


Phytochemical Characterization of Tapioca (Manihot esculenta Crantz) Leaves and Their Influence on Eri Silkworm (Samia ricini) Gut Microbiome: Implications for Sustainable Sericulture in Southern India
ABSTRACT
Tapioca (Manihot esculenta Crantz) leaves are a promising yet underutilized feed resource for eri silkworm (Samia ricini) rearing in Southern India. This study aimed to characterize the phytochemical composition of tapioca leaves and evaluate their influence on the gut microbial diversity of eri silkworms. Qualitative and quantitative analyses were performed to determine major phytochemicals, including carbohydrates, proteins, phenols, flavonoids, alkaloids and saponins. Gas Chromatography–Mass Spectrometry (GC-MS) analysis revealed a diverse profile of bioactive compounds. Gut microbiome analysis using 16S rRNA gene amplicon sequencing demonstrated significant variation in microbial diversity across larval stages. Firmicutes were dominant, while Proteobacteria declined with larval development, indicating microbial adaptation to diet. The results highlight the nutritional and functional significance of tapioca leaves in supporting silkworm health and productivity. This study provides a scientific basis for utilizing tapioca as a sustainable feed resource and contributes to improving eri sericulture practices through microbiome-informed strategies.
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1. INTRODUCTION
Sericulture, the practice of rearing silkworms for silk production, plays a significant role in the agricultural economy of Southern India, providing livelihoods to numerous rural communities. While mulberry is the predominant feed for Bombyx mori, other silkworm species like the eri silkworm (Samia ricini) are gaining attention for their unique silk properties and ability to feed on a wider range of host plants, including tapioca (Manihot esculenta Crantz). Tapioca, a staple crop in many tropical regions, is known for its starchy roots, but its leaves are also a rich source of various nutrients and phytochemicals [1], [3], [7], [13], [16], [19].
The nutritional quality of feed plants directly impacts the growth, development and silk production of silkworms. Phytochemicals, naturally occurring bioactive compounds in plants, can have significant effects on insect physiology, including their digestive processes and gut microbiome. The gut microbiome, a complex community of microorganisms residing in the silkworm gut, plays a crucial role in nutrient assimilation, detoxification and immune responses, thereby influencing overall silkworm health and productivity [5], [9], [16], [17].
Despite the increasing interest in tapioca as an alternative feed for eri silkworms, a comprehensive understanding of the phytochemical composition of tapioca leaves and their subsequent impact on the eri silkworm gut microbiome is lacking. Identifying specific phytochemicals and their concentrations can help in selecting optimal tapioca cultivars that enhance silkworm health and silk yield. Furthermore, characterizing the gut microbial diversity associated with eri silkworms fed on tapioca will provide insights into the symbiotic relationships that facilitate efficient digestion and nutrient utilization [11],[13],[14].
This research aims to address these gaps by pursuing the following objectives:
· To evaluate the effect of phytochemical compositions of tapioca leaf through detailed qualitative and quantitative analyses.
· To analyze and characterize the gut microbial diversity associated with eri silkworm at different larval stages when fed with tapioca.
· The findings of this study are expected to contribute significantly to the development of sustainable sericulture practices in Southern India by optimizing tapioca leaf utilization as a primary feed source for eri silkworms.

2. MATERIALS AND METHODS
2.1 Plant Material and Experimental Design
Fresh leaves of Manihot esculenta were collected from selected cultivars in Southern India. Leaves were cleaned, shade-dried and powdered for phytochemical analysis. Eri silkworms (Samia ricini) were reared under controlled laboratory conditions and fed ad libitum with fresh tapioca leaves across different larval instars.
2.2 Phytochemical Analysis
Qualitative screening of phytochemicals was carried out using standard protocols to detect carbohydrates, proteins, amino acids, phenols, flavonoids, alkaloids and saponins. Quantitative estimation of total phenols and flavonoids was performed using Folin–Ciocalteu and aluminum chloride colorimetric methods, respectively and expressed as gallic acid and quercetin equivalents.
2.3 GC–MS Analysis
Ethanolic extracts of dried leaf samples were analyzed using GC–MS (Shimadzu GCMS-QP2010SE). Compounds were identified by comparing mass spectra with NIST library databases.
2.4 Gut Microbiome Analysis
Gut samples were collected from eri silkworms at different larval stages under sterile conditions. Genomic DNA was extracted and the V3–V4 region of the 16S rRNA gene was amplified and sequenced. Bioinformatic analysis was performed using QIIME2 pipeline to determine microbial diversity indices including alpha and beta diversity and taxonomic composition.
2.5 Statistical Analysis
Data were analysed using appropriate statistical tools and results were expressed as mean ± standard deviation. Diversity indices and microbial composition were interpreted using standard ecological metrics. Statistical significance was tested at p < 0.05.

3. RESULTS
3.1. Qualitative Phytochemical Profile of Tapioca Leaf
Initial qualitative screening of tapioca leaf extracts revealed the presence of a diverse range of phytochemicals. All tested samples exhibited positive results for reducing sugars, carbohydrates, amino acids and proteins, indicating their nutritional value. The presence of phenols, tannins, flavonoids, alkaloids and saponins was also confirmed, suggesting the potential for various biological activities.

Table 1: Qualitative Phytochemical Analysis of Tapioca Leaf Extract
	Phytochemical Group
	Result (Presence/Absence)
	Observation

	Reducing Sugars
	Present
	Brick-red precipitate (Fehling's), Green/yellow/red color (Benedict's)

	Carbohydrates
	Present
	Purple ring (Molisch's), Blue-black color (Iodine)

	Amino Acids
	Present
	Purple/blue color (Ninhydrin)

	Proteins
	Present
	Red precipitate (Millon's)

	Phenols and Tannins
	Present
	Blue-black/green coloration (FeCl3)

	Flavonoids
	Present
	Red to crimson color (Shinoda), Yellow color (Alkaline Reagent)

	Alkaloids
	Present
	Creamy white precipitate (Mayer's), Reddish-brown precipitate (Wagner's)

	Saponins
	Present
	Persistent foam (Foam Test)



3.2. Quantitative Phytochemical Content of Tapioca Leaf
Quantitative analysis revealed significant amounts of total flavonoids and total phenols in the tapioca leaf extracts

Table 2: Quantitative Estimation of Total Flavonoids and Phenols in Tapioca Leaf Extract
	Parameter
	Concentration (Mean ± SD)
	Unit

	Total Flavonoids
	18.54 ± 0.82
	mg Quercetin Equivalents/g dry weight

	Total Phenols
	32.78 ± 1.15
	mg Gallic Acid Equivalents/g dry weight



3.3. GC-MS Analysis of Tapioca Leaf Extract
GC-MS analysis of the ethanolic extract of tapioca leaves revealed a diverse range of volatile and semi-volatile compounds. The chromatogram exhibited numerous peaks (Figure. 1), indicating the presence of multiple constituents. Further identification through mass spectral deconvolution and comparison with the NIST library confirmed various bioactive compounds. The major compounds, along with their retention times (RT), percentage area and associated biological activities, are presented in Table 4.
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Figure 1: GC-MS chromatogram

Table 3: Major Phytocomponents Identified in Tapioca Leaf Extract by GC-MS

	Peak No.
	Retention Time (min)
	Compound Name
	CAS No.
	% Area
	Biological Activity

	17
	21.602
	1,8,11-Heptadecatriene (Z, Z)
	56134-3-3
	23.88
	Improves palatability and energy availability

	18
	21.626
	9-Octadecenoic acid (Z)-, methyl ester
	112-62-9
	23.11
	Major energy source for larval growth and cocoon formation

	13
	20.335
	Pentadecanoic acid, 14-methyl-, methyl ester
	5129-60-2
	12.17
	Supports gut health and disease resistance

	31
	29.15
	Supraene
	7683-64-9
	12.22
	Supports physiological stability and pigmentation

	19
	21.732
	Phytol
	150-86-7
	6.46
	Enhances immunity and metabolism

	40
	44.205
	Ageratriol
	38022-97-8
	4.67
	Improves stress tolerance in larvae

	20
	21.764
	Pentadecanoic acid, methyl ester
	7132-64-1
	3.89
	Supports energy metabolism and gut balance

	34
	32.083
	Delta Tocopherol 
	119-13-1
	0.38
	Protects larvae from oxidative stress

	35
	35.08
	gama-Tocopherol
	7616-22-0
	0.52
	Enhances larval survival and immunity

	37
	37.865
	Vitamin E
	59-02-9
	0.4
	Improves overall health and cocoon quality



3.4. Gut Microbial Diversity and Composition in Eri Silkworms
Amplicon sequencing of the 16S rRNA gene from eri silkworm guts revealed dynamic changes in microbial diversity and community structure across different larval stages when fed with tapioca leaves.

Table 4: Alpha Diversity Indices of Eri Silkworm Gut Microbiome at Different Larval Stages
	Larval Stage
	Observed ASVs (Mean ± SD)
	Shannon Index (Mean ± SD)
	Simpson Index (Mean ± SD)

	3rd Instar
	145 ± 5
	3.12 ± 0.08
	0.82 ± 0.02

	4th Instar
	162 ± 6
	3.45 ± 0.10
	0.85 ± 0.01

	5th Instar
	174 ± 4
	3.68 ± 0.09
	0.88 ± 0.01



Beta diversity analysis using PCoA showed clear clustering of gut microbial communities by larval stage, indicating notable shifts during development.
At the phylum level, Firmicutes were dominant and increased from the 3rd to 5th instar, while Proteobacteria declined. Bacteroidetes and Actinobacteria showed slight increases in later stages. At the genus level, Lactobacillus and Enterococcus became more abundant as larvae matured, whereas Pseudomonas and Acinetobacter decreased. These trends suggest a gradual shift toward microbes that aid in efficient digestion and gut stability in later instars.

Table 5: Relative Abundance of Major Bacterial Phyla in Eri Silkworm Gut at Different Larval Stages (%)
	Phylum
	3rd Instar (Mean ± SD)
	4th Instar (Mean ± SD)
	5th Instar (Mean ± SD)

	Firmicutes
	38.5 ± 1.8
	40.2 ± 1.5
	42.8 ± 1.2

	Proteobacteria
	27.4 ± 1.4
	25.1 ± 1.3
	23.6 ± 1.0

	Bacteroidetes
	14.2 ± 1.0
	15.6 ± 1.1
	16.4 ± 1.0

	Actinobacteria
	7.8 ± 0.6
	8.4 ± 0.7
	9.1 ± 0.5

	Others
	12.1 ± 0.9
	10.7 ± 0.8
	8.1 ± 0.7
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Figure 2: Relative abundance of major bacterial phyla in the gut of eri silkworms across different larval stages (3rd, 4th and 5th instars) when fed tapioca leaves.

Firmicutes were consistently the dominant phylum, showing a gradual increase from 38.5% in the 3rd instar to 42.8% in the 5th instar. Proteobacteria decreased from 27.4% to 23.6% with larval development, while Bacteroidetes showed a moderate increase from 14.2% to 16.4%. Actinobacteria exhibited a slight upward trend and the proportion of other minor phyla declined with advancing instars. These shifts suggest dietary adaptation and gut microbiome stabilization as larvae matured.

4. DISCUSSION
The qualitative phytochemical analysis confirmed the rich diversity of secondary metabolites in tapioca leaves, including phenolics, flavonoids, alkaloids and saponins. These findings align with previous reports on the phytochemical composition of Manihot esculenta [1], [2], [7], [13], [19] and suggest that tapioca leaves could provide not only essential nutrients but also a range of bioactive compounds potentially beneficial to eri silkworms. The presence of reducing sugars, carbohydrates, amino acids and proteins underscores the nutritional value of tapioca leaves as a primary feed source.
The quantitative estimation revealed significant concentrations of total flavonoids and phenols. Flavonoids are well-known for their antioxidant properties [5], [16], which could help silkworms combat oxidative stress. Phenols, on the other hand, can exhibit antimicrobial and antifeedant activities [9], [14], which might influence the gut microbial community and potentially protect the silkworms from pathogens. The specific concentrations reported here provide a baseline for further studies investigating dose-dependent effects on silkworm physiology and productivity.
The GC-MS analysis of Manihot esculenta leaf extract revealed a chemically diverse profile dominated by lipidic compounds, terpenoids and antioxidants, providing valuable insight into its suitability as a feed source for the eri silkworm (Samia ricini). The identification of major constituents such as 9-octadecenoic acid (Z)-, methyl ester (oleic acid methyl ester) and pentadecanoic acid derivatives suggests a significant contribution to the overall nutritional and energy value of the leaves, which is essential for larval growth and cocoon development. Additionally, the presence of phytol and supraene, known for their antioxidant and bioactive properties, indicates a potential role in enhancing physiological stability and metabolic efficiency in silkworms. Compounds like 1,8,11-heptadecatriene and antimicrobial fatty acid esters may also influence gut microbial balance, thereby supporting improved digestion and disease resistance. Furthermore, the detection of tocopherols (Vitamin E variants) highlights the antioxidant capacity of the extract, which can help mitigate oxidative stress during critical developmental stages such as molting. Overall, this detailed chemical profiling underscores the functional significance of cassava leaves [2], [11], [13] and provides a scientific basis for understanding the complex interaction between the host plant chemistry and eri silkworm biology.
The gut microbiome analysis revealed dynamic shifts in microbial diversity and community structure across different larval stages. Previous studies have demonstrated that insect gut microbiota actively participate in detoxification of plant secondary metabolites and nutrient metabolism, supporting host adaptation to diet [17]. This observed succession is typical in insect guts as they mature and their dietary needs change. The dominance of specific bacterial phyla such as Firmicutes and Proteobacteria suggests their critical roles in the digestion of tapioca leaf components. For example, bacteria capable of breaking down complex carbohydrates or detoxifying plant secondary metabolites would likely be enriched. The distinct clustering in beta diversity plots highlights the significant influence of larval development and continuous tapioca feeding on shaping the gut microbial landscape [11].
The identified changes in specific taxa between larval stages could indicate adaptive responses of the gut microbiome to the changing nutritional requirements or the accumulation of certain phytochemicals in the diet. For example, if certain detoxification pathways are needed as the silkworm matures, corresponding microbial communities might become more prevalent. Comparing these findings with studies on other silkworm species or different feed sources would provide valuable insights into the unique adaptations of eri silkworms to tapioca.
The implications of these findings are substantial for sustainable sericulture. By understanding the phytochemical composition of different tapioca cultivars, we can potentially select those that not only promote optimal silkworm growth but also support a healthy and resilient gut microbiome. Furthermore, knowledge of the gut microbial community provides opportunities for probiotic interventions or dietary modifications to enhance silkworm health and productivity. The interplay between tapioca phytochemicals and the silkworm gut microbiome is a complex area and this study provides a foundational understanding for future research into optimizing feed strategies and promoting silkworm resilience.

5. LIMITATIONS OF THE STUDY
This study was limited to selected tapioca cultivars and controlled experimental conditions, which may not fully represent field-level variability. The microbiome analysis was based on 16S rRNA sequencing, which provides taxonomic resolution but limited functional insights. Additionally, the direct correlation between specific phytochemicals and silkworm growth or silk yield was not experimentally validated. Future studies should include metabolomic analysis, functional gene profiling and field-based validation to strengthen the findings.

6. CONCLUSION
This research provides a comprehensive phytochemical characterization of tapioca leaves and offers valuable insights into their impact on the gut microbial diversity of eri silkworms across different larval stages. Qualitative and quantitative analyses confirmed the presence of key phytochemicals, while GC-MS revealed a detailed chemical profile of the leaf extract. The dynamic shifts in eri silkworm gut microbial communities, as evidenced by 16S rRNA gene amplicon sequencing, highlight the significant interplay between the host plant's phytochemicals and the silkworm's internal microbial ecosystem.
[bookmark: _Hlk219110679][bookmark: _Hlk219128673]The findings from this study are crucial for identifying optimal tapioca cultivars that can serve as an effective and sustainable feed source for eri silkworms in Southern India. By understanding the specific phytochemicals present in tapioca leaves and their influence on gut microbiota, we can develop strategies to enhance silkworm health, improve silk yield and promote eco-friendly sericulture practices. Future research should focus on correlating specific phytochemical concentrations with silkworm growth parameters and silk quality, as well as conducting functional studies of the identified gut microbes to elucidate their roles in nutrient assimilation and detoxification. This holistic approach will pave the way for more efficient and sustainable eri sericulture.
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