The American Journal of Applied Sciences
ISSN 2689-0992 Volume 08 - 2026

Proceedings of Women in Academia, Research and Management for Work-life Initiatives for Sustainable Health &
Empowering Safety (WARM-WISHES 2026)

Bioconversion of Lignocellulosic Waste to Bioethanol: Role of Microorganisms

Sanchita Singh
Amity Institute of Biotechnology, Amity University Uttar Pradesh, Lucknow Campus, Lucknow-226028, India

Garima Awasthi*
Anmity Institute of Biotechnology, Amity University Uttar Pradesh, Lucknow Campus, Lucknow-226028, India

*Corresponding Author

Dr. Garima Awasthi

Amity Institute of Biotechnology,

Amity University Uttar Pradesh (AUUP), Lucknow Campus,
Lucknow, Uttar Pradesh, India.

Email: gawasthi@lko.amity.edu

Received: 08 Aug 2026 | Received Revised Version: 22 Aug 2026 | Accepted: 09 Sep 2026 | Published: 27 Sep 2026

DOI: 10.37547/tajas/warm-33

Abstract

Lignocellulosic biomass is an abundant, renewable, and sustainable resource with significant potential for bioethanol
production. However, its complex structure, composed of cellulose, hemicellulose, and lignin, presents a major challenge
for its efficient conversion to fermentable sugars. The bioconversion of lignocellulosic biomass involves sequential steps
such as pretreatment, enzymatic hydrolysis, and microbial fermentation, in which microorganisms play a crucial role.
Bacteria and fungi are responsible for biomass degradation by producing cellulolytic enzymes, while yeasts are responsible
for ethanol fermentation. Further, microbial consortia enhance the efficiency of this process through synergistic
interactions. Recent advancements in enzymatic systems and bioprocessing strategies, such as simultaneous
saccharification and fermentation (SSF) and consolidated bioprocessing (CBP), have significantly improved the efficiency
of conversion of lignocellulosic biomass into ethanol and reduced operational costs. Additionally, genetic and metabolic
engineering approaches have enabled the development of strong microbial strains capable of utilizing both hexose and
pentose sugars. Several challenges still persist despite the advancements, including lignin recalcitrance, enzyme cost, and
the formation of inhibitory compounds during pretreatment. Overall, continued progress in microbial engineering, enzyme
optimization, and integrated bioprocessing technologies is essential to enhance efficiency, reduce costs, and achieve
suitable large-scale production of lignocellulosic bioethanol.
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1. Introduction

Growing population, industrialization and urbanization
have led to a great dependence on fossil fuels such as
coal, crude oil and natural gas, due to the rapid rise in
global consumption. However, excessive use of non-
renewable energy sources has resulted in extreme
environmental issues, including greenhouse emission,
global warming and climate change. In addition, the
depleting fossil fuel reserves and the volatility of the
crude oil prices has led to the unmet need of renewable
and sustainable energy sources (Balat, 2011; Nigam &
Singh, 2011). Bioethanol is one of the potential biofuels,
which are growing more attractive as they are renewable,
biodegradable and blend well with the existing fuels
(Sanchez & Cardona, 2008).

Bioethanol is produced in different generations based on
the raw materials. The first-generation bioethanol
produced from food crops such as corn and sugarcane
hence triggering food security and land use issue.
Second-generation produced  from
lignocellulosic biomass (LCB) is more ideal as it is
produced from non-food feedstock like agricultural
wastes, forest residues, and industrial residues (Usman et
al., 2026; Gayathri & Nair, 2023; Kim & Dale, 2004).

bioethanol

Lignocellulosic biomass is made up of many cheap and
readily available feedstocks and thus an excellent
feedstock to be used in large scale production of
bioethanol. Moreover, its use results in the waste
management and reduced pollution. The lignocellulosic
biomass which comprises of major components of
cellulose, hemicellulose, lignin is tightly bound to give a
complex and resistant structure. The crystalline nature of
cellulose provides strength, the hemicellulose is a matrix
and the lignin is a protective layer which limits the access
of enzymes (Mosier et al., 2005; Himmel et al., 2007).
This complex structure is one of the major challenges in
biomass conversion as it limits the efficient hydrolysis of
the polysaccharide forming the fermentable sugars and
may lead to the formation of the inhibitory compounds
in biomass processing.

To overcome the above issues, microbial bioconversion
has emerged as a key concern as an efficient and
environmentally friendly approach. Microorganisms
play a vital role in all processing steps of bioethanol, that
is, pretreatment, enzyme hydrolysis and fermentation.
They produce a wide range of enzymes such as
cellulases, hemicellulases and lignin which help in the
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breakdown of bulk biomass into sugars (Balat, 2011;
Nigam & Singh, 2011). The main microorganisms used
in biomass degradation are bacteria and fungi, while the
fermentation is carried out by yeasts.

Lignocellulosic biomass conversion to bioethanol
involves three major steps; pretreatment (disrupting the
structure of the lignin and making the substrates more
accessible for enzyme hydrolysis) enzyme hydrolysis
(breaking down or splitting the polysaccharides into
fermentable sugars) and fermentation (conversion of
fermentable sugars to ethanol). More efficient
bioprocesses to date such as  simultaneous
saccharification and fermentation and consolidated
bioprocessing also improves the efficiency of the process
and reduce operation costs (Taherzadeh & Karimi, 2008;
Alvira et al., 2010; Galbe & Zacchi, 2007; Humbird,
2011; Wyman, 1999; Lynd et al., 2005).

Likewise, microbial consortia, GEM and metabolic
engineering approaches have also been proven to be
efficient as different species communicate and interact
synergistically with each other. The innovative processes
of rapid growth of efficient microbial systems and
efficient bioconversion to develop cost -effective
bioethanol production are important. So, it is imperative
to understand the complexity of the lignocellulosic
biomass for effective bioconversion.

2. The Composition of Lignocellulosic Biomass

Lignocellulosic biomass is a complex and diverse
substance and mainly consists of cellulose, hemicellulose
and lignin. Cellulose is a homopolymer of b-1,4-linked
glucose molecules that forms highly-ordered crystalline
microfibrils and is difficult to hydrolyze by enzymes
(Balat, 2011; Lynd et al., 2002).

Hemicellulose is an amorphous and branched
heteropolymer in the form of different sugars including
xylose, mannose and arabinose, which is biodegradable
to a greater extent (Sun & Cheng, 2002).

Lignin is a hydrophilic aromatic polymer, which
provides rigidity and protects to structure and thus limits
access of enzymes to the polysaccharides (Mosier et al.,
2005). All of these complexities make biomass
recalcitrant and hard to be efficiently converted into
desired products. Lignocellulosic biomass of different
origins varies in composition as represented in table 1.
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Table 1: Lignocellulose composition from multiple sources based on dry weight (Sun & Cheng, 2002)
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Source of lignocellulose Cellulose (%) Hemicellulose (%) Lignin (%)
Cotton seed hairs 80-90% 5-20% 0
Paper 85-99% 0 0-15%
Waste papers 60-70% 10-20% 5-10%
Softwood stems 45-50% 25-35% 25-35%
Hardwoods stems 40-55% 24-40% 18-25%
Newspaper 40-55% 25-40% 18-30%
Corn cobs 45% 35% 15%
Wheat straw 30% 50% 15%
Primary wastewater solids 8-15% 0 24-29%

3. Role of Microorganisms
3.1 Lignocellulosic Biomass Biodegradation

Biodegradation of lignocellulosic biomass is a multi-step
process, which is mainly performed by microorganisms
that produce extracellular enzymes. Lignocellulosic
biomass is a complex structure made up of cellulose,
hemicellulose and lignin, which are closely associated
and hence recalcitrant and difficult to degrade (Mosier et
al., 2005; Himmel et al., 2007). Bacteria and fungi are
key in overcoming this architecture by secretion of a
wide array of lignin-degrading and cellulose-degrading
enzymes.

White-rot fungi are the most effective lignin degraders
because they can produce oxidative enzymes such as
laccase, lignin peroxidase and manganese peroxidase.
These enzymes cleave the aromatic structure of lignin
into lower molecular weight phenolic compounds, thus
enhancing the degradation of cellulose and hemicellulose
(Balat, 2011; Ragauskas et al., 2006; Singh et al., 2010;
Kuhad et al., 2011). On the other hand, brown-rot fungi
primarily degrades cellulose and hemicellulose and
modify lignin, while soft-rot fungi play a role in certain
environments.
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Bacteria also play an important role in the degradation of
lignocellulose, particularly in a range of environments.
Bacteria like Cellulomonas, Bacillus and Pseudomonas
secrete cellulases and hemicellulose to degrade cellulose
and hemicellulose to sugars (Nigam & Singh, 2011;
Rogers etal., 2007). While bacteria are less effective than
fungi in degrading lignin, some genera like Rhodo coccus
and Streptomyces have ligninolytic enzymes.

Cellulases degrade cellulose into glucose through the
combined action of endoglucanases, exoglucanases and
B-glucosidases (Juturu & Wu, 2014; Zhang, 2008).
Likewise, hemicellulases (such as xylanases) break down
hemicellulose into pentose sugars. The recent
identification of enzymes such as lytic polysaccharide
monooxygenases (LPMOs) has also improved the
effectiveness of biomass degradation, primarily via an
oxidative pathway (Horn et al., 2012).

In conclusion, microbial biodegradation plays an
important role in lignocellulosic bioconversion as it
converts biomass into sugars that can be used for
bioethanol production. The sugars released by the
microorganisms are then used for bioethanol production.

3.2 Enzymatic System
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A plethora of enzymes produced by microorganisms are
involved in the degradation of lignocellulosic biomass in
a concerted effort of converting structural polymers into
sugars. Lignin is predominantly degraded by ligninolytic
enzymes, such as laccase, lignin peroxidase and
manganese peroxidase (Ragauskas et al., 2006; Yang &
Wyman, 2008).

Cellulolytic enzymes play an important role in the
conversion of cellulose to glucose. This is accomplished
by the enzyme’s endoglucanases, which break the
internal bonds between the cellulose chains, exogenous
glucanases which cleave cellobiose units and b-
glucosidases which break cellobiose down to glucose
(Juturu & Wu, 2014; Zhang, 2008).

Xylanases and b-xylosidases of hemicellulolytic
enzymes will convert hemicellulose to pentose sugars
xylose. Also, the recently discovered enzymes such as
Iytic polysaccharide monooxygenases (LPMOs) will
help to breakdown biomass by oxidative cleavage with
high potential to enhance the hydrolysis process (Horn et
al., 2012).

3.3 Bioethanol Production

Lignocellulosic biomass is converted to bioethanol
through microbial fermentation of sugars obtained from
enzymatic hydrolysis. This step is crucial in the
bioconversion process of microorganisms converting
fermentable sugars into ethanol in controlled
environments. This step is highly dependent on the
microorganism used and its fermentation capacities.

Ethanol is typically produced using yeasts, with
Saccharomyces cerevisiae being the most common
because of its high ethanol yield, ethanol tolerance, and
stress tolerance (Lin & Tanaka, 2006). But S. cerevisiae
mainly metabolises hexose sugars (glucose) and is not
efficient in fermenting pentose sugars (xylose) present in
hemicellulose. To broaden the range of fermentable
sugars, non-conventional yeasts like Pichia stipitis and
Candida shehatae have been investigated for their
pentose fermenting ability (Hahn-Hégerdal et al., 2007,
Zaldivar et al., 2001).

Some bacteria including Zymomonas mobilis have also
been considered as potential ethanol producers due to
their high ethanol productivity and different metabolic

The Am. J. Appl. Sci. 2026

Volume 08 - 2026

route (Entner—Doudoroff pathway) that leads to a higher
ethanol yield and a reduced biomass yield (Rogers et al.,
2007). But they have a narrow substrate specificity,
limiting their use in lignocellulosic systems.

Recent studies on genetic and metabolic engineering
have allowed the construction of recombinant
microorganisms to ferment both pentose and hexose
sugars, enhancing ethanol yield and efficiency
(Stephanopoulos, 2007; Wang et al., 2024). Moreover,
approaches like simultaneous saccharification and
fermentation (SSF) have been used to overcome product
inhibition and enhance the conversion yield (Humbird,
2011; Wyman, 1999).

However, there are still many challenges with regards to
inhibitor toxicity, low efficiency of mixed sugars
fermentation, and process optimization. However,
ongoing improvements in microbial strain development
and fermentation processes will improve the potential for
industrial production of lignocellulosic bioethanol.

4. Bioconversion Pathway

Bioconversion process involves the integrated steps of
converting the pre-treated biomass into ethanol by
enzymes and microbes. The initial step is the
pretreatment that involves disorganising the rigid lignin
structure, crystallinity of cellulose and increasing the
surface area of biomass, and thus, accessibility of
enzymes. Physical, chemical, physico-chemical and
biological pretreatments are used, however, biological
pretreatment is more eco-friendly but slow compared to
the other type of pretreatments (Kumar et al., 2008;
Taherzadeh & Karimi, 2008; Alvira et al., 2010; Galbe
& Zacchi, 2007). The next step is the enzymatic
hydrolysis which involves enzymes, cellulases and
hemicellulases to convert the cellulose and hemicellulose
to fermentable sugars such as glucose and xylose through
enzyme synergies (Juturu & Wu, 2014; Demain et al.,
2005). Finally, ethanol is produced by microorganisms
using sugars as a substrate. While the hexose sugars are
easily fermented to ethanol, pentose sugars can be
fermented to ethanol efficiently only by certain
microorganisms or genetically engineered ones, and
these reduce the yield of ethanol (Lin & Tanaka, 2006;
Hahn-Hégerdal et al., 2007). The entire bioconversion
process of lignocellulosic biomass to bioethanol is shown
in Figure 1.
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Lignocellulosic Biomass (Agricultural waste, straw, bagasse)

Pretreatment (Physical / Chemical / Biological)

Disruption of Lignin Structure Increased Enzyme Accessibility

!

Enzymatic Hydrolysis (Cellulases + Hemicellulases)

Fermentable Sugars (Glucose + Xylose)

Fermentation (Yeast / Bacteria)

Bioethanol

!

Separation & Purification

Figure 1: Flowchart of Bioconversion of Lignocellulosic Biomass to Bioethanol

5. Advanced Microbial
Strategies

and Bioprocessing

To address the challenges associated with traditional
lignocellulosic bioconversion, a number of microbial and
bioprocessing technologies have been explored to
cost-effectiveness

increase efficiency, and ethanol

production.
5.1 Microbial Consortia-Based Systems

Microbial consortia are synergistic systems where
various microorganisms work together to perform
different (lignin  degradation,
hydrolysis, and fermentation). It improves enzyme

functions cellulose
specificity, substrate conversion and process robustness.
Consortia-Based systems are especially beneficial for the
processing of complex lignocellulosic feedstocks and
have demonstrated better ethanol production than pure
cultures (Nigam & Singh, 2011; Lynd et al., 2008).

5.2 Simultaneous Saccharification and
Fermentation (SSF)
SSF  combines the enzymatic hydrolysis and

fermentation steps, eliminating the inhibitory effect of
glucose buildup. This process increases the efficiency,
reduces the risk of contamination and the cost of the
process. But it is difficult to maintain the balance
between optimal conditions for enzyme activity and
microbial growth due to different temperature and pH
requirements (Humbird, 2011; Wyman, 1999).
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5.3 Consolidated Bioprocessing (CBP)

CBP is a next-generation approach where the enzymes
are produced, and the biomass is hydrolysed and
fermented all in one step by one organism or a
consortium of organisms. This process eliminates the
need to add enzymes, which is costly. But the
development of efficient microorganisms that can carry
out these processes is still a challenge (Lynd et al., 2005;
Lietal, 2021).

5.4 Genetic and Metabolic Engineering

Metabolic and genetic engineering have greatly
improved the production of lignocellulosic bioethanol.
Genetically engineered microbes are tailored to enhance
enzyme synthesis, tolerance to inhibitors and ethanol, as
well as to ferment hexose and pentose sugars. Synthetic
biology has also enabled the creation of resilient
microbial strains with enhanced metabolic pathways to
produce more ethanol. But there are issues with genetic
stability and scale-up (Dien et al., 2003; Stephanopoulos,
2007; Wang et al., 2024).

6. Factors Bioconversion

Efficiency

Influencing

6.1 Physicochemical Factors

Physicochemical factors such as temperature, pH,
moisture content can play a critical role in the activity of
the enzyme and the growth of the microorganisms of the
enzyme  during  lignocellulosic ~ bioconversion.
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Cellulolytic enzymes generally work optimally at
temperatures of 40-50 deg C, and at slightly acidic pH
(4-5). These optimal conditions can denature the enzyme
and its catalytic activity. Moisture content is also
important, in which insufficient moisture will stop the
microbial growth, while high moisture can affect the
porosity of substrate and the oxygen uptake, and
therefore the effectiveness of the whole process (Roy,
2021).

6.2 Nutritional Factors

The nutritional status, particularly the carbon and
nitrogen (C/N) ratio, plays an important role in the
microbial growth and enzyme production. An adequate
C/N ratio will ensure the proper microbial metabolism
and thus increased production of the enzymes needed for
biomass degradation. The absence of essential nutrients
(nitrogen, phosphorus and trace nutrients) may hinder
microbial activity and on the other hand, the excess of
nutrients can lead to the unwanted growth of
microorganism and the decreased ethanol yield (Nigam
& Singh, 2011; Sarkar et al., 2012).

6.3 Availability of Oxygen

Oxygen availability is one of the key factors that
determine the metabolic pathways taken by
microorganisms in ethanol production. Normally,
microorganisms growth and enzymes production are
encouraged in aerobic environments particularly during
the pretreatment and hydrolysis stages. On the other
hand, ethanol fermentation is favoured under anaerobic
conditions as sugar conversion to ethanol, but not to
biomass and other by-products, is encouraged.
Facultative microorganisms can survive in both
conditions, that provides the process with flexibility
(Nigam & Singh, 2011; Wingren et al., 2003).

6.4 Characteristics of Substrate

The physical and chemical properties of lignocellulosic
biomass (particle size, crystallinity, lignin content and
surface area) affect the efficiency of the enzymatic
hydrolysis. Decreasing the particle size increases the
surface area and enzyme-substrate contact. But in the
presence of high lignin content, the lignin acts as a
physical barrier preventing the enzyme activity and also
adsorbs the enzymes. That is why proper pretreatment is
required to modify the properties of the substrates and
improve the bioconversion process (Olofsson et al.,
2008).
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7. Critical  Analysis of  Lignocellulosic
Bioethanol Production

Despite being an environmental-friendly alternative to
fossil fuels, lignocellulosic bioethanol production still
faces major technical and economic barriers towards
commercialization. One such constraint is the resistant
nature of lignocellulosic biomass, mainly caused by
lignin, which limits enzyme accessibility and the
effectiveness of enzymatic hydrolysis (Mosier et al.,
2005; Himmel et al., 2007). Existing pretreatment
technologies enhance biomass digestibility but are often
energy-intensive and can  generate inhibitory
compounds, thus complicating and increasing the cost of
the process (Taherzadeh & Karimi, 2008; Alvira et al.,
2010; Galbe & Zacchi, 2007).

The other major issue is the cost and efficiency of the
enzymes used for hydrolysis. Inhibition of enzymes by
reaction by-products (glucose and cellobiose) also
lowers the conversion yield, further diminishing its
economic feasibility (Taherzadeh & Karimi, 2008; Zhao
et al,, 2012). While improvements such as enzyme
engineering and recycling have been suggested, they are
not readily applicable in industry.

Pretreatment results in the production of inhibitors, such
as furfural and hydroxy methyl furfural (HMF), and
phenolic compounds that have adverse effects on
microbial activity and ethanol yields (Sanchez &
Cardona, 2008; Gnansounou & Dauriat, 2011). Although
detoxification strategies are viable, they increase
processing costs and steps, therefore making microbial
strains that are tolerant to inhibitors desirable.

Additionally, the poor fermentability of pentose sugars
by traditional microorganisms like Saccharomyces
cerevisiae leads to waste of substrate and reduced
ethanol production (Lin & Tanaka, 2006; Hahn-Hégerdal
et al., 2007). While genetically modified strains and non-
conventional yeasts have been explored, they are still
unstable, difficult to scale up and perform poorly in
industrial settings (Stephanopoulos, 2007).

In the aspect of process strategy, novel technologies like
simultaneous saccharification and fermentation (SSF)
and consolidated bioprocessing (CBP) have great
potential to reduce the cost and enhance the productivity.
But SSF has difficulties in achieving optimal conditions
for enzymes and microorganisms, while CBP needs
development of microorganisms that can perform
multiple functions, which is currently being investigated
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(Humbird, 2011; Wyman, 1999; Lynd et al., 2005; Li et
al., 2021).

In summary, although considerable advancements have
been achieved in lignocellulosic bioethanol production,
the combination of effective pre-treatment, low-cost
enzymes and efficient microorganisms, as well as
process strategies, is crucial. Overcoming these
challenges through integrated approaches such as
synthetic biology, metabolic engineering and process
optimisation will play a key role in the
commercialisation of bioethanol at an industrial scale.

8. Future Perspectives

Future research and development of the lignocellulosic
bioethanol need to be focused on efficiency
improvement, cost reduction and large scale
commercialization. The recent development of
genetically engineered microorganisms that can ferment
both hexose and pentose sugars with tolerance of
inhibitors and ethanol will greatly improve the
fermentation efficiency. Similarly, studies on enzyme
engineering and discovery of new enzymes with
improved characteristics will reduce the enzymes load
and cost. Microbial consortia and synthetic biology
approaches offer a possibility to integrate various stages
of biomass conversion in one system.

In addition, the optimization of the pretreatment
technologies to produce the least inhibitors and energy
consumption is still studied. Lignocellulosic bioethanol
production is a possibility and can be integrated with
biorefineries to improve the energy balance and the
economic feasibility (due to byproducts). Overall, multi-
disciplinary advances will be of great importance in
converting bioethanol into a sustainable energy source
(Gourlay et al., 2012; Jargensen et al., 2007; Adsul,
2011).

9. Conclusion

The bioconversion of the lignocellulosic biomass for
bioethanol production is a sustainable and renewable
source of energy that can be used as an alternative to the
naturally occurring fossil fuels. Microorganisms play an
important role in this process due to the effective
pretreatment, enzyme hydrolysis and fermentation using
different enzyme systems. Increased biomass
degradation and ethanol production is achieved by
bacteria, fungi, yeasts and microbial consortia. However,
problems such as the recalcitrance of lignin and the cost
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and efficiency of the enzyme and process still do not
permit commercial scale-up. The solution to the above
problems is provided by the economic growth in genetic
engineering and integrated bioprocessing methods. The
progress in the area will be important for sustainable and
viable industrial production of bioethanol.
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