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SYNOPSIS 
 

Organisms, currently recognised as metaorganism are defined by the eukaryotic 

organism coevolved with the microbiota that shapes its state of being.  Every 

metaorganism comprises a complex network of organisms and their metabolites are 

synergistically interdependent to survive in the environment along with modifying it. 

Organisms and their microbiome co-exist and have parallel evolutionary histories 

represented by co-phylogenetic patterns and are reported to have undergone co-

speciation.  

Holometabolous insects are a major influence in the ecosystem They occupy multiple 

niches in the ecosystem forming completely different phenotypes in the larval and 

adult stages. With ~18000 described species over the world, lepidopterans are the 

second most diverse insect group. However, only <0.1% of lepidopterans have been 

reported of their microbial assistance. The composition and significance of gut 

microbiome varies vastly among lepidopterans with no universal pattern. 

As the phenotype and physiology of insects are dependent on the microbial 

composition, the composition and abundance of the organism-associated microbiota, 

especially the gut are dependent on the insect habitat, immunity and other 

physiochemical conditions. Studies have reported variations in the lepidopteran gut 

microbiome with changes in environmental conditions. Most studies report the 

complete remodel of the gut microbiota according to the development changes and 

have provided different theories about the gut microbiome composition, transmission 

and coevolution of these organisms.  

Studies based on functional analyses of the gut microbiome of lepidopterans reported 

85-97% of active species. Early larval stages reported a higher presence of functions 
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involved in carbohydrate metabolism, and cell motility while late instar microbes 

assisted with functions involved in amino acid, cofactors and vitamin metabolism. In 

moths, functions such as energy metabolism, and replication pathways were more 

abundant. 

Studying the gut microbiota is used to many advantages. In addition to gaining insights 

into the biology, evolution and dynamics of the host-gut microbiome, insect gut 

microbiota analyses could be used in developing effective methods for their better 

growth and health. They could be used as biomarkers for various traits of the organism 

and could be used to determine and eliminate various unwanted traits like diseases, 

pests, weak immunity and reduced growth. Novel microbes and their products from 

insect guts have also been developed for the biodegradation of complex waste and 

for blocking the transmission of insect-borne diseases. 

Samia cynthia ricini (Lepidoptera: Saturniidae), a domesticated silkworm, producing 

unique warm Eri-silk is widely cultivated by the rural population of Assam and 

Northeast India and largely contributes to the ecological and economic aspects of 

these regions. However, very little is known about the respective organisms resulting 

in their poor and obsolete rearing practice and cultivation techniques and low 

productivity of silk. The health conditions of these organisms are weakening leading 

to a decrease in their population which also has negative effects on the environment 

due to their role in the ecosystem. 

In an attempt to address the research gap in these areas, the present work explores 

the analysis of S. cynthia ricini concerning its gut microbiota  

The following objectives were formulated to gain a deeper understanding of 
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1.      Comparative Analyses of S. cynthia ricini and its gut microbiome under different 

diet conditions and growth stages. 

2.      Shotgun metagenome analysis of S. cynthia ricini 5th instar larva. 

3.      Comparative analyses with other lepidopteran larva metagenomes. 

4.      Metabolic profiling of S. cynthia ricini based on different diets and analysis the of 

the associated microbiome. 

Chapter 1 of the thesis reviews the literature on the organism used in our study, and 

the significance of studying the host-microbiome association. It composes of previous 

studies carried out to understand the relationship better and the research gaps 

present. 

Chapter 2 describes the identification gut microbiota structure of S. cynthia ricini 

through amplicon sequencing of 16s rRNA gene sequence comparative analyses of 

its gut microbiome under different diet conditions and growth stages. Changes in the 

gut microbiome affected by the environmental conditions are explored along with their 

role in the changes in the phenotypic characteristics Diversity analyses including α 

and β-diversity were analyzed. Differential abundances were calculated through the 

taxonomic and functional composition. Significant changes and patterns through the 

various categories were observed. 

Objectives of the study include- 

• Understanding the gut microbiota of S. cynthia ricini through amplicon 

sequencing and establishing the core microbiota involved. 

• To analyze the changes in the gut microbiota structure through various diet 

conditions and growth stages. 
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• To predict the functions of the microbes involved in the phenotype changes 

through the changes in diet and growth stages. 

• To optimise the methodology of analysing the amplicon-based gut microbiome. 

Chapter 3 focuses on shotgun-based analyses of the metagenome of S. cynthia ricini 

5th instar larva. 16s rRNA gene sequence microbiome-based microbiome analyses 

provide only the taxonomic abundance of an environment. It is more appropriate for 

composition profiling. Shotgun-based analyses, however, provide the total genomic 

DNA from a sample. Using gene coverage, species-level genetic variation and 

taxonomic composition along with functional profiling could be analyzed. Comparative 

analyses of annotation and identification of the gut microbiota through the techniques 

used were summarised. 

Objectives of the study include- 

• Determining the optimum conditions and tools for S. cynthia ricini metagenome 

annotation and assembly. 

• Taxonomic and functional annotation of the sequenced metagenome. 

• Reconstruction of metabolic pathways based on functional annotations. 

• Comparison of abundances for 16s rRNA gene sequence microbiome 

taxonomic abundances and functional predictions. 

Chapter 4 describes comparative analyses of three different lepidopteran species' 

larva metagenomes. Insects representing the most diverse groups of organisms have 

been reported to have a varied composition of gut microbiome assisting them to adapt 

to extremely diverse eco-environments. They have a wide range of food sources. 

Objectives of the study include- 
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• Observation of a common pattern of taxonomic or functional abundances of the 

lepidopteran species. 

• Analysing the significant differences of the microbiota associated with their 

phenotype, metabolic activities and/or behaviour (pests, etc.). 

Chapter 5 encompasses the differential profile of metabolites of the gut of S. cynthia 

ricini based on different diets and determines the effects of microbiota associated. 

Understanding the dynamic relationships between the structure of gut microbial 

communities and metabolites in insects during plant host shifts can contribute to a 

better understanding of herbivore ecology and nutrient acquisition, immunomodulation 

and physiogenesis in response to profound lifestyle changes. 

Integrative analyses of the metabolomic and microbiome data assist in a deeper 

understanding of the metaorganism i.e., the host organism, the environmental factors 

and the microbiota involved. 16s rRNA gene sequence analysis doesn’t always 

provide the complete assessment of microbes involved or their contribution to the 

metabolic activity profile of the host as other factors such as expression and non-linear 

associations are involved. The metabolic phenotype of the host is better understood 

with subtle differences leading to a more in-depth and sensitive analysis. Hence, 

integrative analyses uncover the inherent associations between the microbiota and 

the host metabolic phenotypes and have been used to elucidate the differences in gut 

microbes and host metabolic phenotypes in the context of different food compositions. 

These studies are used to establish a more concise hypothesis based on the 

conditions and the profile. 

With the development of high-throughput analysis techniques involving precise 

instruments including the development of liquid chromatography–electrospray 
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ionization mass spectrometry (LC-ESI-MS or simply LC-MS), easy sample preparation 

process and wide metabolite coverage, untargeted or global metabolomics aims at 

quantifying as many metabolites as possible in biological samples.  

Objectives of the study include- 

• Establishing the differential metabolic profile of the insect gut based on different 

host plants. 

• Metabolite annotation and description. 

• Establishing microbiome-intermediated correlations between host plants and 

metabolites. 

Overall, the study summarised the gut microbes of S. cynthia ricini using high-

throughput analytical techniques. The study included exploration and optimisation of 

the techniques involved via comparative studies. The gut microbiota of the silkworm 

was analyzed through various environmental conditions to understand the changes in 

the structure and functions associated and infer the microbes and their interactions 

and functions responsible for the phenotypic changes associated. The statistical 

analyses associated with the compositional, sparse, high dimensional nature of 

microbiome data were studied and optimised for the methodologies involved in an 

attempt to reproducibility of the studies. The gut microbiota of the organism was 

studied with comparison to other closely lepidopteran species to understand the inter-

species microbiota differences and related behaviours. The microbiome changes of 

the gut were further studied concerning the metabolic changes of the gut based on 

host diet and the correlation between the microbial changes and metabolic changes 

was explored, providing an integrative output and a greater resolution of the gut 

microbiome. In summary, the outcome of these studies will contribute to reducing the 
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research gaps existing with the silkworm and its importance, and assist in the 

development of better growth and development of the organism. This, on a broader 

perspective, would benefit the preservation of the ecologically significant organism and 

assist with its enhanced rearing techniques, also benefiting the rural sericulture 

economy of north-eastern regions of India. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

TH-3208_176152007



 Synopsis 

viii 
 

 

TH-3208_176152007



 

ix 
 

LIST OF TABLES 

Table1.1: Summarised table representing phenotypic and genotypic variations of 

Samia cynthia ricini found in north-eastern regions of India 

Table2.1: Sample-metadata summarising sample names and variable categories. 

Table2.2: Summary of denoised filtered output. 

Table2.3: Summary of final feature-table filtered output following OTU collapse and 

removal of mitochondria, chloroplast. 

Table2.4: Core microbiome at 100% identity  

Table2.5: Summary of β-diversity significance by PERMANOVA between different 

sample groups. Sample size=14. Number of groups for growth stages=7, diet=2, life-

stages=2. 

Table3.1: Comparative summary of assembly statistics of assemblers with SCL_5E 

shotgun sequences as analyzed by QUAST. 

Table3.2: Annotation statistics of SCL_5E using SPADES. 

Table3.3: Annotation summary of SCL_5E. 

Table3.4: Comparative summary of the number of features identified through 

SortmeRNA, MEGAN+DIAMOND, QIIME2 

Table3.5: Summarised representation of the normalised relative abundance of the 

classes of Antimicrobial Resistance Genes (ARGs) annotated. 

TH-3208_176152007



 

x 
 

Table4.1: Comparative taxonomic hierarchy of the organisms for the study: S. cynthia 

ricini, B. mori and P. xylostella 

Table4.2: Summarised representation of comparative assembly statistics 

Table5.1: Metadata of the samples and the respective categories 

Table5.2: PubChem database-based description of the compounds annotated. 

 

 

 

 

 

 

 

 

 

 

 

 

TH-3208_176152007



 

xi 
 

LIST OF FIGURES 

Figure1.1: Representation of a meta-organism comprising of the host organism, the 

microbiota (prokaryotic and eukaryotic), and the external factors associated and their 

inter-dependence. 

Figure1.2: Representation of the life cycle of Samia cynthia ricini 

Figure2.1: Taxa-barplot representing microbial communities and the overall microbial 

diversity at the genus level 

Figure2.2: Taxonomic abundance at the phylum level representing microbial 

community diversity among the samples. 

Figure2.3: Shared OTUs A. Eri-fed larval stages (SCLE1, SCLE2, SCLE3, SCLE4, 

SCLE5); B. Kesseru-fed larval stages (SCLK1, SCLK2, SCLK3, SCLK4, SCLK5); C. 

Adult moths- female and male from Eri-fed samples (SCLEF, SCLEM); Adult moths- 

female and male from Kesseru-fed samples (SCLKF, SCLKM). 

Figure2.4: Shannon’s entropy depicting species richness among sample groups. A. 

Growth stages (Instar1, Instar2, Instar3, Instar4, Instar5, Moth female, Moth male) (p= 

0.2); B. Diet (Eri-fed samples, Kesseru-fed samples) (p=0.2); C. Life-stages (Larvae, 

Moth) (p=0.08). [OTU-based] 

Figure2.5: Boxplots depicting species richness based on Faith's phylogenetic diversity 

(PD) among sample groups A. Growth stages (Instar1, Instar2, Instar3, Instar4, 

Instar5, Moth female, Moth male) (p=0.8); B. Diet (Eri-fed samples, Kesseru-fed 

samples) (p=0.2); C. Life-stages (Larvae, Moth) (p=0.39). [Phylogenetic-distance 

based]. 

TH-3208_176152007



 

xii 
 

Figure2.6: Boxplots depicting species evenness based on Pielou’s index among 

sample groups A. Growth stages (Instar1, Instar2, Instar3, Instar4, Instar5, Moth 

female, Moth male) (p=0.3); B. Diet (Eri-fed samples, Kesseru-fed samples) (p=0.27); 

C. Life-stages (Larvae, Moth) (p=0.11). 

Figure2.7: PCoA plots depicting β-diversity among samples A. Jaccard’s index; B. 

Weighed UniFrac Distance (phylogenetic-distance based quantitative measuring 

branch length); C. Unweighed UniFrac Distance (phylogenetic-distance based 

qualitative).  

Figure2.8: Cladogram representing evolutionary relationship between the taxa present 

in the samples. 

Figure2.9: Microbiome differential abundances based on diet as a variable (Eri-leaves 

and Kesseru-Leaves). 20 most significant species mapped (p< 0.05). 

Figure2.10: Microbiome differential abundance based on life-stage as a variable 

(Larvae and Moth). 20 most significant species mapped (p< 0.05). 

Figure2.11: Microbiome differential abundance based on variables diet and life-

stages. 20 most significant species mapped (p< 0.05). 

Figure2.12: Differential association networks between sample groups larva and adult 

moths. Green indicated positive associations while red indicated negative 

associations. Significant OTUs differentially associated. 

Figure2.13: NMDS plot of functional prediction representing A. KO-derived L3-

functions B. Metacyc pathways 

TH-3208_176152007



 

xiii 
 

Figure2.14: Bland-Altman log-ratio abundance (MA) plots depicting Kegg-Orthology 

differential abundance between sample groups A. Diet-types (Eri-fed vs Kesseru-fed) 

B. Life-stages (Larva vs Adult); Effect (MW) plots depicting dispersion of differential 

abundance between sample groups C. Diet-types (Eri-fed vs Kesseru-fed) D. Life-

stages (Larva vs Adult) 

Figure2.15: Most significant A. functions (Kegg-derived) and B. pathways (Metacyc-

derived) based on their differential abundance between different diet-types 

Figure2.16: Most significant A. functions (Kegg-derived) and B. pathways (Metacyc-

derived) based on their differential abundance between different life-stages. 

Figure3.1: Radial chart representation of taxonomic abundances through 16s rRNA 

gene sequence-based community analysis of shotgun sequenced data (SortmeRNA-

based) 

Figure.2: a. Radial representation of the taxonomic composition of total reads at 

phylum level 

b. Heatmap based on read counts and percentage abundances of phylum observed. 

Figure3.3: Radial Chart representation taxonomic abundance identified through total 

reads at genus level. 

Figure3.4: Venn representation of shared and unique features identified using 

SortMeRNA (16s rRNA gene sequence reads from shotgun sequence-based data), 

MEGAN+DIAMOND (total reads of shotgun sequence-based data) and QIIME2 (16s 

rRNA sequence analysis based) at genus level. 

TH-3208_176152007



 

xiv 
 

Figure3.5: Relative taxonomic abundance (normalised) plot at phylum level 

summarising the differences observed via the approaches applied   

Figure3.6a,b,c,d: Heatmap representation of the differential abundance of taxonomic 

composition at the species level 

Figure3.7: Cladogram of the 3 groups of samples (SortmeRNA, MEGAN+DIAMOND, 

QIIME2) 

Figure3.8: Radial chart representation of abundance of pathways based on KEGG 

pathway database 

Figure3.9: Radial chart representation of abundance of metabolic pathways based on 

Metacyc pathway database 

Figure3.10: Radial chart representation of abundance of pathways based on COG 

database 

Figure3.11: a. Venn diagram representing the shared functions between PICRUSt2 

predicted pathways and shotgun-based annotated pathways. 

b. Comparative bar plots representing the abundance differences between PICRUSt2 

predicted pathways and shotgun-based annotated pathways (KEGG-L3) 

Figure3.12: iPATH visualisation representing a comprehensive summary of the 

metagenome identified genes involved in various pathways. 

Figure3.13: iPATH representation of the present antimicrobial resistance genes 

involved pathways. 

TH-3208_176152007



 

xv 
 

Figure4.1: Schematic representation of the methodology applied for comparative 

shotgun analyses of lepidopteran metagenome sample from S. cynthia ricini, B. mori 

P50 and P. xylostella. 

Figure4.3a, b, c, d: Heatmap representation of the differential abundances of identified 

taxonomies through the samples. 

Figure4.4: Phylogenetic tree representation of comparative taxonomic composition 

and abundances of the metagenomes of S. cynthia ricini, B. mori and P. xylostella. 

Figure4.5a, b, c: Radial chart representation of MetaCyc Level 2-based relative 

abundance of various metabolic pathways: a. P. xylostella b. B.mori c. S. cynthia ricini. 

Figure4.6: COG- based comparison of the relative abundance of genes involved in 

various pathways of the samples S. cynthia ricini, P. xylostella and B. mori 

Figure4.7: SEED-based comparison of the relative abundance of genes involved in 

various pathways of the samples S. cynthia ricini, P. xylostella and B. mori 

Figure4.8: Heatmap representation of differential abundance of most significant 

KEGG-based pathways of the samples S. cynthia ricini, P. xylostella and B. mori. 

Figure5.1: Processing and filtration of LC-MS/MS data. 

Figure5.2: Chromatograms visualised as sample groups a. Raw chromatogram of Eri-

fed sample SCL_E1, SCL_E2, b. Raw chromatogram of Kesseru-fed samples 

SCL_K1, SCL_K5, c. Baseline corrected Eri-fed samples d. Baseline corrected 

Kesseru-fed samples. 

TH-3208_176152007



 

xvi 
 

Figure5.3: A graph showing the correction curve. Samples eluting after median 

retention time indicated by a positive deviation, samples eluting before median 

retention time indicating negative deviation. 

Figure5.4. A diagrammatic representation of the methodology applied. 

Figure5.5: NMDS plot of Unpaired parametric t-test (Welch t-test, unequal variances) 

analysing the diversity pattern of the metabolites based on different diets. 

Figure5.6: Cloud plot representation of the differentially abundant gut metabolites 

based on diet-types. Green represented upregulated features in Eri-leaves based 

samples, red represents features upregulated in Kesseru-leaves based samples. 

Feature indicators of the molecules are defined by intensity (m/z) and retention 

time(m). Log-fold change is depicted by the value of the size of the circles. Colour 

shades depicts the p-value and interpret the significance, where lower p-values were 

depicted by brighter red/green shades. corrected retention time (TIC) of total 

chromatograms were overlaid in grey in the background. 

Figure5.7: Differential abundance heatmap representation of the putative identified 

metabolites based on a METLIN 

Figure5.8: Heatmap describing the microbiome-metabolite correlation. 
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Chapter 1 

Introduction and Review of Literature 
 

INTRODUCTION 

Insects, with high levels of diversity, tolerance and adaptation properties constitute 

around 66% of all animal species1. They are found almost everywhere, occupying 

various niches of the ecosystem, exploiting most types of organic matter and being of 

various ecological and economic values. From predatory insects, parasitic insects and 

pests to agriculturally beneficial insects providing pollination, beeswax, silk, etc., 

insects are crucial to the environment1–4. 

Silkworms are one of the beneficial lepidopteron insects popular for the production of 

silk fibre, which is considered as the “Queen of textiles”5–7. Apart from the versatile 

uses of silk as a fabric, including formal wear, sleep wear, rugs, its applications have 

recently increased to a great extent in the biomedical technology from medical stiches 

to prosthetic arteries and in scientific research extensively as a genetic resource to 

deal with a varied range of biological analyses8–11. 

However, besides Bombyx mori, very less research has been carried out in other 

silkworm species, in spite of their great potential values11,12. Northeast India is the 

endemic region to some of the unique and important silkworm species viz., Antheraea 

assamensis producing the golden Muga silk, B. textor producing the white pat silk and 

Samia cynthia ricini producing the warm Eri silk13,14. The ecological and economical 

aspects of these silkworms are huge, thus increasing their usage and demand in the 

commercial industries13. However, very little is known about the respective organisms 

resulting in their poor and obsolete rearing practice and cultivation techniques and low 

productivity of silk. The health conditions of these organisms are weakening, leading 
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to decrease in their population which have negative effects on the environment due to 

their role in the ecosystem15–17.  

Micro-organisms are omnipresent with an abundance of 99% among living 

organisms18–20. Multicellular organisms have been found to exist as meta-organisms 

comprising of both the macroscopic host and its symbiotic commensal microbiota 

deciding the fate of their various metabolic activities and hence playing a huge role in 

various functions of the organisms including the host immune system, hormone 

regulation, carbohydrate metabolism and nutrient transport, etc21–24 (Figure1.1). 

Associations of microbial communities and almost all plants and animals have been 

established with a mutualistic relationship where they provide for each other’s 

requirements including nutrients, vitamins, ions and defence25,26. The microbiota 

present in the organisms may contribute to the function of their hosts either via 

synthesis of metabolic components required by the host for their proper functioning or 

via horizontal transfer of genes that encodes proteins required by the host 

organism27,28. 

Figure1.1: Representation of a meta-organism comprising of the host organism, 

the microbiota (prokaryotic and eukaryotic), and the external factors associated 

and their inter-dependence. 
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The microbial community has been reported to contribute to many ecologically and 

economically important insects in their adaptation, heat tolerance, protection against 

pathogens or natural enemies, reproduction and vector competence29–36. Hence, a 

proper insight into the world of the microbiota co-existing with the macro-organisms 

and contributing to their major functions is crucial. 

The analysis of the whole microbiota of a particular environment including those 

residing in multi-cellular organism as a part of their own system has been possible via 

the metagenomic analysis37,38. Metagenomics is the analysis of the total microbial 

genomic contents via direct collection of the samples present in a particular 

environment39–41.  

Following the observation of the ‘Great Plate Count Anomaly’, which states that only 

<1% of all known microorganisms are culturable; the co-dependence of micro-

organisms to successfully grow and reproduce via mechanisms which includes 

acquisition and exchange of genetic resources and metabolites has become 

apparent42,43. Thus, metagenomic analysis with the recent advances in its associated 

techniques such as high-throughput sequencing for large-scale metagenomics using 

platforms like Illumina has led to the possibility of identification and analysis of 

unculturable micro-organisms. This results in a vast amount of information concerning 

the micro-organisms and their respective role in the environment they prevail40,44,45.  

Due to the role of the microbiota present in the organisms, extensive research to 

understand and analyze the micro-organisms present in these silkworm species will 

help us to understand the species and aid in their enhanced growth and development 

with high quality productivity of silk46–48. 
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In this study, the metagenomic analysis of S. cynthia ricini (Eri silkworm) (n= 13) has 

been proposed. The Eri silkworm is the only other completely domesticated silkworm 

besides B. mori.49 Unlike other common silkworms, Eri silkworms form open-ended 

cocoons enabling the moth to emerge easily50,51. Eri silk has excellent qualities 

combining the elegance of silk with the comfort of cotton and warmth of wool51–53. 

Besides the production of silk, ericulture is actively practiced in many households of 

the north-eastern regions of India due to their protein rich larvae and pupae, a delicacy 

for the tribal49. Understanding the microbiome of the Eri silkworm gut will aid in the 

proper growth and development of the organism and better quality of silk production. 

 

REVIEW OF LITERATURE 

 

The ecology of insects and lepidoptera 

The diversity of insects comprises of ~4–8 million species around the world, i.e., ~3/4 

of the total organisms; and ~0.1 million diverse species occurring in India54–56. Insect 

biomass with respect to all vertebrates has an overweight of 4:1 ratio (~200 million 

insects:1 human)54. Along with their diversity, the utilities and insect-derived resources 

are also quite huge and thus is very significant to mankind. However, due to climate 

change, anthropogenic activities and several other factors, the population of insects 

have declined by 40% and continuing at a rate of 2% yearly, around 8x more compared 

to other species57–62.  

Lepidoptera is the second most diverse group of insects following beetles. Many of 

lepidopteran species are widely known for their pest nature63. About 11,300 

lepidopteran species are known to be found in India out of which less than 50% are 

well documented. The efforts of data collection, documentation and conservation of 
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these species are more through personal approaches with a very small group 

associated. This negatively affects research in associated areas as well due to the 

lack of information. This along with growing human population collectively increases 

threat to the lepidopteran community many-fold64. 

The ecology and biology of silkworm 

The first documented encounter with silk was around five thousand years ago, when 

a silkworm cocoon from a mulberry tree fell into the hot water while preparing a cup of 

tea by princess Xi Ling Shi and its silk thread started unravelling65. Silk plays a vital 

role in Indian community from requirement on a daily basis to being associated with 

its culture66–68. Sericulture is a huge source of income and employment in Indian 

economy with a high market value of both raw materials and processed goods. 

Cocoons are sold for up to 300 rupees a kilo, while raw silk up to 2,400 rupees69,70. It 

is a great agricultural prospect for farmers as it doesn’t depend on the uncertainty of 

weather unlike for crops growth and eliminated the impact of natural calamities on their 

income source. The Ministry of Textiles, India implemented several initiatives for the 

promotion and development of Sericulture in the country71.  

The most widely known silkworm species is B. mori. It has a genome of size of 

450Mbp, which is 1/6 of the human genome and 4x of the Drosophila melanogaster 

genome (International Silkworm Genome Consortium, 2008)72. Many variants with 

mutant strains and diverse morphological characters have been known73,74. It has a 

moderate body size (~75 mm larval length), and composed of organs including fat 

body, silk gland, haemolymph and the gut with a larval stage generation time for about 

25–30 days75. In research, involvement of B. mori started with Toyama studying it to 

confirm Mendel’s laws of heredity making its first confirmation in animal species76. 
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Gradually they were used for numerous research studies comprising of genetics, 

medicine, economic and ecological-based areas. It was used as a model organism for 

the expression of human insulin receptor, having 40% amino-acid sequence similarity 

to human insulin; to evaluate drug efficacy for hyperuricemia, study methylation, 

CRISPR-Cas9 and epigenetic regulation77–83. 

Genome studies of the organism helps us understand the different variations of 

existing domesticated/semi-domesticated silkworms and study the genetic and 

morphological traits detecting mutations84. These studies would also help to further 

understand their development and contribute to their better growth and development 

and also increase the economic value of its products. 

Domestication of silkworm has also been the studies for many years which is 

estimated to have started ~7500 years ago84. Continuous practices associated with 

domestication have led to B. mori losing many lepidopteran traits including larva 

colour, flight ability of adult moths, ability of foraging, and have acquired modified traits 

such reduced wingspan, decreased immunity and increased diet specificity85,86. This 

indicates a decreased suitability of B. mori as a model organism for various purposes 

and genetic research in regards to understanding lepidopteran insects. 

Samia cynthia ricini 

S. cynthia ricini (n= 13) is a multivoltine domesticated silkworm most frequently 

distributed in North-Eastern part of India, China and Japan52. It is commonly called as 

‘Eri silkworm’ White or reddish warm Eri silk is produced by these silkworms. Some 

other rare eco-races of the species are also found across the Indo-Australian regions 

and the Palaearctic regions87–89. S. cynthia ricini is a polyphagous organism with the 

primary food being the leaves of castor plant (Ricinus communis L.). Other feeding 
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plants include Heteropanax fragrans (Kesseru), Ailenthus gradulosa, Evodia 

flaxinifolia, and Manihot utilissima. The organism derives its name “Eri” from the 

Assamese word ‘era’ which translates to castor90. The Eri silkworm was studied to be 

domesticated from its closely related wild progenitor, the Himalayan Samia canningi. 

However, further DNA analysis has demonstrated that the species is a polyhybrid, 

created in captivity containing various other Samia cynthia races/subspecies 

genes87,88. Eri silkworms though were acclimatized in various regions of Europe and 

America but couldn’t take firm hold91. The generation time of domesticated S. cynthia 

ricini is up to 6 generations per year while the wild members complete around 3 

generations per year91.  

 

 Figure1.2: Representation of the life cycle of Samia cynthia ricini  
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Belonging to the family of Saturniidae, S. cynthia ricini has the basic saturniid 

characters but based on its different generic origin, it has many distinguishing 

characteristics to that of other members of the species including Bombyx and 

Antheraea. S. cynthia ricini has 26 pairs of chromosomes90. Greenish yellow larva 

hatches from candid white, ovoid eggs which gradually changes to pure yellow by the 

third day. Colour segregations turning the body into yellow, green, cream, or blue are 

observed in the body from around late third instar onwards. A white powdery 

substance is seen to be covering the full matured fifth instar larvae. Various types of 

spots are observed through the later stages. E.g., unspotted, single-dotted, double-

dotted, semi-zebra and zebra spotted. The pupa is similar to other Saturniidae species 

and weigh around an average of 2.6g. The cocoon is however distinguishable from 

other members of the species. They are soft, wooly, open-mouthed, elongated, 

peduncleless and unreelable. Colour polymorphism from brick red to creamy white are 

observed. Larger female moths are observed with a length of ~3cm while male moths 

being ~2.3cm. Wing span of female and male moths were ~15cm and ~13cm 

respectively88,89,92. 
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Table1.1: Summarised table representing phenotypic and genotypic variations 

of Samia cynthia ricini found in north-eastern regions of India (adapted from 

Vijayan et al., 2006) 92 

Unlike B. mori, S. cynthia ricini has been observed to have retained many 

domesticated associated traits that are lost in B. mori89. Having the advantage of being 

multivoline, it can be utilised for research and other beneficial purposes not limited by 

seasonal effects. Owing to its high genetic diversity, it can be explored significantly. 

They have also been reported to produce fertile hybrids with other wild Samia species 

including Samia pryeri and Samia canningi which are largely distributed through the 

regions of South-Eastern Asian countries90. Different endemic nature along with other 

traits such as host plants preferences are observed accordingly that have been 

enlightening through studies and are gradually being explored. S. cynthia ricini have 

been seen to be successfully reared uniformly and synchronously in large scale, 

efficient for economic purposes with better quality of the organism and its silk91. 

Functional analysis of its genes of interest have been carried out by using genome 
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editing techniques such as Transcription activator-like effector nucleases (TALENs) 

and obtaining knockout gene cell-lines93. 

S. cynthia ricini assembled genome has a size of 485Mbp with 16,702 predicted 

protein coding genes. Its gene repertoire was similar to B. mori with some genes 

including fibroin and chorion seen to be more evolved94. 

All of these uniqueness and ease of its cohabitation, makes it a candidate species for 

sericulture and research purposes. Populations of S. cynthia ricini have been widely 

used for sericulture in different regions of North-east India and with their commercial 

exploration a wide range of morphological and genetic variations are observed such 

as different larval weight and body patterns, cocoon weight, silk content and fibre ratio, 

etc88. 

 

The gut microbiota and its effects on an organism 

Being omnipresent, microbes are also present largely in different environments 

including most parts of almost all organisms and play important role in their genetic 

and metabolic characteristics18,95. The term “microbiota” is used to define the 

comprehensive population of microbes in a particular environment96. “Microbiota” and 

“microbiome” are often interchangeably used to define the present microbes in that 

particular environment. However, microbiota refers to the total population of microbes 

including archaea, bacteria, fungi, and viral species in the environment while 

microbiome is the entire combined meta-organism comprising of the microbial 

population, genome and the surrounding environment97,98. Gut is a vital organ in 

carrying out major metabolic functions related to the growth and development of an 

organism and widely studied for the purposes of understanding the microbiome of the 
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living bodies99. In humans, bacterial cells have been observed to be 10x than the total 

human cell indicating the extent of their role in the human body98. The gut microbiota 

of many organisms is involved in many metabolic functions of the host organism such 

as digestion, growth, immunity, disease management coping with the surrounding 

environment99,100. They act as biomarkers of the species predicting the behaviour of 

different species under different circumstances such as a diseased state101,102. In 

many cases, bacterial metabolites were taken up by the host for the generation of 

other functional enzymes (co-factors) involved in host physiological activities100. These 

studies infer that the microbial population impacts and are also impacted by the host 

organisms on multiple levels and is a very dynamic process interdependent on each 

other that should be more deeply understood. Interactions of functions between 

different microbial species are essential to be analyzed as they are the downstream 

determining factors of an organism coping with the changes in the surrounding 

environment96,99. 

Numerous studies demonstrated the patterns and signatures of microbial communities 

in insect gut which also adapted according to changed environmental conditions e.g., 

changes in diet either by changes in the type of level of enzyme induction or by the 

change in microbial community29,34,103. Cellulose-rich diet in cockroaches was 

observed to have an increase in the population of protozoa in their hindgut104. Many 

sophisticated signals controlling behavioural aspects of insects such as guaiacol in 

locusts acting as an aggregation pheromone are also impacted by their gut microbial 

population105. Role of symbiotic bacterial community was observed in nymphal 

development of stinkbugs106. Metabolic activities of many microbial communities were 

observed to be controlled and coordinated by autoinducers for quorum sensing 

(QS)107. Metabolic activities such as production of pathogenicity factors, dyes, toxins, 
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biofilms, bioluminescence were seen as a result of recognition of these signal 

molecules26,36. Sex-based difference in autoimmunity in mouse was found to be driven 

by hormone-dependent regulation where the gut microbiome played important role108. 

Similar studies concerning immunocompetence and susceptibility to pathogens in 

insects were also reported22,109. 

The gut microbiome of Lepidoptera 

Lepidoptera larva is highly active in ingestion and digestion of food thus involving the 

various enzymatic reaction, solubility of the ingested food components, breaking down 

of the protein molecules110,111. Gut pH is very important in regulation of these 

enzymatic activities. Many members of the insect orders have highly alkaline gut 

regions. Most lepidopteran gut have a pH value ranging from 7.0-11.0 correlated with 

higher activities of trypsin and chymotrypsin110,112. These were also associated with 

the determination of their gut microflora112. 

Lepidopteran larval gut doesn’t have any specialized structures such as the diverticula 

and the role of micro-organisms being involved in its nutrition and digestion has been 

explored110. It was observed that digestive enzyme producing bacterial population 

were higher in most lepidopteran gut which assisted with digestion of leaf constituents 

including xylan, starch, pectin and cellulose. Along with aid in digestion, they also 

improved the ability of the organisms to live on sub-optimal diets, provide vitamins, 

etc48,112. 

Both competitive and co-existing relationship of Lepidopteran gut bacteria were 

observed113–117. The total cultivable bacterial count of lepidopteran gut was observed 

to decrease through the increasing larval stages. However, the count of cellulolytic 

bacteria increased from the first to fifth instar larval gut47,106,118,119. These observations 
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were statistically significant as well. The increase in cellulolytic bacteria was seen to 

be directly proportional to the ingesting and digestive capacity indicating the 

relationship between gut bacteria and digestion; and the decrease in the total bacterial 

count through the larval stages indicated a competitive relationship between the 

cellulolytic and other group of bacteria106,110,112,120–122. 

The gut microbiome of silkworms 

Several studies analysing the gut bacteria of silkworm species, mostly B. mori have 

been carried out. Bacterial and fungal population have been reported to influence the 

growth and development of the silkworm along with its metamorphosis. Cellulolytic 

bacteria were observed to gradually increase through the larval growth stages of B. 

mori47,119. Numerous horizontal gene transfers have been reported which benefitted 

the organism with respect to its survival and prolificacy81,109,119. The silkworm gut 

microbiota has also reported to be impacted by forages. Co-evolution of the dietary 

changes and the changes in an organism is believed to have been an important 

mechanism in the formation of the host-gut microbe relationship109,123. pH of the 

digestive juices of the silkworm, B. mori which have pathogen resistance functions 

were reported to be impacted by the intestinal bacteria47,124.  

Metagenomics as a guide to the world of insect microbiome 

Metagenomics is the direct genetic analysis of the total collection of all microbial 

genomes from a particular environment125. The concept of direct genetic analyses 

using sequencing tools started with the observation that the micro-organisms under a 

microscope collected from an environment wasn’t corresponsive with that of the ones 

obtained after culturing in a plate40. Gradually, more evidences implied that microbes 

require special conditions to grow and were attempted to grow in conditions 
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resembling their native growth environment. This was the start of microbial ecology 

which referred to the study of microbes and their environmental roles126,127.  

However, majority of them were still unculturable under laboratory conditions even 

with the proper resembling environment126,128. Q-fever causing Coxiella burnetii could 

be cultured after years of attempts and with hundreds of trial combinations of culture 

conditions129. Around 85-99% of bacteria were yet to be cultured and identified due to 

this huge disadvantage, making scientific knowledge about microbes and their 

potential uses drastically limited. This phenomenon was referred to as the “Microbial 

Dark Matter”130,131. Furthermore, micro-organisms were characterised using 

morphological and biochemical parameters which provided a rather limited resolution 

of the microbes and their applications. Many microbial products including antibiotics 

and their related genes were only characterised through sequencing technologies thus 

setting the foundation of metagenome analysis or metagenomics128,130.  

The method of extracting DNA directly from the environment started by Pace in 1985 

which became a revolutionary step in the field of metagenomics132. The term 

metagenomics was coined by Jo Handelsman, Jon Clardy and Robert M. Goodman 

in 1998 and redefined and established by Kevin Chen and Lior Pachter in 2005133,134. 

Microbial community studies include studying the population as individual microbe 

groups responding to a particular environment and also analyses of the biochemical 

functions according to the change in the environment of the host organism127,132. 

Based on this, is categorised into structural and functional analyses. Structural 

metagenomics is focused on characterising the microbial communities of a particular 

environment and the patterns of changes accordingly. It includes taxonomic profiling, 

gene and metabolic pathways prediction. It is utilized for determining community 
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structures, prediction of a sample character based on the microbiome structure, 

establishing the relationship between microbes and the environment135–137. 

Phylogenetic studies of Proteobacteria and Lux gene homologs inferred high levels of 

global similarity indicating similar lines of divergence and that the quorum sensing 

systems are very ancient arising early in the Proteobacteria lineage138. In humans, 

microbial genomic structure variants, that are tiny gene differences in the gut 

microbiota are studied and reported to have highly adaptive properties including 

antibiotic resistance and CRISPR-related activities139. Several other studies 

establishing the change in the structure of the microbial community with respect to the 

change in environment have been analyzed such as a diseased vs healthy organism, 

an area polluted with heavy metal, based on geographical and diet-based differences, 

etc98,137,140. 

Functional metagenomics, more focused on analysing the functions of the genes 

targets on studying gene expression, screening of functions, protein product 

characterization such as optimum temperature, pH, enzyme activity and its 

quantification, etc. It can be utilized to find novel enzymes with potential applications 

allowing high-resolution analysis. These are carried out by the developing sub-

disciplines within the metagenomics that include metatranscriptomics i.e., study of the 

total microbial RNA of an environment, metaproteomics i.e., study of the total microbial 

protein of an environment and metabolomics i.e., studying the total metabolic 

compounds of an environment137,141,142. 

This aspect is useful for identification of the genes present in the microbial 

communities, analyze their functions, identification of novel genes and functional 

pertaining our importance for the better growth of the organism and commercial 

applications of economically important enzymes136,137,141,142. Several high activity 
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enzymes such as lipase with a higher alkaline stability and specificity utilized in the 

food industry; proteases and esterases with higher pH and thermal stability, 

antimicrobial genes such as tubomycin, volacein, several novel multi-drug resistance 

genes; and also, biosynthetic pathways for important metabolites such as biotin, novel 

degradation pathways for pathways were identified through functional 

metagenomics143,144. 

Metagenomic studies provide us with the population and genetic studies but doesn’t 

provide the actual presence and functions of the biochemical compounds, thus 

hindering the efforts to define a proper connection between the microbial strain, their 

network and the host phenotypes145,146. Use of the complementary sub-discipline such 

as metatranscriptomics, metaproteomics and metabolomics provide further levels of 

resolution for functional analysis of uncultivated microbial communities147. These 

studies together comprise meta’omics approach of microbial community analyses148. 

Meta’omic analyses are revolutionising the exploration of the diversity, functions, and 

inter-relationships among different organisms in the various ecological niches149. Gut 

metagenomics can provide an insight to the spontaneous, non-linear, and dynamic 

interaction among different gut residing microbes, thus, predicting the interaction 

network that can aid in developing novel genes and possible therapeutics150,151.  

Some of the problems during metagenome and other meta’omic analyses include 

sampling and cloning bias due to its complex nature. Many sampling locations are 

either extreme or unstable leading to further bias and has to be handled with great 

caution. Contamination through the steps of sampling and processing of genomic data 

(for metagenome/ metatranscriptome) and metabolites (metabolome) is also a major 

concern152. Development of second and third generation sequencing technologies has 
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the advantage of minimal cloning bias as the library preparation didn’t require bacterial 

hosts for cloning vectors153. This also helped in reducing DNA contamination. 

Downstream analyses and data mining is another challenging area in this field. Due 

to huge amount of data generated, it is imperative to have a clear direction of objective. 

Reproducibility of metagenomic analyses is another concern154. Handling of large 

comprised meta’omic datasets has further difficulties involving them being 

cumbersome while downloading and the attempts of successful association with 

appropriate metadata. Many missing links are observed through the processes148. 

Attempts have been made to minimise these challenges by adopting different 

methodologies such as standardisation of the data, adopting appropriate repositories 

and linking the metagenomic/microbiome data with their metabolomic data and thus 

reducing the gap for subsequent associated studies. The methods are prioritised for 

identifying confirmed novel links between the microbial genes/gene and the different 

metabolites149,150. 

Due to the huge amount of data and information generated through the meta-analyses 

of the gut microbial genome, statistical analyses are a major part of evaluating and 

navigating through the data and for a specified output155. 

The basic statistical approaches include normalization of the data156. The nature of 

microbiome/metagenome data is high-dimensional, structured, multivariate, and 

compositional thus having a large amount of sparse data. Compositional data are 

depicted as follows,  

x = (x1, …, xk); xi > 0, i ∈ {1, …, k} with a constraint or non-informative total sum, and 

defined as a matrix consisting of positive strict real numbers157,158. 
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Most common techniques of data normalization include the log-ratio approach 

followed by rarefying of the data156. Most of meta’omics data are generated with 

exploratory aspects. Hence, appropriate measures for the process of a practical output 

are necessary. Diversity and variance analyses is an important aspect for analysing 

the data for further processing159. Common approaches of analysing the diversity 

includes richness analysis which attempts the representation of the total species in a 

sample; Evenness studies, which attempts the representation of the unequally 

represented microbial population in the communities where the dominant species are 

not significantly distinguished and many uncommon species are observed160,161.  

Following analysis of significant diversities, differential abundance analyses are 

performed which helps us quantify the differences observed, followed by the inference 

and the validity of the hypothesis. Due to its dimensionality, to demonstrate the global 

difference, multivariate approach is applied for differential abundance analyses, the 

most common being the Permutational Multivariate Analysis of Variance Using 

Distance Matrices (PERMANOVA) analysis which uses a multivariate Analysis of 

Variance Using Distance Matrices (ANOVA) distance-based approach155,162. Partial 

Least Squares Discriminant Analysis (PLS-DA) is another methodology preferred161–

163. Following the establishment of significant global difference, univariate 

methodologies to attain the specific association with respect to the response is carried 

out. Common methodologies include classic approaches including Kruskal-Wallis, 

Welch’s t-test or Wilcoxon rank-sum test or compositional data-based including 

ANCOM-BC and ALDEx2155,157. Integrative analyses increase the statistical influence 

of the studies and amplify the reproducibility and validity164–166. 

Uncovering the role of metagenome of the Eri silkworm and identification of the factors 

influencing its molecular mechanisms will help us understand what role its inhabitant-
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microbiome plays in its basic biology and how it aids the silkworm in adjusting to hostile 

biotic as well as abiotic factors. These microbes might have significance in a better 

phenotype with enhanced growth and immunity and production of better silk in quality 

and quantity. This research will provide a foundation to develop enhanced culture 

techniques infused with health-promoting microbes. As Eri is already domesticated, a 

new type of probiotic feed may be developed for rearing these species indoor.  

Research in the field of the unexplored world of Eri silkworm will thereby sensitize the 

scientific community and provide us cues to educate the rural indigenous population 

on improved rearing methods. Ease of rearing and more yield will definitely increase 

the rate of human employment in the sericulture sector, thereby, strengthening the 

economic sector and ensuring gradual socio-economic growth of the rural populace of 

the nation. At the same time, rearing will also promote more tree plantation. 

Using information from these studies and combination of the complementary 

processes helps reduce the complexity of microbial communities and the dynamic 

nature of their associations to different environments including their host environment, 

external environment and their interdependent interactions; construct microbial model 

communities and implement such models for subsequent studies appropriately. 

Thus, based on our literature of review, with the aim to understand the gut microbes 

of the silkworm, S. cynthia ricini with respect to their role in its growth and 

development, and the different factors associated, to optimise the methodologies 

regarding its metagenome analyses and to explore the differences compared to other 

lepidopteran gut microbes the following objectives were formulated. 

1. Comparative analyses of Samia cynthia ricini and its gut microbiome under 

different diet conditions and growth stages. 
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2. Shotgun metagenome analysis of Samia cynthia ricini 5th instar larva. 

3. Comparative analyses of lepidoptera larva metagenome. 

4. Metabolic profiling of Samia cynthia ricini based on different diets and analysis 

the of the associated microbiome 
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Chapter 2 

Comparative microbiome analyses of Samia cynthia ricini 

under different diet conditions and growth stages 
 

ABSTRACT 

The domesticated silkworm, Samia cynthia ricini, is known for its production of unique 

warm Eri-silk, making it a vital contributor to the ecological and economic aspects of 

Assam and the north-eastern regions of India. 

Gut microbiota plays an important role in the proper growth and development of 

organisms. Thus, in this study, we aimed to gain a comprehensive insight into the 

community gut microbiome of polyphagous S. cynthia ricini and explore potential 

changes based on two different diet types (Eri and Kesseru leaves) and the growth 

stages (Larva and Moth). Understanding of the symbiotic relationship between the Eri 

silkworm and its gut microbiota, emphasizing its ecological significance and potential 

applications in sericulture practices. 

A total of 6341 features were generated. 11 Operational Taxonomic Units (OTUs) were 

consistently observed across all samples, belonging to phylum Proteobacteria, 

Firmicutus, Actinobacter, and Bacteriodetes. Notably, no significant differences in 

species diversity were observed among samples under different variables, such as 

larval instar and moth stages, diet-types, and larva-to-moth groups. However, 

moderate to high community diversity was noted among these groups, with the most 

considerable variation observed between larval and moth samples (p=0.001). 
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Differential abundance analysis revealed 20 significantly differentially abundant 

species, with [Thermi], Actinobacteria, Bacteroidetes, Firmicutes, Proteobacteria, 

Tenericutes, and WPS-2 standing out in relation to diet. Particularly, Bacteroidetes, 

Oscillospira, Prevotella and Lachnospira exhibited higher abundance in the adult 

stages, with Eri-fed female moths showing significantly elevated levels. 

Predictive functional diversity between diet-types was also explored, revealing that 

pathways related to carbohydrate metabolism were more abundant in Kesseru-fed 

samples. On the other hand, larval microbiome-based functional predictions displayed 

prevalent pathways related to the degradation of aromatic compounds and 

detoxification. In contrast, moth samples showed increased abundance of various 

biosynthesis pathways, proteins associated with RNA transport, and immunogenic 

functions. 

This study provides valuable insights into the gut microbiome of S. cynthia ricini and 

highlights the influence of diet and growth stages on microbial composition and 

functional potential. 

 

INTRODUCTION 

Organisms, currently recognised as metaorganism are defined by the eukaryotic 

organism coevolved with the microbiota that shapes its state of being.  Every 

metaorganism comprises of a complex network of organisms and their metabolites 

synergistically interdependent on each other in order to survive in the environment 

along with modifying it1. Organisms and their microbiome co-exist and have parallel 

evolutionary histories represented by co-phylogenetic patterns and are reported to 

have undergone co-speciation2–4.  
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Holometabolous insects are a major influence in the ecosystem They occupy multiple 

niches in the ecosystem forming completely different phenotypes in the larval and 

adult stages5,6. With ~18000 described species over the world, lepidopterans are the 

second most diverse insect group7. However, only <0.1% lepidopterans have been 

reported of their microbial assistance. The composition and significance of gut 

microbiome varies vastly among lepidopterans with no universal pattern8. 

As the phenotype and physiology of insects are dependent on the microbial 

composition, the composition and abundance of the organism-associated microbiota 

especially gut is dependent on the insect habitat, immunity and other physiochemical 

conditions9–11. Studies have reported variations in lepidopteran gut microbiome with 

the changes in different conditions7,8,12–15. Most studies report the complete remodel 

of the gut microbiota according to the development changes and have provided 

different theories about the gut microbiome composition, transmission and coevolution 

of these organisms8,15.  

The most dominant microbes present in most larval stages of lepidopteran insects are 

digestion aiding microbes. Strains of gut microbes such as Enterobacter, E. 

casseliflavus, Burkholderia, Pseudomonas, Carnobacterium, etc. from various insect 

gut were reported to degrade and detoxify plant compounds and toxins such as 

hydrogen cyanide (HCN), latex, resin acids, plants phenolics and other organic 

acids12,16,17. Gut microbiome has been known to play a profound role in mating and 

socializing behaviour of organisms. Microbial strains Klebsiella, Pantoea, 

Enterococcus were found comparatively in higher amounts in Spodoptera and other 

insect gut8,15,17. 
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Studies based on functional analyses of the gut microbiome of lepidopterans, reported 

85-97% of active species. Early larval stages reported to higher presence of functions 

involved in carbohydrate metabolism, cell motility while late instar microbes provided 

assistance with functions involved in amino acid, cofactors and vitamin metabolism. In 

moths, functions such as energy metabolism, replication pathways were more 

abundant15,18,19. 

Studying the gut microbiota is used to many advantages. In addition to gaining insights 

into the biology, evolution and dynamics of the host-gut microbiome, insect gut 

microbiota analyses could be used in developing effective methods of their better 

growth and health 20,21. They could be used as biomarkers for various traits of the 

organism and could be used to determine and eliminate various unwanted traits like 

diseases, pests, weak immunity and reduced growth22–26. Novel microbes and their 

products from insect gut have also been developed for biodegradation of complex 

waste and blocking transmission of insect-borne diseases27–31. 

S. cynthia ricini (Lepidoptera: Saturniidae), a domesticated silkworm, producing 

unique warm Eri-silk is widely cultivated and by the rural population of Assam and 

Northeast India and largely contribute to the ecological and economic aspects of these 

regions32–34. However, very little is known about the respective organisms resulting in 

their poor and obsolete rearing practice and cultivation techniques and low productivity 

of silk. The health conditions of these organisms are weakening leading to decrease 

in their population which also has negative effects on the environment due to their role 

in the ecosystem35,36. 
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In this study, the microbiome of the different growth stages of the polyphagous 

domesticated lepidopteran insect has been analyzed with respect to two different 

types of leaf diet. 

The organism was reared in a controlled environment of room temperature 25˚C and 

80% relative humidity. They were grouped into two different diet groups of Ricinus 

communis Linn. (Eri) and Heteropanax fragrans (Kesseru) as they are the most 

commonly fed food in the sericulture farms. Eri leaves are usually fed during the early 

larval stages for excess growth, cocoon quality and egg production while Kesseru 

leaves are fed during the later stages with the aim for a commercial crop production 

37,38. Larval and adult growth stages of both the group were analyzed in order to explore 

various traits including the core microbiome, temporal changes in the microbial 

composition with their growth stages and differences with respect to their diets. 

Objectives of the study include- 

• Understanding the gut microbiota of S. cynthia ricini through amplicon 

sequencing and establishing the core microbiota involved. 

• To analyze the changes in the gut microbiota structure through various diet 

conditions and growth stages. 

• To predict the functions of the microbes involved in the phenotype changes 

through the changes in diet and growth stages. 

 

METHODOLOGY 

Sample collection, rearing and growth characteristics observation 

Eri silkworm (S. cynthia ricini) diseased-free layings (dfls) were acquired from Central 

Muga & Eri Research Institute, Jorhat, Assam, India (Lat: 26° 47′49.1″N Lon: 94° 

TH-3208_176152007



Bharali, 2023  Chapter 2 

43 
 

19′35.0″E). They were reared in a domesticated semi-controlled environment with a 

room temperature of 25˚C and 80% relative humidity. Two types of leaf feeds were 

selected viz. Ricinus communis Linn. (Eri) and Heteropanax fragrans (Kesseru). 

Phenotypic differences including average length of each larval instar stages and egg 

viability were recorded for a comparative analysis of the growth rates of the two 

different diets. 14 samples were collected based on each larval and adult growth from 

the two different diet-types. A summarized table with sample name and description is 

given by Table2.1 

Sample Name Diet Growth-Stage 

SCLE1 Eri Leaves Instar 1 

SCLE2 Eri Leaves Instar 2 

SCLE3 Eri Leaves Instar 3 

SCLE4 Eri Leaves Instar 4 

SCLE5 Eri Leaves Instar 5 

SCLEF Eri Leaves Moth Female 

SCLEM Eri Leaves Moth Male 

SCLK1 Kesseru Leaves Instar 1 

SCLK2 Kesseru Leaves Instar 2 

SCLK3 Kesseru Leaves Instar 3 

SCLK4 Kesseru Leaves Instar 4 

SCLK5 Kesseru Leaves Instar 5 

SCLKF Kesseru Leaves Moth Female 

SCLKM Kesseru Leaves Moth Male 

Table2.1: Sample-metadata summarising sample names and variable 

categories. 

DNA extraction and sequencing 

Pooled samples based on equal weight were collected and stored from each instar of 

the larval stages and adult male and female moths fed on each diet-type for gut DNA 
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extraction. Collected larval and moth samples were washed with 70% alcohol to 

minimize external microbial contamination39,40. DNA extraction was carried out using 

phenol/chloroform (PHEC) extraction methodology 41. Cells were homogenized using 

(mention the specification and condition) in sterile phosphate-buffer solution (PBS) 

followed by SDS-based cell-membrane degradation. The extracts were then saturated 

with phenol (write condition) followed by separation of nucleic acids and proteins using 

chloroform: isoamyl-alcohol (24:1). Overnight precipitation of nucleic acids using 

isopropanol and 3 M sodium chloride for maximum DNA recovery was carried out. 

DNA samples were analyzed for their concentration and purity using 1% agarose gel 

electrophoresis and Nanodrop spectrophotometer42,43. Extracted DNA samples 

(A260/A280 ~1.8) were sent for 16s rRNA gene amplicon sequencing using Illumina 

NGS MiSeq (AgriGenome Technologies Pvt. Ltd.).  

Sequence retrieval, quality-control and processing 

Paired-end raw sequencing data (250bp) in FASTQ format were analyzed for quality 

and adapters using FastQC(v_0.11.9)44. Following removal of non-biological 

contaminants, the quality-controlled reads were imported to QIIME2-2022.2 with 

metadata mapping file including sample names, adapter barcodes and mapping 

categories of Life-stage (Larvae, Moth), Growth stages (Instar1-5, Moth_male, 

Moth_female), Diet (Eri_Leaves, Kesseru_Leaves)45. Sample metadata was modified 

and filtered accordingly based on different group analyses. 

Reads were denoised for quality control and feature-table construction using DADA2 

plugin thus mapping the feature identifiers (Amplicon Sequence Variants or ASVs) to 

the sequence reads they represent46. For quality filtering based on the FASTQC 

analyses, reads were truncated around 120bp. Obtained feature-table were subjected 
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to denovo chimera check and removal followed by v-search open-reference OTU 

clustering using 99% identity reference sequences from Greengenes database to 

reduce FDRs47,48. The obtained clustered sequences were then filtered for 

mitochondrial and chloroplast sequences for further improved dataset. 

Taxonomy classification and identification were done by training the 99% identity 

reference sequences from Greengenes database using Naive Bayes classifier49. Core 

microbiome was analyzed at 100% identity. Shared OTU numbers of different sample 

groups were visualised using Venn50. 

 

Compositional analyses 

The obtained data were subjected to various exploratory and significance analyses 

with respect to various groups of metadata viz., growth stages (each larval instar 

stages and adult moths), life stages (compiled larval stages vs adults) and diet-types 

(Eri vs Kesseru leaves). 

Taxonomic compositions were visualized using QIIME2 and R (v-4.2.0) phyloseq 

package51,52. The OTU outputs were aligned with multiple sequence alignment tool, 

mafft and a phylogeny with fasttree2 based on maximum likelihood was constructed 

with q-phylogeny53,54. Taxonomy-based and phylogeny-based α (observed otus, 

Shannon, Faith PD) and β-diversity analyses (Jaccard, weighed and unweighed 

UniFrac distances) were performed using diversity-plugin of QIIME2 and visualised 

through boxplots and PCoA NMDS plots respectively55–58. Kruskal-Wallis group 

significances were calculated for observed OTUs, Shannon and faith-PD 

phylogenetic-distance α diversity indices based on the diet and various groups of 
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growth stages. PERMANOVA significances based on Pseudo-F analyses were 

calculated using unweighed UniFrac phylogenetic distance59,60. 

The filtered feature-table, taxonomy abundance table were exported to biom-formatted 

files for further analyses. Differential abundance (DA) against variables diet-types and 

life-stages were calculated using DeSeq2. The data was transformed following 

addition of pseudocount to avoid errors followed by Wald’s test with alpha=0.05 for 

significance52,61. Multiple variable (diet and life-stage) based DA was analyzed by 

ANCOM-BC. The samples were normalized using additive log ratio (alr) transformation 

along with incorporation of sampling fraction into the model, estimated by the ratio of 

the library size to the microbial load reducing biasness in the analyses and holm-

method was used to adjust p-values for multiple comparisons62. 20 samples with 

minimum p-value from the DA analyses outputs were selected for mapping using 

ComplexHeatmap (R 4.2.0)63. Phylogenetic tree representing evolutionary 

relationship of the microbiome present was visualised using MEGAN Community 

Edition (6.23.2)64. 

Differential microbial networks for larval and moth stages were generated using 

NetComi package (R 4.2.0). The clr transformed data was used for calculating 

differentiating correlation by Pearsons and significance was determined by Fisher’s 

tests65.  

Functional prediction 

The qiime2 filtered ASV feature-table and their representative sequences were 

exported to biom-formats for functional prediction using PICRUSt2 using EPA-ng 

Maximum-Likelihood based phylogenetic placement66.  
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NMDS plotting was done based on unconstrained RDA analysis of centred-log ration 

(clr) transformed data using phyloseq to analyze the functional diversity among the 

group of samples52. ALDEx2 was used to calculate the functional DA between sample 

groups of diet-types and life-stages as preferred over ANCOM by other studies for 

functional prediction data67. Welch’s t-test was carried out for significance and the DA 

was plotted through Bland- Altman log-ratio abundance (MA) plots and Effect (MW) 

plots68,69. 

Kegg-Orthology predicted outputs (KO) were used to find the related functions using 

KEGG-brite hierarchal map-file. Significant KO-derived functions and Metacyc-

pathways were calculated with corrected BHE=0.1 (p=0.05), sorted and plotted using 

ggplot for the above sample groups70–72. 

RESULTS AND DISCUSSION 

Silkworm rearing, growth observations 

The reared silkworms were observed for their larval growth-rate using length 

measurements. Differences in phenotypes including growth curves and egg-viability 

were observed based on the two different diets. Larvae reared in Eri leaves were 

observed to have a higher growth curve and egg-viability rate compared to larvae 

feeding on Kesseru leaves. 

Sequence processing, quality control and bioinformatic analyses 

Paired-end 250bp 113215- 477230 reads were generated from the samples. A 

summary of the filtered output following demultiplexing and denoising of the samples 

is provided in Table2.2. 

TH-3208_176152007



Bharali, 2023  Chapter 2 

48 
 

Sample-
id 

Input Filtered Percentage 
of input 
passed 
filter 

Denoised Merged Percentage 
of input 
merged 

Non-
chimeric 

Percentage 
of input 
non-
chimeric 

SCLE1 274989 245925 89.43 234527 212445 77.26 176241 64.09 

SCLE2 280585 228509 81.44 221840 213177 75.98 193690 69.03 

SCLE3 229700 170838 74.37 165618 160699 69.96 143542 62.49 

SCLE4 149293 103102 69.06 101425 97566 65.35 78317 52.46 

SCLE5 246061 207266 84.23 203619 193794 78.76 184845 75.12 

SCLEF 113215 85623 75.63 81183 66811 59.01 42276 37.34 

SCLEM 330290 126527 38.31 119896 89418 27.07 32703 9.9 

SCLK1 167516 120398 71.87 117746 108255 64.62 68185 40.7 

SCLK2 152280 111113 72.97 109436 104636 68.71 80647 52.96 

SCLK3 159959 111203 69.52 109329 101584 63.51 60491 37.82 

SCLK4 168904 96377 57.06 93810 86834 51.41 44061 26.09 

SCLK5 162808 102294 62.83 99241 91310 56.08 53879 33.09 

SCLKF 477230 200533 42.02 192900 152748 32.01 60634 12.71 

SCLKM 361644 154512 42.72 147553 114555 31.68 46117 12.75 

Table2.2: Summary of denoised filtered output. 

 

The DADA2 feature-table output was collapsed to significant OTUs using 99% 

Greengenes database as it provided a more comprehensive output with respect to 

diverse and rare bacterial taxonomies with respect to the samples. Reduced number 

of features of archaeal diversity, comparatively, was however observed. A 

comparative output of the collapsed and filtered-feature (mitochondria and 

chloroplasts) is shown (Table2.3). The filtered feature-table provides a summary of 

SCLE5 having the highest feature count while SCLEM having the lowest. 

Metric Ufiltered_Table Filtered_Table 

Number of Samples 14 14 

Number of features 6341 1139 

Total Frequency 1265628 980296 

Table2.3: Summary of final feature-table filtered output following OTU collapse 

and removal of mitochondria, chloroplast. 
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Microbiome composition 

Taxa bar plots for taxonomic abundances, the highest dominant show significant 

differences (Figure2.1). A large number of unclassified bacteria has been observed in 

the larval stages. Furthermore, distinct patterns of taxonomy have been observed in 

samples from different environmental conditions including larval instar stages, larva to 

adult moths and different diets. Core microbiome at 100% was seen to be comprising 

of 11 OTUs mostly comprising of phylum Proteobacteria and Firmicutus with other 

dominant microbes belonging to phylum Bacteroidetes and Actinobacteria (Table2.4). 

Presence of Plesiomonas shigelloides have been observed in large amounts of 

Kesseru fed larva and adults. (Figure2.2).  
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Figure2.1: Taxa-barplot representing microbial communities and the overall 

microbial diversity at the genus level (legend provided as supplementary svg 

file). 

 

 

 

 

 

 

 

 

 

 

 

Feature ID Taxonomy 

656881 k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; 
o__Enterobacteriales; f__Enterobacteriaceae; g__; s__ 

289174 k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; 
o__Enterobacteriales; f__Enterobacteriaceae; g__Plesiomonas; 
s__shigelloides 

4438565 k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; 
o__Pseudomonadales; f__Pseudomonadaceae; g__Pseudomonas; 
s__ 

4406763 k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae; 
g__; s__ 

749805 k__Bacteria; p__Proteobacteria; c__Betaproteobacteria 

686593 k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; 
o__Rhizobiales; f__Rhizobiaceae; g__; s__ 

945326 k__Bacteria; p__Firmicutes; c__Bacilli; o__Bacillales; f__Bacillaceae; 
g__; s__ 

73760 k__Bacteria; p__Proteobacteria; c__Betaproteobacteria; o__MKC10; 
f__; g__; s__ 

126133 k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; 
o__Pseudomonadales; f__Moraxellaceae; g__Acinetobacter; s__ 

516809 k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; 
o__Xanthomonadales; f__Xanthomonadaceae; 
g__Stenotrophomonas; s__ 

212688 k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; 
o__Caulobacterales; f__Caulobacteraceae; g__; s__ 

Table2.4: Core microbiome at 100% identity  
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Figure2.2: Taxonomic abundance at the phylum level representing microbial 

community diversity among the samples. < 2.5% indicates the rare taxa in each 

group, with median relative abundance < 2.5%. 

Variation in number of shared OTUs were observed with lowest observed in eri-fed 

larval stages while similar numbers were observed for the other groups viz. Kesseru-

fed larval stages, adult moth from both the diet-types (Figure2.3 A, B, C, D).  
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Figure2.3: Shared OTUs A. Eri-fed larval stages (SCLE1, SCLE2, SCLE3, SCLE4, 

SCLE5); B. Kesseru-fed larval stages (SCLK1, SCLK2, SCLK3, SCLK4, SCLK5); 

C. Adult moths- female and male from Eri-fed samples (SCLEF, SCLEM); Adult 

moths- female and male from Kesseru-fed samples (SCLKF, SCLKM). 

 

Diversity analyses 

Rarefaction at a sampling depth of 1000 was performed based on the observed 

features and rarefaction curve for generating diversity outputs at an even depth.  

Species richness in each sample and groups of interest were analyzed through α-

diversity indices. Observed OTU features, Shannon’s and Faith-PD indices-based 

richness plots revealed the adult stages to be higher in species richness compared to 

the larval samples (p=0.08) (Figures2.4C and 2.5C). Lower values were observed in 

the middle larval stages (Instar3 and Instar4). Shannon’s index-based richness was 

lowest in the 3rd instar while 4th instar was the lowest based on phylogenetic distance-

based Faith PD analysis (Figures2.4A and 2.5A). However, the differences through 

the larval stages were not significant. Species richness difference based on observed 

OTUs in samples fed on Kesseru leaves were significantly lower than those fed on Eri 
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(p=0.05). However, Shannon’s entropy difference exhibited no significance (p=0.2) 

(Figure2.4B). Evenness, calculated using Pielou’s index which considers both 

richness and diversity values found most groups to be moderately even sharing most 

features through one or more samples (Figures2.6A, B, C). Lowest but unsignificant 

amount of evenness was observed between adult and larval stages (p=0.12).  

   

Diet 
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Figure2.4: Shannon’s entropy depicting species richness among sample 

groups. A. Growth stages (Instar1, Instar2, Instar3, Instar4, Instar5, Moth female, 

Moth male) (p= 0.2); B. Diet (Eri-fed samples, Kesseru-fed samples) (p=0.2); C. 

Life-stages (Larvae, Moth) (p=0.08). [OTU-based] 
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Figure2.5: Boxplots depicting species richness based on Faith's phylogenetic 

diversity (PD) among sample groups A. Growth stages (Instar1, Instar2, Instar3, 

Instar4, Instar5, Moth female, Moth male) (p=0.8); B. Diet (Eri-fed samples, 

Kesseru-fed samples) (p=0.2); C. Life-stages (Larvae, Moth) (p=0.39). 

[Phylogenetic-distance based]. 
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Figure2.6: Boxplots depicting species evenness based on Pielou’s index among 

sample groups A. Growth stages (Instar1, Instar2, Instar3, Instar4, Instar5, Moth 

female, Moth male) (p=0.3); B. Diet (Eri-fed samples, Kesseru-fed samples) 

(p=0.27); C. Life-stages (Larvae, Moth) (p=0.11). 

 

Diversity analyses through the community using phylogeny (weighted and un-

weighted unifrac distance) and non-phylogeny-based (Jaccard’s index) methods 

revealed the highest diversity to be between larvae and moth sample groups observed 

using NMDS PCoA (Figures2.7A, B, C). Species diversity between larval and moth 

sample groups was highly significant, calculated using PERMANOVA significance 

based on Weighted-Unifrac (p=0.01). Other groups including diet (p=0.13) and growth 

stages (p=0.16) were moderately significant. High diversity between larval and moth 

stages were reported in other studies of lepidoptera microbiome analyses.  
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Figure2.7: PCoA plots depicting β-diversity among samples A. Jaccard’s index; 

B. Weighed UniFrac Distance (phylogenetic-distance based quantitative 

measuring branch length); C. Unweighed UniFrac Distance (phylogenetic-

distance based qualitative).  

 

β-diversity significance between various group samples were carried out using 

PERMANOVA summarized in Table. Pseudo-F test statistic was used with 999 

permutations (Table2.5). 

 

 

A 

B 

C 
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Group p-value Test statistic 

Growth stages 0.167 1.271346 

Diet 0.13 1.44053 

Life-stages (Larva vs Moth) 0.001 4.94633 

Table2.5: Summary of β-diversity significance by PERMANOVA between 

different sample groups. Sample size=14. Number of groups for growth 

stages=7, diet=2, life-stages=2. 

Phylogenetic trees showing sample group diversity and taxonomic abundances were 

visualised using MEGAN6 (Figure2.8). 
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Figure2.8: Cladogram representing evolutionary relationship between the taxa present in the samples.
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Differential abundances 

Differential abundance analyses were done considering single variables (diet and life-

stage) using DeSeq2 (Figures2.9 and 2.10). ANCOM-BC was used to analyze based 

on multiple variables considered together (Figure2.11). 

 

Figure2.9: Microbiome differential abundances based on diet as a variable (Eri-

leaves and Kesseru-Leaves). 20 most significant species mapped (p< 0.05). 

Phylum such as [Thermi], Actinobacteria, Bacteroidetes, Firmicutes, Proteobacteria, 

Tenericutes and WPS-2 were the most differentially abundant with respect to diet. Eri-

fed leaves was seen to have a higher abundance of most species such as 

Kaistobacter, Mollicutes, Dienococcus, Alteromonas, Aeromonadaceae, 

Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, etc. Eri-fed leaves 

were also observed to have a more diverse presence of microbiome abundance. 

Z-score value 
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Figure2.10: Microbiome differential abundance based on life-stage as a variable 

(Larvae and Moth). 20 most significant species mapped (p< 0.05). 

 

Highly distinct pattern for life-stage based differential abundance was observed. Larval 

stages showed a higher abundance of unclassified bacteria especially the Eri-fed 

larval samples. Bacteroidetes were seen to be more abundant in the adult stages with 

Eri-fed female moth having very high abundance. Other species such as Oscillospira, 

Sutterala, Succinivibrionaceae, Faecebacterium prausnitzii, several species of 

unclassified Prevotella and Lachnospira, etc. were highly abundant in adult moths with 

respect to larvae. 

 

 

 

 

Z-score value 
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Figure2.11: Microbiome differential abundance based on variables diet and life-

stages. 20 most significant species mapped (p< 0.05). 

 

Differential analysis taking both variables i.e., diet-types and life-stages into account 

was analyzed using ANCOM-BC. The most significant phylum differentially abundant 

with respect to life-stages were Actinobacteria, Chloroflexi, Crenarchaeota, 

Euryarchaeota, Plancomycetes which consisted of species including 

Coriobacteriaceae, Bifidobacterium, Nocardioiceae, Pirellulaceae, Chloroflexi, 

Methanosaeta, Actinomyces, Mycobacterium, etc. The adult moth of both the diets 

had comparatively similar microbiome pattern irrespective of the diet. However, female 

moth of Eri-fed leaves higher abundances of Pirellulaceae, Rubrobacter, 

Planctomyces, Patulibacteriaceae, Methanoregulaceae and unclassified C11. 

Bacterial samples belonging to Coriobacterium and Nocardioiceae were slightly 

differentially expressed in the adult moths with respect to diet. 

Z-score value 
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A comparative network based on previous observations was constructed using where 

two nodes are connected if they are differentially associated between the two groups 

(Figure2.12). NetComi (R) was used applying Pearson’s correlations for estimating 

associations between OTUs and Fisher’s z-test differentially correlated OTUs. The 

data was clr transformed and managed for low FDRs. 

Figure2.12: Differential association networks between sample groups larva and 

adult moths. Green indicated positive associations while red indicated negative 

associations. Significant OTUs differentially associated: 302431 (Clostridiales); 

518033 (Firmicutes); 708925 (Gallibacterium); 440676 (Bacillaceae); 

297872(Lachnospiraceae); 215040 (Dialister); 439932 (Streptococcus); 686593 

(Rhizobiaceae); 545371 (Lactobacillus); 749805 (Betaproteobacteria); 153647 

(Methanosphaera); 555844 (Bacillaceae); 656881 (Enterobacteriaceae); 242326 

(Bacteroidetes); 151841 (Bacteroidales). 

 

A significant differential network was observed among the species. In larval stages 

positive correlations between species such as Gallibacterium, Bacillaceae, 

Streptococcus were observed. Higher correlations among species such as 
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Clostridiales, Firmicutes, Gallibacterium, Lachnospiraceae, Dialister, Streptococcus 

were observed in moths. Some interactions such as between Bacillaceae and 

Enterobacteriaceae observed in adult moths were absent in larval samples where 

interactions between species such as Rhizobiaceae and Enterobacteriaceae were 

rather present. 

Silkworm larvae reared in two different types of diets i.e., Eri and Kesseru leaves were 

observed to have a difference in their larval growth rate and egg viability rates. Similar 

observations have been reported by several other studies before 37,73,74. 

Although a shared microbiome among all the samples was observed, it was low. 

Compared to other groups of samples, larval samples fed on Eri leaves showed higher 

diversity and shared drastically a smaller number of microbes. The number of OTUs 

including unclassified bacteria were also higher than other sample groups implying its 

greater potential and more information to be explored.  

The bacteria associated with adult moths consisted of those more involved in 

immunological functions (Erysipelotrichaceae, Lachnospira, Ruminiococcaceae), 

homeostatis (Ruminiococcaceae), chemoorganotrophy (Succinivibrionaceae, 

members of Lachnospira), etc75–78. Some species found in adult gut were similar to 

the ones found in mammal vaginal environment (Megasphaera, Prevotella) apart from 

the gut and were associated with immunological functions79–81. Species such as 

members of Bulkholderia were also reported in high numbers in other adult lepidoptera 

guts15. 

Rothio spp. present significantly in Eri-fed samples were reported to contribute to 

degrading and detoxifying gluten implying similar contributions82. Nocardioidaceae 

decomposed carbohydrates and utilizes excessive C and N sources83. Mollicutes was 
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also reported to have unique N-associated metabolic capabilities and Kaistobacter 

with disease suppression84,85. 

Strains of Bifidobacterium and Lactobacilli have been associated with nutrition and 

categorised as probiobiotics86. They have also been artificially incorporated in artificial 

silkworm feed successfully observing healthier growth87–89. In our study, apart from a 

minimal presence in the 5th instar of Eri-fed larval samples, Bifidobacterium has not 

been found in any other larval samples. Moth samples however had a significant 

presence of the species, mostly from Kesseru-fed samples. The presence of the 

microbe has also been known to be associated with immunity, higher resilience to 

social stress and secretion of GABA90. It has been reported to play a role in socializing 

in several animal studies90,91. Other microbes associated with similar functions were 

Oscillospira which has also been found in moth samples irrespective of the diet 

differences92. Oscillospira sp. has been commonly found in the gut of many animals 

but have never been able to be cultured in-vitro93. 

A large number of species was categorised under unclassified bacteria. A very 

common and economically important strain found in most lepidopterans, Serratia has 

not been identified in our study. It could be absent altogether in the species of Samia 

of our study or could be included in the unidentified strains. 

Most lepidoptera studies reported changes in gut microbiota through the larval 

development. Although a change was observed through the larval growth changes, 

the pattern was random and insignificant. However, the microbiome abundance and 

change pattern of the instar stages were similar for both the diet-types. Early larval 

stages larger feature count decreasing through increasing instars, being lowest at the 

4th instar and then drastically increasing to the highest during the 5th instar in both the 
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diet-types. Species richness was also less in the 3rd and 4th instar stages. Adult moths 

had lower feature counts to that of larval stages but had higher species richness. When 

compared based on diet-types, Eri-fed larva had much higher number of features 

compared to Kesseru-fed larva but moths derived from Kesseru-fed had higher 

number of features. These patterns were not observed in other lepidoptera-

microbiome studies. Community difference was Based on diet differences, a broader 

ordination was observed for organisms fed on Eri leaves compared to those fed on 

Kesseru.  

The compositional difference has been significant in some of the aspects such as 

species richness but moderately significant in community diversity which could 

indicate other genetic and environmental factors responsible. It could also be due to 

methodological factors while sampling or sequencing or other inconsistencies while 

processing. Our study doesn’t distinguish between living populations (residents) and 

dormant or dead population (transient) which could also be a factor in the 

inconsistencies found. 

Predictive functional analyses 

NMDS PCA diversity plots generated from KO-derived function and Metacyc pathway 

dissimilarities along the categories of diet and life-stages are summarised through 

figures (Figures2.13A and B). 
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Figure2.13: NMDS plot of functional prediction representing A. KO-derived L3-

functions B. Metacyc pathways 

Bland- Altman log-ratio abundance plots and Dispersion plots representing differential 

abundance and dispersion of functions based on diet and life-stages are depicted in 

Figures2.14A, B, C, D. 

A B 
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Figure2.14: Bland- Altman log-ratio abundance (MA) plots depicting Kegg-

Orthology differential abundance between sample groups A. Diet-types (Eri-fed 

vs Kesseru-fed) B. Life-stages (Larva vs Adult); Effect (MW) plots depicting 

dispersion of differential abundance between sample groups C. Diet-types (Eri-

fed vs Kesseru-fed) D. Life-stages (Larva vs Adult) 

 

Bar plot showing significant functions (Kegg-derived) and pathways (Metacyc-derived) 

varying with respect to larval and adult life-stages based on ALDEx2 outputs are 

represented (Figures2.15A and B, 16A and B) (p<0.05).  

 

 

A C 

B D 

TH-3208_176152007



Bharali, 2023  Chapter 2 

70 
 

Figure2.15: Most significant A. functions (Kegg-derived) and B. pathways 

(Metacyc-derived) based on their differential abundance between different diet-

types [Effect scores > 0: enriched in Eri_Leaves; < 0: enriched in 

Kesseru_Leaves] 

B 

A 
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Significant differences of functions enriched in Eri-fed leaves were not observed 

compared to samples fed with Kesseru-leaves. Metacyc pathway, PWY-1882 

(Superpathway of C1 compounds oxidation to CO2) enriched in eri-leaves fed 

samples. Functions including xylene degradation, toluene degradation, plant-

pathogen interaction, carbohydrate metabolism, etc. although found in Eri-fed samples 

were comparatively found to be enriched in Kesseru-fed samples.  

 

 

 

 

A 
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Figure2.16: Most significant A. functions (Kegg-derived) and B. pathways 

(Metacyc-derived) based on their differential abundance between different life-

stages. [Effect scores > 0: enriched in larvae; < 0: enriched in moth] 

 

KO functions such as styrene degradation, hydrocarbon degradation, metabolism of 

xenobiotics, chlorohexane- chlorobenzene degradation, bacterial invasion of epithelial 

cells, aminobenzoate degradation were observed to be enriched in larval stages. 

Metacyc pathways that included teichoic-acid pathway, formaldehyde 

oxidation/detoxification (PWY), arabinose degradation, catechol degradation, toluene 

degradation, formaldehyde assimilation, taurine degradation, 3 phenylpropanoate 

degradation, methylglyoxal degradation was observed to be enriched in the larval 

B 
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stages. On the other hand, moth samples showed increase in function such as 

sphingolipid biosynthesis, RNA transport, bile biosynthesis, protein absorption, 

Phenylpropanoid biosynthesis, Lysosome, Glycosphingolipid biosynthesis, Galactose 

metabolism, Flavone and flavanol biosynthesis, antibacterial and antifungal 

compounds (butirosin, neomycin and polyketide products) biosynthesis, β-lactam 

resistance, betalain biosynthesis, etc. Metacyc pathways showed enrichment of 

pathways such as sulphate degradation, acidogenesis, several fermentation 

pathways, Bifidobacterium shunt, Polyamine biosynthesis, etc. 

KO-derived functions that were significantly different in the diet types were mostly to 

be the ones enriched in organisms fed in Kesseru leaves. In Eri leaves fed samples, 

the diversity of microbiome present and predicted functional pathways through the 

growth stages were larger. No significant pathways or functions except PWY-1882 

was found to be enriched in Eri-fed samples, which could be due to the high diversity 

of microbes in Eri-fed samples. Functions including xylene degradation, toluene 

degradation, carbohydrate metabolism were comparatively found to be higher in 

Kesseru-leaves fed samples. 

Functional prediction between larval and moth stages have given distinct and 

significant differences in various functions and pathways. Several KO-derived 

functions contributing to lipid biosynthesis and metabolism were found to be enriched 

in adult moth stages. Several biosynthesis pathways were observed in moth stages. 

On the contrary several enzymes contributing to degradation pathways including plant 

lignin, aromatic compounds and toxins were found in the larval stages. Pathways 

contributing to maintaining the pH gradient and electron transport were also found to 

be comparatively abundant in the larval stages. 
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CONCLUSION 

 

Understanding an important species representing a large group of insects is of great 

significance. A comprehensive insight into the microbial composition of S. cynthia ricini 

has been reported. Detailed patterns based on the various factors influencing it have 

been studied. A core microbiome of 11 species comprising of beneficial microbes 

belonging to phyla Proteobacteria, Firmicutes, Bacteroidetes and Actinobacteria. 

Low to moderate microbial diversity through each larval stages (p=0.167), diet types 

(p=0.13) were observed while a very high diversity (p=0.001) through larva to moth 

transitions were observed suggesting complete restructuring. Compared to other 

groups of samples, larval samples fed on Eri leaves showed higher diversity. The 

bacteria associated with adult moths consisted of those involved in immunological 

functions and also play a role in socializing while the bacteria associated with larval 

stages are involved in digestive and detoxifying functions. Further, differences in larval 

gut microbiome with respect to diet while similar microbiome pattern of moths 

irrespective of the diet were observed. 

These findings could be used to various advantages for the commercially important 

silkworm species including for better growth and development of the species and 

enhanced sericulture practices. Diseased species could be understood and treated 

better as well. Novel microbes with potential could be further explored.  

Currently, there are minimum studies of other lepidopteran studies have been 

reported. Hence, the current study would contribute to the research gaps in insect 

biology and evolution. Similar studies with respect to other insects would contribute to 

reducing the research gaps further. 
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Chapter 3 

Shotgun metagenome analysis of Samia cynthia ricini 5th 

instar larva 
 

ABSTRACT 

 

In this study, we employed shotgun sequencing-based metagenome analysis to 

explore the taxonomic and functional composition of the microbial community 

associated with the 5th instar larva of Samia cynthia ricini. By comparing the results 

with traditional amplicon microbiome analyses, we aimed to highlight the advantages 

of shotgun sequencing in providing a more comprehensive understanding of the 

microbial genes present. 

For taxonomic composition analysis, we identified the dominant microbial groups in 

the larval sample, with Proteobacteria, Firmicutes, Cyanobacteria, and Bacteroidetes 

being the most prevalent. Interestingly, we observed differences in abundance 

between the taxonomic profiles derived from 16s rRNA gene sequence reads obtained 

through amplicon-based sequencing, 16s rRNA gene sequence reads acquired from 

shotgun sequencing, and total reads derived from shotgun-based metagenomics, 

excluding 16s rRNA gene sequences. Particularly, the taxonomic profile based on total 

shotgun reads revealed a higher diversity of microbial species across various 

domains, emphasizing the benefits of shotgun metagenomics in capturing a more 

comprehensive microbial community. 

In the functional profile analysis, we annotated the microbial genes and reconstructed 

biological pathways using MinPath to gain insights into the microbial functions present 

in the larval environment. Our results highlighted the prevalence of pathways involved 
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in amino acid metabolism, lipid metabolism, and the metabolism of vitamins and 

cofactors. Additionally, a high abundance of secondary metabolism genes was 

observed, suggesting the potential for diverse biosynthetic activities within the 

microbial community. 

Furthermore, we identified various genes associated with xenobiotics metabolism, 

drug metabolism, and cellular mechanisms, including defense mechanisms, 2-

component regulatory systems, cytoskeleton-peroxisome interactions, post-

translational modifications, chaperones, and signal transduction mechanisms. These 

findings shed light on the potential functional roles of the microbial community in the 

larval environment, providing valuable insights into the interactions between the host 

and its associated microbiome. 

INTRODUCTION 

 

The emergence and gradual development of applications of next-generation 

sequencing technologies is very rapid and along with it more in-depth methodologies 

for metagenomics and related studies derived1–3. 

Shotgun metagenomics is a powerful tool for microbiome analysis in insect guts. In 

contrast to 16s rRNA gene sequencing-based microbiome identification, it allows a 

more comprehensive analysis of microbial communities4. Detailed view of microbial 

populations, their taxonomic composition and abundances and the functional potential 

along with the gene abundances are obtained helping us understand the interaction 

between the microbes and their role in the surrounding environment’s function. E.g., it 

can be used to identify potential antibiotic-resistance genes within a microbial 

community, allowing for a more accurate prediction of the susceptibility of an insect 

gut to certain medications5–7. 

TH-3208_176152007



Bharali, 2023  Chapter 3 
 

88 
 

16S rRNA gene sequencing is a targeted approach that amplifies and sequences a 

conserved region of the 16S rRNA gene, which is present in bacterial and archaeal 

genomes8,9. In contrast, shotgun metagenome sequencing is a non-targeted approach 

that sequences all the genes present in a sample, providing a much more 

comprehensive view of the gut microbiome5,10. 

Bias generation due to the use of single phylogenetic marker such as the 16S 

ribosomal gene or its variable regions is observed using amplicon sequence-based 

microbiome studies11. Many studies reported other drawbacks of amplicon sequencing 

including 16s rRNA gene sequence including species level low resolution because of 

variation in copy number and the fact that they compose of only <0.1% of the total 

genome and the higher chances of horizontal transfer of the gene. Low and 

insignificant amplification of marker genes were observed in many studies12–15. 

Compared to 16S rRNA gene sequencing, shotgun metagenomics has several 

advantages. It provides a much more detailed view of microbial communities in an 

environment, allowing for a better understanding of the functional roles that different 

microbes play. It can also be used to identify genetic markers associated with 

antibiotic-resistance, which can be used to guide treatment strategies7,16,17. Further, 

microbial community identification via 16s rRNA reads could also be extracted from 

shotgun sequencing based reads18,19. 

Despite its advantages, shotgun metagenomics is not without its drawbacks. It is much 

more expensive and time-consuming than 16S rRNA gene sequencing, and the data 

produced is much more complex, making it more difficult to interpret. Additionally, 

shotgun metagenomics requires more sophisticated laboratory equipment, which may 

not be available in many laboratories10,20. 
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Many studies compared the performance of the two approaches in terms of their ability 

to detect microbial diversity, taxonomic resolution, and functional capabilities17,18,20. 

The authors found that 16S rRNA gene sequencing has a higher detection sensitivity 

than shotgun metagenome sequencing, with the latter having greater resolution and 

providing more detailed information about microbial populations20. 16S rRNA gene 

sequencing was found to have superior performance for detecting low-abundance 

microbial species14,21. 16S rRNA gene sequencing and shotgun metagenome 

sequencing are complementary approaches for studying the gut microbiome. The two 

approaches can be used in combination to provide a more comprehensive 

assessment of the gut microbiome22,23. 

The first comprehensive study of the silkworm gut microbiome was conducted by Chen 

et al., who used high-throughput sequencing to analyze the composition of microbial 

communities from adult and larval stages of B. mori24. This study revealed that the gut 

microbiota of silkworm larvae was composed of Proteobacteria, Firmicutes, 

Actinobacteria, and Bacteroidetes phyla, and that the microbial communities of adult 

and larval stages differed significantly in terms of their species composition24. 

Subsequent studies have further characterized the silkworm gut microbiome, finding 

a core microbiome of 11 genera and a wide diversity of bacteria, including several 

novel species24. In addition to investigating the composition of the silkworm gut 

microbiome, a number of studies have sought to characterize its functional capabilities 

by investigating the metatranscriptome and metaproteome of the silkworm. Studies 

have identified several important functional roles of the silkworm gut microbiome, 

including the production of enzymes for digestion, protection from pathogens and 

toxins, synthesis of vitamins and other essential molecules, and regulation of host 

development25,26. These functional capabilities of the silkworm gut microbiome have 
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potential applications to silk production, and may be exploited for the improvement of 

silkworm rearing and silk production27. Overall, recent advances in silkworm 

metagenomics have shed light on the composition, dynamics and functional roles of 

the silkworm gut microbiome28–30. Further research is needed to explore the potential 

applications of gut microbial communities to silk production and to identify novel 

microbial species that could be exploited for the improvement of rearing conditions. 

Significances of the study include- 

• Determining the optimum conditions and tools for S. cynthia ricini metagenome 

annotation and assembly. 

• Taxonomic and functional annotation of the sequenced metagenome. 

• Reconstruction of metabolic pathways based on functional annotations. 

• Comparison of abundances for 16s rRNA gene sequence microbiome 

taxonomic abundances and functional predictions. 

 

METHODOLOGY 

Sample collection and DNA extraction 

Eri silkworm (S. cynthia ricini) diseased-free layings (dfls) were acquired from Central 

Muga & Eri Research Institute, Jorhat, Assam, India (Lat: 26° 47′49.1″N Lon: 94° 

19′35.0″E). They were reared in a domesticated semi-controlled environment with a 

room temperature of 25˚C and 80% relative humidity. Gut tissue samples pooled from 

three 5th instar larva reared on Ricinus communis Linn. (Eri) following surface 

sterilization of the sample in 70% alcohol. The samples were stored in phosphate 

buffer solution at −80 °C with (storing for DNAase) for further processing. 
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DNA extraction was carried out using phenol/chloroform (PHEC) extraction 

methodology31. Cells were homogenized using using a Vibrio SonicsTM for 5m in sterile 

phosphate-buffer solution (PBS) followed by SDS-based cell-membrane degradation. 

The extracts were then saturated with phenol followed by separation of nucleic acids 

and proteins using chloroform: isoamyl-alcohol (24:1). Overnight precipitation of 

nucleic acids using isopropanol and 3 M sodium chloride for maximum DNA recovery 

was carried out. DNA samples were analyzed for their concentration and purity using 

1% agarose gel electrophoresis and Nanodrop spectrophotometer. Extracted DNA 

samples (A260/A280 ~1.8) were sent for shogun sequencing using Illumina NGS 

MiSeq (Eurofins Technologies Pvt. Ltd.).  

Sequence retrieval, quality-control and processing 

Paired-end raw sequencing data (250bp) in FASTQ format were analyzed for quality and 

adapters using FastQC(v_0.11.9)32. The reads were then subjected to quality control using 

Trimmomatic (v 0.32). Adapters, low quality bases towards 3′ end and duplicated reads were 

trimmed from the raw reads with phred quality score of ≤ 30 using Trimmomatic (v 0.32)33. 

Processing, assembly and annotation 

16s rRNA gene sequence reads were sorted and filtered out from the quality-controlled 

reads. The filtered reads were subjected to assemblers including SPADES v12.0, 

metaSPAdes, MEGAHIT and metaVELVET. SPADES output was chosen for further 

analyses based on the assembly quality34–36. The assemble contigs were analyzed 

using MetaQUAST for characteristics including N50, number of contigs, etc37 

(Table3.1). The extracted 16s rRNA gene sequence reads from sortmerna were 

classified using RDP classifier trained on NCBI database38. The hierarchical structure 

of the classification was viewed using MEGAN and KRONA charts39,40. 
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Criteria SPADES MetaSPAdes MEGAHIT metaVELVET 

N50 1153 903 928 716 

Number of contigs 189501 217655 215422 24053 

Number of contigs 

>1000bp 

75489 43802 54526 22526 

Table3.1: Comparative summary of assembly statistics of assemblers with 

SCL_5E shotgun sequences as analyzed by QUAST. 

 

Annotation of the identified protein sequences were carried out through taxonomic, 

structural and functional categories.  

Taxonomic analyses of the assembled CDS were carried out by homology-based 

assignments using MEGAN+DIAMOND methodology41. DIAMOND formatted NCBI nr 

database was indexed followed by alignment of the assembled reads against it. 

MEGAN was then used for taxonomic binning using the naïve LCA algorithm. 

Contaminants were filtered out. The classification was represented in the form of a 

phylogenetic tree. 

Functional annotation was performed using PROKKA (v1.14.6)42. PROKKA uses 

unsupervised machine learning gene prediction algorithm, Prodigal (PROkaryotic 

DYnamic programming Gene-finding ALgorithm) for finding gene and translation. The 

subsequent processes are automated via PROKKA including location of RNA regions 

and open reading frames (ORFs), translation of ORFs to proteins, homology searching 

of proteins via BLAST v10.0 and HMMER v3.1) against public databases (NCBI-CDD, 

PFAM, TIGRFAM) and PROKKA custom databases for annotation. 

Proteins/enzymes annotated are involved in various reactions for various cellular and 

metabolic activities depicted by different pathways. The pathways are predicted by 
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considering the presence of the set of enzymes to be the indicator and thus mapping 

using a naïve/direct approach. However, this methodology leads to false positive, as 

many pathways require only few of the present proteins/enzymes. MinPath (Minimal 

set of Pathways) uses a parsimony approach for biological pathway reconstructions 

yielding a more conserved and appropriate functional diversity, eliminating excessive 

predicted pathways43. 

The annotated PROKKA outputs were filtered based on KEGG Ortholog (KO) IDs for 

a compatible input using in-house shell scripts and mapped through MinPath based 

on KEGG and MEtaCyC databases. 

Antibiotic resistance genes major classes were annotated and identified using ARDB 

and the relative abundances of the subtypes were summarised. 

Mapping reads and quantifying genes 

Annotation output provides with number of genes and their annotations of a particular 

sample from the assembled reads. The information on the quantitative details is then 

achieved by mapping the raw reads to the assembled reads using Bowtie2 (v 2.5.1)44. 

The output alignment BAM file is then processed with Picard for duplicate reads 

removal45.  

Following that, coverage of each annotated gene is obtained. This is obtained by 

creating a custom Gene Transfer File (GTF) with the information of the gene regions 

and structure using in-house shell script thus defining the regions. Then, using htseq2-

count (v 2.0.2) the number of reads mapped to each gene were counted sorted by 

alignment coordinate46. 
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Normalizing to Transcripts Per Million (TPM) 

Taking into account that longer reads are mapped more than shorter reads due to their 

length and hence would result in erroneous abundance values, normalization of the 

read counts is carried out. TPM (Transcripts Per Million) method of normalization was 

adopted47. The average read length of our sample and length of all genes present are 

required for TPM calculation, as follows, 

𝑇𝑃𝑀 =
𝑟𝑔 𝑥 𝑟𝑙

𝑓𝑙𝑔 𝑥 𝑇
. 106 

where, rg: reads mapped to gene g 

rl: read length 

flg: feature length  

T: sum of rgxrl/flg for all genes 

 

The average read length is ~150bp calculated from the raw reads. The gene lengths 

were extracted from the read count file using in-house shell script. TPM was calculated 

using a python script. 

The obtained filtered KO and COG IDs from PROKKA annotated files and the 

normalised gene coverage value files were used to summarize and define the 

annotation. KRONA tools were used for the summarisation and plotting of interactive 

plots. The data was transformed to KRONA chart compatible hierarchal system using 

in-house python script. The summarized pathways based on KO, MetaCyc and COG 

databases annotation files were interactively visualized as KRONA charts and 

explored accordingly. 
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Comparative taxonomy and functional analyses 

Comparative descriptions between the output of taxonomic analyses done using the 

16s sequenced data through QIIME2, 16s rRNA gene sequence extracted reads from 

shotgun sequenced samples using SortmeRNA and from protein sequences identified 

using MEGAN+DIAMOND were normalised (copies per million i.e., CPM), 

summarised and visualised using MEGAN and iVenn48,49. CPM is defined by the total 

read number mapped against each gene normalised by the length of the gene of 

interest. It is calculated as follows: 

𝐶𝑃𝑀 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑎𝑝𝑝𝑒𝑑 𝑟𝑒𝑎𝑑𝑠 𝑡𝑜 𝑎 𝑔𝑒𝑛𝑒 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡 ∗ 106

𝑇𝑜𝑡𝑎𝑙 𝑟𝑒𝑎𝑑 𝑐𝑜𝑢𝑛𝑡𝑠
 

Comparative summaries of the predicted KEGG pathways of the16s rRNA gene 

sequence derived data and shotgun annotated data were also visualized through 

kronacharts, iVenn, MS-excel and R. Overview of the metagenome-based identified 

pathways were visualised using iPATH350. An overview of the methodology is 

represented beloa (Figure3.1). 

 

Figure3.1: Schematics of the methodology summarised. 
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RESULTS AND DISCUSSION 

Metagenomic assembly of S. cynthia ricini 

High-throughput sequencing of the 5th instar S. cynthia ricini larva sample, SCL_5E 

generated 10,517,215 paired-end raw reads. Post-quality control and host sequence 

contamination removal, 4,233,587 paired-end raw reads were retained. The raw reads 

were deposited in the NCBI Short Read Archive (SRA) database. 

Assembly quality was found to be optimum using SPADES and hence the output was 

of the analysis from SPADES was chosen for taxonomic and functional annotation. 

The assembly statistics of the sample using SPADES analyzed via MetaQUAST is 

summarised below (Table3.2) 

 Description S. cynthia ricini 

Total length     202665010 

Contigs (>= 10000bp)  7 

Contigs (>= 1000bp)   75489 

Contigs        189501 

Largest contig   19053 

4N50      1153 

GC (%)   35.91 

Table3.2: Annotation statistics of SCL_5E using SPADES. 

A total of 21,500 CDS (NCBI and UniProt) reads were predicted through Prodigal.  

 

Annotation statistics is summarised in Table3.3. 
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  Number of reads 
annotated  

CDS 21500 

KEGG        24452 

Pfam 4127 

COG 1102 

ARDB 504 

Table3.3: Annotation summary of SCL_5E. 

 

Taxonomy composition 

Community analysis based on 16s rRNA gene sequence reads resulted in 

identification of 79% bacterial population and 21% archaeal population. Proteobacteria 

was the most abundant phylum comprising of 41% of the bacterial population followed 

by Firmicutes, Cyanobacteria and Bacteroidetes comprising of 16%, 12% and 11% of 

the bacterial population respectively (Figure3.1). This observation has been found to 

be similar with several taxonomy composition studies of silkworm Bombyx mori and 

some other insects including Plutella xylostella, Spodoptera litura, Culex pipens, 

etc27,51–53. Members of Proteobacteria are reported to play an important role in 

colonization of healthy gut anaerobes by maintaining a reduced redox potential54. 

Euryarchaeota and Thermoprotei are the most abundantly found occupying 41% each 

of archaea population. Members of these groups are associated with assisting in 

bowel movements and polyamine production, respectively55. Strains of methanogenic 

Euryarchaeota such as Halobacteria and Methanobacter were highly abundant. 

Several strains of Woesearchaeota sp. were observed (Figure3.1). They were 

reported to be associated with anaerobic carbon cycling in the gut56. 
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Taxonomic analysis of total reads excluding 16s rRNA gene sequence analyzed with 

Megan+ DIAMOND revealed a high density but low diversity of microbial population 

(Figure3.2a and b). Highest abundance of bacterial population (89%) is observed 

followed by 7.9% of fungal strains abundance, 2.1% of viral and 0.17% of archaeal 

presence were identified (Figure3.2b). 49% of total identified sequences were 

identified to belong to phylum Proteobacteria. 24% was identified as Firmicutes, 

followed by 11.8% Actinobacteria, 5.2 % of Ascomycota (Fungi), and 2.1% of 

Bacteroidetes. Cyanobacteria was seen to consist of only 0.34% of the total reads 

identified. At species level identification, Pseudomonas aeruginosa was most 

abundant (12%) (Figure3.3). Various strains of Bacillus and Burkholderia were highly 
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abundant. These microbes play a part in pathogen resistance, prevent secondary 

bacterial infection, detoxification and host immunity57,58. 

Figure3.1: Radial chart representation of taxonomic abundances through 16s 

rRNA gene sequence community analysis of shotgun sequenced data 

(SortmeRNA-based) 
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Figure3.2: a. Radial representation of the taxonomic composition of total reads 

at phylum level 

b. Heatmap based on read counts and percentage abundances of phylum 

observed. 

 

 

a. 

b. 
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Figure3.3: Radial Chart representation taxonomic abundance identified through 

total reads at genus level. 
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Comparative taxonomy analyses 

16s rRNA gene sequenced (V3-V4 region) reads were analyzed for the taxonomic 

composition using QIIME2 against NCBI. Comparative taxonomic analyses using 

SortmeRNA identified, MEGAN+DIAMOND identified and QIIME2 identified reads of 

the S. cynthia ricini 5th instar larva samples resulted in highest number of features 

identified through the 16s rRNA gene sequence reads extracted from the shotgun 

sequence sample at the genus level, confirming a higher resolution through shotgun 

analyzed samples (Table3.4). 

Almost all the QIIME2 identified taxonomies were shared by the ones which were 

MEGAN+DIAMOND-based and SortmeRNA-based identified (Figure3.4). Number of 

features were low for the QIIME2-based 16s rRNA gene sequence analyzed samples. 

Almost all reads were classified under bacteria. Further, 58.41% of the reads remained 

unidentified at the domain level as unclassified bacteria. Most reads remained 

unclassified after the phylum level (Figure3.5). Total reads-based identification 

resulted in lowest number of identified features but higher abundances of the identified 

features. On the other hand, the highest diversity of features identified were through 

the SortmeRNA-based samples.  

MEGAN+DIAMOND methodology, while providing a deeper insight into the identified 

taxonomies at the genus and species level identified higher reads of most species 

identified (Figure3.6a, b, c, d). It also identified higher number at the genus and 

species level many of which many were unique and not found through other methods.  

Following, CPM normalised counts many bacterial species such as members of 

Serratia, Vibrio, Acidipropionibacterium, Bortdetella, Hyphomicrobium, 

TH-3208_176152007



Bharali, 2023  Chapter 3 
 

103 
 

Bradyrhizobium, Halomonas, etc. were identified only in MEGAN+DIAMOND sample. 

33 fungal species included members of Aspergillus, Saccharomycetaceae, Helotiales, 

Penicillium, were identified.  

In many studies, fungal populations have been found to play a major role in abundance 

and function in lepidoptera gut including many silkworm species24,59–61. In this study, 

members of Ascomycota and Basidiomycota were the most dominant similar to other 

studies. Members of Mucormycota and Oomycota were also observed. Aspergillus 

and Penicillium in many insect gut microbiome studies have been known to degrade 

xenobiotics, produce antifungal substances against pathogenic fungi and have 

phytotoxic properties62,63. Many fungal species are also associated with high digestion 

capability by pest insects64. 

Yeast strains including members of Saccharomyces and Candida, observed in our 

study has been known to provide nutritional advantages to the host. They have been 

studied to be involved in amino acid and fatty acid metabolism and also 

metamorphosis65. Drosophila melanogaster gut microbiome study showed that they 

would prefer and develop on plants containing fungi or yeast even when mycotoxin 

harming the insects are produced by them62,66,67. A few pathogenic strains of Fusarium 

have been observed in this study68. 

Virus from members of B. mori nucleopolyhedrovirus, Martellivirus, Sugarcane streak 

mosaic virus, Caulimovirus, Poacevirus were identified only in MEGAN+DIAMOND. 

Low counts of synthetic construct virus were also observed. Strains such as Serratia 

sp., are known to present in most silkworm and other lepidopteran species. They are 

associated with modulating virulence factors of related pathogenic strains27,69–72. They 

are also commercially utilized as a source of proteolytic enzymes Serralysin for 
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research purposes as promoting hemolymph bleeding and Serratiopaptidase for their 

anti-inflammatory properties73,74. These enzymes are known to increase the 

pathogenicity of the strain75. Studies on B. mori metagenome reported that in spite of 

having a lower taxonomic abundance was found to be dominant in the RNA-based 

studies (metatranscriptomics), indicating their higher metabolic activity and role in the 

gut. Among the viral strains, many plant-viral strains have been identified. Studies 

have reported of plant viral transmission through insects. The transmission potential 

is highly associated with the vector capability of other microbial population in the gut. 

These transmissions are dependent on the virus-protein interaction manipulating the 

vector and the insect host. These viruses have also been reported to alter the insect 

gut microbiome or not be associated with subsequent transmission. Some of the viral 

strains found in low abundance like B. mori nucleopolyhedrovirus, belonging to 

Baculovirus are highly pathogenic in silkworm B. mori. Previous studies showed that 

the strain was pathogenic in Eri silkworms due to the high expression of SUH gene, 

linked with facilitating infection76. Presence of these viral strains along with a few 

pathogenic bacterial strains could indicate a low amount of infection in the studies 

samples. 

These observations based on MEGAN+DIAMOND analysis resulted in deeper insights 

into the taxonomic presence of the 5th larval stage of S. cynthia ricini and also helped 

us with understanding their functional role better. Community analysis using 16s rRNA 

gene sequence reads provided with a higher diversity of bacterial population better for 

analysing alterations based on environment. Total read based taxonomy analysis was 

found to be advantageous compared to the other methodologies to a great extent. The 

low read and diversity of amplicon sequenced samples provides us a difference in the 

analysis depth. 
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Cladogram showed the phylogenetic relationship of the taxa identified through the 

different techniques along with the insights in the microbial species identified 

(Figure3.7). Fungal and viral groups and members from the PVC and Terrabacteria 

group were mostly identified using total reads while members from the FCB group 

including Bacteroidetes were found to be relatively low. Archaeal species were also 

relatively low in MEGAN+DIAMOND-based identification. SortmeRNA-based sample 

showed presence of almost all the groups but in relatively low abundance.  
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Figure3.4: Venn representation of shared and unique features identified using 

SortMeRNA (16s rRNA gene sequence reads from shotgun sequence-based 

data), MEGAN+DIAMOND (total reads of shotgun sequence-based data) and 

QIIME2 (16s rRNA gene sequence analysis-based) at genus level. 

 

Domain SortmeRNA MEGAN+DIAMOND QIIME2 

Archaea 97 4 1 

Bacteria 2172 2067 2301 

Eukaryota 0 184 0 

Viruses 0 50 0 

Table3.4: Comparative summary of the number of features identified through 

SortmeRNA, MEGAN+DIAMOND, QIIME2 

  

   

   

    

TH-3208_176152007



Bharali, 2023  Chapter 3 
 

107 
 

 

Figure3.5: Relative taxonomic abundance (normalised) plot at phylum level summarising the differences observed 

via the approaches applied   

SortmeRNA MEGAN 

+DIAMOND 

QIIME2 
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Figure3.6a: Heatmap representation of the differential abundance of taxonomic composition at the species level  

 

SortmeRNA MEGAN+DIAMOND QIIME2 
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Figure3.6b: Heatmap representation of the differential abundance of taxonomic composition at the species level  

SortmeRNA MEGAN+DIAMOND QIIME2 
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Figure3.6c: Heatmap representation of the differential abundance of taxonomic composition at the species level 

SortmeRNA MEGAN+DIAMOND QIIME2 
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Figure3.6d: Heatmap representation of the differential abundance of taxonomic composition at the species level

SortmeRNA MEGAN+DIAMOND QIIME2 
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Figure3.7: Cladogram of the 3 groups of samples (SortmeRNA, MEGAN+DIAMOND, QIIME2)
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Functional analyses 

Functional annotation and pathway inferences based on pathway reconstruction using 

KEGG pathways showed the 83% of the genes present to be involved in metabolism, 

11% involved in genetic information processing, 5% in cellular processes and 1% in 

two-component system (Figure3.8). Genes involved in carbohydrate metabolism were 

observed to be very high comprising of 21% of total identified genes and 25% of genes 

involved in metabolism. Other major metabolism involved genes comprised of lipid 

metabolism and amino acid metabolism,15% and 12% of the total genes respectively. 

8% of the genes are involved in metabolism of vitamins and cofactors and 4% in 

metabolism of xenobiotics and degradation. Peroxisome related pathways were seen 

to comprise of 50% of the cellular processes followed by cell growth and death (33%) 

and bacterial chemotaxis (17%). 

MetaCyc database-based reconstruction of pathways detailing only the metabolic 

pathways, resulted in 54% of the genes to be involved in various biosynthesis 

pathways, 33% in degradation pathways, 4% in energy metabolism, 2% in 

fermentation-based pathways (Figure3.9). 38% of biosynthesis pathways comprised 

of biosynthesis of secondary metabolites. This indicated that the gut microbial genes 

present were highly responsible for metabolic pathways mediating ecological 

interactions responsible for the interactive network of the meta-organism. Flavonoid 

biosynthesis (38%) and antibiotics biosynthesis (13%) were some of the pathways 

present in higher amounts.  Genes involved in cofactor and vitamins biosynthesis were 

highly abundant (15% of biosynthesis pathways) and was more than carbohydrate 

biosynthesis (10%), lipid biosynthesis (10%) and polyamine biosynthesis (7%). 

Aromatic compound degradation was one of the pathways found highly abundant 
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(16%), followed by secondary metabolites degradation (12%), amino acid degradation 

(11%), sugars and polysaccharide degradation (9%), fatty acid degradation (8%). 

Plant hormone degradation pathways involved genes of significant amount were also 

seen to be present. 25% of energy metabolism pathway genes were contributed to 

TCA variants, 17% to glycolysis variants, 5% to methanogenesis. Genes contributing 

to chitin degradation to ethanol (4%), long fatty acid ester synthesis for microdiesel 

production (4%) were also significantly present. COG database-based pathway 

reconstruction showed 44% comprising of pathways involved in metabolism, 38% in 

cellular processing and signalling, 10% in information storage and processing 

(Figure3.10). Highest abundance of metabolism comprised of amino acid transport 

and metabolism (23% of metabolism), followed by lipid metabolism and secondary 

metabolites biosynthesis, transport and catabolism (17% each of metabolism). Among 

cellular processes and signalling, highest abundance of cytoskeleton pathway genes 

(36% of cellular processes and signalling) was observed. Genes involved in post 

translational mechanism and chaperones (16% of cellular processes) were also highly 

abundant. Other genes involved in cell cycle control, cell division, defence mechanism, 

envelope biogenesis, cell motility and signal transduction mechanisms were also 

observed. 

Based on these observations it is apparent that microbial population have a dynamic 

role in the different pathways of the host majority being metabolic pathways post-

translation. Microbial genes annotated were involved with amino acid and lipid 

metabolism indicating their importance in the primary metabolic pathways of the 

host64. Secondary metabolism was also highly regulated by microbial genes including 

the degradation of plant derived aromatic compounds and toxins54. Numerous other 

functions including vitamins and co-factor biosynthesis aiding the insect development 
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were present in high amounts. Lipids, fatty acids and their intermediates are 

responsible for metabolic pathways that promote signalling, energy metabolism, aid in 

digestive abilities, formation of structural components and produce hormones27. They 

can also act as biomarkers77,78. Based on the vast range of functions annotated, the 

role of the present microbes in specific required area could be analyzed. 

Comparative analysis 

Normalised relative abundance of KEGG-derived pathways (L3-level) derived 

pathways of the annotated genes compared to the predicted pathways derived from 

16s rRNA amplicon sequenced sample showed that all the predicted functions were 

encoded by genes present in the shotgun annotated samples (Figure3.11a). 

However, the relative functional abundance of most of the shotgun-based samples 

were higher compared to the amplicon sequence predicted based samples 

(Figure3.11b). KEGG-derived pathways including fatty acid biosynthesis, various 

amino acid metabolism including tryptophan, histidine, valine, leucine and tryptophan 

metabolism, drug metabolism, foliate metabolism, various carbohydrate including 

galactose and pentose phosphate pathway and various vitamins and cofactor 

metabolism pathways including thiamine metabolism and pantothenate and CoA 

metabolism are highly abundant in shotgun based annotated samples compared to 

QIIME-PICRUSt2 predicted samples. Some pathways such as purine and pyrimidine 

metabolism, two-component metabolism, and some unknown functions were 

observed to be highly abundant in the PICRUSt2 predicted samples indicating the 

actual functions to be either less abundant or be involved in different functions than 

predicted. Comparing the amplicon-based predictive function annotation and the 

shotgun-based gene annotated functions, it is seen that the gene-base annotation 
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resulted in a more precise analyses with more depth. 
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Figure3.8: Radial chart representation of abundance of pathways based on KEGG pathway database 
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Figure3.9: Radial chart representation of abundance of metabolic pathways based on Metacyc pathway database 
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Figure3.10: Radial chart representation of abundance of pathways based on COG database
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Figure3.11: a. Venn diagram representing the shared functions between PICRUSt2 predicted pathways and shotgun-based 

annotated pathways. 

b. Comparative bar plots representing the abundance differences between PICRUSt2 predicted pathways and shotgun-

based annotated pathways (KEGG-L3)
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Antimicrobial Resistant Genes 

Antimicrobial resistant genes were identified using RGI software against the 

assembled reads resulted in most abundance of B-lactamase class of antimicrobial 

resistance genes (Table3.5).  They were mostly observed in Clostridium, 

Proteobacteria, Firmicutus, Actinobacteria, Caulobacterales, Saccharomycetes and 

Basidiomycota. B-lactamases provided resistance multi-drug resistance against 

compounds containing lactam rings. They have been observed in many studies to 

have a relatively higher speed and have been found to be relatively more abundant in 

several insect species.  Other observed genes included from classes lipopeptides and 

tetracyclins from Proteobacteria, Actinobacteria and Firmicutus; Pyrimidine from 

Proteobacteria and Actinobacteria and Glycopeptides from Pseudomonas and 

Proteobacteria. iPATH view of the reconstructed pathways was observed showing the 

contribution of microbial genes in energy, carbohydrates, amino acids, nucleotide, 

cofactors and vitamins, lipids metabolism and biosynthesis and degradation of 

secondary metabolites, xenobiotics biodegradation and metabolism (Figure3.12). 

Genes of some pathways including glycan biosynthesis and metabolism, metabolism 

of terpenoid and polyketide were seen to be completely absent from the annotated 

metagenome.  The overview of the genes involved in antibiotic resistance gene 

pathways are shown in Figure3.13. inferring a majority of the metabolic pathways 

involved compared to the pathways of the total genes present. 
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Most of the genes associated with carbohydrate metabolism, other amino acid 

metabolism, lipid metabolism belonged from the ARG classes inferring the amount of 

role of metabolism of lipid, amino acid and carbohydrate in drug resistance. 

ARDB class Organism Subtypes (Genes) Abundance 

Β-lactamase Clostidium sp., 

Proteobacteria, 

Basidiomycota, Firmicutus, 

Actinobacteria, 

Caulobacterales, 

Saccharomycetes  

gloB, rnjA, ybbE, comEC, 

yqjP, vicX, rnz, pbpX, ampC, 

bla, yhfl, rnjB, YSH, pksB_1, 

glx2, ytnP, nylB 

0.45 

Lipopeptides Proteobacteria, 

Actinobacteria, Firmicutus 

slmA 

tnp3514a, puuR_1, PPA1638, 

rpoB, rimK, recR, amaB 

0.11 

Tetracyclins Actinobacteria, Bacteroidetes, 

Firmicutus  

tetR, tetW 0.08 

Pyrimidine Proteobacteria, 

Actinobacteria 

dfrA,dfrK 0.011 

Glycopeptides Pseudomonas, 

Proteobacteria 

rpoB, phoP 0.003 

 

Table3.5: Summarised representation of the normalised relative abundance of 

the classes of Antimicrobial Resistance Genes (ARGs) annotated.
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Figure3.12: iPATH visualisation representing a comprehensive summary of the metagenome identified genes involved in 

various pathways.
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Figure3.13: iPATH representation of the present antimicrobial resistance genes involved pathways.
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CONCLUSION 

 

In the present study, the metagenome of S. cynthia ricini was explored with shotgun 

sequencing of the silkworm larva. The results demonstrated the higher depth of 

analyses of the metagenome of the sample. Detailed view of the taxonomic and 

functional abundances of the gut microbes were outlined. Optimization of the 

methodologies for the analyses regarding the organism were explored and 

summarised. Comparative details with respect to amplicon sequence based microbial 

population of the sample was also studied resulting in 89% abundance of bacterial 

population, 7.9% of fungal strains abundance, 2.1% of viral and 0.17% of archaeal 

presence revealing a high percentage of fungal strains in the gut microbiota of the 

silkworm. Important strains including Serratia, Vibrio, Acidipropionibacterium, 

Bortdetella, Hyphomicrobium, Bradyrhizobium, Halomonas could only be identified 

using shotgun analyses. It also revealed that shotgun analyses helped in identification 

of a high density but low diversity of bacterial population. Most of the genes associated 

with carbohydrate metabolism, amino acid metabolism, lipid metabolism belonged 

from the ARG classes. 

This study hence, helps us with the basic insights on the 5th instar larva metagenome 

carried out via shotgun analyses. It also focuses on advantages and disadvantages of 

shotgun analyses over amplicon sequence-based analyses and usage of 

standardised and optimised techniques for our study according to our requirements. 

Further integrative analyses could be explored for understanding the interactive 

metabolic activities of the microbiome comparative analyses observing the role of 

microbes associated with various diseases in the silkworm would lead to the 

development of better strains with higher resistance against those diseases.  
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CHAPTER 4 

Comparative analyses of lepidoptera larva metagenome 
 

 

ABSTRACT 

 

Insects, representing one of the most diverse groups of organisms, harbor a complex 

gut microbiome that plays a crucial role in aiding their adaptation to extreme and 

diverse environmental conditions, driven by their wide range of food sources. 

This study presents a comparative analysis of the metagenomes of three different 

lepidoptera larva species: Samia cynthia ricini (Family: Saturniidae), Bombyx mori 

(Family: Bombycidae), and Plutella xylostella (Family: Plutellidae). The primary aim 

was to investigate the structural and functional diversity of the microbiota 

characterizing each organism and identify the role of their distinct environments in 

shaping microbial interactions. 

Our analysis revealed intriguing differences among the three lepidoptera species. S. 

cynthia ricini exhibited the highest diversity of microbial species, highlighting its unique 

gut microbiome composition. On the other hand, B. mori displayed a higher abundance 

of gut microbiota compared to the other two species, indicating a potentially more 

enriched microbial community. 

Distinct microbial compositions were observed in P. xylostella, setting it apart from 

both S. cynthia ricini and B. mori. Notably, the presence of specific microbes such as 
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Klebsiella, Pantoea, and various microsporidia distinguished P. xylostella's gut 

microbiota. 

Functional analysis of the metagenomes revealed contrasting patterns in the 

abundance of microbial genes associated with different pathways. S. cynthia ricini 

demonstrated a higher abundance of genes related to digestion, nutrition assistance, 

and immunity, likely contributing to its adaptability to diverse environments. 

In contrast, P. xylostella exhibited a higher abundance of genes involved in cell 

envelope, cellular processes, signalling, and membrane transport pathways, hinting at 

potential adaptations that contribute to its survival and interaction with its unique 

ecological niche. 

Overall, our study provides valuable insights into the diverse structural and functional 

aspects of gut microbiota in these lepidoptera larvae. By uncovering the distinct 

microbial compositions and functional attributes, this research advances our 

understanding of the intricate interplay between insects and their gut microbiota in 

response to their respective environments. 

 

INTRODUCTION 

 

Based on their diversity and composition, the gut microbes have different level of 

effects on important metabolic functions of the host such as degradation of many 

metabolites, manipulated reproduction, nitrogen recycle, production of many pigments 

and other aspects favouring the health and fitness of the insect1–5. Many gut microbes 

have convergently co-evolved with their insect host, gradually reduced their genome 

TH-3208_176152007



Bharali, 2023  Chapter 4 
 

138 
 

size, undergoing co-speciation and developing complementary functions with each 

other6–9.  

Lepidoptera is a highly diverse, distinctively recognised and widely studied family 

represented by many ecologically and economically important moths and butterflies10. 

In spite the biological studies, the importance of its host-associated microbes in the 

organisms were only recently appreciated more focused on heritable endosymbionts 

due to their sex determination system. Unlike other arthropods, female lepidopterans 

are heterogametic (ZW) and male (ZZ). Heritable endosymbionts such as Wolbachia 

were reported to be associated with this manipulation through cytoplasmic maternal 

inheritance11. These endosymbionts were found to be highly prevalent in 

lepidopterans with higher chances of vertical transmission. These differences along 

with different populations of other microbial community than other arthropods were 

assumed to be playing major role in the alternative sex determination system12. This 

were further evaluated for implications of other host genetic diversity and wider co-

inherited microbial network responsible7. 

Presently, out of ~11300 species of lepidoptera found in India, bacterial associates of 

<0.1% species have been studied implying a huge amount of information and 

resources to be explored10,13. 

Plutella xylostella (Diamondback moth) (Family: Plutellidae) (Table4.1) larvae are 

phytophagous lepidoptera, with their dominant host plant being glucosine containing 

plants of the Brassicaceae family. It is widely considered as a pest regarding its 

destructive nature towards its food sources14. 

B. mori (Domestic silkworm) (Family: Bombycidae) (Table4.1) are polyphagous 

lepidopterans as well, feeding primarily on mulberry leaves. They are one of the 
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economically important being the primary producer of silk. Some phenotypic traits of 

domestic silk moths are different from most members in the genus Bombyx, e.g., lost 

flying abilities and colour pigments15,16. 

Samia cynthia ricini (Eri silkworm) (Family: Saturniidae) (Table4.1), the organism of 

interest in this study is another polyphagous lepidoptera mainly feeding on castor 

leaves. They are comparatively, larger than the other two organisms with a high 

feeding and growth rate. Despite being domesticated, they have retained their flying 

abilities with a large wingspan. They have a high degree of breeding rate and are 

mostly resilient to environmental conditions17,18. 

With the aim of understanding the phenotypic and metabolic differences and the 

surrounding environmental conditions, a comparative study of the gut microbiota of 

the respective microbiota was performed. The role of these microbes in the host 

metabolism and adaptation were analyzed using shotgun metagenomics. 

In our previous chapter, we have established the design and optimization of a shotgun 

metagenomics analysis workflow for maximum species identification concerning our 

study. In this chapter, we have utilized the metagenome data of S. cynthia ricini 

analyzed in the previous chapter and adopted the workflow established previously for 

a comparative analysis with other curated lepidopteran metagenomic datasets from 

public repositories. 
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Table4.1: Comparative taxonomic hierarchy of the organisms for the study: S. cynthia 

ricini, B. mori and P. xylostella 

 

Significances of the study include- 

• Observation of a common pattern of taxonomic or functional abundances of the 

lepidopteran species. 

• Analysing the significant differences of the microbiota associated with their 

phenotype, metabolic activities and/or behaviour (pests, etc.). 

 

METHODOLOGY 

Sample collection and DNA extraction 

DNA extraction was carried out using phenol/chloroform (PHEC) extraction 

methodology19. Cells were homogenized using (mention the specification and 

condition) in sterile phosphate-buffer solution (PBS) followed by SDS-based cell-

membrane degradation. The extracts were then saturated with phenol (write condition) 

followed by separation of nucleic acids and proteins using chloroform: isoamyl-alcohol 

(24:1). Overnight precipitation of nucleic acids using isopropanol and 3 M sodium 
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chloride for maximum DNA recovery was carried out. DNA samples were analyzed for 

their concentration and purity using 1% agarose gel electrophoresis and Nanodrop 

spectrophotometer20,21. Extracted DNA samples (A260/A280 ~1.8) were sent for 16s 

rRNA amplicon sequencing using Illumina NGS MiSeq (AgriGenome Technologies 

Pvt. Ltd.).  

Sequence retrieval, quality-control and processing 

Plutella xylostella metagenome sequences (Illumina HiSeq 2000) were retrieved from 

NCBI-SRA (SRR1292478). B. mori P50 metagenome (Illumina HiSeq 2500) were 

retrieved from NCBI-SRA database (SRR6062243). Paired-end (PE) FASTQ files 

were extracted from the SRA-accessions using combination of prefetch + fasterq-

dump (SRA-toolkit). The PE reads were assessed for quality using fastqc (v 0.11.9).  

Paired-end raw sequencing data (250bp) in FASTQ format were analyzed for quality 

and adapters using FastQC(v_0.11.9)22. Following removal of non-biological 

contaminants, the quality-controlled reads. 

The methods were adapted from S. cynthia ricini metagenome sequence processing. 

The filtered sequences were then assembled using SPADES v12.0 and annotated 

using prokka (NCBInr, tigrfam, pfam, etc.)23.  

Functional annotation was performed using PROKKA 24. PROKKA uses unsupervised 

machine learning gene prediction algorithm, Prodigal (PROkaryotic DYnamic 

programming Gene-finding ALgorithm) for finding gene and translation. The 

subsequent processes are automated via PROKKA including location of RNA regions 

and open reading frames (ORFs), translation of ORFs to proteins, homology searching 

of proteins via BLAST and HMMER) against public databases (NCBI-CDD, PFAM, 

TIGRFAM) and PROKKA custom databases for annotation.  

TH-3208_176152007



Bharali, 2023  Chapter 4 
 

142 
 

Proteins/enzymes annotated are involved in various reactions for various metabolic 

activities depicted by different pathways. The pathways are predicted by considering 

the presence of the set of enzymes to be the indicator and thus mapping using a 

naïve/direct approach. However, this methodology leads to false positive, as many 

pathways require only few of the present proteins/enzymes. MinPath (Minimal set of 

Pathways) uses a parsimony approach for biological pathway reconstructions yielding 

a more conserved and appropriate functional diversity, eliminating excessive predicted 

pathways24. 

The annotated PROKKA outputs were filtered based on KEGG Ortholog (KO) IDs for 

a compatible input using in-house shell scripts and mapped through MinPath 

MEtaCyC databases. 

Based on the higher diversity and abundance of the species across the domain 

observed through SCL_5E shotgun metagenome analysis, obtained assembly were 

analyzed for their taxonomic composition using MEGAN+DIAMOND based on CDS25. 

Normalization was carried out based on CPM and the differential abundance based 

on z-score were represented through heatmap using MEGAN and the differences 

were explored26. 

The identified taxonomies were combined and used to generate a common tree using 

NCBI tree generator at the genus level. the comparative composition, diversity27. The 

annotation files with the absolute counts of the respective abundances were used to 

explore phylogenetic relationship and relative abundances were explored via dot plots 

using iTOLv328. Species present in S. cynthia ricini were taken as a cut-off for a better 

view of the tree at the genus level. 
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Mapping reads and quantifying genes 

Annotation output provides with number of genes and their annotations of a particular 

sample from the assembled reads. The information on the quantitative details is then 

achieved by mapping the raw reads to the assembled reads using Bowtie2 (v 2.5.1)29. 

The output alignment BAM file is then processed with Picard for duplicate reads 

removal30. 

Following that, coverage of each annotated gene is obtained. This is obtained by 

creating a custom Gene Transfer File (GTF) with the information of the gene regions 

and structure using in-house shell script thus defining the regions. Then, using htseq2-

count (v 2.0.2) the number of reads mapped to each gene were counted sorted by 

alignment coordinate31. 

The average read length is ~150bp calculated from the raw reads. The gene lengths 

were extracted from the read count file using in-house shell script. TPM was calculated 

using a python script. 

The obtained filtered KO and COG IDs from PROKKA annotated files and the 

normalised gene coverage value files were used to summarize and define the 

annotation. KRONA tools were used for the summarisation and plotting of interactive 

plots. The data was transformed to KRONA chart compatible hierarchal system using 

in-house python script32. The metabolic pathways based on KO, MetaCyc, COG and 

SEED-based databases were summarised. Comparative functional analyses were 

then observed based on different features. An overview of the methodology is 

represented below (Figureure4.1) 
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Figure4.1: Schematic representation of the methodology applied for 

comparative shotgun analyses of lepidopteran metagenome sample from S. 

cynthia ricini, B. mori P50 and P. xylostella. 

 

RESULTS AND DISCUSSION 

 

The assembly statistics calculated using Quast were summarised as below (Table4.2) 

  S. cynthia ricini B. mori P. xylostella 

Total length     202665010 51423570 37579489 

Contigs (>= 10000bp)  7 63 58 

Contigs (>= 1000bp)   75489 5035 6123 

Contigs        189501 27852 20959 

Largest contig   19053 18177 44740 

N50      1153 1214 1133 
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GC (%)   35.91 50.2 40.04 

Table4.2: Summarised representation of comparative assembly statistics 

 

The assembly statistics showed the number of contigs of more than 10000bp 

generated for S. cynthia ricini was 7. However, the number for B. mori was 63 and P. 

xylostella was 58, indicating a huge number of fragmented sequences for S. cynthia 

ricini data. N50 was 1153, 1214 and 1133 for S. cynthia ricini, B. mori (P50) and P. 

xylostella respectively. 

Number of contigs generated were highest for B. mori (P50) followed by P. xylostella. 

The GC content was very low for S. cynthia ricini compared to the other samples. 

 

Comparative taxonomic analyses 

Exploring the differential abundance heatmap, significant differences in the taxonomy 

presence and abundances through the species metagenome samples were observed 

(Figure4.3a,b,c,d). S. cynthia ricini comprised of higher abundances of Prevotella 

copri, various species from Burkholderiales including Achromobacter xylosoxidans, 

different strains of Burkholderia, and strains of Ralstonia,  Aeromonas caviae,  

Acinetobacter indicus, Pseudomonas aeruginosa, Pseudomonas stutzeri, Vibrio 

choleri, strains of Corynebacterium,  Mycobacterium, Microbacterium saperdae, 

strains of Kocuria, Micrococcus, strains of Acidipropionibacterium, strains of Bacillus, 

Priestia megaterium, Weizmannia coagulans, Staphylococcus epidermidis compared 

to the other two species. Higher fungal species abundance such as strains of 

Aureobasidium, Aureobasidium, Sporisorium reilianum, strains of Ustilago, and viral 

strains including B. mori nucleopolyhedrovirus, Dengue virus, Sugarcane streak 

mosaic virus, Cauliflower mosaic virus were also observed. B. mori metagenome had 
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higher abundance of numerous species of Bradyrhizobium, members of 

Alphaproteobacteria, Acidovorax avenae, strains of Comamonas, strains of Delftia, 

Variovorax paradoxus, numerous strains of Acinetobacter, Pseudomonas, 

Stenotrophomonas, Rhodococcus, Glutamicibacter, Lysinibacillus, Mammaliicoccus, 

and Enterococcus. P. xylostella comprised of populations of strains of Citrobacter, 

Enterobacter, Klebsiella, Lelliottia, fungal species Astraeus odoratus and various 

microsporidian species such as Nosema, Enterocytozoon, Enterospora, Vittaforma 

corneae, Spraguea lophii, Encephalitozoon, Ordospora colligate, Hamiltosporidium 

magnivora, Trachipleistophora hominis, Vavraia culicis, Thelohania contejeani, 

Anncaliia algerae, Tubulinosema ratisbonensis, Rhizopus arrhizus and Thelohanellus 

kitauei. Microbial populations of S. cynthia ricini were observed to be more diverse 

comprising of abundant species across the domains compared to the other samples. 

It was observed to contain populations of fungal species and viral species in 

abundance and a wide variety of bacterial populations. B. mori metagenome was 

enriched with similar groups of bacterial population.  Many bacterial species including 

Pseudomonas, Bacillus, etc. were observed to more abundant in S. cynthia ricini and 

B. mori. P. xylostella consisted of groups of Enterobacter, E. coli, Klebsiella, Pantoea, 

Yersinia in higher abundance. Population of Serratia in P. xylostella was very high 

compared to B. mori and S.ricini (lowest). Microsporidia population was abundantly 

found in P. xylostella.  

Prevotella sp., an anaerobic group of bacteria, mostly reported to be uncultivable, are 

a major player in non-cellulolytic carbohydrate degradation, responsible for aiding the 

host in digestion of cell wall polysaccharides such as xylan33. Previous reports have 

demonstrated the higher abundance of Proteobacteria in pest insect gut such as 

Schistocerca gregaria and associated them to be involved in the defensive 
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mechanisms of the host providing resistance against plant pathogens and toxins34. 

Microsporidia have been associated with insect pathogenicity and weaken their 

immune system. Species including Enterococcus were isolated from P. xylostella and 

observed to have a positive effect on resistance against chlorpyriphos35. However, 

Serratia from the same sample were seen to have a reduced effect on the resistance 

against the pesticide35. Previous studies reported the dominant presence of 

Gammaproteobacteria in P. xylostella gut14. In this study, it is observed that 

Gammaproteobacteria population were significantly higher in P. xylostella compared 

to the other two lepidopterans. 

Phylogenetic representation visualised using common tree and absolute counts 

showed higher counts of most bacterial population in B. mori. S. cynthia ricini had 

lower counts of microbes but a more diverse population. P. xylostella had a sparse 

diversity of microbiome population compared to S. cynthia ricini and B. mori with a 

lower count of most species. Few digestion-aiding bacterial population including 

several species of Enterobacter, Klebsiella, etc were more abundant in P. xylostella 

(Figure4.4). 
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Figure4.3a: Heatmap representation of the differential abundances of identified taxonomies through the samples. 

S. cynthia ricini B. mori P. xylostella 
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Figure4.3b: Heatmap representation of the differential abundances of identified taxonomies through the samples. 

S. cynthia ricini B. mori P. xylostella 
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Figure4.3c: Heatmap representation of the differential abundances of identified taxonomies through the samples.

S. cynthia ricini B. mori P. xylostella 
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Figure4.3d: Heatmap representation of the differential abundances of identified taxonomies through the samples.  

P. xylostella B. mori S. cynthia ricini 
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Figure4.4: Phylogenetic tree representation of comparative taxonomic composition and abundances of the 

metagenomes of S. cynthia ricini, B. mori and P. xylostella. 

S. cynthia 

ricini 

B. mori 

P. xylostella 
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Comparative functional analyses 

Relative functional abundance based on reconstructed biological pathways showed a 

difference in the abundance of genes involved in metabolic pathways based on 

MetaCyc database. 60% and 59% of B. mori and P. xylostella genes accounted for 

functions involved in biosynthesis pathways respectively (Figure4.5a,b,c). However, 

S. cynthia ricini consisted of 54% biosynthesis pathways related genes. On the other 

hand, degradation pathways related genes comprised of 28% of B. mori, 24% of P. 

xylostella in identified metagenome genes. Energy-metabolism related genes 

comprised of 4% in S. cynthia ricini and B. mori each while 2% in P. xylostella. 2% 

comprised of fermentation contributing genes in all the samples. Secondary metabolite 

biosynthesis related genes were lesser in S. cynthia ricini (38% of biosynthesis) 

compared to those in B. mori (53% of biosynthesis) and P. xylostella (47% of 

biosynthesis) while secondary metabolite degradation related genes were higher in P. 

xylostella (14% of degradation) than S. cynthia ricini and B. mori (11% of degradation 

each). Co-factor and vitamin biosynthesis related genes were higher in S. cynthia ricini 

(15% of biosynthesis) and P. xylostella (11% of biosynthesis) compared to (8% of 

biosynthesis). 

Higher degradation-based pathways in S. cynthia ricini could infer to its higher 

capability of leaf ingestion and digestion along with its body-size and fat composition 

compared to the other species. Its higher abundance of secondary pathways related 

genes infers the higher amount of plant compound degradation involved. Higher 

abundance of co-factor and vitamins related genes inferred the involvement of the 

microbiota of S. cynthia ricini to be more active in the nutrition of the host along with 

the maintenance of its metabolic homeostasis. 
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Observing relative abundance of COG-based pathways, metabolic pathways involved 

genes were higher (57%) in the microbiome of S. cynthia ricini compared to B. mori 

(51%) and P. xylostella (43%) (Figure4.6). Cellular processing and signalling 

mechanisms related genes in P. xylostella were the highest (27%) in comparison to B. 

mori (24%) and S. cynthia ricini (20%). Information storage and processing 

mechanisms related genes were lower in S. cynthia ricini (21%) compared to the other 

species (24%, each). SEED-based pathway comparison resulted in higher abundance 

of energy-related metabolic pathways to be highly abundant in S. cynthia ricini genes 

(16%) (Figure4.6). While in B. mori and P. xylostella, their relative abundances were 

very low (9% each). Protein processing gene involved pathways were also higher in 

S. cynthia ricini (12%) than B. mori (9%) and P. xylostella (8%). Genes of pathways 

related to cell envelope, membrane transport and cell signalling were observed to be 

very high in P. xylostella (4%, 13% and 1.78% respectively). They comprised of 1%, 

7% and 0.7% respectively in S. cynthia ricini and 2%, 10% and 1% respectively in B. 

mori. Other metabolism pathway-based genes were relatively higher in S. cynthia ricini 

and B. mori (40% each) in comparison to P. xylostella (34%). Abundance of other 

pathways were relatively similar.  

Based on the COG and SEED-based pathway abundances, metabolism related genes 

of S. cynthia ricini were higher than that of the others and most of them were directed 

to energy and protein processing related pathways indicating the involvement of the 

microbiota with the metabolic activities of the host directly or indirectly either by 

producing host related metabolites or assisting them with the production of required 

metabolites. It is also inferred that they directly provide energy to the host assisting in 

a higher capability of degradation pathways. Cellular processing and signalling 

mechanism pathways including cell envelope related pathways in P. xylostella is very 
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high compared to S. cynthia ricini and B. mori. P. xylostella, being a pest organism are 

highly destructive to mostly cruciferous plants. The higher abundance of these 

microbial pathway genes in the organism is indicative of their assistance of processing 

of environmental signal processing of the pest insect and also induced stress 

tolerance. Further, membrane transport pathways-based genes were higher in P. 

xylostella. Observing the taxonomic abundance, various microsporidia populations 

were abundantly present in the organism. Several microsporidia species such as 

Nosema, Sprague, Serratia were reported to have reduced genome with minimal 

energy requirements and rely on the host for nutrient uptakes via various membrane 

transport systems and being pathogenic to the host36,37. Microsporidia have been 

reported to act as natural pest population regulating agents, maintaining the fecundity 

of the pest host38. Dominance of these microbes were reported in previous 

intraspecies-based studies as well39,40. Higher abundance of the pathway genes with 

respect to other organism imply their significant role in the pest adaptation. 

Differential abundance was observed using KEGG-based pathways (Figure4.8). Most 

genes of the metabolic pathways including fatty acid biosynthesis, lipoic acid 

metabolism, folate acid biosynthesis, steroid hormone biosynthesis, pentose 

phosphate pathway, thiamine, glycerophospholipid metabolism were abundant in B. 

mori compared to the other samples. Comparatively, P. xylostella had the least count 

of genes of the different pathways. However, 2-component pathway related genes 

were highly abundant in P. xylostella. Genes of pathways including metabolism of 

xenobiotics, porphyrin and chlorophyll metabolism, fatty acid degradation, starch and 

sucrose metabolism, amino acid such as glycine, serine, threonine, and tryptophan 

metabolism, purine and pyrimidine metabolism, biosynthesis of secondary 

metabolites, base excision repair were found comparatively abundant in S. cynthia 
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ricini. B. mori was seen to have higher counts of reads for most pathways related 

genes, however, the comparative counts for various digestion aiding and nutrition 

acquisition pathways were higher in S. cynthia ricini indicating their higher growth and 

survival rate and their digestive abilities. The higher presence of amino acid and 

xenobiotics metabolism genes were also indicative of their immunity and resistance to 

pathogens compared to B. mori.  

Based on these analyses, gut microbiota of S. cynthia ricini and B. mori were found to 

be more similar. However, more similarities in the taxonomic and functional 

composition of P. xylostella and S. cynthia ricini involved in defence mechanisms and 

degrading pathways accounting for their higher growth rate and immunity. 
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Figure4.5a,b,c: Radial chart representation of MetaCyc Level 2-based relative abundance of various metabolic pathways: a. 

P. xylostella b. B.mori c. S. cynthia ricini 

a. 

c. 

b. 
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 Figure4.6: COG- based comparison of the relative abundance of genes involved in various pathways of the samples S. 

cynthia ricini, P. xylostella and B. mori 

P. xylostella B. mori S. cynthia ricini 
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Figure4.7: SEED-based comparison of the relative abundance of genes involved in various pathways of the samples S. 

cynthia ricini, P. xylostella and B. mori 

S. cynthia ricini B. mori P. xylostella 
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Figure4.8: Heatmap representation of differential abundance of most significant KEGG-based pathways of the samples S. 

cynthia ricini, P. xylostella and B. mori.
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CONCLUSION 

 

Lepidoptera being one of the largest groups if insects, having a wide range of diversity 

and ecological significance, this study attempts to understand the microbial diversity 

associated with it. Differences in the taxonomic and functional abundance among the 

species were summarised with the aim to understand their role in their ecological and 

phenotypic variances. S. cynthia ricini metagenome showed a higher abundance of 

degradation-based pathways, secondary pathways and co-factor and vitamin related 

genes inferring the involvement of the microbiota of S. cynthia ricini to be more active 

in the digestive capabilities and nutrition of the host along with the maintenance of its 

metabolic homeostasis. Microbial populations of S. cynthia ricini were observed to be 

more diverse comprising of abundant species across the domains compared to the 

other samples. Microbiome of B. mori was seen to be more similar to S. cynthia ricini 

than P. xylostella. P. xylostella microbiota was seen to consist of a higher abundance 

of species of Proteobacteria, microsporidia which are associated with defensive 

mechanisms of the host providing resistance against plant pathogens and toxins 

revealing the involvement of its microbiota in its pest nature. 

This study, attempts to reduce the research gap in the familiarity of lepidoptera 

microbiome allowing for a better measure for their growth, development and further 

research. The pest related microbiota was studied which could assist in their better 

regulation. 

Further analyses could be done with respect to the plant hosts, the lepidoptera insects 

and pests, the microbes and the surrounding environment in an integrative manner 

using system biology techniques. Understanding the microbial signatures in more in-
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depth integrative and validation studies based on the hypothesis generated could also 

help predict disease patterns. 
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Chapter 5 

Metabolic profiling of Samia cynthia ricini gut based on 

different diets and analysis the of the associated 

microbiome 
 

ABSTRACT 

 

The dynamic relationship between gut microbiota and host metabolites plays a crucial 

role in understanding the ecology, physiogenesis, nutrient acquisition, and 

immunomodulation of organisms, particularly in response to changes in their 

surrounding environment, including their plant-based diets. Amplicon-based 

microbiome analysis often falls short in providing a complete assessment of microbial 

contributions to the host's metabolic activity, considering factors such as expression 

and non-linear associations. In contrast, metabolic phenotyping offers a more sensitive 

and in-depth approach to unraveling subtle differences in host-microbiota interactions. 

In this study, we aimed to analyze the differential profile of gut metabolites in Samia 

cynthia ricini larvae, based on two diet sources, Eri and Kesseru leaves, while 

investigating the effects of associated gut microbiota. LC-MS/MS-based spectral 

profile analysis generated a total of 3553 features. The metabolite profiles exhibited a 

distinct separation based on diet category, consistent with the diversity clusters 

observed through amplicon microbiome analysis. Utilizing OPLS-DA analyses, we 

identified 56 differentially abundant metabolites, comprising plant, insect, and 
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microbial origins. Annotation with METLIN and PubChem databases characterized 33 

differentially abundant metabolites. 

 

In Eri-based gut samples, 17 metabolites were upregulated, while 16 metabolites were 

upregulated in Kesseru-based gut samples. Notably, a significant portion of the 

differentially abundant metabolites originated from fungal sources, suggesting a 

substantial role of the fungal microbiome in the larval gut. 

Correlation analysis of amplicon sequenced microbiome and differentially abundant 

metabolites revealed a complex interaction between various microbes and 

metabolites, underscoring the intricate interplay between gut microbiota and host 

metabolism. 

Overall, our findings provide valuable insights into the diet-dependent metabolic 

profiles in S. cynthia ricini larvae and shed light on the multifaceted interactions 

between gut microbiota and host metabolites. This study enhances our understanding 

of the ecological and physiological implications of gut microbial communities in the 

context of the host's dietary preferences. 

 

INTRODUCTION 

 

The intermediates and final products of metabolism define the phenotypic characters 

of an organism; responsible for growth, development and functioning of an organism1. 

Metabolites, primary and secondary involved with all chemical reactions in an 

organism, are also responsible for its interaction, adaptation and defence to various 
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surrounding environmental conditions2. Based on different environmental factors, 

metabolites and metabolic activities differ among the populations of the organism3. 

Metabolome is the comprehensive set of molecules (<1.5 kDa) in a particular biological 

sample4. Analysis of the metabolome helps understand the role of different 

metabolites responsible for the proper functioning of the organism in a particular 

environment5. It gives direct information of the biochemical activity of the cells thus 

best representing the phenotype6–8. 

Lepidoptera larva have a very species-specific digestive tract maintained to extract 

nutrients from the plants tissues along with minimizing harmful effects of various 

secondary metabolites from plants9. Some of these specific traits include highly 

reduced chemical state, low oxygen tension and extremely alkaline environment10,11. 

These conditions along with the plant-based inhibitory compounds and the counter-

reactive gut produced metabolites makes it an extreme environment for the 

microbiome present9,12. The insect also has to protect itself against the foliage-derived 

pathogenic microbes9. Studies of the lepidopteran larval gut microbiome has been 

seen to be very unstable and varied providing different theories throughout. Some 

studies on lepidoptera gut have reported a transient microbiome while other studies 

have reported a residential gut microbiome with minimal population13,14. Gypsy moth 

larva were reported to have 15 phylotypes as a core residential population15. Similar 

studies were seen in Hepialus gonggaensis16. Based on these microbiome, and 

different host plants, feeding habits, pathogens, etc. A variety of metabolic compounds 

and enzymes were isolated from saturniids, Rothschildia lebeau, Automeris zugana 

with potential functions relating to its digestive capability enhancement such as 

cellulase, chitinase, amylase, xylanase, etc17. 
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Insects and plants have some co-occurring metabolites, mostly secondary metabolites 

assisting them through various functions despite the phylogenetic distance between 

them. Most of these compounds were based on quinolones, glycosides, terpenes 

structures. The co-occurrences could be due to evolutionary adaptation by insects to 

minimize the toxicity of plant toxins or by plants to interfere with the insect functions18. 

Plant produced, Methylthiophenols attract wasp pollinators by mimicking female wasp 

pheromones thus interfering with the insect metabolism19. They could also have 

developed independently having parallel functions. (E)-β-Farnesene is a stress 

induced hormone by aphids (alarm pheromone) and several plant species (damage-

induced)20,21. Linamarin, produced by both plants and insects acts as anti-insect 

defence in both the groups22,23. The compounds could have different biosynthetic 

origin or might be involved with different pathways or intermediates or the final 

product18. 

Gut microbes can affect the host gut metabolite either from bacteria-derived 

metabolites reacting with host dietary substrates or by modifying the host molecules24. 

Rootworm larva were reported to take up benzoxazine glucoside from maize roots and 

activate it to 6-methoxy-2-benzoxazolinone (MBOA) when exposed to 

entomopathogenic bacteria from nematode Heterorhabditis bacteriophora thus 

reporting the copying of two-component defence system25. 

Metabolome is the direct indicator of the state of an organism determining the 

homeostatic condition for that organism with respect to the environment26. 

Understanding the metabolic profile and their variation corresponding to the 

environment helps establish the signature metabolites that are related to the changes 

in the metabolic route activities and is a method of related pathway analysis27. 
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The microbiome associated metabolic profile is also dependant on the surrounding 

environmental factors such as diet, stress, xenobiotics activities, etc. which helps 

interpret the complex interaction of the host, microbiome and the environment28. It 

provides information on the different host and microbial metabolite functions and their 

dependence on each other and also their dependence to the environment and the 

alterations along with it29. Gut microbes and their metabolites have important role in 

maintaining host metabolism and metabolites both directly and indirectly and changes 

in any of the factor could cause dysbiosis24. 

Thus, metabolomics increases our knowledge of the microbiome more deeply and 

their direct role in the host metabolism transforming nutrients, toxins and other abiotic 

factors affecting the host. Microbes and microbial communities play a major role in 

critical biogeochemical cycles and can assist in developing predictive biomarkers for 

various environmental stressors30,31. Microbiomes are also considered as biological 

reactors which can transform the surrounding available resources to products that 

might be either beneficial or harmful to the particular environment, e.g., their role in 

bioremediation32. Changes in the gut microbiome also results in change in other 

factors of the host environment33,34. Metabolome can also describe the interaction and 

communication between the microbial population themselves such as quorum sensing 

and analyze the signalling processes involved35–37. 

Analysing the metabolic profile and its change under different conditions could provide 

insights into their role in contributing to the difference in the phenotype based on the 

particular environment, e.g., the metabolites responsible for a desired phenotype, 

diseased state, effects of a toxin or a drug, etc. and help attain the optimum 

personalised measures for the efficient growth of the organism with better potential. It 
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helps predict functions of unknown genes based on phenotypic observations using 

gene manipulation techniques such as deletion or insertion31,35,38,39.  

The microbiome-metabolome based information are complementary to the other 

omics-based data and helps us understand the internal and external interactions of 

the microbial communities along with the description of the biological systems they are 

associated with34. This intensive analysis of the mechanisms of communication 

mechanisms within and surrounding the microbial communities could revolutionise the 

aspects of disease control, environmental conservation, agricultural development, 

optimising the strategies32,33. 

Unlike metagenomics and other omics-based data, metabolomics doesn’t rely on 

sequencing techniques. The mechanism involved in metabolomics include 

complementary chromatographic techniques i.e., liquid chromatography (LC), gas 

chromatography (GC) along with detection techniques i.e., nuclear magnetic 

resonance (NMR) and mass spectrometry (MS)40,41. Identification and quantification 

of the metabolites (small molecules) are analyzed using these methods42. The 

produced spectral datasets consist of the different peak patterns based on the sample 

which could be stored in respective databases, allowing in reducing the gap in 

information and allowing further automated analyses and references thus following a 

high-throughput analysis methodology. Data analysis being a critical step in the 

interpretation of the information, numerous standardized techniques and technologies, 

software, data repositories are being constantly developed and upgraded40,43. This 

facilitates thorough analyses and data integration. 

Metabolomics data, unlike metagenomics data are not standardized with respect to 

both format and presence of open-access repositories. The data obtained then is 
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required to be re-processed jointly which required higher expertise and more varied 

usage of bioinformatic processes. Keeping the data organized and correctly mapped 

is a tedious and highly challenging task40.  

In this study, the metabolic changes with respect to two different diets of S. cynthia 

ricini are explored. The differential profile is determined along with annotation and 

characterisation of the metabolites involved is described. Further, the correlation of 

the amplicon sequence identified gut microbial profile based on the two diet-types with 

the metabolic profile was established. The role of the correlated microbes in the 

differentially abundant metabolites were explored in an attempt to understand the 

complex interaction of the microbiome. 

Purposes of the present study include- 

• Establishing the differential metabolic profile of the insect gut based on different 

host plants. 

• Metabolite annotation and description. 

• Establishing microbiome-metabolite correlations to understand the 

associations between the differentially abundant gut microbes and metabolites. 

 

METHODOLOGY 

Sample collection and storage 

Eri silkworm (S. cynthia ricini) diseased-free layings (dfls) were acquired from Central 

Muga & Eri Research Institute, Jorhat, Assam, India (Lat: 26° 47′49.1″N Lon: 94° 

19′35.0″E). They were reared in a domesticated semi-controlled environment with a 

room temperature of 25˚C and 80% relative humidity. Two types of leaf feeds were 

selected viz. Ricinus communis Linn. (Eri) and Heteropanax fragrans (Kesseru).  
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4 samples were collected from the 1st and 5th larval growth stages from the two 

different diet-types (Table5.1) 

Sample Name Diet Growth-Stage 

SCLE1 Eri Leaves Instar 1 

SCLE5 Eri Leaves Instar 5 

SCLK1 Kesseru Leaves Instar 1 

SCLK5 Kesseru Leaves Instar 5 

Table5.1: Metadata of the samples and the respective categories 

Pooled samples based on equal weight were collected and stored from each instar of 

the larval stages and adult male and female moths fed on each diet-type for gut DNA 

extraction. Collected larval and moth samples were washed with 70% alcohol to 

minimize external microbial contamination. Samples were freeze dried and stored. The 

freeze-dried samples were solubilised using 300 µL mix of methanol/water (1:1) 

followed by homogenization through a Sonics Vibra-CellTM (25 Hz, 7 min). 

Metabolite extraction and profiling 

 

Figure5.1: Processing and filtration of LC-MS/MS data. 
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 Metabolite extraction was carried out using adopted protocol from Yang et. al.  The 

homogenized samples were transferred to 2ml Eppendorf tubes followed by their 

centrifugation at 12,000rpm for 10m at 4°C. Supernatants were then collected and the 

solutions were evaporated in a vacuum desiccator (Polycab) for 60m at 45 °C. The 

remaining solutes were then solubilised in a 200µl solution of 1:1 methanol: water 

each. Filtration was carried out using 0.22-µmol Millipore Filters and the solutions were 

transferred into chromatography vials. 

Liquid Chromatograph Mass Spectrometry (LC–MS/MS) was carried out using Agilent 

6410 system coupled to a Triple Quad MS-MS mass spectrometer (Agilent 

Technologies). A C-18 RRHD column (2.1 × 100 mm, 1.7 µm particle size; Agilent 

Technologies) was used for separation of the samples. Gradient elution was carried 

out with 0.1% formic acid aqueous solution as Solvent A and 0.1% formic acid-

acetonitrile solution solvent B. The following gradient program was carried out: 99.9% 

A for 0–2m; 75% A for 2–6m; 20% A for 6–10m; 10% A for 10–12m; 0.1% A for 12–

21m; 0.1% A for 21–23m; 99.9% A for 23–24m; and 99.9% A for 24–26m. Flow rate 

was maintained at 0.3ml/m and volume of injection of samples was 5μl. Temperature 

of the sample flow was maintained at 4°C, and column temperature was at 40 °C. The 

detection of compounds was carried out in negative (−) Electrospray Ionisation (ESI) 

mode of mass spectrometry. Range of scan was taken from 100–1500m/z. The 

electrospray ionization conditions were: 900l/h desolvation gas flow, 450˚C 

desolvation temperature, 120˚C source temperature, 25l/h cone gas flow, 6eV low 

collision energy, 50eV high collision energy and 2.5kV (-) capillary coltage. 

The obtained spectral scan results were interactively visualised using MzMine (v) and 

processed for peak detection, alignment, and further filtration based on the 

chromatograms and methodology applied. Control sample was prepared by mixing all 
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samples in equal amounts and evenly spaced among injections and used for baseline 

correction of raw samples preparing quality control (QC) samples. The obtained 

centroid data was then processed by XCMS for feature detection using centWave 

method for noise filtration with maximal tolerated m/z deviation in consecutive scans 

(Δ m/z) of 15 ppm, a minimum peak width of 10s and maximum peak width of 120s. A 

signal-to-noise ratio >20:1 was filtered. A summarised methodology of processing is 

represented in Figure5.1. 

Relative retention time (RRT) correction was carried out using obiwarp method (Step 

size, profStep = 1) followed by peak integration/chromatogram alignment with 

parameters including width of overlapping m/z slices to use for creating peak density 

chromatograms i.e. mzwid =0.015, minimum sample fraction required in sample 

groups for its validity i.e. minfrac =0.5, and bandwidth (standard deviation or half width 

a b 

c d 
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at half maximum) of gaussian smoothing kernel applied to the peak density 

chromatogram for peaks grouping through the samples i.e. bw =5 (Figure5.3).  

Figure5.2: Chromatograms visualised as sample groups a. Raw chromatogram 

of Eri-fed sample SCL_E1, SCL_E2, b. Raw chromatogram of Kesseru-fed 

samples SCL_K1, SCL_K5, c. Baseline corrected Eri-fed samples d. Baseline 

corrected Kesseru-fed samples. 

 

 

Figure5.3: A graph showing the correction curve. Samples eluting after median 
retention time indicated by a positive deviation, samples eluting before median 
retention time indicating negative deviation. 

 

Statistical analyses were carried out using three conditions for filtration including 

analysis of variance (ANOVA) via Welch t-test (unequal variances) with a p-value ≤ 

0.05, a fold change (FC) ≥ 2, and a minimum coefficient of variation (CV) ≤ 30 reducing 

“false discovery rate”. The obtained diversity was visualised via NMDS plotting. 

The differences in the metabolites between the different sample groups based on ion 

changes was analyzed using OPLS-DA via a paired approach and visualised as a 

cloud plot. The differential abundance heatmap plot was visualised based on the 

values obtained. Differentiated filtered ions were annotated for their respective 

compounds using the standard Metabolite and Chemical Entity Database (METLIN) 

(http://metlin.scripps.edu).  
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Microbiome-metabolome interaction 

Microbiome obtained from 16s rRNA gene sequence-based analyses previously was 

used for microbiome-metabolite correlation with the aim of deeper insights into the 

contribution of the microbiome present on the diet-based differential metabolite profile 

using Pearson correlation. Pairwise combination of each microbial taxonomic 

abundances and metabolite intensities were analyzed using Pearson correlation. 

Benjamini–Hochberg method was used to adjust p-values with a significance level 

<0.01 to adjust the false discovery rate. The differential abundances of microbes and 

metabolite intensities were visualised using the ComplexHeatmap (R 4.2.0). 

A summarised representation of the methodology has been described below 

(Figure5.4) 

Figure5.4. A diagrammatic representation of the methodology applied. 
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RESULTS AND DISCUSSION 

Diversity analysis 

Following processing of the chromatograms of the samples, a total of 3553 (+) features 

were detected. Welch’s ANOVA t-test showed the sample diversity to be divided into 

two distinct groups, thus demonstrating metabolic profiles which is diet-dependent, 

visualised through the NMDS-plot (Figure5.5). Further, Eri samples-based features 

were more diverse compared to Kesseru fed sample features. This observation was 

similar to the 16s rRNA gene sequence analysis-based bacterial microbiome diversity 

as summarised in Chapter 2 diet-based diversity plots, indicating the interaction of 

host-diet, the gut microbiome and the metabolome and the involvement of the gut 

microbiome in the alteration of the metabolites.  

Figure5.5. NMDS plot of Unpaired parametric t-test (Welch t-test, unequal 

variances) analysing the diversity pattern of the metabolites based on different 

diets. 
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Differential abundance and annotation 

A differential profile with 56 significant metabolites were observed based on OPLS-DA 

analysis visualised through a differential cloud plot with a p-value <0.05 (Figure5.6). 

Using METLIN database with exact m/z value for mass determination and putative 

annotation, 33 metabolites were annotated and manually described associated with 

their involved characteristics, pathways or functions using PubChem, KEGG and 

MetaCyc databases summarised in Table5.1. 17 of the annotate metabolites were 

observed to be significantly upregulated in Eri-based gut metabolites and 16 of them 

were upregulated in Kesseru-based gut metabolites of the samples. Most differentially 

abundant compounds comprised of fatty acids and derivatives, vitamin and co-factor 

their intermediates and derivatives, antibiotics and antibacterial compounds, many 

organic compounds (lipids, phenols, steroids, ester) and organic acids. Some other 

compounds including amino acids, sugar derivatives and sodium salt differences were 

also observed. This indicated the involvement of the upregulated/downregulated 

metabolites in the insect metabolic activities and their association with the phenotype 

differences observed with respect to the different diet-types. 
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Figure5.6: Cloud plot representation of the differentially abundant gut 

metabolites based on diet-types. Green represented upregulated features in Eri-

leaves based samples, red represents features upregulated in Kesseru-leaves 

based samples. Feature indicators of the molecules are defined by intensity 

(m/z) and retention time(m). Log-fold change is depicted by the value of the size 

of the circles. Colour shades depicts the p-value and interpret the significance, 

where lower p-values were depicted by brighter red/green shades. corrected 

retention time (TIC) of total chromatograms were overlaid in grey in the 

background. 

Based on the OPLS-DA analysis heatmap, various fatty acid, intermediates and 

derivatives including methyl myristic acid, 1-Hexadecanoyl-2-hexanoyl-sn-glycero-3-

phosphocholine, N-(5-hydroxy-pentyl) arachidonoyl amine, 2-Cyanoethyl, 

Nostocyclopeptide A2, numerous organic acid such as emodic acid, muconic acid, 

mycophenolic acid, etyrapone dichloroasterrate, various vitamins and co-factor 

derivatives including Benfotiamine, Precorrin 6Y, cholecalciferol, Hydroxypentanoyl-

CoA, antibacterial compounds including Clioquinol, Cetrimonium, Biapenem, 

Actinorhodin, Urdamycin G, etc. nucleotides and amino acids including 8-(4-
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Chlorophenylthio)-cAMP sodium, Granisetron metabolite 4 glucuronide, N2-(2-

Carboxymethyl-2-hydroxysuccinoyl)arginine, etc., lipids and organic compounds 

including 4,4'-Sulfonyldiphenol, (E)-3-(Methoxycarbonyl)pent-2-enedioate, N-

acylsphingosines, Honaucin A, Stearamide, etc., sugar derivative D-Mycinose were 

found to be differentially abundant through the two different diet groups (Figure5.7) 

(Table5.2). Most antibacterial compounds including Cetrimonium, Biapenem, 

Urdamycin G, etc. were found to be more enriched in Kesseru-fed samples. Organic 

acids emodic acid, Xipamide O-glucuronide, are highly enriched in Kesseru-fed 

samples. Vitamins derivatives such as Benfotiamine, 4,4'-Sulfonyldiphenol, Precorrin 

6Y were also enriched in Kesseru-fed samples while co-factor Hydroxypentanoyl-CoA 

and vitamin D3 derivative cholecalciferol were enriched in Eri-fed samples. Many 

organic compounds, amino acid, lipids and sugar derivatives were found to more in 

Eri-fed samples. A large number of differentially abundant metabolites were of fungal 

source e.g., Emodic acid, Erythroskyrin from Penicillium, Urdamycin G, Mycinose-D 

from Streptomyces, Saccharomyces, Aspergillus. 

Biapenem is an antibiotic sourced from Streptomyces has been found to be potent 

against a wide range of gram-negative anaerobic bacteria44. Stremocyes derived 

Actinorhodin is a polyketide antibiotic mostly reported to be induced through stressed 

conditions45. Granisetron metabolite 4 glucuronides are amino acids with anti-vomit 

properties46. Studies have shown gut bacterial enzymes (GUS) metabolizing 

glucuronides in the gut and playing important role in the health of the host47. 

Rifapentine are organic compounds with antibacterial properties48. This indicates the 

involvement of diet-based gut microbes playing a role in xenobiotics metabolism. 
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Figure5.7. Differential abundance heatmap representation of the putative 
identified metabolites based on a METLIN 
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Table5.2: PubChem database-based description of the compounds annotated 

 

Microbe-metabolite correlation 

Positive correlation in the above analysis indicated the change in abundance of the 

respective microbes in the gut along with the abundance of the metabolites based on 

the diet. A negative correlation indicated no change to opposite abundance of the 

microbes with respect to the change in the metabolite abundance (Figure5.8). 
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From the above representation, Rothia sp. is observed to have a positive correlation 

with methylmyristic acid, a class of methylated fatty acid. Rothia sp. is largely 

associated with the degradation of oligosaccharides and protein molecules to simple 

structures49. Methylmyristic acid, a yeast derived metabolite, more abundant in 

Kesseru-based insect gut. It is reported to raise the low-density lipoprotein (LDL) upon 

consumption50,51. This correlation could indicate Rothia sp. being directly involved the 

metabolism of the fatty acid or the increased LDL in the body. 

Methanspaera, an archae is seen to be positively associated with metabolites 

upregulated in Eri-based gut and are associated with methanogenesis in other insect 

guts. Eri-based samples were mostly observed to have higher abundance of 

metabolites involved in metabolism of sugar, fatty acids, amino acids and their 

derivatives. Most of these were fungi-derived metabolites. The stimulation of 

methanogenic microbes by anaerobic fungi and the methanogenic archaea increasing 

the sugar and fibre degrading ability has been reported in several studies. Thus, 

Methanospaera could be either directly involved in the digestion and energy 

associated metabolism of the host or it could be involved in a symbiotic relationship of 

the gut fungi. 

Nostocylopeptide, fatty acid is positively correlated with proteobacteria including 

Enterobacteriaceae, Pleisomonas, Pseudomonas, etc. Nostocyclopeptide are found 

to be more abundant in Kesseru-based gut. Nostocyclopeptide A2 is a cyclopeptide 

naturally found in Cyanobacteria, was reported as an antitoxin against microcystins52. 

Proteobacteria members, although present in large amount in Eri-based samples were 

more abundant in Kesseru-based samples comparatively, thus indicating their role in 

aiding Nostocyclopeptide involved metabolism related to toxin degradation. 
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Deinococcus has a negative correlation with thionucleotides. Thionucleotide, 8-(4-

Chlorophenylthio)-cAMP sodium was found to be upregulated in Eri-based gut while 

higher abundance of Deinococcus were found in Kesseru-based gut. Deinococcus sp. 

are associated with reducing oxidative stress in several insect gut environment53. 8-

(4-Chlorophenylthio)-cAMP sodium is a protein kinase agonist54. 8-(4-

Chlorophenylthio)-cAMP sodium could thus be responsible the decrease of the 

bacteria in the gut or be associated with more stressed environment in Kesseru-diet 

gut. 

Biapenem, antibiotic positively correlated with microbes such as Kaitobacter, 

Acinetobacter, Bacteroidetes indicating a role of these organisms in the antibiotic 

metabolism. Most positive correlated interaction of microbes were seen to be with 

compounds related to fatty acid and organic acids indicating their possible role in 

energy based and detoxification metabolism. Stearamide, a naturally occurring 

organic compound found in plants and fungus such as Beauveria bassiana (Family: 

Cordycipitaceae), associated with signal transduction has been studied to be related 

with gut bacterial population including SJA4, Paenibacillaceae55. 

Mycinose-D, a deoxyallose derivative sourced from fungi such as Streptomycesis 

were associated with increased ability of the antibacterial agents such as Tylosin to 

enter bacterial cells56. It was found to be positively related with many bacteria including 

Pleisomonas shigelloides, Enterobacteriaceae, Ruminococcus, etc. Metyrapone, a 

pyrimidine derivative regulates corticosteroids which is associated with stress 

management and adaptation57. Bacterial population were not seen to be highly 

associated with its abundance. Honaucin A, a cyanobacterium derived compound was 

reported to have anti-inflammatory properties and involved in bacterial quorum 

sensing associated with bacterial populations such as SJA-4, Comamonadaceae58. 
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Muconic acid is a commercially beneficial dicarboxylic acid derivative used industrially 

for the production of nylon59. It is associated with degradation of xenobiotics. Positive 

correlation of bacteria including Bacteroidetes and Pseudomonas were observed. 

These bacterial populations were reported to have similar roles from reported studies 

as well. 

Hence, here we have established the microbes playing a role in the differential 

metabolite profile based on the diet differences in S. cynthia ricini. The effect of these 

microbes could be direct by altering the metabolic functions or indirect through playing 

a role in the increase/decrease of other microbes that are directly responsible for the 

differences in the metabolite abundances. 
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Figure5.8. Heatmap describing the microbiome-metabolite correlation.

TH-3208_176152007



Bharali, 2023  Chapter 5 
 

190 
 

CONCLUSION 

 

In this study, we have studied the metabolic profile of S. cynthia ricini gut with respect 

to two diet-types and established the related bacterial species involved with the 

differential abundance of those metabolites. 

Eri samples-based features were more diverse compared to Kesseru fed sample 

features which were similar to the feature diversity observed in amplicon studies 

carried out in Chapter 2, thus indicating major interaction of host-diet, the gut 

microbiome and the metabolome. A differential profile with 56 significant metabolites 

were observed, out of which most were originated from fungal sources indicating a 

larger role of fungal microbiome in the digestive and related other functions of the 

silkworm. Further, the correlation of these metabolites and the diet-based differentially 

abundant bacterial microbiome analyzed in Chapter 2 showed a diverse complex 

network as well.  

Hence, the current study gives us a more sensitive outlook to the complex network of 

the gut microbiome and metabolites change with respect to the change in diet. These 

observations could help manipulate the microbiota accordingly for a desired change 

in metabolites for desired phenotypes or functions and hence a desired yield. 

These observations interpreting their role in metabolism of the host organism helps us 

understand the microbiome of it and the complex network. This could be further 

analyzed for the quantitative analysis of the differential abundant metabolites with 

deeper analyses and could be used as a basis for hypothesis generation and also 

further integrative analyses with a larger acquisition of data. These findings could be 

used to various advantages for the commercially important and other related 

organism. 
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Chapter 6 

Summary and Future Prospects 

 

Summary 

 

Samia cynthia ricini (Lepidoptera: Saturniidae) is a domesticated silkworm, producing 

unique warm Eri-silk. It has a wide prospect with respect to its ecological and research 

significance. In Assam and Northeast India, the silkworm is cultivated by the rural 

population and largely contribute to the ecological and economic aspects of these 

regions. However, their poor and obsolete rearing practice and cultivation techniques 

have led to a weakening of their health conditions, decrease in its population and low 

productivity of silk. Very little research has been carried out regarding the health and 

utilization of the silkworm. 

Gut microbes play an important role in the phenotype of organism including the 

silkworm. The gut microbiota also changes in structure and function based on the 

surrounding environmental conditions affecting the growth and development of the 

organism. The structure and functions changes with conditions such as various growth 

stages, diet, diseases, etc. The gut microbiota contributes to a large amount of 

metabolic and cellular processes of the host organism directly or indirectly. The gut 

microbiota, the host and the surrounding environment are independent on each other. 

Understanding the gut microbiota of Eri silkworm and the microbiome, it could be 

manipulated for a better growth and silk yield of the silkworm. 

In an attempt to address the research gap in these areas, present work explores the 

analysis of S. cynthia ricini with respect to its gut microbiota. The gut structure and 

functions were explored using amplicon and shotgun metagenome techniques. The 
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changes of the phenotype based on growth stages and diet and the gut microbiota 

change along with it were reported. In addition, various comparative studies were 

reported. In addition, the silkworm metagenome was compared to other lepidopteran 

insects observing the role of the respective microbiota in their environmental 

behaviour. A microbiome-metabolite correlation was also reported with an attempt to 

understand the microbiome-metabolite changes with the different host plants and the 

role of microbes associated. 

A chapter-wise summary is provided. 

Comparative microbiome analyses of Samia cynthia ricini under different diet 

conditions and growth stages 

In this study, a comprehensive insight into the microbial composition of S. cynthia ricini 

has been reported. The structure of the gut microbiota based on the various factors 

influencing it including growth stages, diet and life-stage i.e., the larval vs moth stages 

have been studied. The microbes with significant changes were analyzed inferring 

their involvement. Further predictive functions of the gut microbiota present were also 

studied with respect to the changes in the abovementioned environmental conditions 

to understand the possible functions associated with the changes. 

These findings could be used to various advantages for the commercially important 

and other related organism. Novel microbes with potential could be further explored. 

Further, these studies would contribute to the research gaps in insect biology and 

evolution. 

The basis of microbiome composition of the organism and their changes with respect 

to different conditions can help also help with deeper analyses combined with shotgun 
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sequencing to understand the microbial genome composition and important details 

including Metagenome-assembled genomes (MAGs), Horizontal Gene Transfers 

(HGTs) and Antibiotic Resistance Genes (ARGs). The study could be explored for 

further insights consisting of multi-omics approaches. 

Shotgun metagenome analysis of Samia cynthia ricini 5th instar larva 

 

In the present study, shotgun sequence of the silkworm larva gut was analyzed to 

construct the metagenome of S. cynthia ricini was explored with. Higher resolutions of 

taxonomic and functional abundances were reported. Optimization of the 

methodologies for the analyses regarding the organism were explored and 

summarised. Contig assembly and microbial gene annotations were carried out using 

various databases followed by reconstructed predictive functions and the functional 

abundance were reported. Comparative details with respect to amplicon sequence 

based microbial population of the sample was also studied. Comparative taxonomic 

and functional abundance summaries indicating the advantages of applying different 

approaches based on our analyses of interest were reported. The major classes of 

Antimicrobial Resistance Genes (ARGs) annotated, is reported here which is an 

important aspect to understand the mechanism associated with antibiotic resistance 

of pathogenic strains and horizontal gene transfers (HGTs). 

Interactive metabolic activities of the microbiome comparative analyses observing the 

role of microbes associated with various diseases in the silkworm could be further 

studied via integrative analyses could be explored for understanding that would lead 

to the development of better strains with higher resistance against those diseases. 
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Metagenome Assembled Genomes (MAGs) exploration is another aspect of further 

studies, thus identifying novel important microbial strains and the associated genes. 

Established resistomes based on the Antimicrobial Resistant Genes (ARGs) is an 

important aspect to understand the mechanism associated with antibiotic resistance 

of pathogenic strains and horizontal gene transfers (HGTs). 

 

Comparative analyses of lepidoptera larva metagenome 

 

Lepidoptera being one of the largest groups if insects, having a wide range of diversity 

and ecological significance, this study attempts to understand the microbial diversity 

associated with it. Differences in the taxonomic and functional abundance among the 

species were summarised with the aim to understand their role in their ecological and 

phenotypic variances. Patterns of microbial signatures were observed. This study, 

attempts to reduce the research gap in the familiarity of lepidoptera microbiome 

allowing for a better measure for their growth, development and further research. The 

pest related microbiota was studied which could assist in their better regulation. 

Further analyses could be done with respect to the plant hosts, the lepidoptera insects 

and pests, the microbes and the surrounding environment in an integrative manner 

using system biology techniques. Understanding the microbial signatures could also 

help predict disease patterns. 
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Metabolic profiling of Samia cynthia ricini based on different diets and 

analysis the of the associated microbiome 

 

In this study, we have studied the metabolic profile of S. cynthia ricini with respect to 

two diet-types and established the related bacterial species involved with the 

differential abundance of those metabolites. Detailed patterns based on the various 

environmental factors influencing it have been studied. These findings could be used 

to various advantages for the commercially important and other related organism.  

These observations interpreting their role in metabolism of the host organism helps us 

understand the microbiome of it and the complex network. This could be further 

analyzed for the quantitative analysis of the differential abundant metabolites with 

deeper analyses and could be used as a basis for hypothesis generation and also 

further integrative analyses with a larger acquisition of data. 

 

Future Prospects of the study 

 

Future prospects of the studies include  

• In-depth studies of other environmental conditions affecting the growth and 

health of the organism. Other diet plants of the host are to be explored. 

• Studies on various diseases of the organism to observed the structural and 

functional diversity associated hence creating a predictive model for diseased 

species would be carried out. This could help in prevention and better 

management of vital diseases of the silkworm. 

• Integrative analyses could be carried out with higher resolution of metabolic 

profile and including other meta’omics-based techniques such as 
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metatranscriptomics and metaproteomics to generate a more in-depth 

knowledgebase of the microbiome of the silkworm. 

• Formulation of a microbiota-based diet with the required combinatorial structure 

of beneficial microbes could be undergone which could provide for an enhanced 

growth of the silkworm with better immunity. 

• Metabologenomics, a new aspect of study in the sub-field of metagenomics to 

be explored combining the shotgun metagenome and gene cluster assembly 

techniques in correlation with the metabolic profiles generating a deeper and 

specific insight. Novel microbes with potential could be further explored. 

Further, these studies would contribute to the research gaps in insect biology 

and evolution. 

• With the development of more powerful tools and machine learning, a deeper 

analysis could be carried out. Gradual development of prediction software for 

retention time has been developed for a more successful mass detection of the 

small molecules from complex mixtures including food, microbial culture, 

plasma and hemolymph. This increases the identification rate during the LC-

MS/MS process and a improved interpretation and quantification of the data. 

• Production of better yield and quality of silk dependent on the gut microbiota 

could be explored for the economic benefit of the rural population of Northeast 

India.

 

 

TH-3208_176152007



 

204 
 

 

  

TH-3208_176152007



 

205 
 

CURRICULUM VITAE 
     

                                                                                                                                            

BIJU BHARALI 

 
PERSONAL INFORMATION: 

 

Date of birth: 25th July, 1992 

Nationality: Indian 

Present Address:  Subansiri Hostel, Indian Institute of Technology 

Guwahati, Guwahati-781039, Assam, India 

Email: bijub@iitg.ac.in, j4biju@gmail.com 

Phone no: +918753928570 

 

 

EDUCATIONAL QUALIFICATIONS:  

NAME OF 

EXAMINATION 

YEAR OF 

PASSING 

SCHOOL/ 

COLLEGE 

BOARD/ 

UNIVERSITY 

PERCENTAGE 

Bachelor of Science 

(BOTANY) 

2013 COTTON 

COLLEGE, 

GUWAHATI 

GAUHATI 

UNIVERSITY 

71.2% 

Master of Science 

(BIOTECHNOLOGY) 

2015 ST. 

ANTHONY’S 

COLLEGE, 

SHILLONG 

NORTH 

EASTERN HILL 

UNIVERSITY 

64.9% 

 

 

RESEARCH EXPERIENCE:  

Junior Research Fellow, IIT Guwahati  August 2016-July 2017 

• Department of Biotechnology, Ministry of Science and Technology, Government of 

India funded project. 

• Area of Research: “Aptamer probes for detection of celiac disease epitopes of gluten 

in commercial varieties of Indian wheat, rye and barley.”  

 

Junior Research Fellow, IIT Guwahati,  January 2016-July 2016 

• Department of Biotechnology, Ministry of Science and Technology, Government of 

India funded project. 

TH-3208_176152007



 

206 
 

• Area of Research: “Effect of molecular chaperones on the heterologous expression 

of human interferon gamma in Pichia pastoris expression system.”  

 

Junior Research Fellow, IIT Guwahati January 2016- July 2016 

• Area of Research: “Development of high biomass and lipid yielding medium for 

newly isolated yeast”. 

• Skills: Isolation, purification and identification of novel microbial strains, Statistical 

models of nutrient optimization for microbial growth, Spectrophotometry. 

 

Master’s dissertation, NEHU Shillong January 2014-March 2015 

• Area of Research: “Isolation of Bacteriocin producers from milk and milk products- 

Comparative studies of Bacteriocin production and their partial purification and 

characterization and classification based on their molecular weight.”  

 

Research Intern, IIT Guwahati,  December 2014- January 2015 

• Area of Research: “Production of cellulose from fungal strains supporting 

degradation of cellulosic waste.”  

 

 

PUBLICATIONS 

 

• Exploring the Benefits of Endophytic Fungi via Omics; In: Singh, B. (eds) Advances 

in Endophytic Fungal Research. Fungal Biology. Springer, Cham. 

https://doi.org/10.1007/978-3-030-03589-1_4 

 

 

• Engineered nanomaterials in plants: Sensors, carriers, and bio-imaging; Comprehensive 

Analytical Chemistry, Elsevier; doi.org/10.1016/bs.coac.2019.09.009 

 

• Development of high biomass and lipid yielding medium for newly isolated 

Rhodotorula mucilaginosa; Fuel; JFUE-D-18-00410 

 

 

• Gene and process level modulation to overcome the bottlenecks of recombinant 

proteins expression in Pichia pastoris. March 2018; Current Pharmaceutical 

Biotechnology 19(15); DOI: 10.2174/1389201019666180329112827 

 

TH-3208_176152007

https://doi.org/10.1007/978-3-030-03589-1_4


 

207 
 

 

• Engineering folding mechanism through Hsp70 and Hsp40 chaperones for enhancing 

the production of Recombinant human interferon gamma (rhIFN-γ) in Pichia pastoris 

Cell factory. February 2018; Chemical Engineering Science 181; DOI: 

10.1016/j.ces.2018.02.003 

 

 

 

CONFERENCES AND SEMINARS 

 

• Overexpression of cytoplasmic chaperons to modulate the expression level of human 

interferon gamma (hIFN-γ) in Pichia pastoris, Bioprocessing India, CIAB Mohali, 

Punjab, India, 2016 

 

• Overexpression of cytoplasmic chaperons to modulate the expression level of human 

interferon gamma (hIFN-γ) in Pichia pastoris, Reflux 2017, IIT Guwahati, India, 2017 

 

• ‘Banking on insects: a roadmap to conservation and sustainability’; International 

Symposium on Biodiversity and Biobanking 2018 at Indian Institute of Technology 

Guwahati, Guwahati, India. (ABSTRACT PUBLICATION). 

 

• ‘Diversity of insect mitochondrial genomes’; International Symposium on Biodiversity 

and Biobanking 2018 at Indian Institute of Technology Guwahati, Guwahati, India. 

(ABSTRACT PUBLICATION). 

 

 

WORKSHOPS 

• One Week Online Workshop on Environmental Genomics and Genome Editing 

organized by Knowledge Incubation for TEQIP, Centre for Educational Technology, 

IIT Guwahati, 2021. 

 

• Winter School Program, Gifu University. “Isolation, Characterization and 

Identification of Bifidobacterium strains from Silkworm Bombyx mori gut using NGS-

library preparation and sequencing.”, 2019. 

 

• BIOCONVERSE at Manas National Park organized by DoS, BTC and CVSc, AAU, 

Khanapara, Guwahati, 2018 

 

• Workshop on Advances in Environmental Protection and Sustainability (AEPS) 

organized by IIT Guwahati 2018. 

 

CERTIFICATES: 

Programming for Everybody (Python) September 2020 

University of Michigan. Credential ID: DBFSGTCDU4J2. 

TH-3208_176152007



 

208 
 

 

Gut Check: Exploring Your Microbiome  September 2020 

University of Colorado Boulder. Credential ID: VGKCX2HUHRSZ 

 

Introduction to Genomic Technologies September 2020 

John Hopkins University. Credential ID: 6ML7A6MRUFC4 

 

Bioinformatic Methods I September 2020 

University of Toronto, Credential ID: U3CJ55PXBDAK 

 

R Programming October 2020 

John Hopkins University Credential ID: BRNQXWTUWN2L 

 

 

 

TH-3208_176152007


