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The industrial sector plays a significant role in global economic growth. However, it also produces polluting effluents that
must be treated to prevent environmental damage and ensure the quality of life for future generations is not compromised.
Various physical, chemical, and biological methods have been employed to treat industrial effluents. Filamentous fungi, in
particular, have garnered attention as effective bioremediation agents due to their ability to produce enzymes capable of
degrading recalcitrant compounds, and adsorb different pollutant molecules.
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| 1. Introduction

The economic progress and prosperity of a nation is primarily determined by its industrial development. Industries
constitute essential elements of modern civilization, supplying vital materials to humankind and creating employment
opportunities . Despite the importance of the industrial sector for developing a country, it is essential to note that
industries commonly generate a lot of effluent, which can cause environmental damage if discharged into receiving bodies
without adequate prior treatment [,

Industrial effluents are broadly divided into three categories, depending on the type of industry: (a) waste from organic
processes (e.g., dairies, chemicals, pharmaceuticals, textiles, foods, and brewing, among others); (b) waste from
inorganic processes (chemical and mining industry); and (c) chemical waste (pesticides, herbicides, acids, bases, dyes,
fertilizers, pharmaceuticals, among others) Bl. Among the pollutants found in industrial effluents are textile dyes,
suspended solids, heavy metals, hydrocarbons, sulfur compounds, chlorinated compounds, fatty acids, surfactants, and
phenolic compounds . Phenolic compounds are genotoxic, promote endocrine-disruptive effects, have acute toxicity,
and are one of the primary environmental contaminants, especially in water bodies . They can also be released on a
smaller scale under natural conditions from decomposing organic matter, but also due to anthropogenic actions by their
high use in industry [8l. These compounds are essential in producing chemicals, plastics, oils, pharmaceuticals, dyes, and
explosives, among other applications. Consequently, the effluents from these industries exhibit high concentrations of
various phenolic compounds .

Phenol is the simplest compound in the phenolic family, characterized by a singular aromatic ring and an isolated phenolic
hydroxyl group [&l. It presents limited solubility and adsorption to particulate matter. Consequently, the primary modes of
transformation for these compounds in the environment involve biodegradation and redox reactions. However, this
intricate process can often lead to the formation of compounds that are more environmentally hazardous 19 Common
phenol derivatives with high toxicity and low biodegradability such as chlorophenols, aminophenols, bisphenols, and
nitrophenols have been detected in waters 11, The elevated concentrations of phenolic compounds and their toxic
derivatives in the environment induce notable alterations in aquatic biota and microbiota, showing significant risks to
human health [12],

In many countries, effluent release into the ecosystem needs to be better regulated. Many industrial effluent treatments
could be more efficient, and some treatments are costly, which makes correct disposal by small- and medium-sized
industries difficult B2, |n this sense, several organizations are working to develop sustainable industrial effluent
treatment technologies B!, and some techniques have been considered effective in removing pollutants from industrial
effluents, such as membrane filtration, adsorption, advanced oxidation processes, and bioremediation (24][15],

Bioremediation is a pollutant cleanup technique focused on biological processes to degrade, reduce, eliminate, modify,
detoxify, or transform pollutants into a non-toxic or harmless state 8II17, Biological treatment with microorganisms has



become a preferred method for treating and reducing toxic organic compounds in industrial effluents 18, Numerous
microorganisms have been recognized for their potential in the removal of phenolic compounds from industrial effluents.
These include well-established environmental actors, such as bacteria from the genera Pseudomonas and Bacillus,
alongside filamentous fungi, such as Aspergillus, with particular attention to white- and brown-rot fungi L2201(21],

White- and brown-rot fungi, prevalent in nature, are distinguished for their robust lignin-degrading capabilities 22, These
fungi exhibit resilience and proficiency in degrading various recalcitrant compounds, including phenolic compounds. Their
significant production of extracellular enzymes such as peroxidases, laccases, and phenol oxidases enables the effective
reduction of phenolic compounds into simpler, less ecotoxic molecules 2311241231  Stydies have underscored the
remarkable potential of white- and brown-rot fungi in phenol reduction, achieving the removal of up to 100% of phenolic
forms in industrial effluents (28127,

2. Biochemical Mechanisms Involved in Bioremediation Processes with
Filamentous Fungi

Filamentous fungi exhibit numerous mechanisms associated with the bioremediation of phenolic compounds, which may
be enzymatic or non-enzymatic. Among the primary non-enzymatic mechanisms, adsorption and biosurfactant production
are among the best characterized. Enzymatic mechanisms are linked to fungal metabolism, occurring either intracellularly
or extracellularly 28 (Figure 1).
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Figure 1. Main metabolic pathways used by filamentous fungi in bioremediation.

Amino-functionalized polysaccharide derivatives present in the fungal cell wall act as adsorbents of toxic phenolic
compounds, reducing the bioavailability of these substances in the extracellular environment 22, Some fungi are capable
of producing biosurfactants, substances that reduce the surface tension of liquids, increasing the degradation of poorly
soluble and high-molecular-weight compounds, such as petroleum-derived hydrocarbons £9,

Currently, half of the enzymes used in different industrial sectors come from fungal metabolic processes Bl These
enzymes can be of intracellular or extracellular origin and are capable of promoting biotransformation 28, In this process,
several reactions involving hydroxylation, aromatic ring fission, ether cleavage, oxidative coupling products, among
others, result in the biotransformation of toxic products into smaller molecules, facilitating bioremediation [32](33]

Intracellular cytochrome P450 enzymes are presented in the form of monooxygenases containing a heme group bound to
the cell membrane. These enzymes, in the presence of molecular oxygen and the cofactors NADH or NADPH, are
capable of adding an oxygen atom to the substrate. In this process, sequential reactions of molecular oxygen activation,
heterolytic cleavage, and formation of a hydroxylated product occur 4. The ability of cytochrome P45, monooxygenase to
catalyze a wide variety of reactions, such as aromatic hydroxyl, dealkylation, epoxidation, and dehalogenation, makes this
intracellular enzyme promising in the cleavage of polluting phenolic compounds 21,

Glutathione S-transferase is an intracellular enzyme located in different compartments of the cell, this enzyme is capable
of catalyzing the nucleophilic attack of an electrophilic C, N, or S atom in nonpolar compounds using a molecule of
glutathione in the reduced form (GSH) 8. Due to its broad substrate specificity, this enzyme has been studied as an
adjuvant in the degradation of xenobiotic compounds B4,



Filamentous fungi, due to their degradative metabolism (heterotrophic), produce extracellular enzymes that are
fundamental for the bioconversion of numerous complex substrates B8l The extracellular enzymes laccases and
peroxidases are considered the two most important subclasses of fungal enzymes used in the degradation of xenobiotic
compounds, as well as the removal of toxic phenolic substances of industrial origin B2,

Laccases are multi-copper oxidases with broad-spectrum action on substrates capable of degrading phenolic compounds
via one-electron oxidation. This enzyme is considered environmentally friendly as it requires molecular oxygen as a co-
substrate during catalysis and results in water as the only by-product 9. Structurally, the enzyme can present a
homodimeric, heterodimeric and even multimeric form with a molecular weight (MW) varying between 50 and 110 kDa
depending on the microorganism. Fungi produce laccases of MW's around 70 to 70 kDa with an isoelectric point at pH
4.0, and redox potential of +0.79Vv L4243 The high redox power of fungal laccase enables the oxidation of various
substrates; for example, phenol has a redox potential ranging between +0.5 and +1.0 V versus a standard hydrogen

electrode. In some instances, its oxidation is made possible by transferring electrons to the enzyme'’s type 1 (T1) copper
[44]

The oxidation reaction of phenolic compounds using a fungal laccase occurs through four copper atoms organized in
three active sites (T1, T2, and T3). During enzymatic catalysis, the copper active site in T1 accepts electrons from the
substrate, which are then transferred by a cluster composed of the active sites T2 and T3. The electrons in T2 and T3
then reduce O,, leading to the intermediate and transient formation of a peroxide molecule, which soon converts into
water, a harmless byproduct of the reaction (Figure 2). The oxidized products can follow different pathways, forming new
substrates or even having their toxicity reduced/annulled by the reaction 2!, In addition to phenol, laccases can degrade
compounds such as polyphenols, benzenethiols, polyamines, hydroxyindole, and aryldiamines 28I47],
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Figure 2. Main chemical reactions of laccase.

Peroxidases and oxidases are extracellular enzymes produced by fungal cells generally in response to the presence of
H,0, and Reactive Oxygen Species (ROS) in periods of oxidative stress. Peroxidase acts by inactivating H,O, through
the transfer of ions and charged radicals, which consequently affects the substrate, resulting in oxidation and hydrolysis
(48] Recent studies have supported the role of glutathione peroxidase and catalase in decomposing plastics, such as
polyethylene and polyvinyl chloride, through oxidation reactions 22554,

The main fungal peroxidases are manganese peroxidase (MnP), lignin peroxidase (LiP), versatile peroxidases, and dye-
decolorizing peroxidases, with each type depending on the substrate as the reducing agent 32. Manganese peroxidase is
capable of oxidizing aromatic amines and phenolic compounds through the oxidation of an electron and producing more



reactive free radicals. This enzyme has been employed in the degradation of recalcitrant aromatic contaminants (industrial
dyes), polycyclic aromatic hydrocarbons, chlorophenols, and antibiotics (31,

Lignin peroxidase is capable of cleaving p-O-4’ ether bonds and C-C bonds in lignin, enabling the depolymerization of the
molecule, making it susceptible to new biological/chemical actions [24. The enzyme can also degrade lignin oligomers,
including non-phenolic and phenolic compounds [E31,

Versatile peroxidase is known for its hybrid activity, combining catalytic functions of MnP and LiP. It oxidizes Mn?* and
non-phenolic compounds with a high redox potential. Additionally, it can oxidize phenolic, non-phenolic, and lignin
derivatives without the presence of manganese and without requiring a mediator for oxidation 221561,

Finally, dye-decolorizing peroxidases (DyPs) are extracellular enzymes that present in their structure a heme group that
catalyzes the reduction of hydrogen peroxide in water with the simultaneous oxidation of several other substrates,
including anthraquinone dyes and phenolic compounds, as well as non-phenolic compounds 2. Although the peroxidase
family is one of the most studied, little is known about the physiological role and catalytic mechanism of DyPs. Studies
have highlighted their importance mainly in the treatment of textile effluents 758l
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