as amino acids, sugars and proteins, as well as secondary metabolites such as phenolics and flavonoids, directly influences silkworm growth, cocoon development and silk production. Recent advances in metabolomics have provided powerful tools for comprehensively profiling these metabolites and understanding the complex biochemical networks that determine mulberry leaf quality (Das et al., 2022).
Metabolomic studies have significantly enhanced our understanding of the metabolic pathways involved in mulberry physiology and their responses to environmental and agronomic factors. Analytical techniques such as GC–MS, LC–MS, and NMR, combined with advanced bioinformatics and statistical analysis, enable the identification of key metabolites associated with improved leaf nutritional value and silkworm performance. Furthermore, the integration of metabolomics with other omics technologies, including genomics, transcriptomics, and proteomics, provides a holistic view of gene–protein–metabolite interactions that regulate plant metabolism (Marin et al., 2023b).
The application of metabolomics in sericulture research offers promising opportunities for identifying metabolite biomarkers for leaf quality, guiding mulberry breeding programs and optimizing cultivation practices. Such metabolomics-driven approaches can contribute to the development of improved mulberry varieties with enhanced biochemical composition, leading to better silkworm growth, higher cocoon yield and superior silk quality (Doliș et al., 2024b).
Overall, integrating metabolomics with plant physiology, biotechnology and sericulture research represents a powerful strategy for advancing mulberry improvement programs and promoting sustainable silk production. Continued research in this field will play a crucial role in developing innovative solutions to enhance mulberry leaf quality, improve silkworm productivity and strengthen the sustainability of sericulture systems.
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