



Review Article
Carbon–Nitrogen Metabolism in Mulberry (Morus alba L.) and Its Influence on Leaf Protein Quality for Silkworm Nutrition
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ABSTRACT 

	Mulberry (Morus alba L.) is the sole food plant of the domesticated silkworm (Bombyx mori L.), and the nutritional quality of its leaves directly determines larval growth, cocoon weight, shell ratio, and silk yield. Among the physiological factors governing leaf quality, carbon–nitrogen (C–N) metabolism plays a pivotal role by coordinating photosynthetic carbon assimilation with nitrogen uptake, reduction, and assimilation into amino acids and proteins. The balance between carbon skeleton availability and reduced nitrogen largely determines both the quantity and quality of leaf proteins accessible to the silkworm. This review synthesizes current knowledge on carbon–nitrogen interactions in mulberry, with particular emphasis on photosynthetic carbon metabolism, enzymatic pathways of nitrogen assimilation, and their regulation by nitrogen form, rate, and timing of application. The influence of environmental factors such as light, temperature, water availability, and soil fertility on C–N metabolism and leaf biochemical composition is also discussed. Special attention is given to how variations in leaf protein content, amino acid profile, soluble carbohydrates, moisture retention, and secondary metabolites affect silkworm digestion, metabolism, silk gland development, and silk protein synthesis. An improved understanding of the physiological basis of C–N metabolism in mulberry provides a scientific foundation for precision nutrient and water management, enhanced leaf protein quality, and efficient silkworm performance. Integrating plant physiological insights with agronomic and sericultural practices is essential for developing climate-resilient, resource-efficient, and sustainable sericulture systems capable of improving silk productivity and quality.
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1. INTRODUCTION 

The mulberry–silkworm system represents one of the most specialized and tightly coupled plant–animal interactions in agriculture, wherein the entire productivity of silk is dependent on the physiological and biochemical status of a single host plant, Morus alba L. Unlike other livestock systems where animals consume diverse feed resources, the domesticated silkworm (Bombyx mori L.) relies exclusively on mulberry leaves for its nutrition. Consequently, even subtle variations in leaf biochemical composition can exert profound effects on larval growth rate, feed utilization efficiency, cocoon weight, shell ratio, and ultimately silk yield and quality (Sengupta & Dandin, 1989; Datta, 2000).
Among the multiple determinants of mulberry leaf quality, carbon–nitrogen (C–N) metabolism occupies a central position because it integrates photosynthetic carbon assimilation with nitrogen uptake, reduction, and incorporation into organic molecules. Carbon metabolism, driven by photosynthesis, supplies metabolic energy in the form of ATP and reducing power (NADPH), as well as carbon skeletons required for the synthesis of amino acids and proteins. Nitrogen metabolism, on the other hand, provides reduced nitrogen that is assimilated into amino acids, chlorophyll, enzymes, and structural proteins. The coordination between these two metabolic streams ensures efficient protein synthesis and optimal leaf nutritive value (Stitt & Krapp, 1999).
Disruption of this coordination—whether due to inadequate nitrogen supply, poor photosynthetic performance, or environmental stress—results in metabolic imbalance. Such imbalance often leads to the accumulation of non-protein nitrogen compounds, reduced soluble protein content, altered amino acid profiles, and increased allocation of carbon to structural carbohydrates or secondary metabolites. These biochemical changes directly affect leaf palatability, digestibility, and nutrient availability to silkworm larvae, thereby influencing feeding behavior, digestion efficiency, and nutrient assimilation (Datta, 2000; Marschner, 2012).
The importance of C–N metabolism in mulberry is further amplified by the biochemical requirements of silk production. Silk is a proteinaceous fiber composed primarily of fibroin and sericin, which together account for nearly 70–80% of the cocoon shell weight. These proteins are rich in specific amino acids such as glycine, alanine, serine, and tyrosine, whose availability in the larval diet is a critical determinant of silk gland development and protein synthesis efficiency (Horie et al., 2000). Since silkworms possess limited capacity for de novo synthesis of several amino acids, the nutritional quality of mulberry leaves—shaped by C–N metabolic regulation—becomes the primary source of these essential building blocks.
Moreover, carbon–nitrogen interactions in mulberry influence not only protein quantity but also leaf moisture content, soluble sugar levels, and the balance between primary and secondary metabolites. Adequate carbon supply enhances soluble carbohydrate availability, providing immediate energy for larval metabolism, while balanced nitrogen assimilation promotes higher concentrations of true proteins and free amino acids. In contrast, nitrogen deficiency or excessive nitrogen under carbon-limited conditions can increase phenolic compounds and fiber content, adversely affect leaf texture and reducing larval feeding efficiency (Stitt & Krapp, 1999; Taiz et al., 2015).
Therefore, understanding the physiological and biochemical basis of C–N metabolism in mulberry is fundamental for improving sericultural productivity. A clear insight into how carbon assimilation and nitrogen metabolism interact to determine leaf protein quality provides a scientific framework for optimizing nutrient management, enhancing silkworm performance, and achieving sustainable and climate-resilient silk production systems. This perspective underscores the need to integrate plant physiological knowledge with silkworm nutritional requirements in future mulberry improvement and sericulture research.

2. Carbon Metabolism in Mulberry Leaves: Photosynthesis and Carbon Allocation
Carbon metabolism in mulberry leaves is fundamentally governed by photosynthetic CO₂ assimilation, which occurs in the chloroplasts through the Calvin–Benson cycle. In this process, atmospheric carbon dioxide is fixed into triose phosphates using energy (ATP) and reducing power (NADPH) generated by the light reactions of photosynthesis. These triose phosphates form the central hub of carbon metabolism and are subsequently allocated to the synthesis of soluble sugars such as sucrose and glucose, storage carbohydrates like starch, and structural components including cellulose and hemicellulose (Taiz et al., 2015).
Nitrogen availability exerts a profound influence on carbon metabolism because a substantial fraction of leaf nitrogen is invested in photosynthetic machinery. Key enzymes and protein complexes such as ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco), chlorophyll-binding proteins, and components of the photosynthetic electron transport chain are nitrogen-rich. Adequate nitrogen nutrition therefore enhances chlorophyll content, Rubisco abundance, and overall photosynthetic capacity, leading to higher rates of carbon assimilation in mulberry leaves (Taiz et al., 2015; Marschner, 2012). Conversely, nitrogen deficiency reduces photosynthetic efficiency by limiting enzyme synthesis, accelerating leaf senescence, and decreasing light-harvesting capacity.
Enhanced photosynthetic performance in mulberry results in increased leaf biomass and accumulation of soluble carbohydrates, which are critical not only for plant growth but also for silkworm nutrition. Soluble sugars in mulberry leaves serve as readily available energy sources for silkworm larvae, supporting metabolic activities such as digestion, nutrient assimilation, and silk gland development (Reddy et al., 2012). In addition to their direct nutritional value, carbohydrates influence leaf moisture retention and texture, factors that significantly affect larval feeding behavior and consumption rate.
Beyond their role as energy reserves, photosynthetically derived carbon compounds are indispensable for nitrogen assimilation and amino acid biosynthesis. Organic acids such as malate, citrate, and particularly 2-oxoglutarate act as carbon skeletons that accept reduced nitrogen during the synthesis of amino acids via the glutamine synthetase/glutamate synthase (GS/GOGAT) pathway (Nunes-Nesi et al., 2010). Thus, efficient carbon metabolism ensures a continuous supply of metabolic intermediates required for the conversion of absorbed inorganic nitrogen into organic nitrogen forms, ultimately leading to protein accumulation in leaves.
When carbon assimilation is constrained by environmental or management-related factors such as shading, drought stress, suboptimal temperature, or nutrient imbalance, the supply of carbon skeletons and metabolic energy becomes limiting. Under such conditions, nitrogen assimilation efficiency declines, leading to accumulation of inorganic nitrogen forms such as nitrate or simple amides and a concomitant reduction in true protein synthesis (Stitt & Krapp, 1999). These metabolic disturbances reduce leaf protein quality, even when total nitrogen content appears high.
Therefore, carbon metabolism in mulberry is not merely a determinant of vegetative growth or leaf yield but serves as a critical regulator of nitrogen use efficiency and protein quality. The effectiveness with which photosynthetically fixed carbon is allocated to amino acid and protein synthesis directly influences the nutritional value of mulberry leaves for silkworm larvae. Optimizing carbon metabolism through appropriate nutrient management, canopy regulation, and water supply is thus essential for producing high-quality mulberry foliage capable of supporting efficient silkworm growth and enhanced silk production.
3. Nitrogen Uptake and Assimilation in Mulberry
Nitrogen is a fundamental macronutrient governing vegetative growth, photosynthetic efficiency, and protein synthesis in mulberry (Morus alba L.). Mulberry roots primarily absorb nitrogen from the soil in inorganic forms, namely nitrate (NO₃⁻) and ammonium (NH₄⁺), although low-molecular-weight organic nitrogen compounds such as amino acids may also contribute under specific soil and rhizosphere conditions (Marschner, 2012; Xu et al., 2012). The relative uptake of nitrate and ammonium is influenced by soil pH, aeration, microbial activity, and fertilizer management practices.
Following uptake, nitrate undergoes enzymatic reduction in a two-step process. Nitrate reductase (NR), localized in the cytosol, catalyzes the reduction of nitrate to nitrite, a reaction that requires reducing equivalents derived from photosynthetically produced carbohydrates. Nitrite is subsequently transported into chloroplasts, where nitrite reductase (NiR) reduces it to ammonium using reduced ferredoxin as an electron donor. This ammonium is rapidly assimilated into organic forms to avoid toxicity, primarily through the glutamine synthetase/glutamate synthase (GS/GOGAT) pathway (Marschner, 2012).
The GS/GOGAT pathway represents the central route of ammonium assimilation in mulberry, producing glutamine and glutamate, which serve as pivotal nitrogen donors for the biosynthesis of other amino acids, proteins, nucleotides, chlorophyll, and various nitrogenous metabolites. The efficiency of this pathway is strongly dependent on the availability of carbon skeletons, particularly 2-oxoglutarate, linking nitrogen assimilation directly to photosynthetic carbon metabolism (Stitt & Krapp, 1999; Nunes-Nesi et al., 2010).
The activities of nitrate reductase, glutamine synthetase, and glutamate synthase are tightly regulated by light, carbohydrate status, and internal nitrogen concentration. Nitrate reductase activity is particularly sensitive to diurnal changes in light and sugar availability, reflecting its dependence on photosynthetically generated reducing power. This regulatory coordination ensures that nitrogen assimilation proceeds efficiently only when sufficient carbon and energy are available, thereby maintaining metabolic balance within the leaf (Stitt & Krapp, 1999; Foyer et al., 2011).
In mulberry cultivation, nitrogen fertilization has been consistently associated with increased leaf nitrogen content, chlorophyll concentration, and photosynthetic capacity, ultimately leading to higher leaf yield and enhanced nutritive value for silkworms (Datta, 2000; Reddy et al., 2012). Nitrogen-enriched leaves generally exhibit higher concentrations of soluble proteins and free amino acids, which are critical for silkworm growth, digestion, and silk gland development. Improved nitrogen status also delays leaf senescence, thereby extending the availability of high-quality foliage during silkworm rearing periods.
However, the form, rate, and timing of nitrogen application play a decisive role in determining leaf biochemical composition. Excessive nitrogen supply or poor synchronization between nitrogen availability and carbon assimilation can result in the accumulation of non-protein nitrogen compounds such as nitrate, amides, and free ammonium. These forms contribute little to larval protein nutrition and may even impair digestibility and feeding efficiency (Marschner, 2012; Reddy et al., 2012). Additionally, nitrogen imbalance may stimulate the synthesis of secondary metabolites and phenolic compounds, which can reduce leaf palatability and adversely affect silkworm performance (Taiz et al., 2015).
Studies have shown that split nitrogen application and integrated nutrient management improve nitrogen use efficiency in mulberry, promote balanced amino acid profiles, and enhance leaf protein quality relevant to silkworm nutrition (Datta, 2000; Foyer et al., 2011). Therefore, nitrogen management in mulberry must be evaluated not merely in terms of leaf yield but also with respect to qualitative biochemical parameters such as soluble protein content, amino acid composition, and nitrogen partitioning. Such an approach is essential for optimizing silkworm growth, cocoon quality, and overall sericultural productivity.
4. Carbon–Nitrogen Interaction and Leaf Protein Quality
The concept of carbon–nitrogen (C–N) balance is central to understanding how plants regulate protein synthesis and overall nutritional quality of leaves. Protein formation in plants requires the simultaneous availability of reduced nitrogen and carbon skeletons, along with sufficient metabolic energy. Under conditions of adequate light, optimal temperature, and sufficient water supply, enhanced photosynthetic carbon assimilation increases the availability of ATP, NADPH, and organic carbon intermediates such as 2-oxoglutarate. These metabolites play a pivotal role in ammonium assimilation through the glutamine synthetase/glutamate synthase (GS/GOGAT) pathway, thereby stimulating amino acid biosynthesis and subsequent protein accumulation (Nunes-Nesi et al., 2010; Stitt & Krapp, 1999).
In mulberry (Morus alba L.), efficient C–N interaction results in increased concentrations of soluble proteins and free amino acids in leaves. This biochemical enhancement directly benefits silkworm (Bombyx mori) growth, feeding efficiency, and silk gland development (Horie et al., 2000; Reddy et al., 2012). Since mulberry leaves constitute the sole source of nutrition for silkworms, the efficiency with which carbon and nitrogen are metabolically coordinated in the plant has a direct and measurable impact on larval physiology and silk production potential.
Leaf protein quality is determined not merely by total nitrogen or crude protein content but by the qualitative composition of amino acids available to the silkworm. Silk proteins—fibroin and sericin—are characterized by exceptionally high proportions of glycine, alanine, serine, and tyrosine, which together account for the majority of amino acid residues in the silk fiber. The dietary availability of these amino acids strongly influences the rate and efficiency of silk protein synthesis in the silk gland (Horie et al., 2000; Sehnal & Akai, 1990). Balanced C–N metabolism in mulberry promotes the synthesis and accumulation of these critical amino acids, thereby enhancing cocoon shell weight, shell ratio, and raw silk percentage (Datta, 2000; Reddy et al., 2012).
Conversely, imbalances in C–N metabolism can significantly compromise leaf protein quality. Excessive nitrogen availability under conditions of limited carbon assimilation—such as low light, shading, or water stress—often leads to the accumulation of nitrate, ammonium, or simple amides in leaf tissues. These non-protein nitrogen forms contribute little to larval nutrition and may reduce digestive efficiency or disrupt nitrogen metabolism in silkworm larvae (Marschner, 2012; Stitt & Krapp, 1999). Such leaves may appear nitrogen-rich but fail to support optimal larval growth and silk production.
Carbon–nitrogen interactions also influence carbon partitioning between primary structural components and secondary metabolites. Under nitrogen deficiency, photosynthetically fixed carbon is frequently diverted toward the synthesis of cell wall polysaccharides (cellulose, hemicellulose) and carbon-based secondary metabolites such as phenolics and flavonoids. This shift increases leaf toughness and fiber content, reducing palatability and digestibility for silkworm larvae (Taiz et al., 2015; Bryant et al., 1983). Elevated phenolic content can further interfere with nutrient absorption and enzyme activity in the larval gut, thereby lowering food utilization efficiency and growth rate.
Changes in leaf physical properties associated with C–N imbalance—such as increased thickness, reduced moisture content, and tougher texture—have been shown to decrease food consumption and assimilation efficiency in silkworms. These effects ultimately manifest as reduced larval weight, prolonged larval duration, and inferior cocoon characteristics (Sengupta & Dandin, 1989; Reddy et al., 2012). Therefore, optimal C–N balance in mulberry is essential not only for maximizing leaf protein content but also for maintaining favorable amino acid composition, leaf softness, and overall palatability.
Carbon–nitrogen interactions in mulberry serve as a critical physiological link between plant metabolic regulation and silkworm nutritional performance. Maintaining an optimal C–N balance ensures efficient nitrogen utilization, superior leaf protein quality, and favorable physical characteristics of leaves, all of which are indispensable for achieving high cocoon yield and superior silk quality in sericulture.

5. Influence of Environmental and Agronomic Factors on Carbon–Nitrogen Metabolism in Mulberry
Carbon–nitrogen (C–N) metabolism in mulberry is highly sensitive to environmental conditions, as carbon assimilation and nitrogen uptake are regulated by external factors that influence plant physiological processes. Light intensity is a primary driver of photosynthetic activity and directly determines the availability of carbon skeletons and metabolic energy required for nitrogen assimilation. Adequate solar radiation enhances chlorophyll synthesis, Rubisco activity, and photosynthetic electron transport, thereby increasing carbohydrate production and supporting efficient amino acid and protein synthesis (Taiz et al., 2015; Stitt & Krapp, 1999). In contrast, low light or shading reduces photosynthetic carbon gain, leading to inefficient nitrogen assimilation and accumulation of inorganic nitrogen forms in leaves.
Water availability is another critical regulator of C–N metabolism in mulberry. Under optimal moisture conditions, stomatal conductance and transpiration facilitate CO₂ diffusion into leaves and enhance nutrient uptake through mass flow in the soil. Water stress, however, induces stomatal closure, reduces photosynthetic carbon fixation, and limits nitrogen absorption by roots (Marschner, 2012). Drought stress often results in the accumulation of soluble sugars, proline, and other osmoprotectants, while protein synthesis declines due to restricted nitrogen assimilation and reduced enzyme activity. Such metabolic shifts lower leaf protein content and alter amino acid composition, thereby reducing the nutritional quality of mulberry leaves for silkworm larvae (Taiz et al., 2015; Reddy et al., 2012).
Temperature also exerts a strong influence on enzymatic processes governing C–N metabolism. Optimal temperatures favor the activity of key enzymes involved in nitrate reduction, ammonium assimilation, and amino acid synthesis. Conversely, suboptimal or extreme temperatures can disrupt enzyme kinetics, reduce nitrate reductase and glutamine synthetase activity, and impair the coordination between carbon and nitrogen metabolism (Foyer et al., 2011). These disruptions lead to reduced protein accumulation and increased metabolic inefficiency, negatively affecting leaf quality and silkworm performance.
Soil fertility and nutrient availability further modulate C–N interactions in mulberry. Adequate supply of nitrogen, along with balanced availability of phosphorus, potassium, and micronutrients, supports optimal photosynthesis and nitrogen assimilation. Deficiencies or imbalances in these nutrients can constrain either carbon or nitrogen metabolism, leading to poor C–N balance and inferior leaf biochemical composition (Marschner, 2012).
Agronomic practices play a decisive role in regulating C–N dynamics in mulberry cultivation. Nitrogen fertilization strategies such as split application, fertigation, and integrated nutrient management improve nitrogen use efficiency by synchronizing nitrogen availability with periods of active carbon assimilation (Datta, 2000; Reddy et al., 2012). Split application reduces nitrogen losses through leaching and volatilization, while fertigation ensures continuous and uniform nutrient supply, promoting steady protein synthesis and improved amino acid profiles in leaves.
Recent advances in precision agriculture have further enhanced the ability to manage C–N metabolism in mulberry plantations. Sensor-based irrigation scheduling, site-specific nutrient management, and decision-support tools enable precise control over water and nitrogen inputs, thereby optimizing photosynthesis–nitrogen assimilation coupling (Fageria et al., 2015; Zhang et al., 2020). Such approaches help maintain favorable leaf moisture content, high chlorophyll levels, and enhanced soluble protein concentration, all of which are closely associated with improved silkworm feeding efficiency, larval growth, and cocoon quality.
Overall, environmental and agronomic factors interact strongly to shape carbon–nitrogen metabolism in mulberry. Effective management of light, water, temperature, and nutrient supply is essential for sustaining optimal C–N balance, improving leaf biochemical quality, and ensuring consistent silkworm performance under varying climatic conditions. Integrating climate-responsive agronomic practices with physiological understanding of C–N interactions offers a promising pathway toward sustainable and resilient sericulture systems.
6. Implications for Silkworm Nutrition and Silk Production
The nutritional and physiological performance of the silkworm (Bombyx mori L.) is intimately dependent on the biochemical quality of mulberry (Morus alba L.) leaves, as they constitute the sole source of nutrients throughout larval development. The physiological status of mulberry leaves—shaped largely by carbon–nitrogen (C–N) metabolism—directly influences silkworm digestion, metabolic efficiency, silk gland growth, and the biosynthesis of silk proteins. Leaves produced under optimal C–N balance are characterized by high soluble protein content, favorable amino acid composition, adequate moisture retention, and sufficient soluble carbohydrates, all of which are essential for efficient larval growth and silk production (Horie et al., 2000; Sengupta & Dandin, 1989).
High-protein mulberry leaves with a balanced profile of essential and semi-essential amino acids support rapid larval growth and improved feed conversion efficiency. Amino acids such as glycine, alanine, serine, and tyrosine are particularly critical because they form the major structural components of fibroin and sericin, the two principal silk proteins synthesized in the silk gland (Horie et al., 2000; Sehnal & Akai, 1990). When these amino acids are abundantly available in the larval diet, silkworms exhibit enhanced silk gland hypertrophy, increased fibroin synthesis rates, and improved cocoon shell weight and shell ratio.
Improved C–N metabolism in mulberry also enhances soluble carbohydrate content in leaves, providing readily available energy sources for silkworm larvae. Soluble sugars support basal metabolic activities, facilitate nutrient assimilation, and reduce the energetic burden associated with de novo amino acid synthesis in the larval body (Ito, 1978). Adequate carbohydrate supply further improves digestive enzyme activity in the larval gut, enhancing protein utilization and overall growth efficiency. As a result, larvae fed nutritionally balanced leaves show shorter larval duration, higher survival rates, and improved cocoon quality (Reddy et al., 2012).
Conversely, mulberry leaves produced under imbalanced C–N conditions often exhibit reduced nutritional value despite appearing vigorous or nitrogen-rich. Such leaves may contain lower levels of true proteins, altered amino acid profiles, increased fiber content, or elevated concentrations of phenolics and other secondary metabolites. High fiber content reduces leaf digestibility, while increased phenolics may interfere with digestive enzyme activity and nutrient absorption in the larval gut (Matsubara & Hayashi, 1991; Taiz et al., 2015). These biochemical and physical changes can reduce palatability, leading to decreased food intake and inefficient feed utilization.
The consequences of feeding nutritionally inferior leaves are evident in silkworm performance, including slower larval growth, prolonged larval duration, increased susceptibility to diseases, and higher mortality rates. Inferior leaf quality also adversely affects silk gland development, resulting in lighter cocoons, reduced shell ratio, and lower raw silk yield (Sengupta & Dandin, 1989; Reddy et al., 2012). These outcomes highlight the sensitivity of silkworm productivity to even modest changes in mulberry leaf biochemistry.
From an economic perspective, effective management of mulberry C–N metabolism represents a critical lever for enhancing sericultural profitability. By optimizing nutrient and water management practices that promote balanced C–N interactions, farmers can consistently produce high-quality mulberry leaves that maximize silkworm growth efficiency and silk yield. Such improvements not only enhance biological efficiency but also reduce input costs per unit of silk produced, thereby strengthening the sustainability and resilience of sericulture enterprises.
Carbon–nitrogen metabolism in mulberry serves as a vital physiological link between plant nutrient management and silkworm productivity. Ensuring optimal C–N balance in mulberry leaves enhances protein quality, amino acid availability, and energy supply to silkworms, ultimately translating into improved cocoon characteristics and superior silk production.
4. Conclusion

Carbon–nitrogen (C–N) metabolism in mulberry (Morus alba L.) plays a crucial role in determining leaf biochemical quality and ultimately silkworm nutrition and silk productivity. The coordination between photosynthetic carbon assimilation and nitrogen uptake regulates the synthesis of amino acids and proteins in mulberry leaves. Photosynthesis provides carbon skeletons and energy for nitrogen assimilation, while nitrogen availability influences chlorophyll formation, enzyme activity, and protein accumulation. When carbon and nitrogen metabolism are balanced, mulberry leaves contain higher soluble proteins, favorable amino acid composition, and better moisture content, which enhance the growth and cocoon productivity of the silkworm (Bombyx mori L.). Conversely, imbalance in C–N metabolism due to environmental stress or improper nutrient management may reduce leaf protein quality and affect silkworm performance. Environmental factors such as light, temperature, water availability, and nitrogen management practices strongly influence C–N interactions in mulberry. Therefore, improved nutrient and water management strategies are essential to maintain optimal leaf quality and support sustainable and efficient sericulture production.
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