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ABSTRACT
The rising global demand for sustainable and eco-friendly practices has led to a burgeoning 
interest in circular bioeconomy, wherein waste materials are repurposed into valuable resources. 
Lignocellulosic waste, abundant in agricultural residues and forestry by-products, represents 
a significant untapped resource. This article explores the potential of fungal-mediated processes 
for the valorisation of lignocellulosic waste, highlighting their role in transforming these recalci
trant materials into bio-based products. The articles delve into the diverse enzymatic and meta
bolic capabilities of fungi, which enable them to efficiently degrade and metabolise lignocellulosic 
materials. The paper further highlights key fungal species and their mechanisms involved in the 
breakdown of complex biomass, emphasising the importance of understanding their intricate 
biochemical pathways for optimising waste conversion processes. The key insights of the article 
will significantly contribute to advancing the understanding of fungal biotechnology for circular 
bioeconomy applications, fostering a paradigm shift towards a more resource-efficient and envir
onmentally friendly approach to waste management and bio-based product manufacturing.
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1. Lignocellulosic waste: An untapped resource

The quality of human life is being negatively 
impacted by the excessive consumption of global 
resources, which also poses a significant threat to 
the environment (Mujtaba et al. 2023). To promote 
sustainable growth and development, the concepts of 
the bioeconomy and the circular economy have been 
promoted (Ferreira Gregorio et al. 2018). Worldwide, 
lignocellulosic waste is acknowledged as an essential 
part of the planet’s renewable biomass. It is mostly 
composed of hemicelluloses (25%–30%), cellulose 
(40%–50%), and lignin (15%–20%) (Yang et al. 2023). 
Cellulose is a polysaccharide composed of glucose 
molecules joined by β-(1/4)-glycosidic linkages, creat
ing a robust and inflexible structure. In addition to 
pentoses like D-xylose and L-arabinose, hexoses 
like D-glucose, D-mannose, and D-galactose; and 
sugar acids like uronic acids like D-glucuronic, 
D-galacturonic, and methyl galacturonic acids are all 
found in hemicellulose, which is a complex 

heteropolymer combination. Predominantly, 
D-xylose (90%) and L-arabinose (10%) make up the 
hemicellulose backbone chain (Kocher et al. 2018). 
Next to cellulose, lignin is the most prevalent compo
nent found in plant matter. Both aliphatic and aro
matic structures are present in this high molecular- 
weight polymer. Guaiacol (G), syringe (S), and 
p-hydroxyphenyl (H) units are the phenyl propane 
units that make up this polymer. The two primary 
groups of lignin are guaiacyl lignins and guaiacyl- 
syringyl lignins. Softwoods contain guaiacyl lignin, 
while hardwoods contain guaiacyl-syringyl lignin 
(Kumar and Chandra 2020). Lignocellulose biomass 
(LCB) is a complex bioresource that emerges from 
a variety of sources, including agricultural and forest 
residues, organic solid waste collected from recycling 
stations, and the byproducts of paper, wood, and 
pulp industries. This diverse range of origins contri
butes to the complex structure of lignocellulose, 
which consists of three main components: Cellulose, 
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hemicellulose, and lignin (Haq et al. 2021). Large 
amounts of lignocellulosic biomass, a sustainable 
resource material for the development of a broad 
range of bioproducts, are provided by agricultural 
waste (Mujtaba et al. 2023). Researchers and busi
nesses are becoming more interested in lignocell 
biorefineries because they may provide renewable 
feedstock for a variety of application areas, including 
energy, food, nutrition, the chemical industry, and so 
on (Banu et al. 2021a). Recent data indicates that 
about 181.5 billion tons of lignocellulose biomass 
are produced annually worldwide (Singh et al. 2022). 
Only 8.2 billion tons of this biomass made up of 
lignocellulose are used by various application areas 
(Ashokkumar et al. 2022). This illustrates the unex
plored potential of plant-based biomass to be con
verted into a diverse range of bioproducts for nearly 
every application area (Mujtaba et al. 2023). 
Lignocellulosic waste, primarily comprising agricul
tural residues, forestry by-products, and various 
forms of plant biomass, has long been considered 
a waste problem rather than a resource (Adewuyi  
2022). The vast quantities of lignocellulose discarded 
annually contribute to environmental pollution and 
resource wastage. Nonetheless, because it is abun
dant in cellulose, hemicellulose, and lignin – all of 
which can be transformed into biofuels, biochemicals, 
and bio-based materials – this garbage offers an 
underutilised gold mine (Koul et al. 2022). Three pri
mary components make up lignocellulose, a complex 
organic substance present in plant cell walls: 
Cellulose, hemicellulose, and lignin (Zoghlami and 
Paës 2019). This waste stream primarily includes agri
cultural residues, forestry byproducts, and various 
types of organic waste. Lignocellulosic waste is 
a ubiquitous byproduct of numerous industries, 
including agriculture, forestry, and food processing, 
and it has traditionally been disposed of in landfills or 
left to decay, contributing to environmental problems 
(Chukwuma et al. 2020). However, recent research 
and advancements in biotechnology and sustainable 
practices are shedding light on the untapped poten
tial of lignocellulosic waste. One of the primary moti
vations behind recognising lignocellulosic waste as 
a valuable resource is its environmental significance. 
When lignocellulosic waste is left to decompose in 
landfills or openly burned, it generates greenhouse 
gases and poses a risk to air and water quality (Bilal 

et al. 2020). Converting lignocellulosic waste into use
ful products through sustainable processes can sig
nificantly reduce the environmental impact 
associated with its disposal (Blasi et al. 2023).

2. Fungal biodegradation: A sustainable 
approach in LCB valorisation

According to Andlar et al. (2018), fungi are a broad class 
of microorganisms that can break down lignocellulose, 
a complex polymer that makes up plant cell walls. The 
synthesis of several enzymes, such as cellulases, hemi
cellulases, and lignin peroxidases, is what gives this 
capacity (Sanches 2009; Kracher and Ludwig 2016; 
Rathner et al. 2017). Fungal-mediated lignocellulosic 
waste valorisation can be divided into two main cate
gories: Fungi can be employed in two ways: Either 
directly, producing value goods like ethanol from ligno
cellulosic waste, or indirectly, producing intermediates 
or enzymes that can be used to further manufacture 
valuable products from the waste. Fungi have evolved 
complex enzymatic machinery to decompose lignocel
lulosic materials, making them nature’s recyclers (Andlar 
et al. 2018). Species like Trichoderma, Aspergillus, and 
Pleurotus are renowned for their lignocellulose- 
degrading capabilities. The diverse enzymes that these 
fungi release, including hemicellulases, cellulases, and 
ligninases, combine to break down the intricate ligno
cellulosic structure (Andlar et al. 2018). This enzymatic 
toolbox allows fungi to efficiently break down lignocel
lulosic waste into its constituent sugars and aromatic 
compounds. As they have the remarkable ability to 
convert complicated lignocellulosic materials into useful 
products, fungi are essential to achieving the goal of 
a circular bioeconomy (Figure 1) (Meyer et al. 2020). In 
the realm of increasing environmental concerns and the 
need for sustainable resource management, the transi
tion towards a circular bioeconomy has garnered sub
stantial attention. Lignocellulosic biomass derived from 
agricultural waste has been the focal point of several 
review studies, that have covered its pretreatment, pro
cessing, chemical composition, conversion, and other 
aspects. However, reports providing a comprehensive 
overview of the fungi’s significant role in lignocellulose 
biomass from pretreatment to applications, and the 
impact they have on the circular economy are scanty, 
however, hard to come by. This review explores the 
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significance of fungal technology in the valorisation 
of lignocellulosic waste to multiple value products 
and its impact on the transition towards a circular 
bioeconomy.

3. Impact of fungi on LCB degradation

Many bacterial and fungal species have been isolated 
and characterised which can potentially degrade lig
nocellulosic waste degradation by their enzymatic 
activities (Kumar and Chandra 2020). Fungi are far 
more efficient than bacteria at breaking down lignin 
due to better enzyme secretion capacity and faster 
lignin breakdown rates (Atiwesh et al. 2022). The fungi 
offer several other advantages such as (a) growth on 
different types of lignocellulosic materials, (b) produc
tion of a diverse set of lignocellulolytic enzymes, (c) 
breaking down recalcitrant substances found in lig
nocellulosic substances, (d) survivability in adverse 
conditions, (e) amenability to genetic modification 

(Andlar et al. 2018; Yang et al. 2023). They may be 
categorised into three main groups: White rot, brown 
rot, and soft rot fungus, depending on how they look 
and the enzymes that break down the lignin mechan
ism (Table 1). Even while lignin can be broken down 
by all three families, only Basidiomycota – specifically, 
aerobic white rot fungus – can break down lignin 
entirely into CO2 and H2O (Civzele et al. 2023).

3.1. Soft rot fungi

The laccases and peroxidases produced by soft-rot fun
gus break down plant polysaccharides, softening and 
darkening the wood in the process. These enzymes, 
however, are less adaptable than those found in other 
species of fungi. Even in the latter phases of soft rot, 
they mostly demolish cellulose and hemicellulose but 
not lignin, breaking down carbohydrate polymers but 
leaving significant amounts of lignin intact. It is still 
necessary to thoroughly investigate their lignocellulosic 

Figure 1. Lignocellulosic biomass valorization to value-added products through fungal technology.

540 S. DHIMAN ET AL.



degradation process (Andlar et al. 2018). According to 
Kocher et al. (2018) and Sista Kameshwar and Qin 
(2018), Aspergillus niger, Penicillium chrysogenum, 
Trichoderma reesei, Chaetomium cellulolyticum, and 
Fusarium oxysporum sp. are a few examples of soft rot 
fungi.

3.2. Brown rot fungi

Fungi that cause brown rot may break down cellulose 
and hemicellulose quickly, but they can also slightly 
change lignin. They lack particular enzymes for degrad
ing lignin, and instead depend on tiny reactive chemi
cals to depolymerise it. As the degradation process 
advances, oxidised lignin gives the wood residue 
a cube-like form and a brownish hue (Andlar et al.  
2018). During the initial stages of decay, brown-rot 
fungi have a remarkable propensity to break down 
hemicellulose, which efficiently destroys the complex 
structure of cell wall carbohydrates. Many lytic polysac
charide monooxygenase genes found in these fungi are 
engaged in the hydrolysis of lignocellulosic polysacchar
ides. These genes are mostly classified as members of 

the AA9 and AA14 families of auxiliary activity (AAs) 
under the carbohydrate-active enzymes (CAZy) classifi
cation. The breakdown of xylan and cellulose is caused 
by AA9 and AA14, respectively. Some examples of 
brown rot fungus include Gloeophyllum trabeum, 
Rhodonia placenta, Coniophora puteana, Meruliporia 
incrassate, and Fomitopsis pinicola (Li et al. 2023; Mali 
et al. 2023; Silva et al. 2023).

The chelator-mediated Fenton system (CMF) 
effectively illustrates the brown-rot fungus’s degra
dative process. The CMF method for employing 
oxygen radicals to break down cellulose non- 
enzymatically is shown in Figure 2a. As the brown- 
rot fungal hyphae proliferate inside the plant cell 
lumen, they emit hydrogen peroxide (H2O2), oxalic 
acid, and iron-reducing chemicals (RC). The 
complex that is created when oxalic acid binds to a 
Fe3+ ion dissolves into the cell wall along with H2O2 

and RC. Fe3+ is taken out of the Fe-oxalate complex 
by RC, which lowers it to Fe2+ when the pH fluctu
ates. The hydroxyl radicals (−OH) created by this Fe2+ 

reaction with H2O2 later damage the lignocellulose 
matrix (Li et al. 2023).

Table 1. Diverse types of rot fungi for lignocellulose biomass (LCB) degradation.
Type Example Substrate Outcome Reference

Soft rot Parascedosporium 
putredinis NO1

Wheat straw Expansion of CaZymes by monooxygenase, 
oxidative enzymes, and laccase.

Scott et al. 2023

Xylaria species 
[Xylaria 1 (OR052384), 
Xylaria 2 (OR052385), 
Xylaria 3 (X. curta) 
(OR052386)]

Ochroma pyramidale (Balsa), 
Gmelina arborea (melina), 
Samanea saman (saman), and 
Chlorophora tinctoria (mora)

Significant biomass loss; 60% and 25% of 
Ochroma and Gmelina respectively.

Rajtar et al. 2023

Brown rot Gloeophyllum trabecum, 
Rhodonia placenta

Dendrocalamus sinicus Hemicellulose and cellulose degradation by 
xylanase and mannase.

Qi et al. 2022

Gloeophyllum trabecum Pinus massoniana (Masson pine) Depolymerisation of cellulose and hemicellulose 
by non-enzymatic chelator-mediated Fenton 
(CMF) system resulting in 15.7% biomass loss.

Zhu et al. 2022

Coniophora puteana, 
Rhodonia placenta

Scots pine sapwood Depolymerisation of crystallisation 
carbohydrates, as well as a rise in lignin’s 
functionality and aromatic carbonyl content.

Belt et al. 2022

Rhodonia placenta Picea abies (spruce wood) Accumulation of oxalate within the cell wall, 
depolymerisation of hemicellulose.

Füchtner et al. 2023

White rot Trametes versicolor, 
Gloeophyllum 
trabeum, and 
Rhodonia placenta

Dendrocalamus sinicus T. versicolor degraded starch and pectin, followed 
by hemicellulose and lignin, G. trabeum and 
R. placenta degradation occur in the middle 
stage, with preferential degradation of 
hemicellulose and cellulose, respectively.

Qi et al. 2022

Coriolopsis trogii Industrial lignin (C. trogii TS01), 
Kraft lignin, EHL (Enzyme 
hydrolysis lignin)

The activity of C. trogii TS01‘s laccase and 
manganese-dependent peroxidase activity 
was raised by 24.8%, 164.1%, and 200%, 
respectively, by 1% EHL + 1% glucose.

Qiu and Liu 2022

Lentinula edodes Grape stalks 52% delignification in 42 days of incubation. Costa-Silva et al. 2022
Ganoderma lucidium Cocoa pods Low capacity to digest cellulose and 

hemicellulose, high lignin degradation.
Mustabi et al. 2023
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3.3. White rot fungi

White rot fungi are efficient LCB degraders that specia
lise in cleaving aromatic compounds, which is why rot
ten wood has a characteristic white colour (Sista 
Kameshwar and Qin 2018). The key feature that sets 
white rot fungi apart is their ability to target and break 
down lignin, which is resistant to degradation by many 
other microorganisms. White-rot fungi can break down 
a variety of cell wall components, including sugars, lig
nin, and aromatic compounds (Sista Kameshwar and 

Qin 2018; Hou et al. 2020; Del Cerro et al. 2021; 
Kijpornyongpan et al. 2022). Notable examples of 
these fungi are Ceriporiopsis subvermispora, Phlebia 
radiata, Rigidoporous lignosus, Dichornitus sqiualenis, 
Lenzites betulina, Phellinus pini, Trametes versicolor, 
Lentinula edodes, and Pleurotus arthii. Multicomplex 
enzymes produced by white rot fungi include laccase, 
lignin peroxidase (LiP), manganese peroxidase (MnP), 
versatile peroxidase (VP), and dye-decolourising perox
idase (DyP). These enzymes convert lignin into hydrogen 

Figure 2. Degradation of lignocellulose biomass (LCB) by brown rot fungi and white rot fungi. (a) Degradation by brown rot fungi. 
(b) Degradation by white rot fungi.
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peroxide (H2O2) and carbon dioxide (CO2), which are 
widely used in bioprocessing processes like biopulping 
and the production of bioethanol, among other indus
trial uses (Zhang et al. 2023). In the difficult breakdown 
of lignocellulosic biomass, white rot fungi are essential 
to the process. They serve a pivotal role in the develop
ment of sustainable biotechnological processes due to 
their distinct enzymatic machinery, which includes lac
cases, manganese peroxidases, and lignin peroxidases. 
White rot fungi are positioned to play a major role in 
realising a more sustainable and environmentally 
friendly use of lignocellulosic biomass as studies into 
their intricate properties progress and technology 
improvements allow for their optimum.

4. LCB degradation - role of fungal 
lignocellulolytic enzymes

The effective decomposition of lignocellulosic bio
mass is essential for several industrial processes, 
such as waste management, the pulp and paper 
industries, and the production of biofuels. To break 
down these complex compounds, fungi release liga
myl-CoA-lyase. Enzymes that degrade cellulose, hemi
cellulose, and lignin are especially significant because 
they may be used in a wide range of biotechnological 
procedures. It is the unique and potent enzyme sys
tem of fungi that allows them to decompose ligno
cellulosic material. There are ligninolytic enzymes in 
their enzymatic system that depolymerise lignin in 
addition to cellulases and hemicellulases, which 
break down the components of polysaccharides. The 
key enzymes involved in the breakdown of LCB ele
ments are discussed in the section that follows, along 
with their degradative processes.

4.1. Lignin degradation

Plant cell walls are made stiff by the complex and 
heterogeneous aromatic polymer lignin, which also 
acts as a key inhibitor of biomass decomposition. To 
break down lignin, fungi, particularly white-rot fungi 
like Phanerochaete chrysosporium, have developed an 
amazing variety of ligninolytic enzymes. The primary 
enzymes involved in the breakdown of lignin are lac
cases, manganese peroxidases, and lignin peroxidases. 
Lignin peroxidases and manganese peroxidases gener
ate highly reactive radicals that can break down lignin 

into smaller fragments. Laccases, on the other hand, 
oxidise phenolic compounds in lignin, facilitating its 
breakdown. In addition to providing access to the 
embedded cellulose and hemicellulose, the breakdown 
of lignin is essential for yielding high-value products 
including aromatic chemicals and biofuels. Peroxidase 
and laccase are the two sets of enzymes that break 
down lignin in an oxidative process (Chukwuma et al.  
2020; Huang et al. 2024). Peroxidases are important 
because they help oxidise lignin at the start of the 
breakdown process. Furthermore, they oxidise addi
tional phenolic compounds using hydrogen peroxide 
(H2O2) and a mediator. The peroxidases use H2O2 as 
a co-substratum and are primarily haem proteins with 
an extraordinary ability to interact with a diverse spec
trum of substrates, including organic and inorganic 
molecules (Lopes et al. 2018). The white rot fungus 
Phanerochaete chrysosporium is thought to be 
a model lignin-degrading organism because of its 
rapid development. In contrast to laccase and volatile 
peroxidase (VP), the fungus is known to generate man
ganese peroxidase (MnP) and lignin peroxidase (LiP) 
(Martinez et al. 2004). Research on P. chrysosporium‘s 
delignification of lignocellulosic biomass is reported in 
several publications. Pretreatment of Water Hyacinth 
with P. chrysosporium led to 42.44% delignification 
after 16 days of incubation, according to Sari et al. 
(2015). Pleurotus ostreatus and P. chrysosporium formed 
a fungal consortium formulated by Kaur et al. (2019) for 
the rice straw, and under shaking circumstances, they 
reported 80.9% delignification. According to Wittner 
et al. (2021), P. chrysosporium MUCL 19343 delignified 
poplar wood by 24.2%. According to Dao et al. (2023), 
Trametes versicolor and P. chrysosporium use a solid- 
state fermentation process to break down the lignin 
in camelina straw and switchgrass. According to Huang 
et al. (2024), ligninolytic enzymes may also be pro
duced by marine fungi such Cladosporium cladospor
ioides CBMAI 857, Aspergillus sclerotiorum CBMAI 849, 
and Mucor racemosus CBMAI 847. According to 
Figure 2b, lignin may be broken down by peroxidases 
such as LiP, MnP, VP, and DyP. Plants and microbes 
include peroxidases such as LiP, MnP, and VP. During 
secondary metabolism, the white-rot fungus produces 
them.

(a) LiP: These were identified in 1983 in the fungus 
P. chrysosporium and have an active role in the 
lignin breakdown process (Niladevi 2009). The 
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catalytic activity of LiP is dependent upon H2O2. 
Lignin depolymerisation is a multistep process 
that is mediated by enzymes. These include cou
pling reactions of aromatic compounds, side- 
chain cleavage, single-bond cleavage, demethy
lation, and aromatic ring opening. For lignin to 
depolymerise, a mediator is not necessarily due 
to its high redox potential. Lignin peroxidases are 
frequently evaluated by measuring the oxidation 
of a lignin monomer known as veratryl alcohol to 
veratraldehyde (Kumar and Chandra 2020; Huang 
et al. 2024) including Phanerochaete sordida, 
P. chrysosporium, and Trametes versicolor as exam
ples of fungi that produce LiP.

(b) MnP: They were found by Kuwahara in batch 
cultures of P. chrysosporium in 1984. These glyco
proteins, which include haem, oxidise Mn2+ to 
Mn3+, which oxidises a lot of other phenolic com
pounds. MnP’s catalytic cycle is similar to LiP’s, 
but unlike LiP, it is unable to oxidise non-phenolic 
molecules that are resistant to oxidation. The 
creation of an iron-peroxide complex from nat
ural ferric acid and H2O2 starts the catalytic cycle. 
When Mn3+ is fixed as a chelating agent, its func
tion is to liberate active sites such as oxalate and 
acetate. Some MnP-producing fungal species are 
P. chrysosporium, Phlebia radiata, Ceriporiopsis 
subvermispora, Dichomeris squalens, and 
P. sordida, etc. (Kocher et al. 2018; Chukwuma 
et al. 2020; Kumar and Chandra 2020).

(c) VP: They can catalyse MnP and LiP reactions, they 
are often referred to as hybrid peroxidase or 
polyvalent peroxidase. They can oxidise nonphe
nolic substances with a high redox potential, 
such as LiP, and Mn2+, like MnP. In the absence 
of manganese, the VP enzyme is capable of oxi
dising phenolic, nonphenolic, and lignin deriva
tives without the need for a mediator. Regarding 
their catalytic mechanism, the VPs are more 
adaptable to Mn3+-mediated or Mn- 
independent reactions on aromatic substrates 
with low or high redox potential (Weng et al.  
2021). Examples of VP-producing fungi are 
Bjerkandera adusta, Pleurotus eryngii, and 
Pleurotus ostreatus (Ravichandran and Sridhar  
2016; Hernández-Bueno et al. 2021).

(d) Laccase: These oxidases, which include copper, 
use molecular oxygen as an oxidant to convert 
phenolic rings into phenoxy radicals. They are 

usually inducible enzymes with a broad range 
of phenols, heterocyclic compounds, and aro
matic amines that they may oxidise. In phenolic 
β-1 and β-O-4 lignin model dimers, they can 
catalyse the rupture of the Cα–Cβ bond by 
oxidising the Cα carbon and splitting the aryl- 
alkyl link. It cannot directly oxidise nonphenolic 
lignin units due to their comparatively low 
redox potential. On the other hand, substantial 
delignification and oxidation of big molecules 
are possible with oxidation mediator composi
tions. Their potential uses include the pulp, 
paper, and bioremediation industries, as well 
as the generation of biofuel (Chukwuma et al.  
2020). Some of the laccase laccase-producing 
fungi are Dichomitus squalens, Cerrena maxima, 
Pleurotus ostreatus, and Irpex lacteus, etc. 
(Kumar and Chandra 2020; Huang et al. 2024).

(e) DyP: These are haem peroxidases that oxidise 
different compounds with hydrogen peroxide. 
The mechanism begins with the ferric enzyme 
[Fe3+] resting. When it interacts with hydrogen 
peroxide, it produces the high-valence mole
cule I [Fe4+ = O]+. Compound II can then be 
formed by this molecule interacting with an 
electron from a reducing substrate. 
Compound II can be reduced with an extra 
substrate molecule to return to its resting 
state (Chen et al. 2015; Kocher et al. 2018; 
Chukwuma et al. 2020). Some examples of 
DyP fungal producers are Thermomonospora 
curvata, Bjerkandera adusta, Auricularia auri
cula-judae, and Pleurotus sapidus, etc. (Chen 
et al. 2015; Xu et al. 2021).

4.2. Cellulose degradation

Cellulose, a linear polymer of glucose, forms the major 
component of plant cell walls. The enzymatic degra
dation of cellulose is a complex process that involves 
the synergistic action of multiple enzymes. Fungi, 
particularly filamentous fungi like Aspergillus, 
Trichoderma, and Phanerochaete, produce a variety 
of cellulases that act in concert to break down cellu
lose into soluble sugars. These cellulases include 
endo-β-1,4-glucanases, exo-β-1,4-glucanases, and 
β-glucosidases. Exoglucanases break down cellu
lose strands from the ends, whereas endogluca
nases randomly break connections within the 
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chains. Endo-β-1,4-glucanases cleave internal β-1,4-gly
cosidic bonds in cellulose chains, generating smaller 
fragments. Exo-β-1,4-glucanases then act on the ends 
of the cellulose chains, releasing cellobiose or glucose. 
β-Glucosidases further hydrolyse cellobiose into glu
cose (Lyagin et al. 2023). The synergy between these 
enzymes facilitates efficient cellulose degradation. 
Literature reports various cellulolytic fungi such as 
Aspergillus sp., Penicillium canescens, P. chrysosporium, 
Sclerotium rolfsii, Penicillium sp., Schizophyllum sp., 
Trichoderma reesei, and Trichoderma sp. (Andlar et al.  
2018; Ilić et al. 2023).

4.3. Hemicellulose degradation

The cellulose fibres in the plant cell wall are surrounded 
by hemicellulose, a heterogeneous polymer made of 
several sugar monomers. Hemicellulases are a broad 
group of enzymes secreted by fungi that break down 
hemicellulose into its component sugars. Xylanases, 
mannanases, and xyloglucanases are examples of hemi
cellulases produced by fungi. Xylanases, for instance, 
hydrolyse the β-1,4-glycosidic linkages in xylan, 
a major component of hemicellulose, releasing xylose. 
The concerted action of hemicellulases contributes to 
the complete breakdown of hemicellulose into simpler 
sugars that can be further utilised by the fungus or other 
microorganisms in the ecosystem. These enzymes are 
implicated in the degradation of hemicelluloses such as 
arabans, galactans, mannans, and xylans. The main cat
alytic module consists of glycoside hydrolases for the 
hydrolysis of glycosidic bonds. The other module con
sists of carbohydrate esterase for the hydrolysis of ester 
linkages of acetate or ferulic acid side groups. 
Mannanases break down β-1,4-glycosidic bonds. These 
enzymes effectively hydrolyse glucomannan and galac
tomannan chains. Fungal endomannanases are widely 
used for the enzymatic hydrolysis of steam-pretreated 
softwood (Malgas and Pletschke 2020; Eugenio et al.  
2023). Esterases are accessorial enzymes that support 
other enzymes to efficiently hydrolyse wood xylans and 
mannans, e.g. cetylxylan esterase, feruloyl esterase, and 
p‐coumaroyl esterase.

4.4. Pectin degradation

Pectin is a complex polysaccharide abundantly present 
in the primary cell walls of both dicotyledonous and 
monocotyledonous plants. It is primarily composed of 

four subclasses: Homogalacturonan (HG), rhamnogalac
turonan (RG-I), RG-II, and xylogalacturonan (Mohnen  
2008). Pectins are mostly soluble in water and break 
down more readily than other components of walls. 
Fruit and vegetable waste residues are rich in pectins, 
which could be utilised as feedstocks to produce etha
nol. Pectinases are essential for pectin degradation and 
are majorly obtained from the fungal species (Schimpf 
et al. 2013). Pectinases belong to the hydrolase group 
and are further classified as protopectinase, pectin 
methylesterase, and polygalacturonase. Some of pectin 
lyase fungal species are Aspergillus niger, Aspergillus 
giganteus, Aspergillus sojae, Aspergillus tubingensis, 
Penicillium griseoroseum, and Botrytis cinerea etc. 
(Maran and Prakash 2015; Wong et al. 2017; Gunjal 
et al. 2020; Zeuner et al. 2020).

The breakdown of lignocellulosic biomass is essen
tial for many industrial uses as well as environmental 
processes, and it is mostly facilitated by fungus- 
derived lignocellulolytic enzymes. The complex inter
actions between ligninolytic enzymes, cellulases, and 
hemicellulases that are generated by fungi demon
strate how adaptable these microbes are to a wide 
range of biological niches. The secret to creating 
environmentally sound solutions for waste manage
ment, bioenergy generation, and the use of renew
able resources is to fully use the potential of these 
enzymes. Undoubtedly, more investigation into this 
area will aid in the creation of innovative biotechno
logical procedures that use the enzymatic capabilities 
of fungi in the breakdown of lignocellulosic biomass.

5. Valorization of lignocellulosic waste to 
valuable products through fungal technology

The constraints posed by increased waste output and 
a finite supply of natural resources have led to 
a growing understanding in the 21st century of the 
need for eco-friendly and sustainable solutions. 
Lignocellulosic waste, comprised of agricultural resi
dues, forestry by-products, and municipal solid waste, 
has emerged as a rich yet underutilised resource 
(Adewuyi 2022). Utilising fungi’s special qualities to 
increase the value of lignocellulosic waste offers 
a viable way to turn it into useful goods with major 
positive effects on the environment and the economy 
(Meyer et al. 2020). At the heart of fungal-mediated 
lignocellulosic waste valorisation lies the remarkable 
enzymatic machinery possessed by fungi (Andlar et al.  
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2018). These microbes, which include cellulolytic spe
cies and white-rot fungi, release a series of enzymes 
called ligninases, hemicellulases, and cellulases that 
combine to degrade the intricate structure of ligno
cellulose (Ferdeș et al. 2020; Corbu et al. 2023; 
Nargotra et al. 2023). This enzymatic breakdown is 
an essential phase because it liberates the building 
blocks required to produce platform chemicals, bio
fuels, and other useful products later on. One of the 
most prominent applications of fungal-mediated lig
nocellulosic waste valorisation is the production of 
biofuels. Fungi, especially yeast and filamentous 
fungi, possess the ability to ferment the sugars 
derived from cellulose and hemicellulose into 
bioethanol and biobutanol (Verardi et al. 2020; 
Nongthombam et al. 2022). By lowering the green
house gas emissions linked to conventional fuel 
sources, this technique not only offers a sustainable 
substitute for fossil fuels but also helps to mitigate 
climate change. Beyond biofuels, fungal-mediated 
processes generate platform chemicals that serve as 
crucial building blocks for a diverse range of biopro
ducts (Meyer et al. 2020). These consist of organic 
acids, alcohols, and other important substances that 
are used in the manufacturing of specialised chemi
cals, medicines, and bioplastics. The adaptability of 
fungal enzymatic systems allows for tailoring product 
profiles based on the specific composition of ligno
cellulosic substrates, opening avenues for a wide 
array of industrial applications (Gupta et al. 2016). 
Fungi, particularly white-rot fungi, play a vital role in 
bioremediation efforts by efficiently degrading lig
nin – a challenging component of lignocellulosic 
waste. This unique capability not only facilitates 
waste valorisation but also enables the fungi to detox
ify pollutants, offering a dual benefit for sustainable 
waste management (Latif et al. 2023). Integrating 
fungal-mediated processes into environmental clean- 
up strategies aligns with the principles of a circular 
economy, where waste is transformed into a valuable 
resource. The fungal-mediated valorisation of ligno
cellulosic waste aligns with the core tenets of the 
circular economy by promoting efficient resource uti
lisation and reducing dependence on finite raw mate
rials (Wikandari et al. 2022; Blasi et al. 2023). Fungal- 
mediated lignocellulosic waste valorisation repre
sents a transformative approach to converting abun
dant waste materials into valuable products, offering 
solutions to both environmental challenges and the 

pressing need for sustainable resource utilisation. 
Fungal-mediated processes have the potential to sig
nificantly influence the development of a more 
resource-efficient and sustainable future as long as 
technology and research in this area continue to pro
gress. We are getting closer to a circular economy 
where trash is valued as a resource for making neces
sities, and this is a big step towards a more resilient 
and sustainable society, thanks to the discovery of 
fungi’s potential in waste valorisation. Table 2 illus
trates how fungi contribute to the conversion of lig
nocellulosic waste into a variety of products with 
added value.

6. Lignocellulosic biomass-based circular 
bioeconomy concept

Human society has relied significantly on finite fossil 
fuels, posing economic, societal, and environmental 
concerns. Renewable energy must replace fossil fuels, 
and new non-petroleum-based material systems must 
be established. The linear economic paradigm is 
unsustainable, contributing to resource depletion, 
waste generation, and pollution (Pandey et al. 2021).

A shift to a circular economy is recommended as 
a potential solution to achieve sustainable develop
ment that aims to balance resource consumption, eco
nomic growth, and social equality. The circular 
bioeconomy that works on the concept of prevention, 
reuse, recycling, and recovery, emphasises the effective 
use of biological resources, exploiting the function of 
microorganisms in waste valorisation (Branduardi  
2021). Within the framework of the integrated biore
finery plan, the waste resources may be valued and 
converted into a range of goods. Currently, only 9% of 
the global economy is circular (Yadav et al. 2021).

Due to its widespread availability and numerous 
uses in a variety of industries, such as the food, che
mical, and energy sectors, lignocell biorefinery tech
nology is gaining traction among researchers and 
industry participants. Fractionating lignin, cellulose, 
and hemicellulose can yield a variety of compounds 
with additional value. Life cycle analysis and eco
nomic evaluation come next, and integration and 
optimised technologies are needed for this. Using 
integrated biorefinery processes, a single source 
material might create many end products, including 
biopolymers, acids, and pigments (Lee et al. 2019). 
The lignocellulosic biomass (LCB) contains 
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a cellulosic component that can yield ethanol, sorbi
tol, laevulinic acid (LA), succinic acid (SA), levogluco
san, hydroxyacetaldehyde, and other compounds; the 
hemicelluloses can yield lactic acid, xylitol, xylo- 
oligosaccharides, furfural, hydroxymethylfurfural 
(HMF), and polyhydroxyalkanoates; and the lignin 
component can primarily be used as a fuel for boilers 
that produce pulp and as a substitute for petroleum- 
based products in the production of industrial coat
ings, gels, and emulsifiers (Devi et al. 2022). However, 
the current processing and product development 
strategies need good investments from the commer
cialisation viewpoint. As LCB is complex and recalci
trant an efficient pretreatment approach is essential 
for maximum recovery of products as well as mass 
balances of cellulose, hemicellulose, and lignin. 
Additionally, cost-intensive technology for the valor
isation of LCB is integral so that the generated pro
ducts compete well in the market (Banu et al. 2021b).

The kingdom fungi, which is diverse and rich in 
valuable enzymes, has traditionally contributed to 

different industries such as food and beverage. Fungi 
are essential in ecological systems because they live in 
soil and contribute to nutrient recycling, which is critical 
for ecosystems. As seen by the tenfold increase in 
fungal biotechnology literature since the 1990s, fungi 
are extremely significant from the perspective of bio
technological applications (Wikandari et al. 2022; 
Kržišnik and Gonçalves 2023; Roth et al. 2023). 
A variety of industries, industrial and pharmaceutical 
in particular benefit from fungi due to their genetic 
plasticity and ability to survive in various conditions. 
In especially, mycelial fungi not only yield durable sup
plies of food, fuel, chemicals, textiles, and materials for 
the construction, automotive, and transportation sec
tors, but they also offer ecologically beneficial friendly 
alternatives to leather, textiles, and plastics. 
Consequently, the seamless transition from 
a petroleum-based economy to a bio-based circular 
economy may be greatly aided by fungal biotechnol
ogy (Troiano et al. 2020; Molelekoa et al. 2021; Chai 
et al. 2022). Traditionally, ethanol was produced from 

Table 2. Valorisation of lignocellulosic feedstocks by various fungal species.

Fungal species
Lignocellulosic 

feedstock Value-added product/significance Reference

Penicillium aurantiogriseum Corn stover Biogas Kovács et al. 2022
Phanerochaete chrysosporium Apple pomace Phenolic antioxidants Ajila et al. 2011
Trametes versicolor Barley husk Laccase Tišma et al. 2020
Microbial consortia [white rot fungi + 

bacteria (28%)], Phlebia sp. MG-60-P2 + 
C. saccharoperbutylacetonicum

Hardwood Kraft pulp Butanol Tri and Kamei 2020

Actinomucor elegans, Umbelopsis isabellina Grape pomace γ-linolenic acid and carotenoids Dulf et al. 2020
Aspergillus niger ITV02 Wheat straw Glucose yield 24.58 ± 0.08 g/L with a conversion rate 

of 40.2 ± 0.14%; xylose 8.32 ± 0.02 g/L with 
a conversion rate of 77.54 ± 0.2%

Infanzón-Rodríguez et al.  
2022

Pleurotus ostreatus Apple bagasse, agave 
mezcalero bagasse

Phenolic compounds, flavonoids, triterpenes Ibarra-Cantún et al. 2020

Rhizopus oligosporus Apricot pomace Neochlorogenic and chlorogenic acids, rutin, 
quercetin-3 (6“acetyl-glucoside)

Dulf et al. 2017

Trichoderma asperellum BPLMBT1 Sweet sorghum stover Lignin removal of 76.93%; biohydrogen production 
402.01 mL

Shanmugam et al. 2018

Bjerkandera adusta Wheat bran Carboxymethyl cellulase, manganese peroxidase, 
laccase, xylanase

Elisashvili et al. 2009

Aspergillus niger Plum fruit by-products Higher lipid recovery, isoquercitrin Dulf et al. 2016
T. hirsute, P. ostreatus, P. chrysosporium, 

T. versicolor, F. fomentarius
Tobacco stalk, organic 

fraction of municipal 
solid waste

Compost Voběrková et al. 2017; Yang 
et al. 2020

Aspergillus niger, Rhizopus oligosporus Chokeberry pomace Cinnamic acid, flavonols Dulf et al. 2018
Pycnoporus sanguineus MCA 16 Sugarcane bagasse Glucose yield, 7.32 g/L; total phenolic reduction, 

82.3%
Pereira Scarpa et al. 2019

Marasmiellus palmivorus VE111, Penicillium 
echinulatum S1M29

Eucalyptus globulus 
wood

31% decrease in the lignin content; 10% increase in 
the glucose yield; 15% increase in the xylose yield

Schneider et al. 2020

C. cinereus, C. subvermispora, P. ostreatus Poplar bark sawdust Phenols and alkylphenols Xie et al. 2020
Thermomyces lanuginosus Hull-less pumpkin oil 

pomace
Lipase Šibalic et al. 2020

Trametes hirsuta F13 Beechwood sawdust 63.58 ± 1.47 mg/mL fermentable sugar from 18 days 
treated substrate

Jović et al. 2022

Clostridium acetobutylicum ATCC 824 Corn stover Biobutanol Luo et al. 2023
Trametes sp. W-4 Barley straw Biogas Jin and Wei 2023
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simple sugars found in maize and sugarcane. However, 
advances in yeast engineering allow for direct starch 
fermentation. Engineered yeast strains that incorporate 
genes from both fungi and bacteria can help in sustain
able ethanol synthesis (Roth et al. 2023). Trichoderma 
reesei and Thermus thermophilus are known to produce 
cellulases and hemicellulases in appreciable quantities 
which are required for converting agricultural and for
estry byproducts such as lignocellulose into biofuel. The 
thermostable enzymes of T. thermophilus improve lig
nocellulose breakdown in biorefineries and by genetic 
reprogramming, it can generate valuable sustainable 
alternatives to petroleum-based methods. Other uses 
for this genetic flexibility include the synthesis of syn
thetic resins, biodegradable polymers, and more. 
Enzymes such as ligninases, which degrade lignin and 
other resistant organic compounds, are produced by 
Pleurotus ostreatus and Phanerodontia chrysosporium 
and are important in the cleanup of contaminated soil 
and water (Huang et al. 2006; Purnomo et al. 2010). 
Oleaginous fungi that produce lipids, such as Aspergillus 
fumigatus, Umbelopsis isabelline, Thermothelomyces 
thermophilus, and Thermothielavioides terrestris, have 
been researched and utilised to make biofuels (Ma 
et al. 2018; Asci et al. 2020; Satti and Shah 2020). 
These fungi can grow on a variety of carbon sources, 
including organic waste or low-grade biomass. 
A competitive route for the manufacture of bio-oil 
may be established by combining a vigorous oleagi
nous yeast, Cryptococcus sp., with an inexpensive feed
stock, such as banana peel (Han et al. 2019). A. oryzae, 
F. venenatum, M. purpureus, and N. intermedia are 
among the ascomycetes that have demonstrated 
great potential as biocatalysts for converting a variety 
of waste materials into useful products. Their capacity 
to generate lignocellulose-breaking enzymes makes 
them excellent options for low-cost bioprocesses, espe
cially those that produce ethanol, organic acids, and 
enzymes. The protein and lipid-rich biomass of fungi 
hold the potential for expanding biorefineries and 
improving the existing ones (Ferreira et al. 2016). 
These industrially relevant fungi demonstrate how 
genetic innovations can promote a circular economy, 
highlighting their critical role in sustainable industry 
operations (Ilica et al. 2019; Meyer et al. 2020). 
However, a lack of molecular understanding and scal
ing-up are the bottlenecks that need immediate 

addressal. The integration of fungal-mediated lignocel
lulosic biomass valorisation into circular bioeconomy 
models opens up exciting opportunities. Beyond bio
fuel production, the generation of bio-based materials, 
chemicals, and pharmaceuticals presents avenues for 
diversifying product portfolios. The adaptability of fungi 
to diverse biomass sources and environmental condi
tions provides flexibility in application. Moreover, 
advancements in synthetic biology and genetic engi
neering offer prospects for tailoring fungi to enhance 
their enzymatic capabilities and broaden their applic
ability in circular bioeconomy initiatives. Fungi- 
mediated lignocellulosic biomass valorisation holds 
great promise within the context of circular bioecon
omy, aligning with the principles of sustainable 
resource utilisation and waste reduction. As research 
continues to unravel the complexities of fungal enzy
matic systems and technologies evolve, the integration 
of fungi into circular bioeconomy models is likely to 
become more efficient and economically viable. 
Realising the full potential of fungus in converting lig
nocellulosic biomass into valuable resources and assist
ing in the creation of a more sustainable and circular 
bioeconomy will require overcoming obstacles and 
seizing opportunities.

7. Challenges, limitations, and possible 
solutions for efficient LCB valorisation

Lignocellulosic waste is a huge and underutilised 
resource that is made up of plant-derived materials 
such as forestry byproducts, municipal solid refuse, 
and agricultural residues. The use of fungal-mediated 
processes to value lignocellulosic waste has garnered 
significant interest as a sustainable and eco-friendly 
method. Thanks to their special enzymatic machinery, 
fungi can efficiently convert complicated lignocellu
losic structures into useful compounds. Nevertheless, 
there are several difficulties and restrictions related to 
fungal-mediated lignocellulosic waste valorisation, 
even with its encouraging promise.

7.1. Substrate diversity and complexity

Lignocellulosic waste is a heterogeneous mixture of 
cellulose, hemicellulose, and lignin. Each component 
has a distinct structure and requires specific enzymatic   
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activities for efficient degradation. Different sources of 
lignocellulosic biomass exhibit considerable variation 
in their chemical composition and physical properties. 
Agricultural residues may differ from forestry residues 
in terms of cellulose content, lignin structure, and the 
presence of inhibitory compounds. The diversity and 
complexity of lignocellulosic substrates often require 
tailored fungal strains and optimisation of culture con
ditions, leading to increased research and develop
ment costs. Further, the process of lignocellulose 
hydrolysis often releases inhibitory compounds, such 
as furfural and acetic acid, which can negatively impact 
fungal growth and enzyme activity. Adapting fungi to 
tolerate and metabolise these inhibitors is essential for 
maintaining process efficiency. Overcoming the chal
lenges associated with inhibitory compounds is 
a crucial aspect of fungal-mediated valorisation. 
Fungal strains exhibit unique responses to lignocel
lulosic substrates, further complicating the chal
lenge. While some strains may excel in degrading 
certain types of biomass, their performance can 
vary when faced with a different substrate. 
Tailoring fungal strains for optimal performance 
across a spectrum of lignocellulosic feedstocks 
requires a deep understanding of strain-specific 
responses.

7.2. Enzyme production and regulation

Lignocellulolytic enzymes produced by fungi play 
a pivotal role in the efficient degradation of lignocellu
losic biomass, offering tremendous potential for sus
tainable bio-based industries. However, despite 
significant strides in the field, the production and opti
misation of these enzymes face challenges that 
impede their widespread industrial application. One 
of the primary challenges lies in the diverse and com
plex nature of lignocellulosic substrates. Fungi encoun
ter various lignin, cellulose, and hemicellulose 
structures, requiring a sophisticated array of enzymes 
for effective degradation. The challenge is to identify 
and tailor fungal strains capable of producing the right 
combination of enzymes suitable for different types of 
biomass. Despite the inherent enzymatic prowess of 
fungi, achieving high enzyme yields at an economically 
viable scale remains a significant hurdle. Fungal cul
tures often produce enzymes at levels that fall short of 
the demands of large-scale industrial applications. 
Enhancing enzyme productivity and optimising 

fermentation conditions are essential for overcoming 
this limitation. Fungi are sensitive to carbon catabolite 
repression, a regulatory mechanism that prioritises the 
utilisation of easily metabolisable carbon sources over 
complex substrates like lignocellulose. Overcoming 
this repression and ensuring efficient enzyme produc
tion on lignocellulosic feedstocks requires a nuanced 
understanding of the underlying metabolic pathways. 
The choice of inducers and their concentration signifi
cantly influences lignocellulolytic enzyme production. 
Identifying suitable inducers for specific enzymes and 
optimising their concentration is a delicate balancing 
act. Achieving an optimal induction strategy is crucial 
for maximising enzyme yields while minimising pro
duction costs. Enzyme recovery and purification during 
downstream processing present additional challenges. 
The heterogeneity of fungal cultures and the presence 
of other cellular components can complicate purifica
tion processes, affecting enzyme purity and overall 
process efficiency. Developing cost-effective and scal
able purification methods is crucial for the commercial 
viability of lignocellulolytic enzymes. Bridging the gap 
between laboratory-scale success and large-scale 
implementation requires continuous innovation and 
technology transfer. Collaborations between acade
mia, industry, and research institutions play a pivotal 
role in advancing fungal technology, optimising pro
cesses, and overcoming challenges associated with 
scale-up. Furthermore, the economic viability of fun
gal-mediated lignocellulosic waste valorisation pro
cesses is also linked to regulatory frameworks and 
market dynamics. Government incentives, subsidies, 
and policy support for sustainable practices can signif
icantly impact the economic feasibility of such 
ventures.

7.3. Lignin degradation

Lignin, a complex and irregular polymer, poses 
a formidable barrier to efficiently valorise lignocellulosic 
waste. It forms a protective sheath around cellulose and 
hemicellulose, rendering these polysaccharides less 
susceptible to enzymatic degradation. This innate 
defence mechanism evolved by plants to provide struc
tural integrity poses a significant hurdle for fungi trying 
to break down these biomass components. The chal
lenge further intensifies due to the diversity in lignin 
structure among different plant species and even 
within the same plant. The presence of various linkages, 
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branching patterns, and monomeric compositions con
tribute to the heterogeneity of lignin. Fungi engaged in 
waste valorisation must adapt to this diversity, necessi
tating a tailored enzymatic action capable of addressing 
the unique attributes of different lignin structures. 
Fungi employ ligninolytic enzymes, such as peroxi
dases, laccases, and other oxidoreductases, to initiate 
lignin degradation. However, the intricate nature of 
lignin necessitates a coordinated action of multiple 
enzymes. Achieving the right balance and synergy 
among these ligninolytic enzymes is a challenging 
task, and developing fungal strains capable of produ
cing an effective lignin-degrading enzyme cocktail is 
pivotal for successful waste valorisation. The recalci
trance of lignin may have a cascading effect on the 
overall efficiency of fungal-mediated lignocellulosic 
waste valorisation processes. Incomplete lignin break
down can hinder access to cellulose and hemicellulose, 
reducing the efficiency of subsequent hydrolysis steps. 
This bottleneck hampers the release of fermentable 
sugars and limits the production of valuable bio- 
based products, such as biofuels and biochemicals. 
Overcoming lignin recalcitrance requires innovative 
approaches, such as genetic engineering and metabolic 
pathway optimisation. Tailoring fungal strains to 
express enhanced ligninolytic enzymes or introducing 
pathways for more efficient lignin degradation are 
some of the avenues that are being explored to address 
the challenge.

7.4. Fungal strain selection and genetic 
modification

Identifying and selecting suitable fungal strains for 
specific lignocellulosic waste streams is a critical step 
in the valorisation process. The fungal kingdom 
boasts an immense diversity of species, each with its 
unique characteristics. Selecting the right fungal 
strain for lignocellulosic waste valorisation requires 
an understanding of the diverse responses exhibited 
by different strains. The strain that works effectively 
for one substrate may not translate to success with 
another. The challenge lies in navigating this biodi
versity to identify strains that exhibit robust lignocel
lulolytic activities across various waste materials. 
Fungal strains secrete an array of lignocellulolytic 
enzymes, each playing a specific role in biomass 
degradation. Determining the enzymatic require
ments for efficient lignocellulosic waste conversion 

poses a significant challenge. It requires a deep 
understanding of the specific enzymes needed to 
break down cellulose, hemicellulose, and lignin in 
a particular substrate. Strain selection must align 
with the enzymatic profile necessary for the targeted 
waste valorisation process. Genetic modification 
offers a powerful tool for tailoring fungal strains to 
specific lignocellulosic waste valorisation processes. 
However, ethical considerations, public perception, 
and regulatory frameworks surrounding genetically 
modified organisms pose challenges. Striking 
a balance between the potential benefits of genetic 
modification and societal acceptance is vital for the 
successful deployment of engineered fungal strains. 
Researchers must consider the potential impacts of 
their work on the environment, ecosystems, and 
society, emphasising ethical conduct throughout the 
entire research process. Open communication and 
transparency are immensely important in addressing 
ethical considerations. Researchers engaging in 
genetic modification should provide clear explana
tions of their intentions, methodologies, and potential 
outcomes. Accountability for the ethical implications 
of their work will foster trust among stakeholders. 
When genetic modification involves the release of 
modified strains into the environment, obtaining 
informed consent from affected communities and 
engaging the public in decision-making processes 
become ethical imperatives. Public participation 
ensures that diverse perspectives are considered, pro
moting inclusivity and ethical governance. The 
release of genetically modified fungal strains into 
the environment raises concerns about unintended 
ecological consequences. Altered fungal strains may 
interact with native species, potentially leading to 
ecological imbalances. Implementing robust contain
ment protocols is essential to prevent the unintended 
release of modified fungal strains into the environ
ment. This includes controlled laboratory environ
ments, physical barriers, and stringent biosecurity 
measures to minimise the risk of accidental spread. 
Modified fungal strains may exhibit unintended 
effects on non-target organisms. Assessing the poten
tial impact on beneficial microbes, plants, and other 
organisms in the ecosystem is crucial. Conducting 
thorough environmental risk assessments is a critical 
step in understanding and mitigating potential eco
logical risks. These assessments should evaluate the 
impact on biodiversity, ecosystem functions, and the 
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persistence of modified traits in the environment. 
Employing precise gene editing techniques may 
reduce the likelihood of unintended alterations and 
minimise the risk of undesirable genetic changes in 
modified strains. Establishing continuous monitoring 
and surveillance programmes can allow the research
ers to detect any unexpected effects and implement 
corrective measures promptly. Ethical oversight by 
institutional review boards and compliance with reg
ulatory frameworks are crucial elements in ensuring 
responsible research practices. Researchers should 
adhere to ethical guidelines, obtain necessary 
approvals, and comply with relevant regulations gov
erning genetic modification. Economic considerations 
play a pivotal role in the successful implementation of 
lignocellulosic waste valorisation processes. High- 
performing strains generated through genetic modi
fication may come with increased production costs. 
Balancing the enhanced performance with economic 
viability requires optimising fermentation conditions, 
substrate utilisation, and downstream processes.

7.5. Scale-up and economic viability

While fungal-mediated lignocellulosic waste valorisation 
processes have shown promise at the laboratory scale, 
scaling up these processes for industrial applications 
presents significant challenges. Scaling up fungal- 
mediated lignocellulosic waste valorisation requires 
meticulous optimisation to ensure process efficiency. 
Factors such as mass transfer limitations, substrate 
homogeneity, and reactor design become critical con
siderations. Ensuring a seamless transition from small- 
scale experiments to industrial processes requires 
understanding and addressing these efficiency chal
lenges. Identification and adaption of fungal strains for 
large-scale operations is a key determinant of success. 
Fungi performing efficiently in laboratory settings may 
exhibit different behaviours under industrial conditions. 
Selecting strains with robust lignocellulolytic capabil
ities, high productivity, and resilience to varying envir
onmental conditions is crucial for achieving consistent 
results at scale. The economic viability of fungal- 
mediated processes heavily relies on the availability 
and cost-effectiveness of lignocellulosic feedstocks. 
Ensuring a sustainable and reliable supply chain for 
waste biomass is essential. Moreover, exploring alterna
tive feedstocks and waste streams can contribute to 
cost reduction and enhance the overall economic 

feasibility of the valorisation process. The production 
of lignocellulolytic enzymes, a key component of fun
gal-mediated valorisation, contributes significantly to 
overall costs. Optimising fermentation conditions, 
improving fungal strains for enhanced enzyme produc
tivity, and exploring novel enzyme production techni
ques are crucial for mitigating these costs and 
enhancing the economic viability of the process. 
Efficient downstream processing is immensely impor
tant in maximising product yields and minimising costs. 
Developing scalable and cost-effective methods for 
separating and purifying the desired bio-based pro
ducts, such as biofuels or biochemicals, is essential. 
Streamlining these processes can contribute to the 
overall economic feasibility of fungal-mediated lignocel
lulosic waste valorisation. Bridging the gap between 
laboratory-scale success and large-scale implementa
tion requires continuous innovation and technology 
transfer. Collaborations between academia, industry, 
and research institutions play a pivotal role in advancing 
fungal technology, optimising processes, and overcom
ing challenges associated with scale-up. The high capital 
and operational costs associated with large-scale fun
gal-based processes currently hinder widespread 
implementation.

7.6. Product inhibition and toxic by-products

During lignocellulosic degradation, fungi produce 
various by-products, some of which can be inhibi
tory to their own growth and enzyme activity. 
Product inhibition occurs when the accumulation 
of end-products, such as biofuels or biochemicals, 
hinders the enzymatic activity of fungi. This can 
reduce the overall efficiency of lignocellulosic 
waste conversion. One possible solution is imple
menting continuous fermentation strategies instead 
of batch processes can help alleviate product inhibi
tion. In continuous systems, product concentrations 
are kept at lower levels, allowing fungi to maintain 
higher metabolic rates and sustained enzymatic 
activity. Employing techniques for in-situ or ex-situ 
product removal can mitigate inhibition. Techniques 
like membrane separation or adsorption can selec
tively remove end-products, preventing their accu
mulation and maintaining an environment 
conducive to fungal activity. Genetic modification 
of fungal strains to enhance their tolerance to spe
cific end-products is a promising avenue. By 
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engineering strains to withstand higher concentra
tions of inhibitory compounds, product inhibition 
can be mitigated, leading to more efficient lignocel
lulosic waste valorisation. Toxic by-products, such as 
furfural and acetic acid, can accumulate during lig
nocellulosic waste degradation, impacting fungal 
growth and enzymatic activity. Optimising pretreat
ment and hydrolysis conditions can minimise the 
formation of toxic by-products. Modulating para
meters such as temperature and pH during pretreat
ment can influence the types and concentrations of 
by-products generated. Implementing in-situ detox
ification strategies involves introducing specific 
microorganisms or enzymes capable of metabolising 
toxic by-products during the lignocellulosic waste 
valorisation process. This approach reduces the 
overall accumulation of harmful compounds. Fine- 
tuning bioprocess parameters, such as aeration and 
agitation rates, can enhance fungal resistance to 
toxic by-products. These adjustments contribute to 
improved strain performance and ensure a more 
favourable environment for lignocellulosic waste 
conversion. Identifying or developing fungal strains 
with inherent tolerance to toxic by-products is 
a proactive approach. Screening for strains that 
exhibit resilience to specific inhibitory compounds 
ensures a more robust and efficient valorisation pro
cess. Leveraging multi-omics technologies, including 
genomics, transcriptomics, and metabolomics, pro
vides a comprehensive understanding of the mole
cular mechanisms underlying product inhibition and 
by-product accumulation. This knowledge can guide 
targeted strategies for mitigation. Adopting inte
grated biorefinery concepts can help in diversifying 
the product portfolio to include multiple value- 
added outputs. By redirecting metabolic pathways, 
the impact of product inhibition on specific end- 
products can be reduced, allowing for a more ver
satile and sustainable valorisation process.

8. Policy framework

Fungal-mediated lignocellulosic waste valorisation, 
through processes like enzymatic hydrolysis and fungal 
fermentation, offers a promising solution to convert 
this waste into valuable products. However, the suc
cessful implementation of fungal-mediated waste 
valorisation requires a robust policy framework to sup
port research, development, and commercialisation. 

This section explores the key components of a policy 
framework for fungal-mediated lignocellulosic waste 
valorisation.

8.1. Research and development incentives

To promote fungal-mediated waste valorisation, gov
ernments, and relevant agencies should provide 
incentives for research and development. This can 
include grants, tax incentives, and funding for 
research projects. Supporting scientific research will 
help advance fungal biotechnology and improve the 
efficiency of lignocellulosic waste conversion 
processes.

8.2. Regulation and standards

Governments should establish clear regulations and 
standards for fungal-mediated lignocellulosic waste 
valorisation. These regulations can cover environmen
tal, safety, and quality control aspects. Ensuring the 
safety of workers and the environmental impact of 
the processes is crucial. Standards can also help main
tain product quality and consistency.

8.3. Financial incentives and subsidies

Financial incentives and subsidies can help drive the 
adoption of fungal-mediated lignocellulosic waste 
valorisation technologies by industries. These incen
tives may include feed-in tariffs for bioenergy produc
tion, subsidies for the installation of biorefineries, and 
preferential pricing for lignocellulosic feedstocks. By 
reducing the financial barriers to entry, these mea
sures encourage businesses to invest in waste valor
isation technologies.

8.4. Education and workforce development

A skilled workforce is essential for the successful 
implementation of fungal-mediated lignocellulosic 
waste valorisation. Governments can support educa
tion and workforce development programmes that 
focus on fungal biotechnology, bioprocess engineer
ing, and related fields. This will ensure a steady supply 
of qualified professionals to drive innovation and 
growth in the industry.
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8.5. Public awareness and outreach

Raising public awareness about the environmental 
and economic benefits of fungal-mediated waste 
valorisation is crucial. Governments can support pub
lic outreach campaigns to educate citizens and busi
nesses about the potential of these technologies. 
Encouraging the separation of lignocellulosic waste 
at the source and promoting the use of fungal- 
mediated valorisation can contribute to a more sus
tainable waste management system.

8.6. Intellectual property protection

Intellectual property protection is essential to incentivise 
innovation and investment in fungal-mediated lignocel
lulosic waste valorisation. Governments should establish 
clear guidelines and procedures for patenting and pro
tecting intellectual property related to these technolo
gies. This will encourage private sector participation and 
investment in research and development.

8.7. International collaboration

Collaboration on fungal-mediated waste valorisation 
should not be limited to individual countries. 
Governments should encourage international coop
eration, knowledge sharing, and technology transfer. 
The foundation of international collaboration lies in 
establishing robust networks of researchers, institu
tions, and industry stakeholders. Engaging in colla
borative projects and initiatives fosters the exchange 
of ideas, expertise, and resources. Platforms like inter
national conferences, workshops, and collaborative 
research programmes provide opportunities to build 
and strengthen these networks. Joint research pro
jects can serve as catalysts for international collabora
tion. Collaborators can identify specific research 
themes, allocate responsibilities, and pool resources 
to address complex challenges in fungal technology. 
Establishing platforms for sharing research findings, 
datasets, and methodologies facilitates a dynamic 
exchange of knowledge. Open-access publications 
and collaborative databases contribute to 
a collective knowledge base, accelerating progress 
in fungal-mediated lignocellulosic waste valorisation. 
Many governmental and non-governmental agencies 
offer grants and funding for collaborative research 
initiatives. Securing financial support enhances the 

scalability and impact of collaborative projects, 
enabling the implementation of ambitious research 
goals. Cross-cultural training and workshops can help 
collaborators understand and appreciate each other’s 
perspectives, fostering effective communication and 
collaboration. Clear legal and ethical frameworks are 
essential to navigate international collaborations. 
Collaborators should establish agreements regarding 
intellectual property rights, data sharing, and publica
tion policies. Clarity on these aspects can help build 
trust among partners and ensure equitable outcomes 
from collaborative efforts. Collaborators should focus 
on building enduring relationships beyond individual 
projects. Long-term partnerships contribute to the 
continuous exchange of ideas, resources, and exper
tise, fostering a culture of innovation and mutual 
support. Collaboration should extend beyond acade
mia to involve industry stakeholders and policy
makers. Engaging these key players ensures that 
research outcomes align with industry needs and 
regulatory frameworks. These efforts can help accel
erate collaboration on a global scale.

8.8. Incentives for circular economy practices

Incentivising circular economy practices that prior
itise waste valorisation can reduce the environ
mental impact of waste disposal. Policies can 
promote the use of fungal-mediated technologies 
to close the loop on materials, transforming waste 
into resources.

9. Industrial scale-up considerations

Scaling up fungal-mediated lignocellulosic waste 
valorisation from laboratory-scale processes to indus
trial-scale production is a complex undertaking that 
demands meticulous planning, optimisation, and con
sideration of various factors. Successful scale-up relies 
on adapting and optimising processes, embracing 
innovation, and addressing challenges at each stage 
of the production chain. By carefully navigating these 
considerations, industrial-scale lignocellulosic waste 
valorisation can contribute significantly to the devel
opment of sustainable bio-based economies. To suc
cessfully scale up fungal-mediated lignocellulosic 
waste valorisation, several key considerations and 
steps must be addressed:
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9.1. Strain selection and optimization

Strain selection and optimisation are pivotal steps in 
enhancing the efficiency of fungal-mediated lignocellu
lose valorisation processes at the industrial scale. 
However, these processes come with inherent risks 
and challenges that need careful consideration and stra
tegic approaches to ensure successful implementation 
and scalability. Genetic instability in fungal strains may 
lead to unpredictable changes in enzymatic and meta
bolic activities over time. The expression of desired 
lignocellulolytic enzymes may vary under different 
growth conditions, affecting the efficiency of lignocellu
lose degradation. Maintaining genetic stability over pro
longed fermentation periods at the industrial scale 
poses a challenge. Ensuring consistent and high-level 
expression of lignocellulolytic enzymes across diverse 
lignocellulosic feedstocks requires meticulous optimisa
tion. Fungal strains optimised for specific lignocellulosic 
substrates may exhibit limited adaptability to variations 
in feedstock composition. Substrate-specific strains may 
face challenges in efficiently degrading heterogeneous 
lignocellulosic materials encountered at the industrial 
scale. Developing strains with broad substrate specificity 
is essential for accommodating diverse feedstocks, but 
achieving this versatility without compromising effi
ciency presents a challenge. Balancing adaptability and 
specificity requires a comprehensive understanding and 
fine-tuning of the genetic traits governing substrate 
utilisation. Genetically modified organisms (GMOs) 
used in industrial-scale processes may face regulatory 
hurdles and public concerns. Ensuring biosafety and 
compliance with regulatory frameworks is crucial to 
avoid legal and societal challenges.

Navigating the regulatory landscape for GMOs in dif
ferent regions requires extensive documentation and 
adherence to diverse standards. Public perception and 
acceptance of genetically modified fungi may pose chal
lenges, emphasising the importance of transparent com
munication and public engagement. Strains optimised 
in laboratory-scale experiments may not exhibit the 
same performance and efficiency when scaled up to 
industrial fermenters. Challenges in maintaining consis
tent strain behaviour and performance at larger scales 
can lead to unpredictable outcomes. Addressing scale- 
dependent factors, such as mass transfer limitations, 
nutrient distribution, and heat dissipation, is crucial for 
successful strain adaptation to industrial-scale bioreac
tors. Conducting pilot-scale studies and leveraging 

computational modelling can help predict and address 
challenges associated with scale-up. Furthermore, opti
mising the growth conditions and fermentation pro
cesses is essential to maximise enzyme production.

9.2. Pretreatment methods

Lignocellulosic materials often require pretreatment 
to make them more accessible to fungal enzymes. 
Various physical, chemical, and biological pretreat
ment methods can be employed to enhance the effi
ciency of lignocellulose degradation. Mechanical 
methods such as milling or grinding consume signifi
cant energy, contributing to elevated operational 
costs. The abrasive nature of physical pretreatment 
can result in the generation of fine particulate matter, 
leading to potential workplace health and safety con
cerns. Excessive physical forces during pretreatment 
can result in the loss of valuable biomass compo
nents. Energy-intensive physical pretreatment meth
ods contribute to the carbon footprint of 
lignocellulosic valorisation processes. The disposal of 
residual biomass after physical pretreatment may 
require careful management to avoid environmental 
harm. Chemical pretreatment methods often involve 
the use of harsh chemicals such as acids, alkalis, or 
organic solvents, which can pose safety risks and 
require careful handling. The release of chemical resi
dues into the wastewater may lead to water pollution 
and necessitate additional treatment processes. The 
high operational costs associated with chemical pre
treatment can be a limiting factor for large-scale 
industrial applications. Chemical pretreatment pro
cesses may contribute to the generation of hazardous 
by-products and emissions, contributing to air and 
water pollution. The potential for soil contamination 
arises when the waste from chemical pretreatment is 
not managed properly. Biological pretreatment meth
ods often necessitate longer processing times com
pared to other pretreatment approaches. The need 
for specific microbial strains or cultures can lead to 
challenges in maintaining process consistency. The 
potential release of fungal spores into the environ
ment may raise concerns related to human health and 
ecosystem impacts. The introduction of non-native 
microbial strains for biological pretreatment may 
lead to unintended ecological consequences, poten
tially outcompeting native species. The release of 
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volatile organic compounds (VOCs) during biological 
pretreatment can contribute to air pollution. 
Continuous research and development efforts should 
focus on optimising pretreatment methods to mini
mise drawbacks and improve overall efficiency. 
Developing more energy-efficient and environmen
tally friendly pretreatment technologies is essential 
for sustainable lignocellulosic waste valorisation. 
Efficient waste management practices, such as the 
reuse or recycling of pretreatment by-products, can 
mitigate the environmental impact of these processes. 
Implementation of closed-loop systems can help mini
mise the release of pollutants into the environment. 
Advancements in pretreatment technologies, such as 
the development of green solvents or more efficient 
mechanical processes, can contribute to reducing 
environmental footprints. Exploring innovative meth
ods for recycling or recovering chemicals used in pre
treatment can enhance the sustainability of the overall 
process. Conducting comprehensive life cycle assess
ments (LCA) can provide a holistic understanding of 
the environmental impacts associated with pretreat
ment methods. LCA can guide decision-making pro
cesses to optimise and select pretreatment methods 
that align with environmental sustainability goals.

9.3. Enzyme production

Enzyme production is a critical component of fungal- 
mediated lignocellulose valorisation processes at the 
industrial scale, where lignocellulosic biomass is con
verted into valuable products through the action of 
enzymes secreted by fungi. While enzymes play 
a pivotal role in breaking down complex lignocellulosic 
structures, several challenges are associated with their 
production at the industrial scale, impacting the overall 
efficiency and economic viability of lignocellulosic 
waste valorisation. Selecting and optimising fungal 
strains for high enzyme production at the industrial 
scale is a complex task. Balancing the trade-off 
between lignocellulolytic enzyme activity and fungal 
growth rates poses a challenge in achieving optimal 
enzyme yields. Utilising cost-effective lignocellulosic 
substrates for enzyme production is essential for eco
nomic viability. Availability, consistency, and cost of 
lignocellulosic feedstocks present challenges, espe
cially considering fluctuations in market conditions. 
Identifying suitable inducers and optimising their con
centrations for maximising enzyme production is 

a challenge. The choice of inducers must consider 
their impact on fungal metabolism, growth, and overall 
enzyme yield. Another challenge is achieving and 
maintaining optimal fermentation conditions, includ
ing temperature, pH, and nutrient availability, which is 
crucial for efficient enzyme production. Large-scale 
fermentations introduce challenges in ensuring uni
form conditions throughout the bioreactor, impacting 
enzyme production consistency. Fungal growth and 
enzyme production are oxygen-dependent processes, 
and efficient oxygen transfer is essential for maintain
ing high metabolic rates. Scaling up from small-scale 
laboratory fermenters to large industrial bioreactors 
introduces challenges in achieving adequate aeration 
and oxygen distribution. Achieving economic viability 
in industrial-scale enzyme production involves optimis
ing resource utilisation, minimising operational costs, 
and maximising enzyme yields. Balancing the costs 
associated with raw materials, energy, and down
stream processing with the value of the enzyme pro
ducts is a complex challenge. Keeping pace with 
technological advancements and continuously opti
mising bioprocesses for enzyme production is essential 
for staying competitive. Integrating new technologies, 
such as high-throughput screening and synthetic biol
ogy, into industrial-scale enzyme production intro
duces challenges in terms of scalability and process 
integration.

9.4. Fermentation and product formation

Fermentation is a key stage in fungal-mediated ligno
cellulose valorisation processes at the industrial scale, 
where lignocellulosic biomass is converted into valu
able products through the action of fungi. While fungal 
fermentation offers promising solutions for sustainable 
bio-based production, several challenges are asso
ciated with this crucial stage, encompassing both the 
process itself and the formation of desired end- 
products. At the industrial scale, lignocellulosic sub
strates can exhibit significant heterogeneity due to 
variations in feedstock composition and quality. 
Addressing substrate heterogeneity involves develop
ing robust fungal strains capable of adapting to diverse 
feedstocks and optimising fermentation conditions 
accordingly. Large-scale fermentation processes are 
susceptible to microbial contamination from 
unwanted fungi, bacteria, or other microorganisms. 
Contamination can lead to decreased product yields, 
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altered fermentation profiles, and compromised pro
duct quality. Transitioning from small-scale bioreactors 
to large industrial fermenters requires careful consid
eration of mixing, aeration, and heat transfer capabil
ities. Efficient scaling of bioreactor systems ensures 
uniform fungal growth, nutrient distribution, and effec
tive lignocellulosic degradation. Achieving uniform 
fungal growth and nutrient distribution throughout 
larger bioreactor volumes is a challenge that demands 
advanced engineering solutions.

9.5. Downstream processing

Downstream processing is a critical phase in fungal- 
mediated lignocellulose valorisation, aimed at reco
vering valuable products from the complex mixture 
generated during enzymatic degradation. While 
downstream processing is essential for separating 
and purifying desired components, it introduces chal
lenges and potential inefficiencies that must be 
addressed to ensure the overall success and sustain
ability of lignocellulosic waste valorisation. Enzymes 
utilised in lignocellulose degradation are valuable but 
can be challenging to recover efficiently from the 
complex reaction mixtures. Denaturation or degrada
tion of enzymes during the process may limit their 
reusability, necessitating additional enzyme supple
mentation. Inefficient enzyme recovery can contri
bute to increased operational costs and waste 
generation. The need for frequent enzyme supple
mentation due to reduced reusability may impact 
the economic viability of the overall process. 
Lignocellulosic degradation results in a mixture of 
products, including sugars, lignin fragments, and fer
mentation by-products, making their separation and 
purification challenging. The presence of inhibitory 
compounds, such as furfurals and organic acids, com
plicates the separation process. Incomplete separa
tion and purification can lead to impurities in the 
final product, affecting its quality and market value. 
The complexity of the mixture may require multiple 
separation steps, contributing to increased energy 
consumption and operational costs. Downstream pro
cessing generates waste streams containing residual 
biomass, solvents, and by-products that require 
proper management. The presence of inhibitory com
pounds in the waste stream may pose challenges for 
environmentally friendly disposal or utilisation. 

Inadequate waste management can lead to environ
mental pollution and compromise the sustainability 
of the overall lignocellulose valorisation process. 
Developing efficient strategies for waste utilisation 
or treatment is crucial to minimise environmental 
impact. Transitioning from lab-scale to industrial- 
scale downstream processing poses challenges in 
maintaining efficiency and cost-effectiveness. 
Integrating downstream processing with other stages 
of lignocellulose valorisation requires careful optimi
sation to ensure a seamless and economically viable 
workflow. Inefficient scaling up may lead to increased 
capital and operational costs, impacting the eco
nomic feasibility of large-scale lignocellulosic waste 
valorisation processes. Poor integration between 
downstream processing and other stages may result 
in bottlenecks and reduced overall efficiency. 
Investing in advanced separation technologies, such 
as membrane filtration, chromatography, and adsorp
tion, can improve the efficiency of product separation 
and purification. Exploring environmentally friendly 
solvents and adopting sustainable process design 
principles contribute to minimising waste generation 
and environmental impact. Incorporating principles 
of green chemistry in downstream processing aligns 
with the broader goals of sustainable lignocellulosic 
waste valorisation. Conducting comprehensive life 
cycle assessments helps identify and mitigate poten
tial inefficiencies and environmental impacts 
throughout the downstream processing stage. LCA 
facilitates informed decision-making for optimising 
processes and selecting more sustainable alternatives.

10. Prospects of industrial scale-up

The prospects of industrial scale-up in fungal- 
mediated lignocellulose valorisation processes hold 
significant promise for the development of sustain
able and economically viable bio-based industries. As 
technology advances and the demand for eco- 
friendly alternatives increases, the transition from 
laboratory-scale experiments to large-scale industrial 
operations offers numerous opportunities and poten
tial benefits. Industrial scale-up of fungal-mediated 
lignocellulosic waste valorisation can significantly 
contribute to the development of sustainable and 
eco-friendly bioproducts, including biofuels (such as 
bioethanol and biodiesel), bioplastics, biochemicals, 
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and biomaterials. Achieving economic growth con
cerning sustainable bioproducts in fungal-mediated 
lignocellulose valorisation processes at the industrial 
scale poses several potential challenges. One signifi
cant hurdle lies in the high upfront costs associated 
with implementing cutting-edge technologies and 
infrastructure required for large-scale fungal- 
mediated processes. The complexity of lignocellulosic 
biomass and the need for specialised equipment add 
to the initial investment, potentially impacting the 
overall economic feasibility. Moreover, the fluctuating 
costs and availability of lignocellulosic feedstocks, 
regulatory compliance requirements, and market 
uncertainties can introduce variability in production 
costs, affecting the profitability of the industrial pro
cesses. Balancing the economic viability of sustain
able bioproducts with the imperative to meet 
environmental and social sustainability goals is 
a delicate challenge. Collaborative efforts between 
industry, researchers, and policymakers are essential 
to navigate these challenges, ensuring that fungal- 
mediated lignocellulose valorisation processes not 
only contribute to economic growth but also foster 
long-term sustainability in the bio-based industry. By 
converting lignocellulosic waste into valuable pro
ducts, the circular economy approach may aid in 
closing the loop on waste management, reducing 
environmental pollution, and conserving natural 
resources. The conversion of lignocellulosic waste 
into biofuels reduces reliance on fossil fuels, mitigates 
greenhouse gas emissions, and contributes to the 
generation of renewable energy. The industrial scale- 
up of fungal-mediated lignocellulosic waste valorisa
tion has the potential to create jobs, support rural 
development, and stimulate local economies, particu
larly in regions with abundant lignocellulosic 
resources. The integration of new technologies in 
fungal-mediated lignocellulose valorisation processes 
at the industrial scale represents a significant leap 
towards sustainability and efficiency. However, the 
adoption of these technologies is accompanied by 
potential risks and challenges that necessitate careful 
consideration to ensure successful implementation 
and mitigate adverse consequences. Continued 
research and development in this field may open up 
opportunities for technological advancements, strain 
improvement, and process optimisation, driving inno
vation in the biotechnology and bioenergy sectors. 
The rapid adoption of high-throughput screening 

techniques may lead to data overload, making it chal
lenging to discern relevant information and optimise 
processes effectively. The initial cost and complexity 
of implementing these screening technologies may 
pose economic challenges. Investing in robust data 
analysis tools and artificial intelligence algorithms 
may help in streamlining and interpreting large data
sets efficiently. Conducting a cost-benefit analysis 
may help to ensure the economic feasibility of imple
menting high-throughput screening technologies. 
The application of omics technologies introduces 
challenges related to data standardisation, interpreta
tion, and integration. Privacy concerns may arise 
when dealing with large-scale genomic data, particu
larly in the context of personalised strain engineering. 
The establishment of data governance frameworks 
and adherence to privacy regulations may ensure 
the responsible handling of genomic information. 
The implementation of novel bioreactor designs 
may encounter technical challenges related to scale- 
up, mixing, and heat transfer. High capital costs and 
maintenance expenses associated with advanced 
bioreactors may impact overall project economics. 
Conducting thorough pilot-scale studies to validate 
the scalability and performance of advanced bioreac
tor designs may help to alleviate the issue. 
Overreliance on artificial intelligence (AI) and machine 
learning (ML) models may lead to biased decision- 
making and misinterpretation of complex biological 
systems. The lack of interpretability in AI/ML models 
may pose challenges in understanding and trusting 
the predictions generated. Implementation of 
explainable AI/ML models to enhance transparency 
and interpretability and combining AI/ML predictions 
with expert knowledge to ensure a more comprehen
sive understanding of the biological processes may 
help in encountering the interpretability challenge.

11. Conclusions

Fungal-mediated lignocellulosic waste valorisation 
holds great promise for converting lignocellulosic 
waste into valuable products on an industrial scale. 
While it holds great potential, some several challenges 
and limitations need to be addressed to realise the full 
benefits of this technology. One challenge is that fungi 
can be slow to grow and produce enzymes. Choosing 
fungal strains with inherently faster growth rates is 
a fundamental strategy. Certain fungi, such as 
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Trichoderma and Aspergillus species, are known for 
their rapid growth and robust lignocellulolytic capabil
ities. Screening and selecting strains based on growth 
characteristics are crucial for improving overall process 
efficiency. Further, genetic modification techniques 
offer a powerful tool for enhancing fungal growth 
characteristics. Engineered strains with improved toler
ance to inhibitory compounds, increased metabolic 
efficiency, and optimised nutrient utilisation can over
come the challenges of slow growth. Fungal growth is 
heavily dependent on nutrient availability. Fine-tuning 
the composition and concentration of nutrient sources, 
as well as the carbon-to-nitrogen ratio, can significantly 
impact fungal growth rates. A balanced nutrient envir
onment fosters optimal enzymatic activity and accel
erates lignocellulosic waste degradation. Another 
challenge is that fungi can be sensitive to changes in 
pH, temperature, and other environmental conditions. 
The choice of growth media and fermentation condi
tions plays a crucial role in fungal performance. 
Adjusting the parameters such as pH, temperature, 
and aeration levels to create an environment condu
cive to rapid fungal growth is essential. Continuous 
monitoring and optimisation of these conditions 
throughout the fermentation process are key to over
coming these challenges. Implementing real-time 
monitoring and control systems can enhance the abil
ity to respond to changes in environmental conditions 
promptly. Automated systems that adjust pH, tempera
ture, and nutrient levels based on real-time data may 
contribute to maintaining optimal conditions for fun
gal growth throughout the process. Some lignocellu
losic waste valorisation processes involve elevated 
temperatures due to thermophilic pretreatments. 
Exploring thermotolerant fungi that can thrive under 
these conditions offers a potential solution. 
Thermophilic fungi, adapted to higher temperature 
ranges, can contribute to faster lignocellulosic waste 
degradation. Furthermore, researchers are working to 
address these challenges by developing new strains of 
fungi that are more efficient and robust. They are also 
developing new technologies to improve the fermen
tation process and make it more cost-effective. Despite 
the challenges, there are several opportunities for the 
use of fungi in lignocellulosic waste valorisation. The 
global market for biofuels and bioproducts is expected 
to grow significantly in the coming years. This growth 
will create new opportunities for the use of fungi in the 
production of these products. In addition, the 

increasing demand for sustainable products and pro
cesses is creating opportunities for the use of fungi in 
lignocellulosic waste valorisation. Fungi can be used to 
produce biofuels, bioproducts, and other products sus
tainably. This can help to reduce our reliance on fossil 
fuels and reduce our environmental impact. Industrial 
scale-up of fungal-mediated lignocellulosic waste 
valorisation represents a promising pathway to unlock 
the untapped potential of lignocellulosic waste as 
a valuable resource for sustainable, eco-friendly pro
ducts and bioenergy. As technology advances and 
research continues, this approach has the potential to 
play a pivotal role in building a more sustainable and 
circular economy, while reducing our reliance on fossil 
fuels and addressing environmental challenges. The 
industrial scale-up in this field offers exciting opportu
nities for innovation, economic growth, and environ
mental sustainability.
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