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ABSTRACT

A promising and sustainable resource for the synthesis of biofuels is lignocellulosic biomass, which is mainly made up of cellulose, hemicellulose, and lignin.
The potential of lignocellulose, a plentiful and renewable substrate, to produce second-generation biofuels that do not compete with food crops has attracted
much attention. However, because lignocellulose is complex and resistant, its effective conversion into fermentable sugars remains a significant bottleneck.
Biological approaches that mimic natural degradation processes are being investigated to solve this problem. One interesting example is the gut microbiota
of insects in the Saturniidae family, like the eri silkworm (Samia cynthia ricini). These insects have co-evolved with specific gut bacteria that use enzymatic
activity to break down plant polymers, allowing for adequate nutrient absorption from the lignocellulosic diet.

Cellulases, hemicellulases, and ligninases play a key role in the microbial breakdown of lignocellulosic biomass, which is examined in this review,
along with its structural makeup and biochemical processes. We examine the enzymatic profiles and metabolic pathways of the gut microbiota in
different Saturniidae species, as well as their composition, diversity, and function. The potential for using these naturally occurring microbial
systems to produce industrial biofuel is highlighted. We also emphasise how metagenomics, enzyme screening, and synthetic biology can be
combined to improve the efficiency of lignocellulose conversion. The biotechnological potential of Saturniidae gut microbes as a sustainable
solution for lignocellulose bioconversion and advanced biofuel production is highlighted in this review by combining research from microbial
ecology, insect physiology, and bioprocess engineering.
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INTRODUCTION

Biofuels derived from lignocellulosic biomass are being studied more because of the rising demand for sustainable energy sources. Using non-food
lignocellulosic materials like forestry waste and agricultural leftovers, second-generation biofuels address food security issues and advance
environmental sustainability in contrast to first-generation biofuels, which depend on food crops [1]. This shift is more important now than ever
because of the serious health and environmental issues associated with the usage of fossil fuels. The past century has seen a sharp rise in the usage
of fossil fuels. Global emissions of carbon dioxide (CO;) from industry and fossil fuels have more than sevenfold grown from 1940 to 2024, from an
estimated 4.86 billion metric tonnes in 1940 to an estimated 37.41 billion metric tonnes in 2024 [2]. Around 75% of the world's CO, emissions
come from burning fossil fuels. This growth significantly impacts climate change. The effects on health are equally worrisome. Over 5.1 million
premature deaths worldwide are caused by the burning of fossil fuels each year, which accounted for 61% of the 8.3 million deaths in 2019 that
were attributed to outdoor air pollution [3]. Outdoor air pollution causes about 2 million fatalities in India annually, with fossil fuels being a major
contributor [4]. Furthermore, the financial burden is severe. Globally, air pollution from fossil fuels is predicted to cost $2.9 trillion per year, or
around 3.3% of global GDP. Medical costs reduce productivity at work, and broader economic repercussions are some of these costs [5]. Given these
obstacles, exploring sustainable alternatives is critical. However, due to its intrinsic complexity, lignocellulose requires effective breakdown
mechanisms to realise its potential fully. The gut microbiota of insects that consume lignocellulose, especially those from the Saturniidae family,
have attracted much attention lately because of their exceptional capacity to break down biomass. These microbial communities associated with
insects possess a wide range of enzymes that can degrade complex plant polymers, providing a biological blueprint for the manufacture of
sustainable biofuel [6-14].
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Fig. 1: Showing global CO, emissions from fossil fuels from 140 to 2024. The data illustrate the steady and significant increase in
emissions over the decades, highlighting the environmental burden of fossil fuel reliance [2]
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Fig. 2: Shows the global primary energy consumption by source (coal, oil, natural gas, and renewables) from 1950 to 2024. This graph
depicts the continuously increasing utilisation of renewable energy sources vs the decades-long reliance on fossil fuels [3]

Biofuel generations and the promise of second-generation biofuels

Based on the source of their feedstock and the state of technology, biofuels may be roughly divided into four generations. This categorisation
reflects biofuel research development, which addresses the trade-offs between sustainability, environmental effects, and food security [6, 7].

First-generation biofuels are made from edible biomass like vegetable oils, maize, and sugarcane. Even though these biofuels are widely utilised and
technologically mature, their use raises concerns regarding food-fuel conflicts, changes in land use, and increased demand for agricultural inputs [8].

Second-generation biofuels use lignocellulosic biomass as feedstock, including agricultural wastes (e. g., maize stover and wheat straw), forestry
waste, and non-food plants. These resources are more sustainable since they are abundant, inexpensive, and have less rivalry with food production.
However, due to the resistant nature of lignocellulose, they require effective pretreatment and enzyme systems to be processed [9].

Third-generation biofuels are derived from microalgae and cyanobacteria, offering high lipid productivity and the potential for continuous
cultivation in photobioreactors with relatively low land requirements [10].

Fourth-generation biofuels include sophisticated technologies that use genetically altered microbes or plants to boost photosynthetic efficiency and
carbon absorption. These systems frequently combine synthetic biology and carbon-negative techniques to increase biofuel output [11].

Among all types, second-generation biofuels are seen as a practical and scalable solution due to the sheer volume of available lignocellulosic waste
and their potential to reduce greenhouse gas emissions without jeopardising food security [12, 13].

Table 1: Illustrating comparative and summarising alternative methods for biofuel production

Generation Feedstock Technology Biofuel Overall state References
First-generation Food crops (e. g., corn, Fermentation, Transesterification Ethanol, biodiesel Commercial [8]
sugarcane)
Second- Lignocellulosic biomass (e. Pretreatment and enzymatic Ethanol, butanol, bio-  Developing [9]
generation g, crop residues, wood) hydrolysis, Microbial fermentation, based hydrocarbons
Gasification and catalysis
Third-generation Algal biomass (e. g, Algae cultivation and extraction Biodiesel, bio-based Developing [10]
microalgae) hydrocarbons
Fourth-generation = Modified feedstock or Metabolic engineering, Advanced biofuels Exploratory [11]
waste CO, Electrofuels

Saturniidae species adaptations

The Saturniidae family, including the eri silkworm (Samia cynthia ricini), has evolved remarkable adaptations in its digestive system, particularly
through the presence of specialised gut microbiota that facilitates the degradation of plant-based polymers such as cellulose, hemicellulose, and
lignin [14]. These microbes enable the insect to access energy from lignocellulosic materials, key structural components of plant cell walls, by
producing enzymes that break down these otherwise recalcitrant compounds [15].

The gut microbiome of Samia cynthia ricini consists of cellulolytic, hemicellulolytic, and ligninolytic bacteria, each playing a distinct role. Cellulolytic
bacteria such as Clostridium and Cellulomonas produce cellulases that hydrolyse B-1,4-glycosidic bonds in cellulose to release glucose [16].
Hemicellulolytic bacteria like Bacteroides and Prevotella produce xylanases and other enzymes to degrade hemicellulose into sugars such as xylose
and arabinose [17]. Ligninolytic bacteria, notably those in the Actinobacteria phylum, provide enzymes such as lignin peroxidase and laccase,
essential to break down lignin's complex aromatic structure [18]. These microbial enzymes have evolved to work in the insect stomach under low-
oxygen and changing pH conditions, allowing Saturniidae species to consume high-fibre, woody plant components that other herbivorous insects
commonly avoid [19].

Furthermore, the microbial population of Samia cynthia ricini stomach varies with developmental stage and season, showing a highly dynamic and
sensitive system that responds to host demands and environmental inputs [14]. Saturniidae insects' mutualistic association with their gut flora
promotes efficient digestion and helps to host immunity and physiological control [15].
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Gut microbiota of saturniidae genera with lignocellulose-degrading capabilities
Gut microbiota of Actias species

The genus Actias, particularly Actias luna (Luna moth), is known for its larvae feeding on hardwood species like Betula, Juglans, and Liquidambar—
plants that are rich in complex lignocellulosic fibres. To efficiently digest such fibrous diets, the larvae rely on a symbiotic relationship with gut
microbiota capable of degrading plant structural polymers. Studies have demonstrated the presence of cellulolytic and hemicellulolytic bacterial
genera such as Bacillus, Cellulomonas, Paenibacillus, and Pseudomonas in the midgut of Actias luna, many of which produce endo-glucanases and exo-
glucanases, as well as B-glucosidases that synergistically hydrolyse cellulose into glucose [20-21].

In addition to cellulose, microbial xylanases and mannanases aid in the digestion of hemicellulose, which is mainly made up of xylans and mannans.
These enzymes are required to disassemble the polysaccharide matrix that surrounds lignocellulosic fibres. Furthermore, metagenomic analysis
suggests that the gut of Actias larvae harbours genes encoding carbohydrate-active enzymes (CAZymes), including glycoside hydrolases and
carbohydrate esterases, indicating adaptation to host plants with varied polysaccharide profiles [20].

Specific microbial symbionts in Actias have been associated with roles beyond digestion. For instance, some Paenibacillus and Pseudomonas strains
exhibit nitrogen-fixing capabilities, supporting protein synthesis in larvae that feed on low-nitrogen foliage. Others contribute to detoxification by
degrading plant-derived phenolics and terpenoids, offering a survival advantage on chemically defended plants [22].

Gut microbiota of Antheraea species

Members of the genus Antheraea, including Antheraea pernyi (Chinese oak tussah) and Antheraea assamensis (muga silkworm), are key Saturniidae
used in sericulture and are primarily folivorous on plants such as oak (Quercus spp.) and castor (Ricinus communis). These host plants contain
lignocellulose and anti-nutritional and allelopathic compounds, necessitating a functionally versatile gut microbiome. The larval gut microbiota of
Antheraea is dominated by lignocellulose-degrading genera such as Cellulomonas, Enterobacter, Bacillus, and Clostridium [21, 23]. These bacteria
have high cellulolytic and xylanolytic capabilities, with numerous isolates capable of hydrolysing CMC, filter paper, and birchwood xylan in vitro.
Clostridium species, in particular, are known for their anaerobic cellulolytic activity, which allows them to convert glucose into ethanol and organic
acids, indicating their potential use in biofuel applications.

Antheraea's gut microbes also detoxify secondary compounds, including ricin and tannins. Enzymes like peroxidases, catalases, and laccases
produced by gut microbes can neutralise reactive oxygen species and phenolic compounds in leaves, thereby reducing oxidative stress and
improving larval health [22]. A wealth of genes linked to ABC transporters and efflux pumps is also found in microbial metagenomic investigations,
which may be a factor in xenobiotic efflux and antibiotic resistance. The microbial makeup of Antheraea's gut varies with developmental stage,
indicating a dynamic and flexible community structure that responds to changes in the host's food intake and physiological condition.

Gut microflora of Attacus species

The genus Attacus, particularly Attacus atlas (Atlas moth), represents one of the largest moth species globally and is characterised by a highly
polyphagous larval stage. The larvae feed on diverse host plants such as Cinnamomum, Annona, Persea, and Mangifera, all abundant in complex
lignocellulosic structures and plant defence chemicals. This polyphagy is underpinned by a robust gut microbiota that provides digestive and
detoxification services. Isolates from the gut of Attacus atlas include functionally diverse bacteria such as Bacillus subtilis, Cellulomonas fimi,
Pseudomonas fluorescens, and Enterobacter cloacae [21, 24]. These strains have been shown to produce high levels of extracellular cellulases,
xylanases, and pectinases, facilitating the breakdown of major plant wall components. For example, Bacillus species exhibit endoglucanase activities
exceeding 50 U/ml in optimised culture conditions, making them candidates for industrial applications. In addition to bacteria, fungi such as
Candida tropicalis and Saccharomyces cerevisiae have been isolated from the larval gut, indicating a possible role in fermentative metabolism and
converting sugars to ethanol. These fungal symbionts and bacteria may optimise the host's ability to produce energy from plant waste. Furthermore,
Attacus larvae have a very alkaline midgut (pH>9), which not only boosts the activity of microbial enzymes but also aids in the solubilisation of
lignin and cellulose, making them more susceptible to microbial assault. The gut's physiological environment may thus function as a bioreactor,
optimising enzymatic hydrolysis at high pH levels [25].

Gut microbiota of Samia species

Samia cynthia ricini, the eri silkworm, has garnered increasing interest for its robust lignocellulose-degrading gut microbiota. Feeding
predominantly on Ricinus communis, which is rich in lignocellulose and toxic compounds like ricin and ricinine, Samia cynthia ricini must rely
heavily on gut symbionts for survival and digestion. Culture-dependent and molecular analyses have identified a suite of cellulolytic, xylanolytic,
and ligninolytic bacteria in the gut, including Bacillus megaterium, Paenibacillus polymyxa, Microbacterium testaceum, Streptomyces spp., and
Klebsiella spp. [22, 26]. These isolates exhibit hydrolytic activity on various substrates, including alkali lignin, birchwood xylan, filter paper, and
CMC, suggesting a flexible enzyme system that breaks down plant biomass. Of particular interest is the detection of laccase and manganese
peroxidase activity in certain Streptomyces and Bacillus strains, pointing to their potential role in partial lignin oxidation, an essential step in
accessing embedded carbohydrates. This ability to initiate lignin depolymerisation sets Samia gut microbiota apart as a candidate model for biofuel-
related bioconversion processes. Metagenomic investigations reveal the presence of carbohydrate-active enzymes (CAZymes) families in the gut
glycoside hydrolase (GH) population, including GH5, GH10, GH11, and auxiliary activities 2 (AA2), which can disassemble lignocellulose.
Furthermore, these microorganisms act as pathogen antagonists by secreting antimicrobial peptides and secondary metabolites that help maintain
gut homeostasis and host defence. Notably, Samia gut symbionts have demonstrated tolerance to phenolic compounds and heavy metals in vitro,
suggesting they could be employed in the bioremediation of lignocellulose-laden industrial waste streams and biofuel production [26].

Table 2: Explores the diversity of gut microbes from saturniidae silkworms and their enzymatic potential in biofuel production from
lignocellulosic materials

S. No. Silkworm species Biofuel potential References
1 Samia cynthia ricini Gut microbes produce cellulases and xylanases for efficient lignocellulose degradation. [21, 27]

2 Antheraea pernyi Hosts Clostridium and Cellulomonas, producing cellulolytic enzymes [28]

3 Antheraea assamensis Effective degradation of castor and oak leaves; potential for enzyme extraction [29]

4 Attacus atlas Actinobacteria and Clostridium produce lignin-degrading enzymes like laccase and peroxidase. [27]

5 Actias luna Contains cellulolytic and hemicellulolytic microbes, including Bacteroides, Clostridium [16]

6 Citheronia regalis Known to harbour Cellulomonas and other bacteria effective in cellulose breakdown [30]

7 Eacles imperialis Gut microbiota includes Bacteroides and Prevotella, producing hemicellulases. [17]

8 Hyalophora cecropia Bacterial symbionts degrade birch and cherry leaf biomass through enzymatic hydrolysis. [19]
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Structure and composition of lignocellulose biomass

Lignocellulosic biomass is the most common renewable organic substance on Earth, consisting mainly of cellulose, hemicellulose, and lignin, which
create a highly refractory matrix that acts as a structural framework in plant cell walls [31, 32]. This complex compound is resistant to microbial
and enzymatic degradation, making successful breakdown critical in second-generation biofuel synthesis. Cellulose is the most prevalent
polysaccharide in lignocellulose, accounting for 35-50% of its dry weight. The linear homopolymer of -1,4-linked D-glucose units forms
microfibrils with significant hydrogen bonding, resulting in a crystalline structure resistant to enzyme assault [33]. These microfibrils strengthen
rods within the plant cell wall, considerably increasing tensile strength. Hemicellulose, a diverse collection of branching polysaccharides made up of
pentoses (xylose, arabinose), hexoses (mannose, glucose, galactose), and sugar acids, accounts for 20-35% of lignocellulosic biomass [15]. Unlike
cellulose, hemicellulose is amorphous and readily hydrolysed, but it forms a network with cellulose microfibrils and lignin, increasing the stiffness
of the cell wall [34].

Lignin comprises 10-25% of the biomass, is a complex, non-polysaccharide aromatic polymer built from phenylpropanoid units—coniferyl, sinapyl,
and p-coumaric alcohols [35]. Its hydrophobic nature and random three-dimensional structure confer compressive strength and protect
carbohydrates from microbial degradation [36]. Lignin acts as a physical barrier, reducing the accessibility of hydrolytic enzymes to
polysaccharides and thus presents a significant hurdle in lignocellulose bioconversion. The intimate association of cellulose, hemicellulose, and
lignin within the plant cell wall forms a highly recalcitrant matrix to enzymatic hydrolysis. This structural complexity is further influenced by lignin-
carbohydrate complexes (LCCs), covalent bonds that cross-link hemicellulose and lignin, impeding polysaccharides' separation and subsequent
enzymatic processing [33, 35].

Plant species and growing circumstances alter these biopolymers' structural content and organisation, affecting the efficacy of biomass
pretreatment and saccharification techniques. As a result, knowing the structural complexities of lignocellulosic biomass is critical for optimising
biological and chemical conversion pathways for biofuel generation [37].

Insect gut microbiota as a natural source of lignocellulolytic enzymes

Insects feeding on fibrous plant materials have co-evolved with specialised gut microbiota, enabling efficient degradation of complex lignocellulosic
substrates. These mutualistic interactions have made insects, particularly those from the Saturniidae family, a focus of bioprospecting for novel
lignocellulolytic enzymes [38-39]. Species such as Samia cynthia ricini (Eri silkworm), Antheraea pernyi (Chinese oak tussah), and Attacus atlas
(Atlas moth) harbour complex and dynamic gut microbial consortia. These microbes are adapted to the insect's plant-based diet and contribute to
digestion by producing cellulases, hemicellulases, and lignin-modifying enzymes [27].

Recent breakthroughs in 16S rRNA gene sequencing and metagenomic profiling have revealed that the gut microbiota of Saturniidae insects is
mainly formed of members of the Firmicutes, Proteobacteria, Actinobacteria, and Bacteroidetes phyla [21, 40-41]. These microbial combinations
include Clostridium, Bacillus, Cellulomonas, and Pseudomonas, all of which have cellulolytic and xylanolytic capabilities [17]. Furthermore, many of
these bacteria produce multifunctional enzymes, such as glycoside hydrolases and oxidative enzymes, which work together to break down the
lignocellulosic matrix. This natural consortium model offers promising blueprints for designing microbial enzyme cocktails for industrial biomass
conversion [16, 28]. The gut environment of these insects, characterised by a slightly acidic pH, short retention time, and nutrient-rich niche, also
shapes the selection and activity of microbial species, making it a unique bioreactor for lignocellulose degradation studies [38].
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Fig. 3: This schematic illustrates the hierarchical organisation of lignocellulosic biomass in plant cell walls. The biomass is primarily
composed of three polymers [38]
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Antheraea mylitta. Dominant microbial groups include ™ Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria, and others. These
variations reflect species-specific dietary habits and gut environments [21, 29]
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Mechanisms of lignocellulose degradation by gut microbes

Gut microorganisms' enzymatic breakdown of lignocellulosic biomass is a complex, multi-step process including a synergistic interaction of
hydrolytic and oxidative enzymes. In lignocellulose-feeding insects such as those from the Saturniidae family, these enzymes are produced by
symbiotic gut bacteria that have adapted to efficiently dismantle the complex plant polymers in the insect diet [16, 38].

Cellulases: deconstruction of cellulose

Cellulases are essential for the breakdown of cellulose, a crystalline homopolymer of 3-1,4-linked glucose units. The microbial cellulolytic system
often comprises Endoglucanases that randomly sever internal B-1,4 glycosidic linkages inside cellulose strands, producing oligosaccharides.
Exoglucanases (cellobiohydrolases) release cellobiose units from the chain ends. B-Glucosidases hydrolyse cellobiose into glucose monomers,
completing the saccharification process [42]. These enzymes often act synergistically, where endoglucanases increase substrate accessibility for
exoglucanases, and B-glucosidases relieve product inhibition by hydrolysing accumulating cellobiose [43].

Hemicellulases: Targeting the heterogeneity of hemicellulose

Hemicellulose breakdown is more difficult due to its branching and heterogeneous structure, which includes sugars such as xylose, mannose,
galactose, arabinose, and gluconic acid.

The key microbial enzymes are Xylanases, which degrade the backbone of xylan, the most prevalent hemicellulose polymer. Mannanases break
down mannans and glucomannans. Accessory enzymes such as o-L-arabinofuranosidase, acetyl xylan esterase, and ferulic acid esterases remove
side-chain decorations, boosting the activity of core hydrolases [44, 45]. Hemicellulases are often modular proteins with carbohydrate-binding
modules (CBMs) that facilitate substrate targeting and processivity in complex plant matrices [46].

Ligninases: Overcoming the aromatic barrier

Lignin, the most refractory component of lignocellulose, creates a stiff network to protect cellulose and hemicellulose. Certain gut microorganisms,
notably from insect hosts like termites and Saturniidae larvae, generate oxidative lignin-degrading enzymes, such as Laccases. Copper-containing
oxidases catalyse the oxidation of phenolic lignin units, resulting in phenoxy radicals. Lignin and manganese peroxidases use hydrogen peroxide to
oxidise non-phenolic lignin structures, breaking the aromatic rings [47, 48]. These enzymes are crucial not only for lignin depolymerisation but also
for enhancing the accessibility of carbohydrate polymers, improving overall biomass digestibility [49].
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Fig. 5: Schematic representation of enzymatic pathways involved in cellulose, hemicellulose, and lignin degradation by gut microbiota
[30,48]

Metabolic pathways and bioenergy production

The conversion of lignocellulosic biomass into bioenergy consists of many coordinated processes, beginning with the enzymatic depolymerisation of
complex plant polymers into fermentable monomers. Following this, the liberated sugars (such as glucose, xylose, arabinose, and mannose) and
lignin-derived aromatic compounds are taken up by the microbial consortia in the insect gut and channelled through central metabolic pathways for
energy production [50, 51]. This microbial conversion forms the core of second-generation biofuel production strategies.

Glycolysis and pentose phosphate pathway (PPP)

Monomeric sugars such as glucose and xylose are metabolised via glycolysis and the PPP, which are fundamental routes in both prokaryotic and
eukaryotic cells. Glycolysis converts glucose to pyruvate, generating ATP and reducing equivalents like NADH, essential for downstream
fermentation processes. Simultaneously, the PPP not only provides NADPH, crucial for biosynthetic reactions, but also contributes to the formation
of precursors for nucleotides and aromatic amino acids and facilitates the metabolism of pentose sugars such as xylose and arabinose [50, 52].

Fermentation pathways

Microbial fermentation turns pyruvate into biofuels and value-added compounds under the anaerobic or microaerobic conditions found in insect
guts. Common goods include pyruvate decarboxylation, which produces ethanol, which is then reduced by alcohol dehydrogenase. Butanol is
produced in Clostridium species via the acetone-butanol-ethanol (ABE) fermentation cycle. Hydrogen gas, created by hydrogenase enzymes during
fermentation, is a clean, transparent fuel with a high energy density. The end-products vary according to microbial species, cofactor availability,
redox balance, and environmental circumstances [51, 53].

Aromatic compound degradation

Lignin decomposition produces complex aromatic compounds such as vanillin, ferulic acid, and guaiacol. Specialised gut bacteria metabolise these
chemicals via funnelled routes that lead to central intermediates such as protocatechuate and catechol. These intermediates are subsequently ring
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cleaved by ortho or meta-cleavage pathways to produce acetyl-CoA, succinyl-CoA, or pyruvate, which enter the TCA cycle or fermentation routes.
This not only improves energy harvesting, but it also lowers the toxicity of aromatic byproducts [18, 54].

Biofuel platform integration

Because of their metabolic flexibility, gut microbes are attractive candidates for metabolic engineering to increase the production of suitable
biofuels. Synthetic biology enables the large-scale conversion of lignocellulose into high-value fuels by incorporating these processes into
genetically tractable hosts (e. g.,, Escherichia coli, Saccharomyces cerevisiae) [55, 56].
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Fig. 6: Flowchart depicting the enzymatic breakdown of lignocellulose and subsequent metabolic pathways leading to biofuel production
[42,57]

Enzymatic profiling of gut microbiota

The enzymatic profiles of gut microbiota in Saturniidae insects must be investigated to discover microbial strains capable of digesting lignocellulose.
These microorganisms are critical for breaking down the complex plant material in the insects' diets. By extracting bacterial strains from the gut
and screening them for specific enzymatic activity, researchers can find microorganisms with the highest commercial potential, such as biofuel
production [16, 58]. In vitro enzymatic assays are commonly used to assess the activity of lignocellulolytic enzymes, such as cellulases, xylanases,
and ligninases. These assays use chromogenic or fluorogenic substrates to detect the presence and activity of enzymes in microbial extracts. For
example, Congo red is used to detect cellulase activity, as it forms a red complex with cellulose degradation products, which can be visualised as
colourimetric changes. Similarly, Remazol Brilliant Blue-Xylan is employed for xylanase activity, where the breakdown of xylan results in a decrease
in blue colouration. For ligninases, substrates such as guaiacol or ABTS detect oxidation of lignin components, evidenced by a change in colour or
the secretion of a zone roughly equivalent to bacterial colonies [59, 60].

High-performing isolates usually combine cellulolytic and hemicellulolytic activity, indicating that the enzymes work together to break down
biomass efficiently. Endoglucanases and B-glucosidases break cellulose into glucose, while xylanases and B-xylosidases break down hemicellulose
into sugars (e. g. xylose). These enzymatic systems enable microbial populations in the insect gut to digest a wide range of lignocellulosic substrates,
boosting nutrient intake and energy production. These enzyme activity profiles indicate the gut microbiome's functional variety and serve to
identify prospective bacterial candidates for downstream applications such as enzyme synthesis, recombinant gene expression, and centralised
bioprocessing in biofuel industries [61, 28].

Gut microbiota dynamics in lignocellulose degradation

Saturniidae insects, like Samia cynthia ricini (eri silkworm), rely substantially on gut bacteria to degrade lignocellulosic biomass. These insects
support a diverse microbial community that includes bacteria, fungi, and archaea, all of which help decompose cellulose, hemicellulose, and lignin.
The microbial community in these insects' guts is highly specialised, allowing for the fast breakdown of lignocellulosic materials, often resistant to
enzymatic hydrolysis in many species due to their complex and refractory structure [62, 63].

Key bacterial genera found in these insects' guts include Cellulomonas, Clostridium, Bacteroides, and Ruminococcus, which produce specialised
enzymes capable of degrading the primary components of lignocellulose. These bacteria produce enzymes such as cellulases, xylanases, and
ligninases, each acting on cellulose, hemicellulose, and lignin to break them down into simple sugars and other metabolites [64].

Recent metagenomic investigations of insect gut microbiomes have revealed that the makeup of these bacterial communities varies depending on
diet, host species, and stage of development. Dietary factors strongly influence the gut microbiota, and specific plant-based diets, particularly those
rich in lignocellulose, tend to promote a more diverse and specialised microbial population. For example, feeding Samia cynthia ricini various plant
materials, including lignocellulose-rich leaves, boosts microbial diversity and improves the insect's capacity to digest diverse plant fibres [65]. The
host's diet influences the enzymes produced by the gut microbiota. When exposed to higher concentrations of fibre or lignocellulosic material, the
microbial community in the gut upregulates the production of cellulolytic and hemicellulolytic enzymes, thus improving the degradation of complex
polysaccharides [66].

In addition to assisting digestion, gut bacteria may help detoxify toxic plant secondary metabolites. These metabolites, which are commonly used as
plant defence mechanisms, can be poisonous to herbivores. The microbiota may break down these harmful substances, performing a detoxifying
function that helps the insect host by allowing it to ingest a wider range of plants [67]. For example, certain bacteria in the gut microbiota are
known to degrade phenolic compounds, which are abundant in many lignocellulosic plants, converting them into less harmful products [68].

Understanding the dynamics of gut microbiota in lignocellulose degradation brings up new possibilities for biotechnology, particularly biofuel
production. Identifying new enzymes in these microbial communities opens the door to more efficient lignocellulose breakdown processes.
Understanding the characteristics that influence microbial community composition, such as diet and host age, may also help to optimise these
systems for industrial usage [69].
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Functional gene studies in lignocellulose degradation

Functional gene investigations have shed light on the molecular processes behind lignocellulose breakdown in the gut microbiota of Saturniidae
insects. Metagenomic and transcriptome investigations have found multiple genes that manufacture important enzymes, including cellulases,
hemicellulases, and ligninases. These studies have revealed a broad repertoire of lignocellulolytic genes, which are often regulated by the type of
plant material consumed by the host insect [70].

One important finding is the identification of genes encoding cellulases, including endoglucanase, exoglucanase, and f-glucosidase, which work
together to hydrolyse cellulose into smaller sugars [71]. Similarly, genes that produce xylanases, arabinofuranosidases, and mannanases have been
found to help break down hemicellulose [72]. Similarly, functional genes for laccases and peroxidases involved in lignin degradation have been
discovered, revealing the gut microbiota's plasticity to degrade various components of lignocellulosic biomass [73]. These gene-based studies can
guide attempts to improve enzyme production in industrial settings and are essential for comprehending the metabolic pathways involved in the
breakdown of lignin and cellulose. Researchers may be able to increase the effectiveness of lignocellulose breakdown for biofuel generation by
introducing these functional genes into model organisms or industrial microorganisms [74].

The role of insect gut microbiota in sustainable biofuel production

Saturniidae insects, particularly the Samia cynthia ricini (eri silkworm), have gut bacteria capable of degrading lignocellulosic biomass, providing a
sustainable source of biofuels. Insect gut microbes are highly specialised for breaking down complex plant materials, and their enzymes can
effectively break down cellulose, hemicellulose, and lignin into simple fermentable sugars to produce biofuels like ethanol, butanol, and methane
[75].

The gut microbiota of Saturniidae insects offers several advantages for biofuel production. Because these insects consume a broad range of plants,
including lignocellulose-rich ones, microbial consortia that can break down various biomass types can form. Second, gut microbes are excellent
candidates for large-scale biofuel generation because they are very stable and active in adverse environments like high temperatures and pH
fluctuations [76].

Researchers created artificial consortia that can efficiently break down lignocellulosic biomass in bioreactors by emulating the microbial
community found in insect guts. Furthermore, insect-derived enzymes such as cellulases, xylanases, and ligninases have shown promise in
increasing biofuels' production from lignocellulosic feedstocks [77]. The role of insect gut microbiota in biomass degradation might be necessary for
developing sustainable biofuel technologies as second-generation biofuels gain popularity worldwide.

Enzymatic screening of gut bacteria

Enzymatic screening is critical in identifying gut bacterial isolates capable of efficiently degrading lignocellulosic biomass. Such screenings are
designed to detect bacterial strains that produce highly active and stable enzymes essential for industrial-scale biofuel production. In Saturniidae
insects, particularly the Samia cynthia ricini (eri silkworm), gut bacteria have been shown to produce a diverse array of cellulases, xylanases, and
ligninases, which are capable of breaking down complex plant polymers [65].

For example, many studies have focused on identifying high-yielding cellulolytic strains. Clostridium species isolated from the gut of Samia
cynthia ricini produce highly efficient cellulases capable of hydrolysing cellulose at high rates. At the same time, Cellulomonas strains are
known for their ability to degrade both cellulose and hemicellulose [78]. Additionally, strains producing xylanases have been found to break
down hemicellulose into simpler sugars like xylose, which can be fermented into biofuels. These enzymatic screenings help identify
valuable microbial strains and provide insight into the optimal conditions for enzyme production, such as temperature, substrate and pH
concentration. Since lignocellulosic feedstocks are often utilised in industrial settings, this information is essential for scaling up biofuel
production methods [79].

Functional genomics and biotechnology for biofuel production

Functional genomics has completely transformed our knowledge of the microbial consortia involved in lignocellulose breakdown. By analysing the
genetic makeup of gut microbiota from Saturniidae insects, researchers have identified key genes responsible for producing lignocellulolytic
enzymes, such as cellulases, xylanases, and ligninases. These genes offer information on the molecular mechanisms behind the breakdown of
biomass, which may be used to increase the processes involved in biofuel production [70].

These functional genes have been incorporated into model organisms thanks to recent developments in synthetic biology and metabolic
engineering, producing genetically modified microorganisms that are more effective in breaking down lignocellulosic biomass. The ability to
transfer multiple lignocellulolytic genes into a single microbial host could significantly increase the efficiency of biomass degradation, reducing the
costs associated with biofuel production [64]. Furthermore, metagenomics and Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR)-Cas9 technology have enabled further optimisation of these microbes for industrial-scale biofuel production. The researchers want to
build more efficient and sustainable biofuel production systems by combining functional genomics with bioreactor optimisation. These devices
might dramatically reduce reliance on fossil fuels, providing a cleaner, renewable alternative [80].

Bioprospecting applications for biofuel production

Bioprospecting, or studying natural environments for beneficial microorganisms, is critical for discovering novel enzymes and microbial strains that
can accelerate lignocellulose breakdown. By bioprospecting the stomach microbiota of Saturniidae insects, microbial strains with better enzymatic
activity for decomposing complex plant components have been found [81]. Since effective lignocellulose de-radiation is crucial in transforming plant
biomass into fermentable sugars, these findings significantly impact biofuel generation. In addition to identifying cellulolytic, xylanolytic, and
ligninolytic enzymes, bioprospecting efforts aim to isolate bacteria that can thrive in harsh conditions such as high temperatures, acidic or alkaline
environments, which are common in industrial biofuel production. This work can help improve the efficiency of biofuel production by providing
microbes that are better suited for large-scale industrial applications [78].

Future prospects
Advances in microbial engineering

As research deepens into the genetic and metabolic traits of lignocellulose-degrading microbes from Saturniidae guts, opportunities will expand for
engineering microbes with enhanced lignin-degrading capabilities. Through genetic modification, it may be possible to boost enzyme activity,
improve substrate utilisation, and increase overall biofuel yields.
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Metagenomics and transcriptomics

Employing next-generation sequencing technologies, such as metagenomic and metatranscriptomic analyses, can uncover insect gut communities’
full microbial diversity and functional potential. Using these in termites, previously unknown lignocellulolytic enzymes will be found and
characterised, opening the door to more specialised and effective biofuel production systems.

Formation of consortia of enzymes

The synergistic action of several enzymes is frequently necessary for the efficient breakdown of lignocellulose. Stronger and stable enzymatic
formulations may arise from research into enzyme mixes obtained from Saturniidae gut bacteria. Optimising enzyme ratios, increasing heat and pH
stability, and fine-tuning substrate specificity are all required stages in tailoring these cocktails for commercial application. Integrated
bioprocessing systems: Integrating biofuel production into bigger biorefinery structures is another interesting development.

These systems are intended to generate biofuels and valuable bioproducts like organic acids, animal feed, and bioplastics. A complete and circular
approach based on insect-derived microbiota has the potential to improve the economic and environmental sustainability of lignocellulosic
bioconversion dramatically.

Environmental assessment and sustainability

A Comprehensive evaluation of the ecological impact of utilising insect gut microbes for biofuel production is essential. Future studies should
include life cycle assessments to measure energy input, greenhouse gas emissions, and overall sustainability compared to traditional biofuel
methods.

Industrial scalability and commercialisation

Translating laboratory-scale findings into commercially viable processes will be challenging. Reliable and scalable biofuel outputs will entail the
creation of effective large-scale fermentation technologies, economical enzyme production techniques, and strong process optimisation.

CONCLUSION

The gut microbiota of Saturniidae insects such as Samia cynthia ricini, Antheraea assamensis, and Antheraea mylitta is a well-evolved microbial
community capable of effectively digesting lignocellulosic biomass. These microbial communities contain a diverse spectrum of bacteria and fungi
with cellulolytic and hemicellulolytic capabilities and important enzymes such as cellulases and xylanases, which are required to break down
complex plant polymers into fermentable sugars. The teamwork among microbes boosts the digestive capabilities of their insect hosts and holds
great promise for biotechnological uses, especially in creating cost-effective and sustainable biofuel systems. The ability of insect gut microbiota to
adapt to dietary changes raises the prospect of creating specialised microbial systems that can break down particular lignocellulosic feedstocks. The
digestive systems of insects in the Saturniidae family are an essential biological resource for discovering new enzymes and microbial candidates
with industrial significance, connecting creative bioenergy solutions with natural ecological roles.
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