Dose-Dependent Effects of Lactic Acid Supplementation on Biochemical Profiles and Cocoon Productivity in the Silkworm (Bombyx moriL.)

Abstract
This study explored how different doses of lactic acid influence the physiology and silk yield of the mulberry silkworm, Bombyx mori L. Larvae were fed diets supplemented with 0.1%, 0.5%, and 5% lactic acid, and changes in biochemical characters (uric acid, protein, carbohydrate, and cholesterol) along with cocoon characteristics (cocoon weight, shell weight, and shell ratio) were evaluated. Supplementation at 0.5% proved most effective, significantly boosting uric acid (5.24±0.20) and protein levels (18.04±1.17) compared to the control (2.72±0.20 and 15.75±0.34, respectively). Carbohydrate and cholesterol contents dropped in treated groups, reaching their lowest values at 0.5% (13.23±0.45 and 19.80±0.50) relative to the control (15.65±0.25 and 25.66±0.20). Cocoon productivity also improved, with the heaviest cocoons (2.72 g) recorded at 0.5%. Interestingly, while shell weight (0.80g) and shell ratio (34.03%) peaked at 5% concentration, these were still markedly higher than the control (0.57 g and 26.35%). Overall, lactic acid showed a clear dose-dependent effect. The 0.5% concentration offered the best balance between improved biochemistry and cocoon productivity, while 5% specifically favored shell deposition. These findings highlight lactic acid as a promising dietary additive for enhancing silk yield in B. mori.
Keywords: Lactic acid, silk productivity, biochemical parameters, Bombyx mori.
1. Introduction
The silkworm has long been the exclusive source of natural silk, utilized in the production of fine textiles and garments. Bombyx mori L., a phytophagous lepidopteran insect, is a monophagous species that feeds exclusively on the leaves of Morus alba L.(Saravanan et al., 2011). The life cycle of Bombyx mori L. consists of four distinct stages: embryo, larva, pupa, and adult moth, representing one of the most advanced forms of metamorphosis. The silkworm corresponds to the larval stage of the silk moth. The adult moth lays eggs, which hatch into larvae (caterpillars) commonly referred to as silkworms. These larvae feed intensively on mulberry leaves for about 20–30 days and undergo five successive moults, each marking a distinct instar (Soumya et al., 2017). An essential characteristic of the silkworm is its unique ability to transform plant-derived proteins into silk proteins (Udeet al., 2014).The mulberry (Morus alba) is the exclusive natural food source of silkworms, and the nutrient composition and quality of its leaves play a decisive role in larval growth and the production of high-quality silk (Smitha and Rao, 2010).The supplementation of silkworms with nutritionally enriched leaves has been reported to enhance their growth and development, while also increasing the economic value of the cocoons (Krishnaswami et al., 1971).Nutrient enrichment of mulberry leaves has been identified as an effective strategy to enhance the growth rate of B. mori (Konalaet al., 2013).The artificial diet formulated for silkworms typically includes mulberry leaf powder, defatted soybean powder, corn powder, mulberry branch powder, cellulose, binding agents, vitamins, preservatives, and inorganic salts, designed to align with the feeding behavior of silkworms while fulfilling their nutritional requirements (He et al., 2021).Fortifying mulberry leaves with supplementary nutrients has emerged as a recent approach in sericulture research aimed at maximizing yield(Nivethaet al., 2024).Another key factor in artificial diets is the use of preservatives, which serve to suppress or prevent the growth of spoilage microorganisms and extend the food’s shelf life. Tao et al.(2022) investigated metabolic variations in the hemolymph of silkworms raised on different artificial diets and found notable alterations in amino acid, uric acid, carbohydrate, lipid, and vitamin metabolism during the fifth instar developmental stages.Studies on preservatives in artificial diets remain relatively limited, with the majority emphasizing the development of chemical preservatives, while their specific effects on silkworm growth and development have yet to be elucidated.Lactic acid is extensively utilized across the food, pharmaceutical, cosmetic, and related industries to ensure microbial stability in low-pH products (Dang et al., 2009). However, its influence on silkworm growth and reproductive performance has yet to be clarified.


2. Material and methods
2.1. Rearing
The eggs of the bivoltine hybrid silkworm reared following the standard rearing protocol described by Dandin and Giridhar (2010). The rearing conditions were maintained at 25-28°C, with a relative humidity of 75 ± 5% and a photoperiod of 16 hours light and 8 hours dark. 
2.2. Preparation of different concentrations
Lactic acid solutions (0.1, 0.5, and 5%) were prepared by dilution with distilled water. Different concentrations of lactic acid were sprayed on fresh mulberry leaves and were air-dried at room temperature for 1–2 h, and then provided to the larvae. Control leaves were treated with water using the same procedure.
2.3. Haemolymph collection and preparation
On the third day of the fifth instar, 10 larvae were randomly selected from each group. Haemolymph was collected by making a small incision in one of the prolegs, and 0.5 ml was extracted from each larva. The haemolymph from each treatment group was pooled and used for subsequent biochemical analyses. To inhibit prophenol oxidase activity and prevent melanisation, 1 mg of phenylthiourea was added to each sample. The samples were centrifuged at 10,000 rpm for 10 min, and the resulting supernatant was transferred to fresh tubes and stored at –20 °C until analysis (Etebariet al., 2006).
2.4. Cocoon weight, shell weight and cocoon shell ratio
On the seventh day of the fifth instar, mature larvae were manually collected and placed on mountages for cocoon formation. The 10 cocoons were randomly selected and the weight of cocoon and shell were taken. The cocoon shell rate for each group was calculated according to the method of Jianget al. (2020) using the following formula:-
Cocoon shell ratio (%) = (Cocoon shell weight/Whole cocoon weight) ×100.
3. Results and Discussion
The impact of lactic acid supplementation on the biochemical and economic parameters of Bombyx mori was found to be significant, with distinct variations observed among the treated groups compared to the control were analyzed and summarized in Tables 1-3.
3.1. Biochemical traits
Uric acid content increased notably in the treated groups, reflecting alterations in nitrogen metabolism. The control recorded the lowest value (2.72 ± 0.20), whereas the maximum was observed at 0.5% supplementation (5.24 ± 0.20). A moderate rise occurred at 0.1% (3.36 ± 0.29), while a decline at 5% (3.07 ± 0.06) suggested that excessive supplementation may not support efficient excretory activity. The significant increase in uric acid at 0.1% and 0.5% concentrations indicates enhanced nitrogen metabolism and excretory activity. The decline observed at 5% supplementation, however, implies that excessive lactic acid may disrupt nitrogen metabolism and reduce metabolic efficiency. 
Protein content was elevated across all treatments relative to the control (15.75 ± 0.34). The highest level occurred at 0.1% (19.32 ± 0.86), followed by 0.5% (18.04 ± 1.17) and 5% (16.82 ± 0.47). These results indicate that lactic acid supplementation enhances amino acid assimilation and promotes silk protein synthesis. Protein content was consistently higher in the treated groups than in the control, with the maximum recorded at 0.1%. This elevation suggests that lactic acid supports amino acid absorption and stimulates enzymatic activity involved in protein metabolism. Given that silk fibroin and sericin are proteinaceous, improved protein metabolism directly enhances silk gland function. Investigations into protein metabolism are particularly significant in silkworm physiology, as they play a crucial role in defining the biochemical properties of silk proteins (Shigematsu, 1960).
Carbohydrate levels were highest in the control (15.65 ± 0.25) and declined with supplementation. The lowest content was recorded at 0.5% (13.23 ± 0.45), followed by 5% (13.75 ± 0.40) and 0.1% (14.16 ± 0.37), indicating greater mobilization of carbohydrates for energy production and cocoon development under lactic acid influence. Carbohydrate content was reduced in all treated groups compared with the control, reflecting increased mobilization of carbohydrate reserves for energy production. This enhanced energy utilization is essential for sustaining active metabolism and cocoon formation. 
Cholesterol content displayed an inverse trend relative to protein. The control group exhibited the highest value (25.66 ± 0.20). A marked reduction was observed at 0.1% (19.16 ± 0.75) and 0.5% (19.80 ± 0.50), while partial recovery was evident at 5% (24.10 ± 0.65). This suggests that lower concentrations favor lipid utilization, whereas higher concentrations may promote lipid retention. Cholesterol levels declined significantly at lower concentrations, indicating improved lipid utilization. However, the partial recovery at 5% supplementation suggests that higher doses may favor lipid accumulation, potentially lowering metabolic efficiency. Comparable dose-dependent effects of organic acids on lipid metabolism have been described in insect models.
The observed increase in hemolymph total protein suggests enhanced digestive activity, resulting in greater protein accumulation and subsequent transport to various tissues through the hemolymph. These results are consistent with the findings of Nagata and Kobayashi (1990), who reported elevated hemolymph protein levels during the fifth instar due to active protein secretion from different tissues. Etebari and Matindoost (2004) reported that starvation alone can lead to a decline in several haemolymph biochemical constituents, including glucose.These results align with previous studies reporting that lactic acid bacteria promote the growth and development of fruit flies and enhance immune function in both fruit flies and silkworms (Nishida et al., 2016; Li et al., 2017).Similar support comes from Suramyaet al. (2020), who demonstrated that Echinacea acts as a potent antioxidant, immune stimulant, growth promoter, and enhancer of silk production.The biochemical parameters of fifth instar larvae improved when they were fed mulberry leaves supplemented with micronutrients. Biochemical analyses revealed elevated levels of carbohydrates and proteins in the haemolymph (Marin et al., 2021).



Table1. Effect of different concentrations of Lactic acid on thehaemolymph carbohydrate and cholesterol of Bombyx mori L.
	Conc. (%)
	Carbohydrate (mg/ml)
	Cholesterol (mg/ml)

	0.1
	14.16±0.37
	19.16±0.75

	0.5
	13.23±0.45
	19.8±0.50

	5
	13.73±0.40
	24.1±0.65

	Control
	15.63±0.25
	25.66±0.20



Table 2. Effect of different concentrations of Lactic acid on the haemolymphuric acid and total protein of Bombyx mori L.
	Conc. (%)
	Uric Acid (mg/ml)
	Total Protein (mg/ml)

	0.1
	3.36±0.29
	19.32±0.86

	0.5
	5.24±0.20
	18.04±1.17

	5
	3.07±0.06
	16.82±0.47

	Control
	2.72±0.20
	15.75±0.34








Figure1. Effect of different concentrations of Lactic acid on the haemolymphuric acid, total protein, carbohydrate and cholesterolof Bombyx mori L.







3.2. Economic parameters:
Cocoon weight was significantly improved by supplementation. The lowest value was recorded in the control (2.19 g), while the maximum was observed at 0.5% (2.72 g), followed by 0.1% (2.51 g) and 5% (2.36 g). Cocoon weight, as an integrated outcome of larval growth and metabolism, was highest at 0.5% supplementation (2.72 g). This suggests that moderate doses of lactic acid create an optimal physiological environment by improving nutrient assimilation, protein metabolism, and energy utilization. The enhanced cocoon weight at this level may be attributed to better feeding efficiency and balanced mobilization of metabolites for both growth and silk gland development. A slight decline at 5% (2.36 g) indicates that excessive supplementation may impose metabolic stress, diverting energy from growth processes to maintenance. Similar findings have been reported in previous studies, where moderate levels of dietary additives enhanced larval vigor and cocoon weight, whereas higher doses negatively impacted growth.
Shell weight also increased with supplementation. The highest value was recorded at 5% (0.80 g), closely followed by 0.5% (0.77 g), whereas the control group exhibited the minimum (0.57 g). At 0.1%, the shell weight (0.58 g) showed only marginal improvement over the control. Shell weight, a direct measure of silk yield, increased substantially with lactic acid supplementation, reaching a maximum at 5% (0.80 g), closely followed by 0.5% (0.77 g). These results suggest that, while moderate supplementation supports overall cocoon growth, higher concentrations specifically promote silk deposition in the cocoon shell. The improvement in shell weight at 5% may reflect intensified metabolic channeling of proteins and lipids toward fibroin and sericin synthesis. This dose-dependent effect indicates that lactic acid not only enhances general metabolism but also stimulates silk gland activity at higher levels. Comparable outcomes have been observed with other dietary additives, such as amino acids and vitamins, which markedly increase shell weight by promoting fibroin synthesis.
Shell ratio followed a consistent upward trend. The control recorded 26.35%, while the highest was noted at 5% (34.03%), followed by 0.5% (28.20%) and 0.1% (23.29%). Shell ratio, an important indicator of silk productivity efficiency, exhibited a steady increase with supplementation. The lowest value was recorded in the control (26.35%), while the highest occurred at 5% (34.03%). This demonstrates that lactic acid supplementation significantly enhances the proportion of silk shell relative to total cocoon weight. A higher shell ratio indicates a more efficient allocation of assimilated nutrients toward silk gland metabolism rather than pupal biomass. Although cocoon weight was not maximal at 5%, silk gland efficiency was highest at this concentration, resulting in improved commercial yield. These findings are consistent with earlier studies reporting that dietary supplements elevate shell ratio by redirecting metabolic energy toward silk synthesis.
Comparable improvements have also been documented with Aspergine and Alanine supplementation (Radjabi, 2010), as well as with Proline and amino acid mixtures provided through mulberry leaves (Bhojneet al., 2014). These results are further supported by Chakraborty and Kaliwal (2012), who demonstrated that oral supplementation with Arginine significantly enhanced cocoon weight, shell weight, and shell percentage. These findings are consistent with those of Nicodemo and Olivera (2014), who reported significantly higher cocoon and shell weights in silkworms reared on amino acid supplemented mulberry leaves compared to controls.Similar observations were reported by Kumar and Kumar (2018), who found that mulberry leaves supplemented with 0.5% Methionine led to notable improvements in the same economic traits.Similar results were observed with lactic acid supplementation by He et al., (2021) and with tryptophan supplementation by Maurya and Srivastava (2025). 
Table 3: Effect of different concentrations of Lactic acid on the cocoon weight, shell weight and cocoon shell ratio of Bombyx mori L.
	Conc. (%)
	Cocoon Weight (g)
	Shell Weight (g)
	Shell Ratio

	0.1
	2.51±0.04
	0.58±0.03
	23.29±1.12

	0.5
	2.72±0.03
	0.77±0.05
	28.2±1.75

	5
	2.36±0.04
	0.8±0.07
	34.03±2.76

	Control
	2.19±0.06
	0.57±0.04
	26.35±2.21







Figure 2. Effect of different concentrations of Lactic acid on the cocoon weight and shell weight of Bombyx mori L.


Figure 3. Effect of different concentrations of Lactic acid on cocoon shell ratio of Bombyx mori L.

4. Conclusions
The present study demonstrates that dietary supplementation with lactic acid exerts a significant influence on the physiological and economic performance of Bombyx mori. At lower concentrations (0.1% and 0.5%), lactic acid enhanced protein and uric acid metabolism while concurrently reducing carbohydrate and cholesterol levels, thereby indicating improved metabolic efficiency. Economically important traits, including cocoon weight, shell weight, and shell ratio, also exhibited marked improvement in response to supplementation. Specifically, 0.5% lactic acid yielded the highest cocoon weight, whereas a 5% concentration proved more effective in promoting shell deposition. Overall, supplementation at 0.5% emerged as the optimal dosage, providing a balance between enhanced physiological function and increased silk productivity. These findings highlight the potential of lactic acid as a cost-effective dietary additive in sericulture practices.
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