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Fungal ligninases, a category of extracellular oxidative enzymes primarily
generated by white-rot fungi, play a vital role in the biodegradation of lignin,
a complex aromatic polymer found in plant cell walls. This review thoroughly
examines the classification, mechanisms, extraction techniques, and
industrial applications of fungal ligninases, specifically laccases, lignin
peroxidases (LiPs), manganese peroxidases (MnPs), and versatile
peroxidases (VPs). These enzymes vary in substrate specificity, redox
potential, and cofactor requirements, facilitating the degradation of various
lignin structures. This review examines various extraction techniques and the
methods for detecting and characterizing different types of fungal ligninases.
The industrial applications of fungal ligninases have also been discussed,
including their roles in the pulp and paper industry, textile dye degradation,
cosmetics, medical applications, and biofuel production. The industrial
applications of fungal ligninases have also been discussed, including their
roles in the pulp and paper industry, textile dye degradation, cosmetics,
medical applications, and biofuel production.

Published by Arab Society for Fungal Conservation

Introduction

Fungi constitute a kingdom of living organisms that are

The fungal kingdom encompasses a variety of species
with  distinct biochemical pathways, yielding

separate from plants, animals, and bacteria. They are
classified within the Kingdom Fungi and the domain
Eukarya in biological taxonomy. Fungi encompass a
wide array of organisms, including yeasts, molds, and
mushrooms. They are eukaryotic, indicating that their
cells possess a true nucleus and other organelles
enclosed by membranes (Webster & Weber 2007).
Approximately seventy thousand species of fungi have
been cataloged from an estimated 1.5 million species on
Earth. A recent study employing high-throughput
sequencing techniques estimates that approximately 5.1
million fungal species exist on Earth (Blackwell 2011).

*Corresponding author Email address: yousal424@gmail.com (Youssef M. Salah)

pharmaceuticals such as penicillin, cyclosporin, and
statins, as well as potent toxins like aflatoxins and
trichothecenes, and dual-purpose metabolites like ergot
alkaloids. These natural products, in conjunction with
other low-molecular-weight fungal metabolites, are
categorized as secondary metabolites (Cole et al. 2003).
One of the most significant metabolites is fungal
enzymes, which play a vital role in biodegradation and
bioremediation processes, for instance, saprobic fungi
are essential to ecosystem functioning as they enable the
decomposition of organic matter and the recycling of
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nutrients for the growth of organisms (Crowther et al.
2012).

Lignocellulose, the predominant organic renewable
resource on Earth, exhibits significant resistance to
degradation owing to its microfibrillar cell wall
structure. The hydrophobic lignin safeguards the cell
walls against moisture and microbial deterioration.
Basidiomycete fungi can enzymatically degrade all
polymers within complex lignocellulosic structures
(Nakazawa 2023).The emergence of white-rot fungi
millions of years ago facilitated rapid nutrient recycling
from wood, influencing plant diversification. The advent
of fungal lignocellulolytic enzyme systems marked the
conclusion of the Carboniferous period, enabling the
decomposition of terrestrial plants into their constituent
parts, thereby facilitating enhanced nutrient recycling
and plant diversification (Kiies 2015). Fungal enzymes
are enzymes generated by fungi that are essential in
numerous biological processes, such as nutrient cycling,
organic matter decomposition, and industrial
applications. These enzymes can decompose intricate
organic compounds including cellulose, hemicellulose,
lignin, starch, and proteins (Dhevagi et al. 2021).

One example of the numerous enzymes produced
by fungi is ligninase. Fungal ligninases are extracellular
oxidative enzymes synthesized by fungi, particularly
white-rot fungi, that can decompose lignin, a complex
and resistant aromatic polymer present in plant cell
walls. Lignin imparts structural rigidity and provides
resistance to microbial degradation, rendering its
decomposition essential for the global carbon cycle and
for industrial applications such as biofuel production
and bioremediation (Martinez et al. 2005).

The goal of this review is to provide an overview of
fungal ligninases, their types, mechanisms of action, and
their diverse industrial and environmental applications.

Fungal Enzymes

Microorganisms and their enzymes have been utilized
for millennia, with ancient civilizations such as the
Babylonians and Sumerians brewing beer as early as 6000
B.C., and Egypt likely being the first to produce leavened
bread. (Western cultures predominantly employ yeasts
such as Saccharomyces spp. as enzyme sources for
fermentation, whereas Eastern cultures utilize mycelial
fungi, including Aspergillus oryzae, for similar processes.
Asian food products such as Shoyu and Miso are partially
derived from fermentations involving Aspergillus oryzae.
Fungal enzymes are optimal for industrial applications
because of their heterotrophic characteristics and capacity
to exploit extracellular organic energy and materials.
Fungi, which develop as multicellular filaments known as
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hyphae or as unicellular organisms such as yeasts, can
assimilate small molecules through their cell wall,
necessitating enzymatic digestion externally to the
mycelium (Mannaa et al. 2021). They first assimilate
soluble sugars, subsequently followed by starch, pectin,
cellulose, lignin, and waxes. Fungal enzymes release a
diverse array of enzymes for digestion, facilitating their
large-scale production and isolation. These enzymes have
naturally evolved to function under extreme conditions,
rendering them optimal candidates for industrial catalysts
(Ostergaard & Olsen 2011). Cellulose, the predominant
renewable carbohydrate, constitutes a significant part of
plant cell walls and is inherently integrated within a lignin-
hemicellulose matrix. It is a homopolymer consisting of
glucose units interconnected by B-1,4-glycosidic bonds
(Payne et al. 2015). Conversely, cellulases, a complex
array of synergistically functioning enzymes, hydrolyze
cellulose at internal amorphous sites, yielding cello-
oligomers. Cellobiohydrolases, also known as exo-1,4-
glucanases, progressively degrade crystalline cellulose,
yielding celloiose. Short-chain oligosaccharides and B-
glucosidases catalyze the hydrolysis of cellobiose into
glucose monomers. Cellulases are crucial for the
degradation of cellulose and the synthesis of glucose
(Adlakha et al. 2011).

Hemicelluloses, an essential component of plant
biomass, are structural polysaccharides composed of a
heteropolymeric arrangement of hexose and pentose
sugars (Shallom & Shoham 2003). They -constitute
approximately 30% of lignocellulosic biomass and play a
crucial structural role in plant cell walls (Kumar & Sharma
2017). These polymers have diverse industrial
applications, including biobleaching, waste paper
deinking, fruit juice maceration, animal feed and fodder
improvement, fiber enhancement, and biomass
saccharification (Polizeli et al. 2005, Van Dyk & Pletschke
2012).

Fungal hemicellulases, comprising backbone-
hydrolyzing enzymes such as xylanases, mannanases, and
B-xylosidases, are among the most effective biological
catalysts for hemicellulose degradation and valorization
(Bhat 2000, Biely 2012). Amylolytic enzymes, comprising
approximately 30% of total industrial enzymes, have
supplanted harsh chemicals in various industries owing to
their advantages over chemical hydrolysis (Shad et al.
2023). a-Amylases are extracellular endo-acting enzymes
that indiscriminately hydrolyze a-1,4-glycosidic bonds in
starch, yielding maltose and dextrins. They are derived
from Aspergillus, Penicillium, and Rhizopus species.
Proteases are enzymes that catalyze the hydrolysis of
peptide bonds (CO-NH) in protein molecules. Proteases
constitute the predominant industrial enzymes, accounting
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for roughly 60% of the overall enzyme market (Ojo et al.,
2024). They are classified into two primary categories:
exopeptidases and endopeptidases, according to their site
of action. Exopeptidases remove N- or C-terminal amino
acids from the peptide chain, whereas endopeptidases
hydrolyze internal peptide bonds within the protein
molecule (Kango et al. 2019).

White-rot fungi generate extracellular lignin-
modifying enzymes, such as laccase, lignin peroxidases,
and manganese peroxidases. Research on lignin
biodegradation predominantly utilizes the fungus
Phanerochaete chrysosporium, which generates various
isoenzymes of lignin peroxidase and manganese
peroxidase, yet lacks the production of laccase. Other
white-rot fungi synthesize laccase alongside lignin and
manganese peroxidases. Three categories of fungi are
proposed based on enzyme production patterns: lignin-
manganese peroxidase group (P. chrysosporium and
Phlebia radiata), manganese peroxidase-laccase group
(Dichomitus squalens and Rigidoporus lignosus), and
lignin peroxidase-laccase group (Plebia ochraceofulva
and Junghuhnia separabilima). The most effective lignin
degraders are classified in the first group, whereas
selective lignin-degrading fungi are categorized in the
second group (Hatakka 1994).

Types of Fungal Ligninases

Fungi, such as white-rot fungi, decompose lignin by
secreting ligninases, which are categorized as phenol
oxidases (laccase) or heme peroxidases (lignin peroxidase
(LP), manganese peroxidase (MP), and versatile
peroxidase). Laccases utilize molecular oxygen as electron
acceptors, whereas peroxidases employ hydrogen
peroxide as a co-substrate (Abdel-Azeem & Salem 2012,
Sridhar & Ravichandran 2016).

White-rot fungi excrete lignin-modifying enzymes
(LMEs) and additional compounds essential for efficient
lignin degradation. White-rot basidiomycetes such as
Coriolus versicolor, P. chrysosporium, and T. versicolor
are the most effective microorganisms for lignin
degradation that have been examined. While LiP can
oxidize the non-phenolic component of lignin, constituting
80-90% of its composition, it is lacking numerous lignin-
degrading fungi (Hatakka 1994).

Laccases are blue multi-copper oxidoreductases
(BMCO) that utilize molecular oxygen to oxidize a range
of compounds, both aromatic and non-aromatic, via a
radical-catalyzed reaction mechanism (Xu 2005, Eggert et
al. 1996). They couple the reduction of dioxygen to water
molecules with the oxidation of substrates such as phenols,
arylamines, anilines, thiols, and lignins (Aza & Camarero
2023).
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The redox mechanism in laccases encompasses four
copper ions, categorized as type-1, type-2, and type-3,
according to their coordination and spectroscopic
characteristics (Christopher et al. 2014). These oxidation
reactions generate free radicals, which function as
intermediate substrates for enzymes. The laccase-mediator
system (LMS) participates in numerous physiological
processes, including lignolysis, lignin synthesis,
morphogenesis, pathogenesis, and detoxification, as
mediators can dissociate from the enzyme site and interact
with high-redox potential substrates, facilitating non-
enzymatic pathways for oxidative polymerization or
depolymerization reactions (Baiocco et al. 2003).

Laccases operate effectively on diverse substrates
without the need for cofactors and possess potential
applications in biotechnological domains such as pulp bio-

bleaching, biosensors, food production, textile
manufacturing, soil bioremediation, and synthetic
chemistry.  Nonetheless, commercial applications

encounter obstacles such as restricted enzyme availability
and elevated expenses associated with redox mediators
(Sarkanen et al. 1991).  The heterologous expression of
enzymes via protein engineering can yield more robust and
active enzymes, albeit at a cost. Enhanced immobilization
techniques can augment laccase stability and longevity
(Dashtban et al. 2010).

LiPs are heme-containing glycoproteins that are
essential for the biodegradation of lignin, a component of
the cell wall. They facilitate the H202-dependent
oxidative depolymerization of diverse non-phenolic lignin
compounds and phenolic compounds with redox potentials
reaching 1.4 V. LiPs oxidize substrates through multi-step
electron transfers, generating intermediate radicals such as
phenoxy radicals and veratryl alcohol radical cations. In
contrast to other peroxidases such as MnP, LiP can oxidize
non-phenolic aromatic substrates directly, owing to its
elevated redox potential (Wang et al. 2008, Wong 2009).
MnPs are extracellular glycoproteins released in various
isoforms, including iron protoporphyrin IX. They facilitate
the peroxide-dependent oxidation of Mn (II) to Mn (III),
which is subsequently released from the enzyme surface in
conjunction with oxalate or other chelators. The chelated
Mn (III) complex functions as a reactive, low molecular
weight, diffusible redox mediator for phenolic substrates,
encompassing simple phenols, amines, dyes, phenolic
lignin substructures, and dimers (Kumar & Arora 2022).

The oxidation potential of the Mn(Ill) chelator is
confined to phenolic lignin structures. Reactive radicals
must be generated in the presence of a secondary mediator
for the oxidation of non-phenolic substrates. Organic
acids, including oxalate and malonate, function as
secondary mediators in the generation of reactive radicals
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(Kumar & Arora 2022). In the absence of H202, these
radicals can serve as a source of peroxides for MnP,
thereby enhancing lignin-degrading efficiency in fungi
(Wesenberg et al. 2003, Asgher et al. 2008, Wong 2009).

Versatile peroxidases (VPs) are glycoproteins
exhibiting hybrid characteristics that can oxidize diverse
substrates of other basidiomycete peroxidases, including
Mn (1), veratryl alcohol (VA), manganese peroxidase
(MnP), and the conventional lignin peroxidase (LiP)
substrate (Wesenberg et al. 2003).

This group of ligninolytic enzymes is appealing
because of their dual oxidative capacity to oxidize Mn (II),
phenolic and nonphenolic aromatic compounds, high
redox-potential substances such as Reactive Black 5
(RB5), and a diverse array of phenols, including
hydroquinones (Heinfling et al. 1998, Gomez-Toribio et
al. 2001). VPs surpass LiPs and MnPs owing to their
hybrid molecular architectures, which offer numerous
binding sites for substrates. Mn (III) is liberated from VPs
and functions as a diffusible oxidizing agent for phenolic
lignin and free phenolic substrates.

Heme peroxidases, similar to other heme peroxidase
family members, are sequestered within the protein's
interior and have access to the external environment via
two channels. The initial channel is preserved across all
heme peroxidases, whereas the secondary channel is
unique to VP and MnP, facilitating the oxidation of Mn
(IT) to Mn (IIT) (Camarero et al. 1999). In summary, LiP,
MnP, and VP constitute the primary ligninolytic
peroxidases, each contributing distinct yet complementary
roles in lignin degradation.

Extraction and Purification of Fungal Ligninases

Fungal ligninases enzymes production detected
according to Ferhan et al. (2012). Fungal isolates were
cultured on malt extract agar medium supplemented
with 0.05% Remazol Brilliant Blue R (RBBR) dye and
incubated for 14 days at 25°C. Isolates showing
ligninolytic activity were subsequently cultivated in
broth culture media comprising 2.5% malt extract and
0.05% RBBR.

Ligninase activity was quantified by a reduction in
the absorption peak. The growth medium comprised
glucose, L-Asparagine monohydrate, MgSO4, KH,POs,
K2HP04, CuSO4, Ml’lClz, H3BO3, NaMoO4, F6C13,
ZnCl,, Thiamine-HCI, and Biotin. The medium was
distributed into 250 mL Erlenmeyer flasks, pH adjusted
to 6.5 using 1IN NaOH and autoclaved at 121°C for
fifteen minutes. A loop containing fungal strains was
transferred to the sterilized growth medium and
incubated at 30°C in a shaker. The MnP activity was
quantified at 610 nm during submerged fermentation
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employing Kuwahara's methodology. The reaction
mixture comprised 500 pl of culture medium
supernatant, 100 pl of phenol red, 250 pl of sodium
lactate solution, 200 pl of BSA, 50 pl of 2-mM MnSQs,
and 50 pl of H>O; derived from sodium succinate buffer.
The mixture was incubated at 30°C for 5 minutes before
being terminated with 40 pl of 2N NaOH solution.
Proteins in the broth culture filtrate were precipitated by
the addition of ammonium sulfate at 40°C. The
precipitate was gathered and reconstituted in 50 mM
potassium phosphate buffer (buffer A). The dissolved
precipitate underwent overnight dialysis and was
subsequently applied to a DEAE Sepharose Fast Flow
column. The column was rinsed with buffer A and eluted
using sodium chloride. MnP fractions were obtained,
evaluated, and dialyzed in buffer A. The MnP fractions
were applied to a Superdex 75 column, which was also
equilibrated with buffer A. The research entailed the
collection and concentration of 30 ml of MnP fractions,
subsequently adjusted to 100 mM sodium chloride and
applied to a Sephadex G-100 column within a fast
protein liquid chromatography (FPLC) system.

The enzyme activity was monitored with a UV
detector, revealing a peak absorbance at 280 nm, and
eluted as a singular peak. The purified and concentrated
enzyme was stored at -20°C, maintaining substantial
enzymatic activity over several months. The purification
of MnP comprises two stages: ammonium sulfate
precipitation and size exclusion chromatography.
Protein fractions elute into two distinct peaks, whereas
MnP activity elutes as a singular peak at A280. Total
proteins are analyzed using native-PAGE under both
reducing and non-reducing conditions. MnP is isolated
via SDS-PAGE and subsequently stained with
Coomassie Blue R-250 to ascertain its molecular weight.
The purified MnP possesses a molecular mass of 37 kDa
and exhibits a specific activity that is 3.22-fold greater
(Ferhan et al. 2012).

Another study demonstrates the production of
various types of fungal ligninase enzymes. The research
involved cultivating fungal mycelium in a 250 ml
Erlenmeyer flask containing 100 ml of a production
medium with a pH of 6.0, which included 0.2% NaNOs,
0.1% K>HPO4, 0.05% MgSO4-7TH>0, 0.05% KCI, 0.01%
FeSO47H,0, 3% sucrose, 0.001% ZnSO4, 0.001%
CuSOQy4, and 0.01 mL of guaiacol for the production of
laccase and lignin peroxidase enzymes. The culture was
sterilized and inoculated with discs from a 3-day-old
culture on malt extract agar. The cultures were incubated
in an incubator shaker for 7 to 12 days at 120 to 160 rpm
and 28°C. Aseptically transferred 10 mL of incubated
broth from the culture flasks at various intervals of
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incubation (2, 4, 6, 7, 8, 10, and 12 days). The mycelia and
spores were collected via centrifugation at 4°C at 10,000
rpm for 10 minutes. The supernatants were filtered using
sterile Whatman filter paper and utilized as crude enzyme
sources for assay purposes. The cultures were
subsequently harvested at various incubation intervals and
utilized as crude enzyme sources for assay purposes
(Banakar & Thippeswamy 2014).

The protein concentration was assessed utilizing
Lowry's method (Lowry et al. 1951), with bovine serum
albumin serving as the standard. Absorbance was
quantified at 660 nm and the standard protein calibration
curve was constructed. The cultures extracted from the
culture flasks after varying incubation periods were
utilized as crude proteins, while proteins precipitated with
ammonium sulfate and subsequently dialyzed were
employed as partially purified proteins, which were then
quantified (Banakar & Thippeswamy 2014). The research
employed culture filtrates from shake culture flasks at
various intervals (2, 4, 6, 7, 8, 10, and 12 days) to assess
the activity of crude laccase enzymes. The procedure was
adapted from the method of (Coll et al. 1993), which
entailed the preparation of a 46 mM guaiacol solution in a
buffer solution. Laccase activity was assessed by
measuring the optical density of the reaction mixture,
which comprised 0.5 mL of distilled water, 2 mL of
sodium acetate buffer (50 mM, pH 4.6), 0.5 mL of
substrate solution (46 mM guaiacol), and 0.5 mL of crude
enzyme extract. Absorbance was recorded at 440 nm over
a duration of 5 minutes, with measurements taken at 30-
second intervals. The activities of the laccase enzyme
were determined using an extinction coefficient of 25.5
M-1 cm-2 and expressed as the quantity of enzyme
required to oxidize 1 pmol of substrate per minute (Das et
al. 1997, Bergmeyer 2012).

The activity was quantified by assessing the optical
density of the reaction mixture, which comprised 2 mL of
sodium acetate buffer (50 mM, pH 4.6), 0.5 mL of
guaiacol solution (46 mM), 0.5 mL of crude enzyme
extract, and 0.5 mL of hydrogen peroxide substrate
solution (12.3 mM). A blank solution was maintained,
consisting of the aforementioned reaction mixture with
buffer substituted for the enzyme source. Absorbance was
measured at 440 nm for a duration of 5 minutes, with
intervals of 30 seconds. The activities of the lignin
peroxidase enzyme were determined using an extinction
coefficient of 25.5 M-1 cm-2 and expressed as one
activity unit, defined as the quantity of enzyme required to
oxidize 1 pmol of substrate per minute or Katals.
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Applications of Laccases, Ligninase, Lignin Peroxidase
(LiP), Manganese Peroxidase (MnP), and Versatile
Peroxidase
1. Laccases

Laccases function as biocatalysts, garnering
significant attention in industrial applications due to their
potential to degrade lignin and their ability to oxidize
phenolic compounds. The following applications of
laccases can be:

e In the pulp industry, white-rot fungi that produce
laccases offer advantages in the degradation of
lignin compounds and the biopulping process.

e Marasmius sp., which produces laccases, has been
utilized to decompose lignin in empty fruit
bunches (Risdianto & Sugesty 2015).

e Lignolytic laccases are also utilized for
biobleaching pulp.

e Laccases are also utilized in the food processing
industry to alter the color appearance of beverages
and food products.

e The ability to eliminate phenolic compounds and
oxidize polyphenolic groups is applicable in
darkening, haze formation, and clarifying fruit and
vegetable juices, beer, and wine (Bilal et al. 2019).

e Laccases derived from Trametes hirsuta (white-rot
fungi) utilized to diminish expandability in flour
and gluten-based dough.

e Laccases are employed in the textile and dye
industry for dichlorination processes to enhance
the brightness of cotton fibers and for biostoning
denim fabrics.

e White-rot fungi that produce laccases were
employed to decolorize Remazol Brilliant Blue R,
Congo Red and Reactive Blue 15 (Mishra & Maiti
2019).

2. Ligninase

Conversely, Ligninase is a heme-containing protein
that oxidizes phenolic, non-phenolic, and aromatic
compounds using hydrogen peroxide. It functions as a
crucial enzyme in lignin degradation and exhibited a
prominent catalytic site on the protein surface. Lignin
peroxidase (LiP) is predominantly synthesized by white-
rot fungi (Dhevagi et al. 2021).

2.1. Lignin Peroxidase (LiP)

e Lignin peroxidase from P. chrysosporium
efficiently decolorized structurally diverse
polymeric  dyes, including anthraquinone,

triphenyl methane, azo dyes and indigo, in the
presence of a mediator (veratryl alcohol) through
an oxidation process (Singh et al. 2015).
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e Sporotrichum pruinosum and Ceriporiopsis sp.,
which also produce lignin peroxidase (LiP),
possess the capability to synthesize human skin
melanin.

e The ability to degrade human hair and skin
melanin enhanced skin texture and smoothness.

e The skin-lightening efficacy of fungal LiP, devoid
of any discernible adverse effects, demonstrates
its potential benefits in the cosmetic industry
relative to hydroquinone cream (Draelos 2015).

2.2. Manganese Peroxidases (MnPs)

e Manganese peroxidases (MnPs) can diminish the
concentration of lignin constituents and chemicals
in wastewater from the paper industry via
biopulping and pulp biobleaching.

e Biopulping entails the treatment of wood chips
with fungi prior to mechanical pulping, which
diminishes electrical energy usage, enhances
paper strength, and lowers pitch content.

e  White-rot fungi can partially decompose lignin
and disrupt lignin structures in biopulping.

e Biobleaching entails the use of enzymes or
lignolytic fungi to bleach pulps, thereby
diminishing the necessity for chemical bleaching
agents.

e Chemicals such as H.SOs, Clz, ClO2, NaOH, and
H20: are utilized in the bleaching process,
resulting in pollutants in bleach effluents.
Manganese peroxidases (MnPs) are
predominantly utilized in the pulp and paper
industry as biobleaching agents.

e Research indicates that the brightness of
hardwood kraft pulp augmented by approximately
10 points following MnP treatment, while the
Kappa number diminished by roughly six points.

e The application of organic compounds, including
linoleic acid, linolenic acid, and unsaturated fatty
acids, has demonstrated an enhancement of the
bleaching efficacy of MnP on pulp.

e Biobleaching of pulp can enhance quality while
minimizing the use of chlorine-based chemicals
(Kumar & Arora 2022).

e Manganese peroxidase (MnP) is also an enzyme
that can degrade organic pollutants and lignin
model compounds, particularly through the H>O--
dependent oxidation of lignin derivatives.

e [t is crucial in agriculture as it can degrade lignin,
cellulose, and hemicellulose.
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e MnP, found in P. chrysosporium ligninolytic
culture, aids in degrading dyes through its
ligninolytic enzyme system.

e It is also used for environmental protection in
various industries, degrading organic pollutants
like chlorophenols, nitroaromatic compounds,
industrial dyes, and polycyclic aromatic
hydrocarbons.

e The bioremediation potential of MnP is being
increasingly recognized (Bilal et al. 2023).

Conclusion

Fungal ligninases, such as laccases, lignin peroxidases,
manganese peroxidases, and versatile peroxidases, are
essential elements of lignin degradation mechanisms,
especially in white-rot fungi. These enzymes exhibit
considerable biochemical diversity and catalytic efficacy,
facilitating the conversion of resistant lignin polymers into
smaller, environmentally benign molecules. In our
review, we examined extraction techniques to obtain
various types of fungal ligninases, as well as the diverse
applications of these ligninase enzymes across multiple
industrial sectors like laccases that are biocatalysts used in
various industries, including the pulp industry, food
processing, and textiles. They degrade lignin and oxidize
phenolic compounds, making them useful in biopulping,
biobleaching, darkening, and clarifying, lignin
peroxidases that is a fungal enzyme produced by white-rot
fungi, which can decolorize various dyes and synthesize
human skin melanin. Its skin-lightening efficacy, without
adverse effects, suggests potential benefits in the cosmetic
industry compared to hydroquinone cream, Manganese
peroxidases (MnPs) can reduce lignin and chemical
concentrations in wastewater from the paper industry
through biopulping and pulp biobleaching, as well as
degrade organic pollutants and lignin model compounds,
rendering them beneficial for agriculture and
environmental protection. Versatile peroxidases are
appropriate for biofuel production and the degradation of
endocrine-disrupting chemicals, rendering them effective
in biomedical applications.

Authors’ contributions

The authors planned the study, analysed the information,
and contributed to the manuscript’s drafting. All authors
reviewed and permitted the final manuscript.

Funding
This research received no external financial support.



Salah et al. 2025

Contflict of interest

The authors have no conflicts of interest to declare. All
co-authors have seen and agree with the contents of the
manuscript and there is no financial interest to declare.
We certify that the submission is original work and is
not under review at any other publication.

References

Abdel-Azeem A M, Salem F M. (2012). Biodiversity of
laccase producing fungi in Egypt. Mycosphere, 3(5),
900-920.

Adlakha N, Rajagopal R, Kumar S, Reddy VS, Yazdani
SS. (2011). Synthesis and Characterization of
Chimeric Proteins Based on Cellulase and Xylanase
from an Insect Gut Bacterium. Applied and
Environmental ~ Microbiology, 77:4859-4866.
https://doi.org/10.1128/AEM.02808-10

Asgher M, Bhatti HN, Ashraf M, Legge RL. (2008).
Recent developments in biodegradation of industrial
pollutants by white rot fungi and their enzyme
system. Biodegradation, 19:771-783.
https://doi.org/10.1007/s10532-008-9185-3.

Aza P, Camarero S. (2023). Fungal Laccases:
Fundamentals, Engineering and Classification
Update. Biomolecules, 13(12), 1716.

https://doi.org/10.3390/biom13121716Xu, F. (2005).
Applications of oxidoreductases: Recent
progress. Industrial Biotechnology, 1, 38-50.

Baiocco P, Barreca AM, Fabbrini M, Galli C, Gentili P.
(2003). Promoting laccase activity towards non-
phenolic substrates: a mechanistic investigation with
some laccase—mediator systems. Organic &
Biomolecular Chemistry, 1(1), 191-197.
https://doi.org/10.1039/B208951C.

Banakar SP, Thippeswamy B. (2014). Isolation and partial
purification of fungal ligninolytic enzymes from the
forest soil fungi isolated from Bhadra Wildlife
Sanctuary. Front Biol, 9:291-299.
https://doi.org/10.1007/s11515-014-1319-x

Bergmeyer H-Ui. (2012). Methods of Enzymatic Analysis.
Elsevier. 1st Edition.

Bhat MK. (2000). Cellulases and related enzymes in
biotechnology. Biotechnology Advances, 18(5), 355—
383. https://doi.org/10.1016/S0734-9750(00)00041-
0.

Biely P. (2012). Microbial xylanolytic systems. Trends in
Biotechnology, 30(12), 581-587.
https://doi.org/10.1016/j.tibtech.2012.07.002

Bilal M, Jing Z, Zhao Y, Igbal HMN. (2019).
Immobilization of fungal laccase on glutaraldehyde
cross-linked chitosan beads and its bio-catalytic
potential to degrade bisphenol A. Biocatalysis and

107

Microbial Biosystems 10(4)-2025

Agricultural Biotechnology 19:101174.
https://doi.org/10.1016/j.bcab.2019.101174

Bilal M, Zdarta J, Jesionowski T, Igbal HMN. (2023).
Manganese peroxidases as robust biocatalytic tool —
An overview of sources, immobilization, and
biotechnological applications. International Journal
of Biological = Macromolecules,  234:123531.
https://doi.org/10.1016/j.ijbiomac.2023.123531

Blackwell M. (2011). The Fungi: 1, 2, 3 ... 5.1 million
species? American Journal of Botany 98:426—438.
https://doi.org/10.3732/ajb.1000298

Camarero S, Sarkar S, Ruiz-Duenas FJ, Martinez MJ,
Martinez AT. (1999). Description of a Versatile
Peroxidase Involved in the Natural Degradation of
Lignin That Has Both Manganese Peroxidase and
Lignin Peroxidase Substrate Interaction Sites.
Journal of Biological Chemistry 274:10324-10330.
https://doi.org/10.1074/jbc.274.15.10324

Christopher LP, Yao B, Ji Y. (2014). Lignin
biodegradation with laccase-mediator systems.
Frontiers in Energy  Research, 2, 12.
https://doi.org/10.3389/fenrg.2014.00012.

Cole RJ, Schweikert MA, Jarvis BB. (2003). Handbook of
Secondary Fungal Metabolites, 3-Volume Set.
Elsevier

Coll PM, Tabernero C, Santamaria R, Pérez P. (1993).
Characterization and structural analysis of the laccase
I gene from the newly isolated ligninolytic
basidiomycete PM1 (CECT 2971). Applied and
Environmental Microbiology,
https://doi.org/10.1128/aem.59.12.4129-4135.1993.

Crowther TW, Boddy L, Hefin Jones T. (2012).
Functional and ecological consequences of
saprotrophic fungus—grazer interactions. The ISME
Jjournal, 6(11), 1992-2001.
https://doi.org/10.1038/ismej.2012.53

Das N, Sengupta S, Mukherjee M. (1997). Importance of
laccase in vegetative growth of pleurotus Florida.
Applied and Environmental Microbiology, 63:4120—
4122.

https://doi.org/10.1128/aem.63.10.4120-
4122.1997

Dashtban M, Schraft H, Syed TA, Qin W. (2010). Fungal
biodegradation and enzymatic modification of lignin.
Int J Biochem Mol Biol, 1:36-50

Dhevagi P, Ramya A, Priyatharshini S, Geetha Thanuja K,
Ambreetha S, Nivetha A, Yadav AN. (2021).
Industrially Important Fungal Enzymes: Productions
and Applications. In: Yadav AN (ed) Recent Trends
in Mycological Research: Volume 2: Environmental
and Industrial Perspective. Springer International
Publishing, Cham, pp 263-309



Salah et al. 2025

Draelos ZD. (2015). A split-face evaluation of a novel
pigment-lightening agent compared with no
treatment and hydroquinone. Journal of the American
Academy of Dermatology, 72:105-107.
https://doi.org/10.1016/j.jaad.2014.09.011

Eggert C, Temp U, Dean JFD. (1996). A fungal metabolite
mediates degradation of non-phenolic lignin
structures and synthetic lignin by laccase. FEBS
Letters, 391(1), 144-148.
https://doi.org/10.1016/0014-5793(96)00719-3.

Ferhan M, Leao A, Melo I, Yan N, Sain M. (2012).
Ligninases Production and Partial Purification of
Mnp from Brazilian Fungal Isolate in Submerged
Fermentation.  Fermentation  Technology, 1:.
https://doi.org/10.4172/2167-7972.1000106

Gomez-Toribio V, Martinez AT, Martinez MJ, Guillén F.
(2001). Oxidation of hydroquinones by the versatile
ligninolytic peroxidase from Pleurotus eryngii.
European Journal of Biochemistry, 268:4787-4793.
https://doi.org/10.1046/j.1432-1327.2001.02405.x

Hatakka A. (1994). Lignin-modifying enzymes from
selected white-rot fungi: production and role from in
lignin degradation. FEMS Microbiology Reviews,
13:125-135

Heinfling A, Ruiz-Dueifias FJ, Martinez MJ, Bergbauer M,
Szewzyk U, Martinez AT. (1998). A study on
reducing  substrates of manganese-oxidizing
peroxidases from Pleurotus eryngii and Bjerkandera
adusta. FEBS Letters, 428:141-146.
https://doi.org/10.1016/S0014-5793(98)00512-2

Kango N, Jana UK, Choukade R. (2019). Fungal
Enzymes: Sources and Biotechnological
Applications. In: Satyanarayana T, Deshmukh SK,
Deshpande MV (eds) Advancing Frontiers in
Mycology & Mycotechnology: Basic and Applied
Aspects of Fungi. Springer, Singapore, pp 515-538

Kiies U. (2015). Fungal enzymes for environmental
management. Current Opinion in Biotechnology
33:268-278.

https://doi.org/10.1016/j.copbio.2015.03.006

Kumar A, Arora PK. (2022). Biotechnological
Applications of Manganese Peroxidases for
Sustainable Management. Front Environ Sci, 10:
https://doi.org/10.3389/fenvs.2022.875157.

Kumar AK, Sharma S. (2017). Recent updates on different

methods of pretreatment of lignocellulosic
feedstocks: A review.  Bioresources  and
Bioprocessing, 4(7), 1-19.

https://doi.org/10.1186/s40643-017-0137-9
Lowry OH, Rosebrough NJ, A L F, R J R. (1951). Protein
measurement with the Folin phenol reagent. Journal

108

Microbial Biosystems 10(4)-2025

of Biological Chemistry 193:265-275.
https://doi.org/19511404458

Mannaa M, Han G, Seo YS, Park 1. (2021). Evolution of
food fermentation processes and the wuse of
multi-omics in deciphering the roles of the
microbiota. Foods, 10(11), 2861.
https://doi.org/10.3390/foods10112861.

Martinez AT, Speranza M, Ruiz-Dueias F, Ferreira NP,
Camarero S.  (2005). Biodegradation  of
lignocellulosics: Microbial, chemical, and enzymatic
aspects of the fungal attack of lignin. International
microbiology: the official journal of the Spanish
Society for Microbiology 8:195-204

Mishra S, Maiti A. (2019). Applicability of enzymes
produced from different biotic species for
biodegradation of textile dyes. Clean Techn Environ
Policy, 21:763-781. https://doi.org/10.1007/s10098-
019-01681-5

Nakazawa, T. (2023). A molecular genetics approach to
elucidating the mechanisms underlying lignin
degradation by white-rot fungi. Lignin, 4, 1-9.

https://doi.org/10.62840/1lignin.4.0 1

Ojo OA, Adewale AA, Ibrahim MA. (2024). Microbial
proteases: Sources, significance and industrial
applications. [International Journal of Current
Microbiology and Applied Sciences, 13(6), 54—67.
https://doi.org/10.20546/ijcmas.2024.13.6.007

Ostergaard LH, Olsen HS. (2011). Industrial Applications
of Fungal Enzymes. In: Hofrichter M (ed) Industrial
Applications. Springer, Berlin, Heidelberg, pp 269—
290

Payne CM, Knott BC, Mayes HB, Hansson H, Himmel
ME, Sandgren M, Stéhlberg J, Beckham GT. (2015).
Fungal Cellulases. Chem Rev 115:1308-1448.
https://doi.org/10.1021/cr500351c

Polizeli MLTM, Rizzatti ACS, Monti R, Terenzi HF,
Jorge JA, Amorim DS. (2005). Xylanases from fungi:
Properties and industrial applications. Applied
Microbiology and Biotechnology, 67(5), 577-591.

https://doi.org/10.1007/s00253-005-1904-7

Risdianto H, Sugesty S. (2015). Pretreatment of
Marasmius sp. on Biopulping of Oil Palm Empty
Fruit Bunches. Modern Applied Science 9: pl.
https://doi.org/10.5539/mas.vOn7pl

Sarkanen S, Razal RA, Piccariello T, Yamamoto E, Lewis
NG. (1991). Lignin peroxidase: toward a clarification
of its role in vivo. Journal of Biological Chemistry,
266:3636-3643. https://doi.org/10.1016/S0021-
9258(19)67842-7.

Shad M, Hussain N, Sajjad M. (2023). Exploration of
computational approaches to predict the structural
features and recent trends in a-amylase production for



Salah et al. 2025

industrial applications. Journal of Biotechnology
Research, 14(2), 112-125.
https://doi.org/10.1016/j.jbiotecres.2023.02.005.
Shallom D, Shoham Y. (2003). Microbial hemicellulases.
Current Opinion in Microbiology, 6(3), 219-228.
https://doi.org/10.1016/S1369-5274(03)00056-0.
Singh RL, Singh PK, Singh RP. (2015). Enzymatic
decolorization and degradation of azo dyes — A
review. International ~ Biodeterioration &
Biodegradation 104:21-31.
https://doi.org/10.1016/j.ibiod.2015.04.027
Sridhar M, Ravichandran A. (2016). Versatile
Peroxidases: Super Peroxidases with Potential
Biotechnological Applications-A Mini Review.
Journal of Dairy, Veterinary & Animal Research 4.
https://doi.org/10.15406/jdvar.2016.04.00116
Van Dyk JS, Pletschke BI. (2012). A review of
lignocellulose  bioconversion using enzymatic
hydrolysis and synergistic cooperation between
enzymes — Factors affecting enzymes, conversion and
synergy. Biotechnology Advances, 30(6), 1458—-1480.
https://doi.org/10.1016/j.biotechadv.2012.03.002.
Wang L, Yan W, Chen J, Huang F, Gao P. (2008).
Function of the iron-binding chelator produced by
Coriolus versicolor in lignin biodegradation. Sci
China Ser C-Life Sci, 51:214-221.
https://doi.org/10.1007/s11427-008-0033-9
Webster J, Weber R. (2007). Introduction to Fungi.
Cambridge University Press
Wesenberg D, Kyriakides I, Agathos SN. (2003). White-
rot fungi and their enzymes for the treatment of
industrial dye effluents. Biotechnology Advances,
22:161-187.
https://doi.org/10.1016/j.biotechadv.2003.08.011
Wong DWS. (2009). Structure and Action Mechanism of
Ligninolytic Enzymes. App! Biochem Biotechnol,
157:174-209.  https://doi.org/10.1007/s12010-008-
8279-z

109

Microbial Biosystems 10(4)-2025



