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Abstract

Fungi can synthesize a diverse range of melanins with appropriate physicochemical and biological characteris-
tics for numerous applications in health, environmental protection, energy, and industry. Gaining deeper insights

into the chemical structures, biosynthetic pathways, and regulatory mechanisms of fungal melanin would establish

a basis for metabolic engineering approaches, aimed at enhancing production efficiency and creating custom-
designed melanin with desirable material properties. Due to growing interest in their beneficial effects and applica-
tions, research on the structure, biosynthesis, and regulation of fungal melanin has significantly advanced. This review
highlighted recent progress in fungal melanin production and applications, concentrating on structure, biosynthesis,

and regulatory networks, and suggested how an improved understanding of melanin biosynthesis could enable

efficient production for future applications.
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Background

An Italian scientist, Bartolomeo Bizio (1825), extracted
a pure black matter from the cuttlefish Sepia’s ink
and named it “melaina” The term was later modified
to “melanos” by a Swedish chemist Berzelius in 1840,
describing only a dark-colored pigment [1]. However,
the popular term “melanin” refers to polymeric pig-
ments colored in tone from light to dark. It is synthe-
sized through polymerization of highly ordered phenolic
or indolic compounds and is present in animals, plants,
fungi, and bacteria [2]. Melanin is a negatively charged,
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hydrophobic, and insoluble pigment with a high molecu-
lar weight, resistant to dissolution in both aqueous and
organic solvents. It possesses a wide range of distinctive
physicochemical characteristics, comprising broadband
optical absorption, paramagnetism, hydrophilic, and
profound structural stability. Because of these intrinsic
properties, melanin can be an important multifunctional
biomaterial. Melanotic fungi, particularly ascomycetous
and basidiomycetous, can produce a wide range of mela-
nins, remarkably attracting scholars’ attention in recent
years [3]. Fungi-produced melanin has been linked to
fitness and survival in harsh environments, including
extreme temperatures, oxidative stresses, drought, toxic
heavy metals, and ionizing radiation [4].

Melanin was previously extracted from cephalopod
ink [5] or chemically synthesized [6]. However, both
approaches are expensive and cause environmental pol-
lution. Microbial-based bio-production has received
scientists’ attention due to its eco-friendliness, high
manipulability, and widespread availability [7]. In
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contrast to other microorganisms, fungi are notable
chassic organisms for melanin synthesis because of their
remarkable metabolic versatility (a wide range of tem-
perature, pH, salinity, and nutrition conditions), singu-
lar localization of melanin synthesis products (in the cell
wall or secreted into extracellular space), cost-effective
culture substrates, and established fermentation proto-
cols. These advantageous features make fungi excellent
candidates for melanin production [8, 9].

Melanogenic fungi can be isolated and cultured suc-
cessfully on synthetic substrates. Addition of melanin
precursor compounds and metal ion inducers promotes
the scale-up production of natural melanin. A promis-
ing approach for increasing melanin yield involves opti-
mizing fermentation conditions and manipulating genes
involved in melanin synthesis via bioengineering technol-
ogy. In recent years, there has been a surge of extensive
research efforts devoted to elucidate structural properties
of melanin, accompanied by the discovery of a plethora of
novel regulatory factors associated with melanin synthe-
sis in fungi [10-13]. These groundbreaking discoveries
have unquestionably advanced our understanding of the
complex structure of natural melanin, as well as the intri-
cate regulatory network that governs melanin production
in fungi. This review aimed to discuss the structure of
fungal melanin and describe the mechanisms of melanin
biosynthesis and regulation network, thereby inspiring
the advancement of industrial melanin production.

Structure and properties of fungal melanin
Melanin combined with proteins, polysaccharides, lipids,
and other macromolecules in the fungal cell wall, can
preserve the spherical shape of cells [14]. Due to the het-
erogeneity of melanin, its insolubility in water or organic
solvents, and the harsh chemical treatments required to
separate it from fungal cells, the structural elaboration of
the melanin molecule has been difficult. Whereas achiev-
ing high-resolution structural elucidation of melanin
molecules remains challenging, significant progress has
been made in unraveling enigmatic architecture of this
natural biopolymer. Transmission electron microscopy
(TEM), scanning electron microscopy (SEM), and atomic
force microscopy (AFM) have been utilized to detect
the melanin surface morphology, whereas X-ray pho-
toelectron spectroscopy (XPS), ultraviolet (UV)-visible
spectroscopy, Fourier-transform infrared (FT-IR) spec-
troscopy, electron paramagnetic resonance (EPR) spec-
troscopy, solid-state nuclear magnetic resonance (NMR)
spectroscopy, and high-performance liquid chromatog-
raphy (HPLC) can elucidate the photophysical properties
of melanin.

Melanins are black nano-particles arranged in concen-
tric layers of fungal cell wall [15]. The internal structure
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of these “melanin ghosts” is characterized by a hollow
morphology, accompanied by the presence of multiple
irregular 1-30 nm pores [16, 17]. The presence of a high
C/H ratio and absorption peak in the visible region may
confirm the existence of an indole-based aromatic core
in natural eumelanin [18, 19]. The condensed molecu-
lar formula ([C,3(OR);H,O,N,]n) was first reported by
Sun et al. [20]. The structure of each melanin monomer
depends on its unique synthetic precursors, thereby
inducing variations in its properties across different mel-
anin types (Table 1). Specific inhibitors, element analysis,
detection of specific degradation products, and quantify-
ing a set of photochemical properties are effective strate-
gies to determine the melanin type produced by various
fungal species. Element analysis refers to the assessment
of primary elements, such as carbon, hydrogen, nitrogen,
sulfur, and oxygen, which vary across melanin types due
to differences in precursor molecules.

Eumelanin and pheomelanin are both classified as
DOPA-melanins. Eumelanin is derived from indole
precursors that are formed through the oxidation of
L-dopa or L-tyrosine, resulting in sulfur-free structures.
In contrast, pheomelanin is a cysteinyl conjugate pro-
duced from dopa, containing 9-12% sulfur in its struc-
ture, which enables it to dissolve in alkaline media [30].
Eumelanin derived from either 5,6-dihydroxyindole
(DHI) or 5,6-dihydroxyindole-2-carboxylic acid (DHICA)
exhibits distinct light absorption and paramagnetic prop-
erties. DHI-based eumelanin functions as a relatively
weak H-atom donor with limited free radical scavenging
capacity. In comparison, DHICA-based eumelanin has
enhanced antioxidant capabilities due to additional car-
boxyl groups, although this improvement is associated
with significantly reduced visible light absorption and
a weaker paramagnetic response [30]. Due to the pres-
ence of proton transfer-coupled ring-opening reactions
within its structure, pheomelanin is phototoxic and can
easily lead to the production of reactive oxygen species
(ROS) [23, 31]. In contrast, eumelanin contains a carbon-
centered radical besides the extra semiquinone free radi-
cals, whereas the radicals of pheomelanin are typically
localized to N atoms and coupled to a m system [25, 32].
In some cases, pheomelanin potentially acts as a molecu-
lar framework in promoting eumelanin polymerization.
The indole rings, C=0, —(CH,)n, —-CH, O, -COOH, or
—CONH in eumelanin confer specific light absorption
characteristics distinguishing it from other pigments [33,
34].

Of note, pyomelanin is a nitrogen-free melanin gener-
ated through the polymerization of pyrrole-2,3,5-tricar-
boxylic acid and comprises 2-acetyl-1,4-benzoquinone
units. The molecular mass of pyomelanin is compara-
tively the smallest among all pigments, typically ranging
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Table 1 Characteristics of different types of melanin
Type of melanin Precursor of each melanin Monomer of each Technology for melanin Properties of melanintype  References
type melanin type structure elucidation
Eumelanin 5,6-dihydroxyindole (DHI) Chemical degradation meth-  Photoprotective and anti- [21,22]
HO ods, HPLC, ESR spectroscopy oxidant properties, unusual
m electrical conductivity
5,6-dihydroxyindole-2-carbox- Chemical degradation meth-  Decreased visible light [21,22]
ylic acid (DHICA) ods, HPLC, ESR spectroscopy absorption and paramagnetic
HO response relative to DHI-based
melanins, markedly enhanced
N antioxidant properties
H
Pheomelanin Chemical degradation meth- Phototoxic (can lead to ROS [21, 23, 24]
ods, HPLC, production)
Pyomelanin Fourier-transform infrared Water-soluble, non-cytotoxic, — [25-27]
(FTIR), solid-state NMR (ssNMR), ' radical scavenging activity,
gel permeation/size exclusion  hyper thermostable
chromatography (GPC/SEC)
DHN-melanin 1,8-DHN - EPR, solid-state NMR (ssNMR),  Redox and radical scavenging  [28, 29]
OH OH UV-Vis and IR spectra activities, antimicrobial activity

from 10 to 14 kDa. This relatively low molecular weight
allows it to cover the surface of cell walls, protecting
fungi against external stress [35]. During the polymeri-
zation of pyomelanin, the -CH,COOH functional group
remains unaltered, whereas the ortho position of the phe-
nol undergoes an oxidative coupling reaction to form a
quinone moiety. Because pyomelanin contains large pop-
ulations of quinone molecules, it has exceptional electron
transfer and reversible redox capacities [36]. Numer-
ous functional groups, such as—OH, C=C, C=0, and
COO-, have also been confirmed in pyomelanin [27].
DHN melanin is the most common type of allomelanin,
which is derived from oxidization of 1,8-DHN subunits.
In contrast to DOPA-melanin, DHN melanin precursors
(acetyl CoA and malonyl CoA) are generated intracel-
lularly, resulting in its typically close relationship with
the cell wall. The presence of granular or fibrous DHN

melanin in the cell wall primarily acts as a barrier to
regulate the transport of cellular materials [37]. Further-
more, DHN melanin is a composite entity composed of
loosely connected methylene and unsaturated moieties,
where the aromatic carbons of indole are frequently sub-
stituted [33, 34]. This characteristic substitution pattern
contributes to the heteropolymeric architecture of DHN
melanin and resistance to all solvents [38]. However, the
exact molecular interactions between DHN melanin and
fungal cell walls have not yet been fully understood, nor
is the process by which these monomers assemble into
the final biopolymers.

Production of fungal melanin

Melanin-producing fungi found in natural environments
An ideal melanin-producing microorganism should have
a rapid growth rate, exceptional industrial production
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metrics (titer, rate, and yield), cost-effectiveness, and
environmentally friendly characteristics. At present,
several fungal species can generate melanin with notice-
able diversity in terms of type and quantity, thereby pro-
viding a vast repertoire of natural resources for melanin
biosynthesis.

For instance, Auricularia auriculaproduces a signifi-
cant quantity of 2.97 g/L of melanin (including eumela-
nin and pheomelanin) through submerged fermentation,
exhibiting remarkable resistance to high temperatures
and light exposure [39]. After 168 h of incubation, halo-
philic black yeast Hortaea werneckii can achieve a yield
of 5.60 g/L eumelanin [40]. Notably, pigment extraction
from oyster mushrooms Pleurotus cornucopiae results
in a mixture of eumelanin and pheomelanin, with a yield
of 11 mg of pigment per gram of mushroom tissue [41].
Additionally, Aspergillus carbonicus can produce sub-
stantial melanin during 15-25 incubation days, achiev-
ing a maximum yield of 20.76 g/L [42]. Importantly, the
Basidiomycete Armillaria cepistipes produces 27.98 g/L
of eumelanin, the highest yield reported to date; however,
the fermentation period is lengthy, lasting 161 days [43].
Eumelanin and pyomelanin have been utilized across
various fields due to their exceptional antioxidant and
electrical properties, while DHN-melanin has limited
applications because of its ambiguous structure and chal-
lenging separability. Despite the significant challenge of
prolonged fermentation time in industrial-scale fun-
gal melanin production, improvements can be achieved
through various strategies, including optimization of fer-
mentation conditions, strain enhancement, and genetic
engineering techniques, which will be discussed in the
following section.

Fermentation

DOPA melanin is prioritized for industrial production
due to its advantageous properties and its endogenous
synthesis in the cell, even though its strong adhesion to
the cell wall makes isolation and purification challenging
[44]. In addition to selecting high-yielding melanin-pro-
ducing classic strains, several factors, including nutri-
tional components (precursors, fermentation substrates,
carbon and nitrogen sources, metal ions, inducers),
physical parameters (temperature, humidity, pH, light
intensity, ventilation), and cultivation duration should be
considered during fermentation process [9, 44, 45].

The optimal nutrition substrates for fermentation are
based on strain-specific variations. For instance, glucose
serves as the optimal carbon source, while peptone is the
preferred nitrogen source for achieving a significantly
high yield of melanin produced by Yarrowia lipolytica
[46]. Conversely, A. auricula has a preference for lactose
and yeast extract as substrates for melanin synthesis [47].
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A range of agricultural and industrial residues, includ-
ing wheat bran [48], corn cob powder [49], soybean meal
[50], grape waste [51], rice bran [40], and other sources,
have been regarded as potential nutrient substrates for
reducing the costs of melanin production. A. auricula
generates a yield of 0.9-1.1 g/L of melanin in a fermenta-
tion medium where wheat bran juice is the major compo-
nent [52].

Fungal fermentation mainly requires a neutral or
slightly acidic environment and the optimal humidity
level is approximately 70% [53]. A total dark environ-
ment and proper ventilation can improve dry weight and
melanin production in fungi [54, 55]. In practical appli-
cations, the response surface methodology (RSM) can be
employed to develop a statistical model that identifies the
optimal combination of factors for maximizing melanin
production [56]. Notably, the melanin production of A.
auricula has been significantly enhanced through metic-
ulous optimization of fermentation conditions, achieving
an impressive increase from 306.52 to 1008.08 mg/L. This
profound achievement corresponds to a significant 3.29-
fold increment in yield, exemplifying the efficacy of fine-
tuning fermentation parameters in augmenting fungal
melanin production [56]. Nonetheless, these fermenta-
tion parameters are often empirical and can be signifi-
cantly influenced by the unstable quality of raw materials.

Induction mechanisms for fungal melanin synthesis

The induction of melanin synthesis involves the intro-
duction of various precursors for the production of
L-tyrosine; for instance, glucose serves as a cost-effective
substrate for industrial melanin production [57]. The
addition of L-tyrosine has significantly increased the
melanin production of A. auricula and the yeast Y. lipol-
ytica W29 [39, 58]. Copper ions are important enzymatic
cofactors in pigment production and are considered as
a basic component of the fermentation medium. The
gradual addition of CuSO, in the concentration range of
0.01-0.2 g/L improves tyrosinase activity and once the
limit is exceeded, excessive metal ions can cause mela-
nin precipitation [39, 48]. Furthermore, the introduction
of lactic acid into the tyrosine medium could accelerate
the enzymatic browning process in fungi, resulting in a
consequential amplification of melanin biosynthesis [46].
In addition, salicylic acid is known to induce melanin
synthesis in Auricularia auricula-judae, however, the
underlying mechanism remains elusive [59]. In contrast,
studies have demonstrated that bicyclic phenolic com-
pounds positively influence melanogenesis in Paecilo-
myces variotii and Aspergillus carbonarius [42]. To scale
up melanin production effectively, it is essential to select
economically viable inducers that can manage produc-
tion costs at an industrial scale.
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Extraction and purification

Melanin is vulnerable to alkaline or oxidative stress;
therefore, alkaline extraction followed by acid precipita-
tion is commonly employed for structural identification
[60]. Cavitation-based extraction (CE) is a time-saving
alternative to the conventional extraction methods, lev-
eraging the phenomenon of cavitation. This technique
relies on the collapse of cavities formed in the liquid to
facilitate the release of cellular material [16]. Moreover,
advancements in this strategy have led to the incorpora-
tion of ultrasonic, microwave, and hydrodynamic meth-
ods to enhance the extraction process [61]. Furthermore,
the enzymatic extraction method possesses advan-
tages, such as high efficiency, mild conditions, and flex-
ibility. Specific enzymes are utilized to degrade cell wall
components, allowing melanin to be liberated from its
complexes. Using a combined enzymatic approach, the
extraction efficiency for melanin from the fruiting body
of Inonotus hispidus reaches 74.6% [62].

Melanotic yeasts exhibit slow growth rates and are
mainly unable to withstand hostile microorganisms,
hindering their isolation. Quan et al. [63] success-
fully enriched black yeast with aromatic hydrocarbon,
facilitating artificial cultivation. Furthermore, provid-
ing optimal growth conditions (e.g., suitable pH, mois-
ture, temperature, copper content, cultivation time, and
nutrition substance) for melanogenic strains can maxi-
mize pigment production [64, 65]. After a scalable pro-
duction of the natural melanin, numerous purification
operations should be performed, involving centrifuga-
tion, acid precipitation, re-centrifugation, and repeatedly
distilled water rinsing, eventually resulting in achieving
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pure melanin particles [66]. However, there is no single
standard method for melanin extraction and purification
that can be universally applied. Strategies must target the
specific host strains and types of melanin involved, and
each step necessitates preliminary exploration. Therefore,
future research should concentrate on unraveling the bio-
synthetic pathways, regulatory networks, and transport
mechanisms associated with melanin synthesis in fungi,
providing a critical theoretical foundation for the scalable
production of such imperative biomaterials.

Biosynthesis of fungal melanin

Melanin is abundantly detected in fungi, even in white
colonies of Candida albicans [67]. Melanin production is
not merely a process of producing a single type of mela-
nin; rather, it is a pigment-deepening process, involving
various precursors [68]. Ascomycetes and some imperfect
fungi employ the polyketide pathway, utilizing the endog-
enous substrate 1,8-dihydroxy naphthalene (DHN) as a
precursor. In contrast, A. niger and basidiomycetes utilize
an alternative pathway that employs L-3,4-dihydroxyphe-
nylalanine (L-DOPA) as a precursor, resembling the bio-
synthesis of melanin in mammals [69].

As illustrated in Fig. 1, two pathways responsible
for fungal melanin synthesis have been identified:
the DHN pathway and the L-DOPA pathway. Specific
enzyme blockers are used to prevent melanin synthe-
sis, thereby unraveling the fungal melanin biosynthetic
pathway [70]. Table 2 summarizes genes involved in
melanin synthesis in various fungal species. There-
fore, this review classified fungal melanin into four
categories: DOPA-melanin (including eumelanin and

piruvate

Chorismate

1 HPPD

Acetyl-CoA/Malonyl-CoA Phosphoenol piruvate

Fig. 1 Schematic representation of fungal melanin synthesis. DHI 5,6-dihydroxyindole, DHICA 5,6-dihydroxyindole-2-carboxylic acid, TRP1
tyrosinase-related-protein-1, TRP2 tyrosinase-related-protein2, PKS polyketide synthase, YWAT yellow pigment intermediate of WA polyketide
synthase, PAP P-aminophenol, GHB 4-glutaminylhydroxybenzene, y-GT y-glutamyl transpeptidase, HPPD 4-hydroxyphenylpyruvate dioxygenase [87],
T4HN reductase 1,3,6,8-tetrahydroxynaphthalene reductase [91], SCD scytalone dehydratase [84], TPST trehalose-6-phosphate [T6P] synthase [92],
TPS2T6P phosphatase [92]
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Table 2 Melanin biosynthetic genes in different fungal species
Enzymes Conidial/Mycelial Genes in different species References
color of mutant
strains
Polyketide Synthase B White Aspergillus fumigatus, Aspergillus carbonarius, Magnaporthe grisea, Magnaporthe — [74-82]
oryzae, Pyricularia oryzae, Penicillium chrysogenum, Metarhizium acridum (Alb1),
Aspergillus nidulans, Aspergillus flavus, Aspergillus oryzae (wA), Aspergillus niger
(FwnA), Alternaria alternata (PksA, Alm), Wangiella dermatitidis, Colletotrichum
lagenarium, Metarhizium robertsii, Metarhizium rileyi (Pks1), Botrytis cinerea
(Pks12/13), Pestalotiopsis fici (MaF)
A/B Hydrolase Yellowish Green Aspergillus fumigatus, Penicillium chrysogenum, Penicillium marneffei, Verticillium — [72,77,81, 82]

dahliae (Ayg1), Aspergillus niger, Exophiala dermatitidis (Olva/Ayg1), Alternaria
alternata (AygA/B), Wangiella dermatitidis, Botrytis cinerea (Yg1p)

T4HN Reductase Reddish Pink Aspergillus fumigatus, Penicillium chrysogenum, Penicillium marneffei (Arp2), Alter- - [72,76,77,81-83]
naria alternata (Brm3), Verticillium dahliae (Th4r), Metarhizium acridum (Thr)
Scytalone Dehydratase Reddish Pink Aspergillus fumigatus, Penicillium chrysogenum, Penicillium marneffei (Arp1), Alter-  [72,77,81, 82, 84]
naria alternata, Botrytis cinerea, Bipolaris oryzae, Colletotrichum lagenarium (Brm1,
Scd), Pyricularia grisea, Verticillium dahliae (Sdh)
Laccase Brown Aspergillus fumigatus, Penicillium chrysogenum, Penicillium marneffei, Metarhi- [72,76,77,81,82,85]
zium acridum (Abr1/2), Aspergillus nidulans, A. oryzae (yA), Aspergillus niger (BrnA),
Aspergillus flavus(olgA/gldA), Alternaria alternata (IccA-G), Cryptococcus neofor-
mans, Verticillium dahliae, Metarhizium acridum, Metarhizium rileyi (Lac1/2)
Dioxygenase White Aspergillus fumigatus (HppD/A) [86]
Cytosolic Protein Yellowish Green Aspergillus fumigatus (HmgX) [87]
1,3,8-Reductase - Alternaria alternata (Brm2), Botrytis cinerea (brn1/2), Verticillium dahlia (Th3r) [79, 82]
Tyrosinase Fluorescent Yellow Aspergillus terreus (TyrP), Metarhizium acridum (Tyr1/2) [76,77]

pheomelanin), DHN melanin, pyomelanin, and others
[39, 71]. However, most fungi possess multiple melanin
biosynthetic pathways, while Cryptococcus neoformans
exclusively synthesizes melanin through the L-DOPA
pathway. This unique characteristic makes it a notable
model organism for studying melanogenesis in fungi
[72, 73].

DOPA-melanin

Eumelanin is a sulfur-free pigment, whereas pheomela-
nin contains sulfur due to cysteine integration. Both are
preferentially synthesized in fungi via the L-DOPA path-
way and contribute to virulence in association with infec-
tion and phagocytosis. In the L-DOPA pathway, tyrosine
or phenylalanine is used as the substrate to form DOPA,
which can subsequently be converted into DOPA qui-
none (DAQ) under the catalytic action of tyrosinase. This
is an important rate-limiting step that can regulate the
melanin synthesis process. DAQ then undergoes a series
of oxidative polymerization reactions to separately gener-
ate eumelanin and pheomelanin (Fig. 1) [88, 89]. Tyrosi-
nase (EC 1.14.18.1) or laccase (EC 1.10.3.2) are the major
enzymes in L-DOPA melanin production. In contrast to
Aspergillus fumigatus consuming tyrosine to synthesize
DOPA melanin [90], Cryptococcus neoformans directly
selects DOPA as the substrate and subsequently oxidizes
DOPA to melanin only by laccases (lac! and lac2) [73].

DHN-melanin

Allomelanin is a complex heterogeneous pigment com-
posed of various dark pigments, typically derived from
nitrogen-free precursors, including catechol, HPQ
(1,4,6,7,9,12-hexahydroxyperylene-3,10-quinone),  and
DHN [93, 94]. The most prevalent form of allomela-
nin, DHN melanin, is an endogenous pigment involved
in the formation of the rodlet layer with RodA hydro-
phobins. This serves as a strategy to evade host immune
responses by masking pathogen-associated molecular
patterns (PAMPs) [95]. The biosynthetic steps include
acetyl-CoA or malonyl-CoA, acting as the substrate, and
polyketide synthase (PKS), catalyzing the formation of
intermediate-1,3,6,8-tetrahydroxynaphthalene ~ (T4HN)
[91]. After T4HN formation, scytalone is produced under
T4HN reductase before undergoing dehydration to form
1,3,8-THN. After a series of reduction and dehydration
reactions, DHN-melanin is eventually formed by laccase-
catalyzed polymerization (Fig. 1) [12].

Of note, the gene cluster responsible for DHN melanin
synthesis in A. fumigatus contains six genes (pksP/albl,
aygl, arpl, arp2, abrl, and abr2), with the first four genes
encoding cytoplasmic enzymes, while the last two genes
encode typical secretory proteins. However, some dif-
ferences exist in the DHN melanin synthesis pathway in
different fungi. For example, T4AHN may not be directly
catalyzed by polyketide synthase in some fungi. Polyke-
tide synthases (encoded by pksP/albl) from A. fumigatus
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and Exophiala dermatitidis produce heptapeptide naph-
thopyranone YWAI, followed by deacetylation of the
chain-shortening enzyme Ayglp to form T4HN. Addi-
tionally, Botrytis cinerea has a non-linear DHN melanin
synthesis pathway containing two polyketide synthases,
i.e., BcPKS12 and BcPKS13, involved in the melanin syn-
thesis of sclerotia and conidia, respectively [79, 96].

Pyomelanin

Pyomelanin is a water-soluble pigment that is synthe-
sized extracellularly. It can bind to the surface of hyphae,
thereby playing a pivotal role in both cell wall integrity
and virulence [97]. The biosynthetic pathway of pyomela-
nin is mediated by the DOPA and DHN pathways. In
A. fumigatus, pyomelanin is synthesized from tyrosine
through the tyrosine degradation pathway, which pro-
duces homogentisic acid (HGA), a crucial intermedi-
ate. When HGA accumulates to a certain level, it can
spontaneously oxidize to form benzoquinone acetate
and polymerize to produce pyomelanin. There is a gene
cluster that includes six genes (hppD, hmgX, hmgA, fahA,
maiA, and hmgR) responsible for its synthesis [86]. Dis-
rupting the expression of hppD in A. fumigatus can result
in a light color phenotype, attributed to the absence of
HGA. A cofactor of the hppD enzyme, hmgX, influences
pyomelanin production in A. fumigatus [87].

Others

Aside from DOPA/DHN-melanin, certain fungi contain
a variety of other specific pigments. In Agaricus bisporus,
for example, y-glutamine-3,4-dihydroxybenzene (GDHB)
or catechol can be used as a phenol precursor to form
GHB-melanin or catechol-melanin via a series of oxida-
tive polymerization reactions, which contribute to their
browning susceptibility [98]. Additionally, Aspergillus
terreus can produce a type of cinnamon-brown Asp-mel-
anin pigment during conidiation. The synthesis begins
with the condensation of two molecules of p-hydroxy-
phenylpyruvate by a non-ribosomal peptide synthetase-
like (NRPS-like) enzyme (MelA) to form aspulvinone E,
which is then converted into Asp-melanin by tyrosinase
(TyrP) [99]. In addition to these pigments, PAP-melanin
synthesis is also notable. The biosynthetic pathway for
PAP-melanin involves the initial conversion of phenyla-
lanine to p-hydroxyphenylpyruvate (HPP) by the enzyme
phenylalanine ammonia-lyase (PAL). HPP is then further
processed by enzymes such as HPPD, which catalyzes
the formation of 4-hydroxybenzoic acid, and subsequent
reactions lead to the polymerization of these intermedi-
ates to produce PAP-melanin. This pathway is depicted in
Fig. 1, illustrating the key enzymes and steps involved in
PAP-melanin biosynthesis.
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Transportation and localization

Melanin can be classified into three types based on their
localization: melanin anchored in the cell wall (DOPA
melanin), DHN-melanin, which is typically associated
with the cell wall but can also be found in the intracel-
lular space, and free extracellular water-soluble pigment
(pyomelanin) [95]. This classification highlights the vary-
ing distribution of these melanins in fungal cells and their
environments. Melanocytes are specialized cells respon-
sible for the synthesis and storage of melanin. They con-
tain unique lysosome-related organelles (LROs) known
as “melanosomes,” serving as the site for melanogenesis.
Eumelanosomes are ellipsoidal vesicles characterized by
a fibrous matrix, while pheomelanosomes consist of sev-
eral small, globular matrices without a fixed shape. The
development of melanosomes in mammals occurs in four
stages. In stages I and II, ribosomes transport dynamic
tyrosinase enzymes to the melanocytes, facilitating the
formation of interlamellar fibers in the melanosomes.
During stage III, the melanosome begins synthesizing
melanin, which is deposited along the fibers, gradually
darkening the vesicles. Finally, in stage IV, the sparse pro-
tein wall is filled with the participation of various active
enzymes [29, 100].

After producing melanin in melanosomes, the biopol-
ymers can be transported to the cell wall through the
interaction between melanocytes and keratinocytes.
Melanocytes can transfer melanin to the keratinocyte via
two transit models, including the shedding-phagocytosis
model and the endocytosis model [101]. In the former
one, melanocytes release melanin vesicles rich in mela-
nin, which are thereafter internalized by keratinocytes
via phagocytosis. In contrast, melanocytes fuse with the
cell membrane and directly release melanin granules into
the extracellular matrix in the latter model; eventually,
keratinocytes absorb melanin via endocytosis [102].

Numerous fungal species, including C. neoformans, C.
albicans, Cladosporium carrionii, Fonsecaea pedrosoi,
and A. terreus [77, 100, 103], contain vesicles loaded
with laccase, which are analogous to mammalian mela-
nosomes. The mechanisms underlying the synthesis and
transport of these vesicles appear to be similar to those in
mammals [100]. Melanin granules can be released from
extracellular vesicles and subsequently deposited on the
cell wall, forming concentric layers that provide protec-
tion against external stressors. Chitin, an essential com-
ponent of the fungal cell wall, acts as a critical scaffold for
the binding of melanin to the cell wall matrix [104—106].
Disruption of the chitin synthase gene CHS3P inhibits
the anchoring of melanin granules in the cell wall [104].
Furthermore, enzymes involved in melanin synthesis are
specifically compartmentalized in the cell. Early biosyn-
thetic enzymes are often stored in melanosomes, whereas
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late biosynthetic enzymes are concentrated in the cell
wall. This evidence supports the above-mentioned mela-
nin melanogenesis model [107].

Regulation of melanin synthesis

Fungal melanin regulation is complex, and it is sig-
nificantly influenced by nutritional and environmental
factors that govern melanin synthesis. Melanin produc-
tion depends highly on the activities of rate-limiting
enzymes, such as tyrosinase, polyketide synthase (PKS),
and laccase. Therefore, the expression levels of genes
encoding the enzymes can significantly influence the
melanin synthesis process, which can be mediated by
related upstream pathways and transcriptional factors
(TFs). Lee et al. found four melanin-regulating core TFs
(Bzp4, Usv101, Mbsl, and Hobl) and potential upstream
kinases, providing noticeable insights into the core mela-
nin regulatory network in C. neoformans and other fun-
gal pathogens [108]. Supplementary Table S1 presents a
compilation of melanin regulatory components from a
variety of organisms. In this section, C. neoformans has
been adopted as the model organism for summarizing
a range of regulatory elements involved in melanin bio-
synthesis. A visual representation of these factors is illus-
trated in Fig. 2, complementing the diagram proposed by

Melanin regulation in Cryptococcus neoformans
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Hog pathway I
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Lee et al. [108], thereby enhancing the understanding of
the fungal melanin regulation process.

Figure 2 presents various molecules and proteins, with
their functions detailed as follows: Chs3 acts as Chitin
Synthase (CHS) [105], Msb2 as a putative osmosensor
[109], Opy2 as a transmembrane-anchor protein [109],
SInl as a histidine kinase [144], and Shol as an osmo-
receptor [110]. Ypdl functions as a phosphotransfer
protein, Cdc42 as a small G protein, Sskl as a response
regulator, Ste20 as a PKA kinase, Ssk2/22 as MAPKKK,
Ste50 as a bridging protein, Stell as MAPKKK, and Pbs2
and Hogl as MAPKK [111]. Mob2, Hym]l, and Sog are
associated proteins, while Cbkl and Kicl are Ser/Thr
protein kinases [112]. Ace2 and Ssd1 function as a tran-
scription factor (TF) and an mRNA-binding protein,
respectively [111]. Ccc2 and Atx1 serve as a copper trans-
porter and copper chaperone, respectively [73], while
Ctrl is a high-affinity copper transporter [73]. Gsk3 and
Prol act as a core kinase and TF, respectively [112]. Core
melanin-regulating TFs include Bzp4, Usv101, Mbs1, and
Hob1 [108], with Pkh202 as a TF [112]. Met3, Mps1, and
Mecl are kinases [108], Lacl is a laccase type [73], and
Vadl and Notl function as an RNA helicase and global
transcription repressor, respectively [113]. Vps15, Vps30,
Vps34, and Cigl are involved in vacuolar protein sorting,
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Fig. 2 Regulatory network of melanin synthesis in Cryptococcus neoformans
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functioning as a Ser/Thr kinase, vesicle-associated mem-
brane protein, phosphatidylinositol 3-kinase, and man-
noprotein, respectively [108]. Vphl is a component of the
vesicular proton pump [114], Clc1 is a voltage-gated chlo-
ride channel [115], Gpr4 is a cAMP receptor [116], Gpal
is a G-protein alpha subunit [117], CAC1 is an adenylyl
cyclase [118], Gib2 is a Gp-like/RACK1 protein [116],
and Rasl is a GTPase protein [118]. PKA represents Pro-
tein Kinase A, CreB is a cAMP response element-binding
protein, and Cre is a cCAMP response element [116]. Snf5
is a chromatin-remodeling protein, and Mbf1 is a tran-
scriptional coactivator [73]. Additionally, PLC denotes
Phospholipase C, PIP2 denotes Phosphatidylinositol (4,5)
Bisphosphate, DAG denotes Diacylglycerol, PKC denotes
Protein Kinase C, PI denotes Phosphatidylinositol, IPC
denotes Inositol Phosphorylceramide, and IPC1 denotes
Inositol Phosphorylceramide Synthase 1 [119]. Finally,
Ser5 represents Serine protease 5 [120], and YOP1 is an
endoplasmic reticulum curvature-stabilizing protein
[121].

Environmental factors and related signaling pathways
Fungal melanin production requires the stimulation of
various environmental signals (i.e., nutrient starvation),
the presence of multivalent cations, and thermal stress,
all depending on signal transduction pathways [121].
Several signal sensors (Opy2-Msb2 complex, Wscl, Wsc3,
and MidA) in the cell wall detect external adverse stress,
providing a specific signal-receptor regulation mecha-
nism to activate melanin production [109, 122]. Further-
more, stress sensors, such as Bckl, Mkk2, and MpkA in
the cell wall integrity (CWI) signaling pathway can acti-
vate pyomelanin biosynthesis in response to external
stress [123].

In addition to cell surface receptors, the complete sig-
nal transduction process requires the involvement of
classical signaling pathways. Several studies have dem-
onstrated that the cyclic AMP/protein kinase A (cAMP/
PKA) and high osmolarity glycerol (HOG) response
pathways regulate melanin production. The stress-
responsive HOG pathway comprises two major signal-
ing modules, the MAPK module and the two-component
system-like phosphorelay system, both of which sup-
press melanin synthesis in C. neoformans [124]. As
illustrated in Fig. 2, there are two upstream signaling
branches (S/n and Shol branch) where different MAPK-
KKs (Stell and Ssk2/22) converge a common MAPKK
(Pbs2), transmitting signals to another MAPKK (HogI).
It was previously demonstrated that melanin biosynthe-
sis is significantly repressed when the phosphorylation
level of Hogl remains high [125, 126]. Furthermore, in
response to nutritional and host signals, the cAMP/PKA
pathway in fungal pathogens influences the expression
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of virulence determinants. Prior research documented
that the elevated cAMP facilitates PKA’s dissociation
of the catalytic (Pkal and Pka2) and regulatory (Pkrl)
subunits, proving critical for downstream biosynthesis
signaling [116]. Under melanin-inducing conditions, the
transcriptional coactivator MbfI and the downstream
target Snf5 act together to upregulate LACI transcription
in C. neoformans [73]. Deletion of the cAMP receptor
GPR4, G protein o subunit GPA1, and a GpB-like/RACK1
homolog Gib2 could significantly reduce melanin synthe-
sis in C. neoformans or Cryptococcus gattii, demonstrat-
ing the positive role of the cAMP/PKA signaling pathway
in melanin production [116, 117]. Furthermore, two TFs
(MaMsn2 and MaSoml) in the cAMP/PKA signaling
pathway have been found to affect melanin production in
Metarhizium acridum (M. acridum) [127, 128].

Glucose can suppress CnLACI expression in C. neofor-
mans, indicating the potential involvement of the glycoly-
sis pathway in melanin synthesis [129]. In C. neoformans,
disruption of the glycolytic enzyme phosphoglucose
isomerase (Pgil) results in hypersensitivity to osmotic
stress and a complete absence of melanin synthesis in
mutants [130]. A similar effect was noted in TPS1/2, T6P,
and NTHI mutants of C. gattii [92]. Furthermore, the
growing interest among scientists in melanin phenotype
research has revealed that the regulation of the morpho-
genesis (RAM) pathway influences melanin synthesis.
The protein kinase Kicl, together with two related pro-
teins, Hym1 and Sog2, phosphorylate CbklI to activate the
expression levels of the TF Ace2 and the mRNA-binding
protein Ssdl, emerging critical for cell separation and
stress response regulation [108, 112]. This newly discov-
ered connection provides a novel perspective on the reg-
ulation of Lacl expression in C. neoformans.

Rate-limiting enzymes in melanin synthesis

Tyrosinase (EC 1.14.18.1), laccase (EC 1.10.3.2), and PKS
are the key rate-limiting enzymes in melanin synthesis,
and their activity significantly affects melanin production
in fungi. Tyrosinase is the primary enzyme involved in
melanin synthesis. It catalyzes the two-step tyrosine oxi-
dation process, leading to DAQ production. Tyrosinase
contains a coupled binuclear copper center, in which two
copper atoms (CuA and CuB) are coordinated by three
histidine residues. This arrangement facilitates the cataly-
sis of oxidation reactions of monophenols or o-diphenols
to form quinones [131, 132]. Laccase, a “blue proteins”
family member, contains four copper atoms bound to
conserved histidine residues. The atoms are normally
stored in the melanosomes and are critical to laccase’s
function. Two laccase-encoding genes, LACI and LAC2,
have been found in C. neoformans. The LACI-encoded
laccase was identified in the cell wall and reported to
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play a dominant role in melanin synthesis, whereas
LAC2 was found in the cytoplasm, and its role remains
elusive. The conversion of acetyl-CoA or malonyl-CoA
to tetrahydroxynaphthalene (THN) in the DHN-mel-
anin biosynthetic pathway is catalyzed by PKS [133].
Fungi frequently possess multiple PKS gene clusters as
a result of gene duplication and horizontal gene transfer.
In Metarhizium, two PKS gene clusters (Pksl and Pks2)
exhibit distinct expression patterns. While PksI is highly
expressed during conidiation, Pks2 exhibits the elevated
activity during infection, demonstrating the functional
division of the two gene clusters [134].

As previously described, both tyrosinase and laccase
are copper-dependent enzymes, and the importance of
copper in DHN and the L-DOPA melanin synthesis path-
way cannot be overlooked [94]. For instance, Ctrl, the
mutant of the copper transporter Ccc2, and the copper
chaperone AtxI have been identified in melanin defects
in C. neoformans [73]. Additionally, under copper-
limiting conditions, the P-type Cu-transporter CtpA is
required for melanization to transport copper from the
cytosol to endosomes in A. fumigatus [107]. Further-
more, due to its unique localization, a group of genes
associated with vesicle trafficking and metal homeostasis,
including a vacuolar-type proton pump Vphli, a chloride
ion channel Clcl, autophagic vesicle-associated proteins
(Vps30, VpslS, and Vps34), and the mannoprotein Cigl
can influence laccase expression [55, 108].

Transcription factors (TFs) involved in melanin synthesis
TFs, key cellular components that control gene expres-
sion, can participate in eukaryotic transcriptional pro-
cesses. Extensive research has revealed that TFs exert a
significant regulatory effect on melanin biosynthesis in
fungal systems. For instance, 27 novel TFs associated
with capsule and melanin production have been identi-
fied in C. neoformans [135]. However, as studies mainly
did not concentrate on the phenotype of melanin defi-
ciency, integrating these TFs into established melanin
synthesis pathways has been challenging. However, with
the recent elucidation of the core melanin-regulating
network in C. neoformans [108], further melanin regula-
tion-TFs (MR-TFs) can be incorporated into an existing
regulatory framework, providing new insights into mela-
nin production in fungi.

The Cmrl, a melanin-specific transcriptional activa-
tor, is present in most melanin-producing fungi, specifi-
cally stimulating the expression of the PKS gene clusters.
Consequently, in melanin-producing fungi, the PKS gene,
Arp2, and the Cmrl gene exhibit a strong co-evolution
[136]. Notably, deletion of the homologous genes in other
species, such as Amrl in A. brassicicola [137], VdCmrl
in V. dahlia [138], Bcsmrl in B. cinerea [139], SEMRI in
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S. turcica [140], and Pmrl and Pmr2 in P. microspore
[141], significantly induces a melanogenesis deficiency
phenotype. In addition to MR-TFs, some TFs also indi-
rectly influence melanin synthesis regulation, although
their precise underlying mechanism remains elusive.
For instance, in A. fumigatus, DevR (the bHLH TF) and
RImA (the MADS-box TF) can recognize special sites in
the promoter region of the PksP gene and bind to regu-
late melanin biosynthesis [142]. Additionally, deletion
of RsdA, a regulatory factor involved in fungal second-
ary metabolism and development in P, fici, significantly
enhances melanin production, resulting in a heavily pig-
mented hyphal phenotype, similar to that found in PfimaF
and PfmaH TF mutants [143]. Furthermore, Bcltf1/2 in
B. cinerea, Ncfl in N. crassa, and MoMyb7 in M. oryzae
have also been identified as melanin regulatory factors
[75, 144, 145].

Some TFs or proteases also regulate melanin synthe-
sis in fungi with ambiguous melanin synthesis pathways.
For instance, mutants of certain TFs (MaNcpl, MaCreA,
Mavib-1, MaMsn2, and MaSom1l) in M. acridum exhib-
ited significantly lighter colony colors compared with
the wild type [127, 128, 146—148]. Similarly, the alkylsul-
fatase gene MaAts, the dual-specificity cell division cycle
14 phosphatase gene MaCdcl4, the conidial regulator
MaNsdD, and the calcofluor white hypersensitive pro-
teins Macwhl and Macwh43 have exhibited to impact
M. acridum’s resistance to environmental stress. These
effects can highly be attributed to variations in melanin
synthesis in the fungus [76, 149-151]. Although these
studies did not illuminate the phenotype of melanin defi-
ciency, they paved the basis for further research on mela-
nin synthesis in M. acridum. Furthermore, additional
melanin synthesis regulatory factors in other pathogenic
fungal species have been elucidated in recent years. For
instance, the appressorium membrane-specific protein
Pamsl in M. oryzae and the TF Mrapl in M. rileyi have
been found to regulate melanin density in the cell wall
[152]. These studies have contributed to a deeper under-
standing of melanin synthesis in fungi.

Perspectives for efficient production of fungal melanin

via metabolic engineering

In addition to the effective utilization of natural micro-
organisms [153], genetic engineering provides a practi-
cal approach to enhance melanin production by altering
microbial genomes. These techniques enable the modifi-
cation of microorganisms to yield soluble, pure, and high
concentrations of melanin [13]. However, only micro-
bial strains yielding 1 g/L can be considered for large-
scale melanin production [77]. The typical metabolic
engineering-based melanin production strategy includes
overexpression of genes, encoding key melanin synthesis
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enzymes, mutation of melanin-related inhibitor genes,
and generation of recombinant organisms by introducing
exogenous genes from other species with excellent mela-
nogenic ability [154].

Bionic synthesis of eumelanin via tyrosinase is the
closest approach to the in vivo biosynthesis process
in fungi. Heterologous expression of the P sanguineus
tyrosinase in A. miger, where the gene is placed under a
strong promoter for constitutive glyceraldehyde phos-
phate dehydrogenase (GAPDH), successfully induced the
expression of a highly active tyrosinase that can be uti-
lized downstream for melanin synthesis [155]. During
pyomelanin synthesis, 4-hydroxyphenylpyruvate dioxy-
genase (HPPD) can oxidize 4-hydroxyphenylpyruvate
(4-HPP) to homogentisate, followed by a series of oxida-
tive polymerization reactions to form the end product.
Overexpression of E kingsejongi HPPD in E. coli results
in a favorable melanin yield of 3.76+0.30 g/L, achiev-
ing 62% of the yield by wild E kingsejongi [156]. Besides
directly modifying key enzymes in melanin synthesis,
employing TFs to regulate target gene expression can
be an effective method to enhance melanin production.
For instance, overexpression of the TF PfmaF in P. fici
[143] and the BMR; gene in B. Oryzae [157] resulted in
a heavier pigment accumulation. Furthermore, knocking
out the negative regulatory genes of melanin biosynthe-
sis (BcVeA and BcVelB) in B. cinerea, increased melanin
accumulation and enhanced sensitivity to oxidative stress
in the mutants [153]. These findings convincingly dem-
onstrate the viability and promise of genetic engineering
technologies in fungal melanin production.

Furthermore, targeted modifications have significantly
expanded the range of applications for engineered mela-
nin [158]. For instance, modifications related to amino
acids, carboxymethylation, D-glucosamine, and sulfa-
tion have significantly enhanced water solubility or self-
assembly ability. Such deliberate modifications produce
tailor-made melanin with unique photophysical and pho-
tochemical properties, opening up new directions for
various fields [11, 39, 159, 160]. Therefore, gaining a more
comprehensive understanding of melanin modification in
fungi may provide a practical basis for developing engi-
neered melanin with novel properties.

Applications of fungal melanin

The remarkable resilience of melanotic fungi in extreme
environments positions fungal melanin as a highly valu-
able pigment across multiple fields, including industry,
healthcare, environmental applications, and energy [13,
161]. The unique properties and scalable production of
fungal melanin enable its broad functional applications.
Significant advancements in fungal melanin use across
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various fields are outlined in the following sections of this
article (Fig. 3).

Environment

The carboxyl, phenolic, hydroxyl, and amine functional
groups in melanin make it an excellent candidate for
bioremediation, which is extremely beneficial to environ-
ment management [161, 162]. The affinity of melanin to
bind irons leads to its application in soil contamination
remediation and wastewater purification. Melanotic fun-
gal species have been utilized to immobilize heavy met-
als in polluted environments and degrade volatile organic
compounds (VOCs) in the atmosphere. The presence of
black fungus in cultures has been found to reduce VOC
content by more than 96% after 48 h [163]. Additionally,
electrospun membranes incorporating fungal melanin
can effectively remove over 90% of heavy metals from
contaminated water [164]. Similarly, Aspergillus niger can
degrade 3 g/L sepia ink in saline industrial wastewater
during 96 h to achieve wastewater purification [165].
Another notable property is the antimicrobial effect
of fungal melanin, making it to be used as a biocontrol
agent [166]. Pesticides containing melanin can be resist-
ant to degradation, enabling them to retain better insecti-
cidal activity [167].

Healthcare
The energy flow in melanized fungi ecologically paves the
basis for the development of radiation-resistant materi-
als and equipment using melanin. There is a ready mar-
ket for spacecraft equipment, which protects astronauts
from radiation exposure-induced side effects [168].
Besides, it is applicable in the development of oral mel-
anin-based products and melanin nano-shells, assisting
patients undergoing radiation therapy [7]. Melanin-based
nanoparticles have been developed to help macrophages
repolarize into an inflammatory phenotype via photo-
thermal therapy (PTT) [169]. Meanwhile, biocompatible
melanin-like particles can be utilized as an exceptional
drug delivery carrier, not only supporting binding sites
for medicine, but also providing superior imaging [170,
171]. Melanin-based nanoparticles have exhibited poten-
tial in tumor treatment through their role in PTT. This
application leverages melanin’s light-absorbing proper-
ties, where nanoparticles accumulate in tumor sites and
convert light into heat, selectively targeting and destroy-
ing cancerous cells. Additionally, melanin’s radiation-
protective capabilities provide a potential direction for
enhancing tumor treatment by protecting healthy cells
while enabling radiation therapy.

The antioxidative role of fungal melanin in human
health cannot be overstated. Experiments have demon-
strated that mice fed with fungal-derived melanin exhibit
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Fig. 3 A diagram illustrating the link between the function and application of fungal melanin

improved fat metabolism, enhanced insulin sensitivity,
and reduced blood lipid and sugar levels [172]. Besides,
melanin extracted from A. auricula can ensure faster oxi-
dative stress response in mice suffering from alcoholic
liver injury [173]. Melanin degradation also plays a piv-
otal role in human health, as it can influence the effec-
tiveness of treatments for certain infections. For instance,
inhibiting melanin synthesis in Madurella mycetomatis
could improve its sensitivity to antifungal drugs, poten-
tially enhancing therapeutic outcomes [174]. Numerous
anti-melanogenic agents have been developed, including
tricyclazole [175], coumaric acid [176], ellagic acid (EA)
[177], paraquat (1,10-dimethyl-4,4-bipyridinium dichlo-
ride, PQ) [178], and dimethyl sulfoxide (DMSO) [88,
179], increasing their susceptibility to antifungal drugs.

Energy
Melanin pigments are regarded as excellent organic con-
ductors owing to their unique physical and chemical

properties [12, 180]. Recent studies have indicated that
melanin can form an electron tunneling effect under
radiation stimulation, enabling efficient electron conduc-
tion, providing a novel insight for the development of
bio-semiconductor materials [181, 182]. Melanin-based
electronic films have demonstrated electrical conductivi-
ties comparable with amorphous silicon, paving the basis
for applications in chemi-sensors and bolometric photon
detectors [183]. Coupled with its superior adversity tol-
erance, melanin is considered a soft biocompatible func-
tional material. Organic electrodes comprising melanin
have a superior capacity for charge storage [184]. Due to
its remarkable stress tolerance and high energy capacity,
fungal melanin also holds promising potential for energy-
related applications.

Industry
In contrast to conventional synthetic dyes, fungal melanin
possesses excellent benefits in terms of photoprotection
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and antiradiation when applied in the textile industry,
thereby protecting human skin from intense UV radia-
tion [185]. Research has indicated that dyes made from
fungal pigments have antimicrobial activities and excel-
lent color fastness properties with no toxicity [186—189].
Fungal melanin has successfully entered the cosmetics
and food industries, where it is utilized for coloring and
packaging applications, positively promoting the sustain-
ability of commercial products [9, 190, 191].

Conclusions

Fungi can synthesize various types of melanin, with prop-
erties that make fungal melanin one of the most valuable
pigments across multiple fields. The remarkable struc-
tural diversity of these biopolymers contributes to their
unique characteristics. Further elucidation of the detailed
structures of different melanin polymers and linking
these structures to diverse functions could enable the
discovery and design of melanins with novel properties.
Given the complex relationship between an organism’s
morphology and melanin’s distinct properties, custom-
ized melanin could be developed through precise modu-
lation of related enzymes. Such modifications could be
performed within fungi or other organisms, or through
direct engineering of fungal enzymes.

The natural production of melanin in fungal cell fac-
tories has significantly advanced green and sustain-
able manufacturing. Although optimizing fermentation
conditions can substantially increase fungal melanin
yields, further improvements in production efficiency
are challenging. Fungal melanin synthesis is regulated
by complex processes, involving environmental induc-
ers, signaling pathways, rate-limiting enzymes, and TFs.
Therefore, enhancing melanin production goes beyond
optimizing fermentation processes and includes genetic
regulation of target gene expression, broadening the
industrial application potential of microbial systems.

Despite progress in optimizing fermentation conditions
and bioengineering methods for melanin biosynthesis,
substantial research remains to meet the demands of
industrial-scale production, particularly due to the com-
plex regulatory network governing fungal melanin syn-
thesis. Future research will concentrate on understanding
the molecular regulatory mechanisms to leverage genetic
engineering in improving production efficiency and
developing customized melanin with valuable material
properties.

Abbreviations

TEM Transmission electron microscopy
SEM Scanning electron microscopy
AFM Atomic force microscopy

XPS X-ray photoelectron spectroscopy
FT-IR Fourier-transform infrared

EPR Electron paramagnetic resonance
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NMR Solid-state nuclear magnetic resonance
HPLC High-performance liquid chromatography
DHI 5,6-Dihydroxyindole

DHICA 5,6-Dihydroxyindole-2-carboxylic acid

VOCs Volatile organic compounds

PPT Photothermal therapy

EA Ellagic acid

PQ 1,10-Dimethyl-4,4-bipyridinium dichloride
DMSO Dimethy! sulfoxide

RSM Response Surface Methodology

CE Cavitation-based extraction

DHN 1,8-Dihydroxynaphthalene

L-DOPA L-3,4-dihyroxyphenylalanine

DAQ DOPA quinone

HPQ 1,4,6,7,9,12-Hexahydroxyperylene-3,10-quinone
PAMPs Pathogen-associated molecular patterns

PKS Polyketide synthase

T4HN Intermediate-1,3,6,8-tetrahydroxynaphthalene
HGA Homogentisic acid

GDHB y-Glutamine-3,4-dihydroxybenzene

NPRS-like Non-ribosomal peptide synthetase-like

LRO Lysosome-related organelles

cAMP/PKA  Cyclic AMP/protein kinase A

HOG High osmolarity glycerol response

RAM Regulation of the morphogenesis

THN Tetrahydroxynaphthalene

MRTF Melanin regulation transcription factors
HPPD 4-Hydroxyphenylpyruvate dioxygenase
4-HPP 4-Hydroxyphenylpyruvate

NQO 4-Nitroquinoline-1-oxide

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512934-024-02614-8.

[ Supplementary material 1. }

Acknowledgements
Not applicable.

Author contributions

Conceptualization, Y.X; writing—original draft preparation, Y.Q,; writing—
review and editing, Y.X. and Y.Q, supervision, Y.X; project administration, Y.X,
funding acquisition,Y.X,; data curation, Y.Q. All authors have read and agreed to
the published version of the manuscript.

Funding

The work was supported by the Technology Innovation and Applica-

tion Development Project of Chongging (CSTB2023TIAD-KPX0045), the
Fundamental Research Funds for the Central Universities (2023CDJKYJH043,
2024CDJXY016).

Availability of data and materials

All data generated or analyzed during this study are included in this published
article [and its supplementary information files].

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.


https://doi.org/10.1186/s12934-024-02614-8
https://doi.org/10.1186/s12934-024-02614-8

Qin and Xia Microbial Cell Factories

(2024) 23:334

Received: 17 August 2023 Accepted: 3 December 2024
Published online: 19 December 2024

References

1.
2.

20.

21

22.

Riley PA. Melanin. Int J Biochem Cell Biol. 1997;29:1235-9.

Panzella L, Gentile G, D'Errico G, Della Vecchia NF, Errico ME, Napolitano
A, et al. A typical structural and m-electron features of a melanin poly-
mer that lead to superior free-radical-scavenging properties. Angew
Chem Int Edit. 2013;52:12684-7.

Kalra R, Conlan XA, Goel M. Fungi as a potential source of pigments:
harnessing filamentous fungi. Front Chem. 2020. https://doi.org/10.
3389/fchem.2020.00369.

Eisenman HC, Greer EM, McGrail CW. The role of melanins in melanotic
fungi for pathogenesis and environmental survival. Appl Microbiol Biot.
2020;104:4247-57.

Derby CD. Cephalopod ink: production, chemistry, functions and appli-
cations. Mar Drugs. 2014;12:2700-30.

Nie LF, Huang G, Bozorov K, Zhao J, Niu C, Sagdullaev SS, et al. Diversity-
oriented synthesis of amide derivatives of tricyclic thieno[2,3-d]
pyrimidin-4(3H)-ones and evaluation of their influence on melanin
synthesis in murine B16 cells. Heterocycl Commun. 2018;24:43-50.
Revskaya E, Chu P, Howell RC, Schweitzer AD, Bryan RA, Harris M, et al.
Compton scattering by internal shields based on melanin-containing
mushrooms provides protection of gastrointestinal tract from ionizing
radiation. Cancer Biother Radiol. 2012;27:570-6.

Duréan N, Teixeira MFS, De Conti R, Esposito E. Ecological-friendly pig-
ments from fungi. Crit Rev Food Sci. 2002;42:53-66.

Dufossé L, Fouillaud M, Caro Y, Mapari SA, Sutthiwong N. Filamentous
fungi are large-scale producers of pigments and colorants for the food
industry. Curr Opin Biotech. 2014,26:56-61.

Cordero RJB, Casadevall A. Functions of fungal melanin beyond viru-
lence. Fungal Biol Rev. 2017,31:99-112.

El-Naggar NE-A, Saber WIA. Natural melanin: current trends, and future
approaches, with especial reference to microbial source. Polymers.
2022;14:1339.

Gessler NN, Egorova AS, Belozerskaya TA. Melanin pigments of fungi
under extreme environmental conditions (review). Appl Biochem
Microbiol. 2014;50:105-13.

Mattoon E, Cordero R, Casadevall A. Fungal melanins and applications
in healthcare, bioremediation and industry. JoF. 2021. https://doi.org/
10.3390/jof7060488.

Wang Y, Aisen P, Casadevall A. Melanin, melanin “ghosts’, and

melanin composition in Cryptococcus neoformans. Infect Immun.
1996,64:2420-4.

Prados-Rosales R, Toriola S, Nakouzi A, Chatterjee S, Stark R, Gerfen G,
et al. Structural characterization of melanin pigments from commercial
preparations of the edible mushroom Auricularia auricula. J Agric Food
Chem. 2015;63:7326-32.

Singh S, Nimse SB, Mathew DE, Dhimmar A, Sahastrabudhe H, Gajjar
A, et al. Microbial melanin: recent advances in biosynthesis, extraction,
characterization, and applications. Biotechnol Adv. 2021;53: 107773.
Eisenman H, Nosanchuk J, Webber J, Emerson R, Camesano T,
Casadevall A. Microstructure of cell wall-associated melanin in the
human pathogenic fungus Cryptococcus neoformans. Biochemistry.
2005;44:3683-93.

Chatterjee S, Prados-Rosales R, Tan S, Itin B, Casadevall A, Stark RE.
Demonstration of a common indole-based aromatic core in natural
and synthetic eumelanins by solid-state NMR. Org Biomol Chem.
2014;12:6730-6.

Raman NM, Ramasamy S. Genetic validation and spectroscopic detail-
ing of DHN-melanin extracted from an environmental fungus. BB Rep.
2017;12:98-107.

Sun'S, Zhang X, Sun S, Zhang L, Shan'S, Zhu H. Production of natural
melanin by Auricularia auricula and study on its molecular structure.
Food Chem. 2016;190:801-7.

Wakamatsu K, Ito S. Advanced chemical methods in melanin determi-
nation. Pigm Cell Res. 2002;15:174-83.

Meredith P, Sarna T. The physical and chemical properties of eumelanin.
Pigm Cell Res. 2006;19:572-94.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34,

35.

36.

37.

38.

39.

40.

42.

43.

Page 14 of 19

Karsili TNV, Marchetti B, Matsika S. Origins of Photodamage in
pheomelanin constituents: photochemistry of 4-hydroxybenzothiazole.
J Phys Chem A. 2018;122:1986-93.

Micillo R, Panzella L, Koike K, Monfrecola G, Napolitano A, D'lschia

M. “Fifty shades” of black and red or how carboxyl groups fine tune
eumelanin and pheomelanin properties. Int J Mol Sci. 2016;17:746.
Cao W, Zhou X, McCallum NC, Hu Z, Ni QZ, Kapoor U, et al. Unraveling
the structure and function of melanin through synthesis. J Am Chem
Soc. 2021;143:2622-37.

Turick CE, Knox AS, Becnel JM, Ekechukwu AA. Properties and function
of pyomelanin. Biopolmers. 2010. https://doi.org/10.5772/10273.
Schmaler-Ripcke J, Sugareva V, Gebhardt P, Winkler R, Kniemeyer O,
Heinekamp T, et al. Production of pyomelanin, a second type of mela-
nin, via the tyrosine degradation pathway in Aspergillus fumigatus. Appl
Environ Microbiol. 2009;75:493-503.

Kim E, Kang M, Tschirhart T, Malo M, Dadachova E, Cao G, et al. Spec-
troelectrochemical reverse engineering demonstrates that melanin’s
redox and radical scavenging activities are linked. Biomacromol.
2017;18:4084-98.

Nosanchuk JD, Stark RE, Casadevall A. Fungal melanin: what do we
know about structure? Front Microbiol. 2015;6:1463.

Pralea I-E, Moldovan R-C, Petrache A-M, llies M, Heghes S-C, lelciu |,

et al. From extraction to advanced analytical methods: the challenges
of melanin analysis. Int J Mol Sci. 2019. https://doi.org/10.3390/ijms2
0163943.

Marchetti B, Tolga N, Karsili V. Theoretical insights into the photo-pro-
tective mechanisms of natural biological sunscreens: building blocks of
eumelanin and pheomelanin. Phys Chem Chem Phys. 2016;18:3644-58.
Mostert AB, Hanson GR, Sarna T, Gentle IR, Powell BJ, Meredith P.
Hydration-controlled X-band EPR spectroscopy: a tool for unravelling
the complexities of the solid-state free radical in eumelanin. J Phys
Chem B. 2013;117:4965-72.

Chatterjee S, Prados-Rosales R, Frases S, Itin B, Casadevall A, Stark RE.
Using solid-state NMR to monitor the molecular consequences of
Cryptococcus neoformans melanization with different catecholamine
precursors. Biochemistry. 2012;51:6080-8.

Tian S, Garcia-Rivera J, Yan B, Casadevall A, Stark RE. Unlocking the
molecular structure of fungal melanin using 13c biosynthetic labeling
and solid-state NMR. Biochemistry. 2003;42:8105-9.

Almeida-Paes R, Frases S, Arautjo GDS, de Oliveira MME, Gerfen GJ,
Nosanchuk JD, et al. Biosynthesis and functions of a melanoid pigment
produced by species of the Sporothrix complex in the presence of
I-tyrosine. Appl Environ Microb. 2012;78:8623-30.

Turick CE, Tisa LS, Caccavo F. Melanin production and use as a

soluble electron shuttle for Fe(lll) oxide reduction and as a terminal
electron acceptor by Shewanella algae BrY. Appl Environ Microbiol.
2002;68:2436-44.

Pihet M, Vandeputte P, Tronchin G, Renier G, Saulnier P, Georgeault S,

et al. Melanin is an essential component for the integrity of the cell wall
of Aspergillus fumigatus conidia. BMC Microbiol. 2009;9:177.

Manini P, LucciV, Lino V, Sartini S, Rossella F, Falco G, et al. Synthetic
mycomelanin thin films as emergent bio-inspired interfaces controlling
the fate of embryonic stem cells. J Mater Chem B. 2020,8:4412-8.
Sun'S, Zhang X, Chen W, Zhang L, Zhu H. Production of natural edible
melanin by Auricularia auricula and its physicochemical properties.
Food Chem. 2016;196:486-92.

Helan M, Mi HSR, Thangavelu R, Subramanian J, Kalaiselvam M. Produc-
tion and characterization of melanin pigment from halophilic black
yeast Hortaea werneckii. Int J Pharm Res Rev. 2013;2:9-17.

Zhang Y, Wu X, Huang C, Zhang Z, Gao W. Isolation and identification
of pigments from oyster mushrooms with black, yellow and pink caps.
Food Chem. 2022;372:131171.

Babitskaya VG, Shcherba VV, Filimonova TV, Grigorchuk EA. Melanin pig-
ments from the fungi Paecilomyces variotii and Aspergillus carbonarius.
Appl Biochem Microbiol. 2000;36:128-33.

Ribera J, Panzarasa G, Stobbe A, Osypova A, Rupper P, Klose D, et al.
Scalable biosynthesis of melanin by the basidiomycete Armillaria cepis-
tipes. J Agric Food Chem. 2019,67:132-9.

Tran-Ly A, Reyes C, Schwarze F, Ribera J. Microbial production of mela-
nin and its various applications. World J Microb Biot. 2020. https://doi.
org/10.1007/511274-020-02941-z.


https://doi.org/10.3389/fchem.2020.00369
https://doi.org/10.3389/fchem.2020.00369
https://doi.org/10.3390/jof7060488
https://doi.org/10.3390/jof7060488
https://doi.org/10.5772/10273
https://doi.org/10.3390/ijms20163943
https://doi.org/10.3390/ijms20163943
https://doi.org/10.1007/s11274-020-02941-z
https://doi.org/10.1007/s11274-020-02941-z

Qin and Xia Microbial Cell Factories

45.
46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

(2024) 23:334

Akilandeswari P, Pradeep BV. Exploration of industrially important pig-
ments from soil fungi. Appl Microbiol Biotechnol. 2016;100:1631-43.
Carreira A, Ferreira LM, Loureiro V. Production of brown tyrosine pig-
ments by the yeast Yarrowia lipolytica. J Appl Microbiol. 2001;90:372-9.
Ma Z, Liu X, Liu Y, Chen W, Wang C. Studies on the biosynthetic
pathways of melanin in Auricularia auricula. J Basic Microbiol.
2022,62:843-56.

Zou 'Y, Tian M. Fermentative production of melanin by Auricularia
auricula. J Food Process Pres. 2017;41: €12909.

Velmurugan P, Hur H, BalachandarV, Kamala-Kannan S, Lee K-J, Lee S-M,
et al. Monascus pigment production by solid-state fermentation with
corn cob substrate. J Biosci Bioeng. 2011;112:590-4.

Silveira ST, Daroit DJ, Brandelli A. Pigment production by Monascus
purpureus in grape waste using factorial design. LWT-Food Sci Technol.
2008:41:170-4.

Aghajanyan AE, Hambardzumyan AA, Minasyan EV, Tsaturyan AH,
Paloyan AM, Avetisyan SV, et al. Development of the technology for
producing water-soluble melanin from waste of vinary production

and the study of its physicochemical properties. Eur Food Res Technol.
2022;248:485-95.

Yu Z,Wang D. Producing melanin from Auricularia auricula by fer-
mentation comprises e.g. using Auricularia auricula as fermentation
strain, wheat bran juice as main components of fermentation culture
medium, adding tyrosine, separating and purifying. https://www.webof
science.com/wos/alldb/full-record/DIIDW:2019A0382J(2019). Accessed
22 Nov 2019.

Said F, Chisti'Y, Brooks J. The effects of forced aeration and initial mois-
turelevel on red pigment and biomass production by Monascus ruber in
packed bed solid state fermentation. J Int Environ Appl Sci. 2010;1:1-4.
Velmurugan P, Lee YH, Venil CK, Lakshmanaperumalsamy P, Chae J-C,
Oh B-T. Effect of light on growth, intracellular and extracellular pigment
production by five pigment-producing filamentous fungi in synthetic
medium. J Biosci Bioeng. 2010;109:346-50.

Vendruscolo F, Bihler RMM, de Carvalho JC, de Oliveira D, Moritz DE,
Schmidell W, et al. Monascus: a reality on the production and applica-
tion of microbial pigments. Appl Biochem Biotechnol. 2016;178:211-23.
Zhang M, Xiao G, Thring RW, Chen W, Zhou H, Yang H. Production

and characterization of melanin by submerged culture of culinary

and medicinal fungi Auricularia auricula. Appl Biochem Biotechnol.
2015;176:253-66.

Chévez-Béjar MI, Lara AR, Lopez H, Herndndez-Chévez G, Martinez

A, Ramirez OT, et al. Metabolic engineering of escherichia coli for
I-tyrosine production by expression of genes coding for the choris-
mate mutase domain of the native chorismate mutase-prephenate
dehydratase and a cyclohexadienyl dehydrogenase from Zymomonas
mobilis. Appl Environ Microbiol. 2008;74:3284-90.

Ben Tahar |, Kus-Liskiewicz M, LaraY, Javaux E, Fickers P. Characterization
of a nontoxic pyomelanin pigment produced by the yeast Yarrowia
lipolytica. Biotechnol Progr. 2020;36. https://doi.org/10.1002/btpr.2912.
Zhu J,Tian S, Ye Y, Wang Y, Zhen T, Yu D, et al. Improving melanin yield
in Auricularia auricula-judae fermented liquid by subjecting Auricularia
auricula-judae to solid induction culture using medium containing
tyrosine and liquid induction culture using medium containing salicylic
acid. 2022. https.//www.webofscience.com/wos/alldb/full-record/
DIIDW:2022E0392A. Assessed 04 Nov 2022.

Li Z, Heng H, Qin Q Chen L, Wang Y, Zhou Z. Physicochemical proper-
ties, molecular structure, antioxidant activity, and biological function
of extracellular melanin from Ascosphaera apis. J Zhejiang Univ Sci B.
2022;23:365-81.

ZouY, Xie C, Fan G, Gu Z, Han Y. Optimization of ultrasound-assisted
extraction of melanin from Auricularia auricula fruit bodies. Innov Food
SciEmerg. 2010;11:611-5.

Zhang F, Xue F, Xu H, Yuan 'Y, Wu X, Zhang J, et al. Optimization of
solid-state fermentation extraction of inonotus hispidus fruiting body
melanin. Foods. 2021;10(12):2893.

Quan'Y, van den Ende BG, Shi D, Prenafeta-Boldu FX, Liu Z, Al-Hatmi
AMS, et al. A comparison of isolation methods for black fungi degrad-
ing aromatic toxins. Mycopathologia. 2019;184:653-60.

Raman NM, Shah PH, Mohan M, Ramasamy S. Improved production

of melanin from Aspergillus fumigatus AFGRD105 by optimization of
media factors. AMB Express. 2015;5:72.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Page 15 0of 19

Medeiros WB, Medina KJD, Sponchiado SRP. Improved natural melanin
production by Aspergillus nidulans after optimization of factors involved
in the pigment biosynthesis pathway. Microb Cell Fact. 2022;21:278.
Rudrappa M, Kumar M, Kumar R, Almansour A, Perumal K, Nayaka S.
Bioproduction, purification and physicochemical characterization of
melanin from Streptomyces sp. strain MR28. Microbiol Res. 2022. https://
doi.org/10.1016/j.micres.2022.127130.

Morris-Jones R, Gomez BL, Diez S, Uran M, Morris-Jones SD, Casadevall
A, et al. Synthesis of melanin pigment by Candida albicans in vitro and
during infection. Infect Immun. 2005;73:6147-50.

Baker R, Chrissian C, Stark R, Casadevall A. Cryptococcus neoformans
melanization incorporates multiple catecholamines to produce
polytypic melanin. J Biol Chem. 2022. https://doi.org/10.1016/j.jbc.2021.
101519.

Wheeler MH. Comparisons of fungal melanin biosynthesis in asco-
mycetous, imperfect and basidiomycetous fungi. Trans Br Mycol Soc.
1983;81:29-36.

Funa N, Ohnishi, Fujii I, Shibuya M, Ebizuka Y, Horinouchi S. A

new pathway for polyketide synthesis in microorganisms. Nature.
1999;400:897-9.

Wheeler MH, Bell AA. Melanins and their importance in pathogenic
fungi. Curr Top Med Mycol. 1988,;2:338-87.

Gao J, Wenderoth M, Doppler M, Schuhmacher R, Marko D, Fischer R.
Fungal melanin biosynthesis pathway as source for fungal toxins. MBIO.
2022;13:0021922.

Walton FJ, Idnurm A, Heitman J. Novel gene functions required for
melanization of the human pathogen Cryptococcus neoformans. Mol
Microbiol. 2005;57:1381-96.

Zhou S, Zhang P, Zhou H, Liu X, Li S-M, Guo L, et al. A new regula-

tor RsdA mediating fungal secondary metabolism has a detrimental
impact on asexual development in Pestalotiopsis fici. Environ Microbiol.
2019;21:416-26.

Cohrs KC, Simon A, Viaud M, Schumacher J. Light governs asexual dif-
ferentiation in the grey mould fungus Botrytis cinerea via the putative
transcription factor BcLTF2. Environ Microbiol. 2016;18:4068-86.

Gao P, Jin K, Xia Y. The phosphatase gene MaCdc14 negatively regulates
UV-B tolerance by mediating the transcription of melanin synthesis-
related genes and contributes to conidiation in Metarhizium acridum.
Curr Genet. 2020;66:141-53.

Chang P-K, Cary JW, Lebar MD. Biosynthesis of conidial and scle-

rotial pigments in Aspergillus species. Appl Microbiol Biotechnol.
2020;104:2277-86.

Feng B, Wang X, Hauser M, Kaufmann S, Jentsch S, Haase G, et al.
Molecular cloning and characterization of wdpks1, a gene involved in
dihydroxynaphthalene melanin biosynthesis and virulence in Wangiella
(Exophiala) dermatitidis. Infect Immun. 2001,69:1781-94.

Zhang C, He Y, Zhu P, Chen L, Wang Y, Ni B, et al. Loss of bcbrn1 and
bcpks13in Botrytis cinerea not only blocks melanization but also
increases vegetative growth and virulence. Mol Plant-Microbe Interact.
2015;28:1091-101.

Takano'Y, Kubo Y, Shimizu K, Mise K, Okuno T, Furusawa I. Structural
analysis of PKST, a polyketide synthase gene involved in melanin bio-
synthesis in Colletotrichum lagenarium. Mol Gen Genet. 1995;249:162-7.
Woo PCY, Tam EWT, Chong KTK, Cai JJ, Tung ETK, Ngan AHY, et al. High
diversity of polyketide synthase genes and the melanin biosynthesis
gene cluster in Penicillium marneffei. FEBS J. 2010,277:3750-8.

Fan R, Klosterman SJ, Wang C, Subbarao KV, Xu X, Shang W, et al. Vayg1
is required for microsclerotium formation and melanin production in
Verticillium dahliae. Fungal Genet Biol. 2017;,98:1-11.

Perpetua NS, Kubo Y, Takano Y, Furusawa I. Cloning and characterization
of a melanin biosynthetic THR1 reductase gene essential for appres-
sorial penetration of Colletotrichum lagenarium. Mol Plant-Microbe
Interact. 1996;9:323-9.

Kubo Y, Takano Y, Endo N, Yasuda N, Tajima S, Furusawa I. Cloning and
structural analysis of the melanin biosynthesis gene SCD1 encoding
scytalone dehydratase in Colletotrichum lagenarium. Appl Environ
Microb. 1996;62:4340-4.

Pukkila-Worley R, Gerrald Q, Kraus P, Boily M, Davis M, Giles S, et al.
Transcriptional network of multiple capsule and melanin genes gov-
erned by the Cryptococcus neoformans cyclic AMP cascade. Eukaryot
Cell. 2005;4:190-201.


https://www.webofscience.com/wos/alldb/full-record/DIIDW:2019A0382J(2019
https://www.webofscience.com/wos/alldb/full-record/DIIDW:2019A0382J(2019
https://doi.org/10.1002/btpr.2912
https://www.webofscience.com/wos/alldb/full-record/DIIDW:2022E0392A
https://www.webofscience.com/wos/alldb/full-record/DIIDW:2022E0392A
https://doi.org/10.1016/j.micres.2022.127130
https://doi.org/10.1016/j.micres.2022.127130
https://doi.org/10.1016/j.jbc.2021.101519
https://doi.org/10.1016/j.jbc.2021.101519

Qin and Xia Microbial Cell Factories

86.

87.

88.

89.

90.

EIN

92.

93.

94.

95.

96.

97.

98.

99.

102.

103.

105.

107.

(2024) 23:334

Perez-Cuesta U, Aparicio-Fernandez L, Guruceaga X, Martin-Souto L,
Abad-Diaz-de-Cerio A, Antoran A, et al. Melanin and pyomelanin in
Aspergillus fumigatus: from its genetics to host interaction. Int Micro-
biol. 2020;23:55-63.

Keller S, Macheleidt J, Scherlach K, Schmaler-Ripcke J, Jacobsen ID,
Heinekamp T, et al. Pyomelanin formation in Aspergillus fumigatus
requires hmgx and the transcriptional activator hmgr but is dispen-
sable for virulence. PLoS ONE. 2011;6: €26604.

Pal AK, Gajjar DU, Vasavada AR. DOPA and DHN pathway orchestrate
melanin synthesis in Aspergillus species. Med Mycol. 2014;52:10-8.
Woloshuk CP, Sisler HD, Tokousbalides MC, Dutky SR. Melanin
biosynthesis in Pyricularia oryzae: site of tricyclazole inhibition and
pathogenicity of melanin-deficient mutants. Pestic Biochem Phys.
1980;14:256-64.

Youngchim S, Morris-Jones R, Hay RJ, Hamilton AJ. Production of
melanin by Aspergillus fumigatus. J Med Microbiol. 2004;53:175-81.
Langfelder K, Streibel M, Jahn B, Haase G, Brakhage AA. Biosynthesis
of fungal melanins and their importance for human pathogenic
fungi. Fungal Genet Biol. 2003;38:143-58.

Ngamskulrungroj P, Himmelreich U, Breger JA, Wilson C, Chayakul-
keeree M, Krockenberger MB, et al. The trehalose synthesis pathway
is an integral part of the virulence composite for Cryptococcus gattii.
Infect Immun. 2009;77:4584-96.

Baraboi VA. Melanin: structure, biosynthesis, biological functions.
Ukrains'kyi biokhimichnyi zhurnal. 1999;1999(71):5-14.

Eisenman HC, Casadevall A. Synthesis and assembly of fungal mela-
nin. Appl Microbiol Biotechnol. 2012;93:931-40.

Bayry J, Beaussart A, Dufrene YF, Sharma M, Bansal K, Kniemeyer

O, et al. Surface structure characterization of Aspergillus fumigatus
conidia mutated in the melanin synthesis pathway and their human
cellular immune response. Infect Immun. 2014;82:3141-53.
Schumacher J. DHN melanin biosynthesis in the plant pathogenic
fungus Botrytis cinerea is based on two developmentally regulated
key enzyme (PKS)-encoding genes. Mol Microbiol. 2016,99:729-48.
Heinekamp T, Thywissen A, Macheleidt J, Keller S, Valiante V, Brakhage
AA. Aspergillus fumigatus melanins: interference with the host
endocytosis pathway and impact on virulence. Front Microbiol.
2013;3:440.

Weijn A, Bastiaan-Net S, Wichers HJ, Mes JJ. Melanin biosynthe-

sis pathway in Agaricus bisporus mushrooms. Fungal Genet Biol.
2013;55:42-53.

Geib E, Gressler M, Viediernikova I, Hillmann F, Jacobsen ID, Nietzsche
S, et al. A non-canonical melanin biosynthesis pathway protects
Aspergillus terreus conidia from environmental stress. Cell Chem Biol.
2016;23:587-97.

Raposo G, Marks MS. Melanosomes—dark organelles enlighten endo-
somal membrane transport. Nat Rev Mol Cell Biol. 2007;8:786-97.
Maranduca MA, Branisteanu D, Serban DN, Branisteanu DC, Stoleriu G,
Manolache N, et al. Synthesis and physiological implications of melanic
pigments. Oncol Lett. 2019;17:4183-7.

Wu X, Hammer JA. Melanosome transfer: it is best to give and receive.
Curr Opin Cell Biol. 2014;,29:1-7.

Walker CA, Gomez BL, Mora-Montes HM, Mackenzie KS, Munro CA,
Brown AJP, et al. Melanin externalization in Candida albicans depends
on cell wall chitin structures. Eukaryot Cell. 2010,9:1329-42.
Garcia-Rubio R, de Oliveira H, Rivera J, Trevijano-Contador N. The fungal
cell wall: Candida, Cryptococcus, and Aspergillus species. Front Microbiol.
2020;10:2993.

Hwang DS, Masic A, Prajatelistia E, lordachescu M, Waite JH. Marine
hydroid perisarc: a chitin- and melanin-reinforced composite with
DOPA-iron(lll) complexes. Acta Biomater. 2013;9:8110-7.

Tsirilakis K, Kim C, Vicencio AG, Andrade C, Casadevall A, Goldman DL.
Methylxanthine inhibit fungal chitinases and exhibit antifungal activity.
Mycopathologia. 2012;173:83-91.

Upadhyay S, Xu X, Lowry D, Jackson JC, Roberson RW, Lin X. Subcellular
compartmentalization and trafficking of the biosynthetic machinery for
fungal melanin. Cell Rep. 2016;14:2511-8.

108.

114.

116.

118.

119.

123.

125.

127.

128.

129.

130.

Page 16 of 19

Lee D, Jang E, Lee M, Kim S, Lee Y, Lee K, et al. Unraveling melanin
biosynthesis and signaling networks in Cryptococcus neoformans. MBio.
2019. https://doi.org/10.1128/mBi0.02267-19.

Yamamoto K, Tatebayashi K, Saito H. Binding of the extracellular eight-
cysteine motif of Opy?2 to the putative osmosensor Msb2 is essential for
activation of the yeast high-osmolarity glycerol pathway. Mol Cell Biol.
2016;36:475-87.

Ren'W, Liu N, Yang Y, Yang Q, Chen C, Gao Q. The sensor proteins
BcShot and BcSIn1 are involved in, though not essential to, vegetative
differentiation, pathogenicity and osmotic stress tolerance in Botrytis
cinerea. Front Microbiol. 2019;10:328.

de Nadal E, Posas F. The HOG pathway and the regulation of osmoadap-
tive responses in yeast. Fems Yeast Res. 2022;22:foac13.

Saputo S, Chabrier-Rosello Y, Luca FC, Kumar A, Krysan DJ. The RAM
network in pathogenic fungi. Eukaryot Cell. 2012;11:708-17.

Panepinto J, Liu L, Ramos J, Zhu X, Valyi-Nagy T, Eksi S, et al. The DEAD-
box RNA helicase Vad 1 regulates multiple virulence-associated genes in
Cryptococcus neoformans. J Clin Invest. 2005;115:632-41.

Erickson T, Liu L, Gueyikian A, Zhu X, Gibbons J, Williamson PR. Multiple
virulence factors of Cryptococcus neoformans are dependent on VPH1.
Mol Microbiol. 2001;42:1121-31.

Idnurm A, Reedy JL, Nussbaum JC, Heitman J. Cryptococcus neoformans
virulence gene discovery through insertional mutagenesis. Eukaryot
Cell. 2004;3:420-9.

Caza M, Kronstad JW. The camp/protein kinase a pathway regulates
virulence and adaptation to host conditions in Cryptococcus neofor-
mans. Front Cell Infect Mi. 2019,9:212.

Alspaugh JA, Perfect JR, Heitman J. Cryptococcus neoformans mating
and virulence are regulated by the G-protein alpha subunit GPAT and
CcAMP. Genes Dev. 1997;11:3206-17.

Bahn S, Hicks JK, Giles SS, Cox GM, Heitman J. Adenylyl cyclase-associ-
ated protein Acal regulates virulence and differentiation of Cryptococ-
cus neoformans via the cyclic AMP protein kinase A cascade. Eukaryot
Cell. 2004;3:1476-91.

Heung LJ, Kaiser AE, Luberto C, Poeta MD. The role and mechanism of
diacylglycerol-protein kinase C1 signaling in melanogenesis by Crypto-
coccus neoformans*. J Biol Chem. 2005;280:28547-55.

ShuangliT, Jie W, Shasha L, Junjun S. Deletion and functional studies of
SER5 gene in Cryptococcus neoformans. Chin J Mycol. 2021;16:335-40.
Zhu X, Williamson P. Role of laccase in the biology and virulence of
Cryptococcus neoformans. Fems Yeast Res. 2004;5:1-10.

Samantaray S, Neubauer M, Helmschrott C, Wagener J. Role of the
guanine nucleotide exchange factor Rom2 in cell wall integrity mainte-
nance of Aspergillus fumigatus. Eukaryot Cell. 2013;12:288-98.

Valiante V, Jain R, Heinekamp T, Brakhage AA. The MpkA MAP kinase
module regulates cell wall integrity signaling and pyomelanin forma-
tion in Aspergillus fumigatus. Fungal Genet Biol. 2009;46:909-18.
Yaakoub H, Sanchez N, Ongay-Larios L, Courdavault V, Calenda A,
Bouchara J, et al. The high osmolarity glycerol (HOG) pathway in fungi
(dagger). Crit Rev Microbiol. 2022;48:657-95.

Bahn S, Kojima K, Cox GM, Heitman J. Specialization of the HOG
pathway and its impact on differentiation and virulence of Cryptococcus
neoformans. Mol Biol Cell. 2005;16:2285-300.

Kojima K, Bahn YS, Heitman J. Calcineurin, Mpk1 and Hog1 MAPK
pathways independently control fludioxonil antifungal sensitivity in
Cryptococcus neoformans. Microbiology (UK). 2006;152:591-604.

Du, Jin K, Xia Y. Involvement of MaSom1, a downstream transcrip-
tional factor of cCAMP/PKA pathway, in conidial yield, stress tolerances,
and virulence in Metarhizium acridum. Appl Microbiol Biotechnol.
2018;102:5611-23.

Song D, Cao 'Y, Xia Y. Transcription factor MaMsn2 regulates conidiation
pattern shift under the control of mah1 through homeobox domain in
Metarhizium acridum. JoF. 2021,7:840.

Williamson PR. Biochemical and molecular characterization of the
diphenol oxidase of Cryptococcus neoformans: identification as a lac-
case. J Bacteriol. 1994;176:656-64.

Zhang P, Wei D, Li Z, Sun Z, Pan J, Zhu X. Cryptococcal phosphoglucose
isomerase is required for virulence factor production, cell wall integrity
and stress resistance. Fems Yeast Res. 2015;15(7):fov072.

Manap ASA, Lum YK, Ong LH, Tang Y-Q, Gew LT, Chia AYY. Perspective
approaches on melanogenesis inhibition. Dermatol Sin. 2021;39:1.


https://doi.org/10.1128/mBio.02267-19

Qin and Xia Microbial Cell Factories

132

133.

134.

135.

136.

137.

138.

139.

141.

142.

143.

144,

145.

147.

149.

151.

(2024) 23:334

Zolghadri S, Bahrami A, Hassan Khan MT, Munoz-Munoz J, Garcia-
Molina F, Garcia-Canovas F, et al. A comprehensive review on tyrosinase
inhibitors. J Enzym Inhib Med Ch. 2019;34:279-309.

Freitas DF, da Rocha IM, Vieira-da-Motta O, de Paula SC. The role of
melanin in the biology and ecology of Nematophagous fungi. J Chem
Ecol. 2021,47:597-613.

Zeng G, Zhang P, Zhang Q, Zhao H, Li Z, Zhang X, et al. Duplication of

a Pks gene cluster and subsequent functional diversification facilitate
environmental adaptation in Metarhizium species. PLoS Genet. 2018;14:
e1007472.

Jung K-W, Yang D-H, Maeng S, Lee K-T, So Y-S, Hong J, et al. Systematic
functional profiling of transcription factor networks in Cryptococcus
neoformans. Nat Commun. 2015;6:6757.

Jia S-L, Chi Z, Chen L, Liu G-L, Hu Z, Chi Z-M. Molecular evolution and
regulation of DHN melanin-related gene clusters are closely related

to adaptation of different melanin-producing fungi. Genomics.
2021;113:1962-75.

ChoY, Srivastava A, Ohm RA, Lawrence CB, Wang K-H, Grigoriev IV, et al.
Transcription factor Amr1 induces melanin biosynthesis and suppresses
virulence in Alternaria brassicicola. PLoS Pathog. 2012;8: €1002974.
Wang Y, Hu X, Fang Y, Anchieta A, Goldman PH, Hernandez G, et al. Tran-
scription factor VdCmr1 is required for pigment production, protection
from UV irradiation, and regulates expression of melanin biosynthetic
genes in Verticillium dahliae. Microbiology (UK). 2018;164:863-4.
ZhouY,Yang L, Wu M, Chen W, Li G, Zhang J. A single-nucleotide dele-
tion in the transcription factor gene bcsmr causes sclerotial-melano-
genesis deficiency in Botrytis cinerea. Front Microbiol. 2017;8:2492.
Zhang Z, Jia H, Liu N, Li H, Meng Q Wu N, et al. The zinc finger protein
StMR1 affects the pathogenicity and melanin synthesis of Setosphaeria
turcica and directly regulates the expression of DHN melanin synthesis
pathway genes. Mol Microbiol. 2022;117:261-73.

Zhou M, Li Z, LiuY, Zhang P, Hao X, Zhu X. Transcription factors Pmr1
and Pmr2 cooperatively regulate melanin biosynthesis, conidia devel-
opment and secondary metabolism in Pestalotiopsis microspora. JoF.
2022;8(1):38.

Valiante V, Baldin C, Hortschansky P, Jain R, Thywissen A, Strassburger M,
et al. The Aspergillus fumigatus conidial melanin production is regulated
by the bifunctional bHLH DevR and MADS-box RImA transcription fac-
tors. Mol Microbiol. 2016;102:321-35.

Zhang P, Zhou S,Wa G, An Z, Liu X, Li K, et al. Two transcription factors
cooperatively regulate DHN melanin biosynthesis and development in
Pestalotiopsis fici. Mol Microbiol. 2019;112:649-66.

Bailey LA, Ebbole DJ. The fluffy gene of Neurospora crassa encodes a
gal4p-type C6 zinc cluster protein required for conidial development.
Genetics. 1998;148:1813-20.

Lee S, Vo6lz R, Song H, Harris W, Lee Y-H. Characterization of the MYB
genes reveals insights into their evolutionary conservation, structural
diversity, and functional roles in Magnaporthe oryzae. Front Microbiol.
2021;12:721530.

Li C, Xia Y, Jin K. N-terminal zinc fingers of MaNCP1 contribute to
growth, stress tolerance, and virulence in Metarhizium acridum. Int J Biol
Macromol. 2022;216:426-36.

Song D, ShiY, Ji H, Xia Y, Peng G. The MaCreA gene regulates normal
conidiation and microcycle conidiation in Metarhizium acridum. Front
Microbiol. 2019;10:1946.

Su X, Liu H, Xia Y, Cao Y. Transcription Factor Mavib-1 negatively regu-
lates conidiation by affecting utilization of carbon and nitrogen source
in Metarhizium acridum. JoF. 2022;8(1):594.

Song L, Xue X, Wang S, Li J, Jin K, Xia Y. MaAts, an alkylsulfatase, con-
tributes to fungal tolerances against UV-B irradiation and heat-shock in
Metarhizium acridum. JoF. 2022;8(3):270.

Song D, Cao 'Y, Xia Y. MaNsdD regulates conidiation negatively by
inhibiting the AbaA expression required for normal conidiation in
Metarhizium acridum. Environ Microbiol. 2022;24:2951-61.

Su X, Yan X, Chen X, Guo M, Xia Y, Cao Y. Calcofluor white hypersensi-
tive proteins contribute to stress tolerance and pathogenicity in
entomopathogenic fungus, Metarhizium acridum. Pest Manag Sci.
2021;77:1915-24.

152.

153.

154.

155.

157.

158.

159.

160.

164.

165.

167.

168.

169.

171.

Page 17 of 19

Wang J, Wang Q, Huang P, Qu Y, Huang Z, Wang H, et al. An appres-
sorium membrane protein, Pams1, controls infection structure
maturation and virulence via maintaining endosomal stability in the
rice blast fungus. Front Plant Sci. 2022;13: 955254,

Choi K-Y. Bioprocess of microbial melanin production and isolation.
Front Bioeng Biotech. 2021;9: 765110.

Martinez LM, Martinez A, Gosset G. Production of melanins with
recombinant microorganisms. Front Bioeng Biotech. 2019;7:285.
Halaouli S, Record E, Casalot L, Hamdi M, Sigoillot J-C, Asther M,

et al. Cloning and characterization of a tyrosinase gene from the
white-rot fungus Pycnoporus sanguineus, and overproduction of the
recombinant protein in Aspergillus niger. Appl Microbiol Biotechnol.
2006;70:580-9.

Lee H, Choi J, Kwon S, Park E, Oh B, Kim J, et al. Melanin biopoly-
mer synthesis using a new melanogenic strain of Flavobacterium
kingsejongi and a recombinant strain of Escherichia coli expressing
4-hydroxyphenylpyruvate dioxygenase from F. kingsejongi. Microb
Cell Fact. 2022;21(1):75.

Kihara J, Moriwaki A, Tanaka N, Tanaka C, Ueno M, Arase S. Characteri-
zation of the BMRT gene encoding a transcription factor for melanin
biosynthesis genes in the phytopathogenic fungus Bipolaris oryzae.
Fems Microbiol Lett. 2008,281:221-7.

Mavridi-Printezi A, Menichetti A, Guernelli M, Montalti M. The photo-
physics and photochemistry of melanin-like nanomaterials depend on
morphology and structure. Chem Eur J. 2021;27:16309-19.

LiS,Yang L, LiJ, ChenT, Ye M. Structure, molecular modification, and
anti-radiation activity of melanin from Lachnum YM156 on ultraviolet
b-induced injury in mice. Appl Biochem Biotechnol. 2019;188:555-67.
Zhou X, Su S, Vanthournout B, Hu Z, Son FA, Zhang K, et al. Hydropho-
bic melanin via post-synthetic modification for controlled self-assem-
bly. ACS Nano. 2022;16:19087-95.

Liu R, Meng X, Mo C, Wei X, Ma A. Melanin of fungi: from classification
to application. World J Microbiol Biotechnol. 2022;38:228.

Sarna T, Swartz HM, Zadlo A. Interaction of melanin with metal ions
modulates their cytotoxic potential. Appl Magn Reson. 2022;53:105-21.
Prenafeta-Boldu FX, Roca N, Villatoro C, Vera L, de Hoog GS. Prospec-
tive application of melanized fungi for the biofiltration of indoor air in
closed bioregenerative systems. J Hazard Mater. 2019;361:1-9.

Anh N, Ribera J, Schwarze F, Brunelli M, Fortunato G. Fungal melanin-
based electrospun membranes for heavy metal detoxification of water.
Sustain Mater Technol. 2020. https://doi.org/10.1016/j.susmat.2019.
e00146.

Lamia K, N'ji G. Aspergillus niger is able to decolourize sepia ink
contained in saline industrial wastewaters. Desalin Water Treat.
2010;20:144-53.

Jeon J-R, Le TT, Chang Y-S. Dihydroxynaphthalene-based mimicry of
fungal melanogenesis for multifunctional coatings. Microb Biotechnol.
2016;9:305-15.

Wu X, Fang L-Z, Liu F-L, Pang X-J, Qin H-L, Zhao T, et al. New prenylx-
anthones, polyketide hemiterpenoid pigments from the endophytic
fungus Emericella sp. XL029 and their anti-agricultural pathogenic
fungal and antibacterial activities. RSC Adv. 2017;7:31115-22.

Cordero RJB. Melanin for space travel radioprotection. Environ Micro-
biol. 2017;19:2529-32.

Rong L, Zhang Y, Li W-S, Su Z, Fadhil JI, Zhang C. Iron chelated melanin-
like nanoparticles for tumor-associated macrophage repolarization and
cancer therapy. Biomaterials. 2019;225: 119515.

Marcovici |, Coricovac D, Pinzaru |, Macasoi IG, Popescu R, Chioibas R,
et al. Melanin and melanin-functionalized nanoparticles as promising
tools in cancer research—a review. Cancers. 2022;14:1838.
Mavridi-Printezi A, Guernelli M, Menichetti A, Montalti M. Bio-applica-
tions of multifunctional melanin nanoparticles: from nanomedicine to
nanocosmetics. Nanomaterials. 2020;10:2276.

ShiF, LiJ, Yang L, Hou G, Ye M. Hypolipidemic effect and protection abil-
ity of liver-kidney functions of melanin from Lachnum YM226 in high-fat
diet fed mice. Food Funct. 2018;9:880-9.


https://doi.org/10.1016/j.susmat.2019.e00146
https://doi.org/10.1016/j.susmat.2019.e00146

Qin and Xia Microbial Cell Factories

173.

174.

175.

176.

177.

178.

181.

182.

183.

184.

185.

186.

189.

190.

191.

(2024) 23:334

Hou R, Liu X, Wu X, Zheng M, Fu J. Therapeutic effect of natural melanin
from edible fungus Auricularia auricula on alcohol-induced liver dam-
age in vitro and in vivo. Food Sci Human Wellness. 2021;10:514-22.

Lim W, Konings M, Parel F, Eadie K, Strepis N, Fahal A, et al. Inhibiting
DHN- and DOPA-melanin biosynthesis pathway increased the thera-
peutic value of itraconazole in Madurella mycetomatis infected Galleria
mellonella. Med Mycol. 2022;60:myac003.

Tokousbalides M, Sisler H. Site of inhibition by tricyclazole in the mela-
nin biosynthetic-pathway of Verticillium-Dahliae. Pest Biochem Physiol.
1979;11:64-73.

Oliveira L, Ferrarini M, dos Santos A, Varela M, Correa |, Tempone A, et al.
Coumaric acid analogues inhibit growth and melanin biosynthesis in
Cryptococcus neoformans and potentialize amphotericin B antifungal
activity. Eur J Pharm Sci. 2020. https://doi.org/10.1016/j.ejps.2020.
105473.

Azam F, Khan MA, Khan A, Ahmad S, Zofair SFF, Younus H. In silico and
in vitro studies on the inhibition of laccase activity by ellagic acid: impli-
cations in drug designing for the treatment of Cryptococcal infections.
Int J Biol Macromol. 2022;209:642-54.

Castelo-Branco DASCM, da Rocha MG, de Oliveira JS, Araujo GdS,
Martins DV, Garcia LGS, et al. The herbicide paraquat alters growth and
melanin production on the Cryptococcus neoformans/Cryptococcus gat-
tii species complex. Can J Microbiol. 2022;68:493-9.

Geib E, Brock M. Comment on: “"Melanisation of Aspergillus terreus-is
butyrolactone i involved in the regulation of both DOPA and DHN
types of pigments in submerged culture? Microorganisms 2017, 5, 22"
Microorganisms. 2017;5:34.

Casadevall A, Cordero RJB, Bryan R, Nosanchuk J, Dadachova E.
Melanin, radiation, and energy transduction in fungi. Microbiol Spectr.
2017;5:FUNK-0037-2016.

Ambrico M, Ambrico PF, Ligonzo T, Cardone A, Cicco SR, d'Ischia M,

et al. From commercial tyrosine polymers to a tailored polydopamine
platform: concepts, issues and challenges en route to melanin-based
bioelectronics. J Mater Chem C. 2015;3:6413-23.

Mostert AB, Powell BJ, Pratt FL, Hanson GR, Sarna T, Gentle IR, et al. Role
of semiconductivity and ion transport in the electrical conduction of
melanin. Proc Natl Acad Sci. 2012;109:8943-7.

Bothma JP, de Boor J, Divakar U, Schwenn PE, Meredith P. Device-quality
electrically conducting melanin thin films. Adv Mater. 2008;20:3539-42.
Kim YJ, Wu W, Chun S-E, Whitacre JF, Bettinger CJ. Biologically derived
melanin electrodes in aqueous sodium-ion energy storage devices.
PNAS. 2013;110:20912-7.

Venil C, Velmurugan P, Dufosse L, Devi P, Ravi A. Fungal pigments:
potential coloring compounds for wide ranging applications in textile
dyeing. JoF. 2020;6(2):68.

Atalla MM, El-khrisy EAM, Youssef YA, Mohamed AA. Production of tex-
tile reddish brown dyes by fungi. Malays J Microbiol. 2011;7(1):33-40.
Chadni Z, Rahaman MH, Jerin I, Hoque KMF, Reza MA. Extraction and
optimisation of red pigment production as secondary metabolites
from Talaromyces verruculosus and its potential use in textile industries.
Mycology. 2017,8:48-57.

Morales-Oyervides L, Oliveira J, Sousa-Gallagher M, Méndez-Zavala A,
Montafez JC. Assessment of the dyeing properties of the pigments
produced by Talaromyces spp. JoF. 2017,3:38.

Weber G, Chen H-L, Hinsch E, Freitas S, Robinson S. Pigments extracted
from the wood-staining fungi Chlorociboria aeruginosa, Scytalidium
cuboideum, and S. ganodermophthorum show potential for use as
textile dyes. Color Technol. 2014;130:445-52.

Lagashetti AC, Dufossé L, Singh SK, Singh PN. Fungal pigments and
their prospects in different industries. Microorganisms. 2019;7:604.
Singla S, Htut KZ, Zhu R, Davis A, Ma J, Ni QZ, et al. Isolation and
characterization of allomelanin from pathogenic black knot fungus—a
sustainable source of melanin. ACS Omega. 2021;6:35514-22.
Jorgensen TR, Park J, Arentshorst M, van Welzen AM, Lamers G, vanKuyk
PA, et al. The molecular and genetic basis of conidial pigmentation in
Aspergillus niger. Fungal Genet Biol. 2011;48:544-53.

193.

194.

195.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

200.

Page 18 of 19

Jiang H, Chi Z, Liu G-L, Hu Z, Zhao S-Z, Chi Z-M. Melanin biosynthesis

in the desert-derived Aureobasidium melanogenum XJ5-1 is controlled
mainly by the CWI signal pathway via a transcriptional activator Cmr1.
Curr Genet. 2020;66:173-85.

Yang Q, ChenY, Ma Z. Involvement of BcVeA and BcVelB in regulating
conidiation, pigmentation and virulence in Botrytis cinerea. Fungal
Genet Biol. 2013;50:63-71.

Schumacher J, Simon A, Cohrs KC, Traeger S, Porquier A, Dalmais B, et al.
The velvet complex in the gray mold fungus Botrytis cinerea: impact of
BcLAE1 on differentiation, secondary metabolism, and virulence. MPMI.
2015,28:659-74.

. Tsuji G, Kenmochi Y, Takano Y, Sweigard J, Farrall L, Furusawa |, et al.

Novel fungal transcriptional activators, Cmr1p of Colletotrichum
lagenarium and Pig1p of Magnaporthe grisea, contain Cys2His2 zinc
finger and Zn(I)2Cys6 binuclear cluster DNA-binding motifs and regu-
late transcription of melanin biosynthesis genes in a developmentally
specific manner. Mol Microbiol. 2000;38:940-54.

Bicalho Nogueira G, dos Santos LV, de Queiroz CB, Ribeiro Corréa TL,
Pedrozo Menicucci R, Soares Bazzolli DM, et al. The histidine kinase
sInCl1 of Colletotrichum lindemuthianum as a pathogenicity factor
against Phaseolus vulgaris L. Microbiol Res. 2019;219:110-22.

Eliahu N, Igbaria A, Rose MS, Horwitz BA, Lev S. Melanin biosynthesis

in the maize pathogen Cochliobolus heterostrophus depends on two
mitogen-activated protein kinases, Chk1 and Mps1, and the transcrip-
tion factor Cmr1. Eukaryot Cell. 2007;6:421-9.

Gu Q, ChenY, LiuY, Zhang C, Ma Z. The transmembrane protein
FgSho1 regulates fungal development and pathogenicity via the
MAPK module Ste50-Ste11-Ste7 in Fusarium graminearum. New Phytol.
2015,206:315-28.

Wen Z, Xia Y, Jin K. MaSIn1, a conserved histidine protein kinase, con-
tributes to conidiation pattern shift independent of the MAPK Pathway
in Metarhizium acridum. Microbiol Spectr. 2022;10(2): e0205121.

Sato K, Toriyama M. Effect of pyrroloquinoline quinone (PQQ) on mela-
nogenic protein expression in murine B16 melanoma. J Dermatol Sci.
2009;53:140-5.

Luhong K. Functional analysis of Metallophosphoesterase MaMPPED2
in Metarhizium acridum. Chongging University. 2021. https://doi.org/10.
27670/d.cnki.gcqdu.2021.002592.

Jahn B, Koch A, Schmidt A, Wanner G, Gehringer H, Bhakdi S, et al. Isola-
tion and characterization of a pigmentless-conidium mutant of Asper-
gillus fumigatus with altered conidial surface and reduced virulence.
Infect Immun. 1997,65:5110-7.

Song Z,Yang J, Xin C, Xing X, Yuan Q, Yin Y, et al. A transcription factor,
MrMsn2, in the dimorphic fungus Metarhizium rileyi is essential for
dimorphism transition, aggravated pigmentation, conidiation and
microsclerotia formation. Microb Biotechnol. 2018;11:1157-609.

Wang Z, Yang J, Xin C, Xing X, Yin Y, Chen L, et al. Regulation of conidi-
ation, dimorphic transition, and microsclerotia formation by MrSwi6
transcription factor in dimorphic fungus Metarhizium rileyi. World J
Microbiol Biotechnol. 2019;35:46.

Song Z,YinY, LinY, Du F, Ren G, Wang Z.The bZIP transcriptional

factor activator protein-1 regulates Metarhizium rileyi morphology

and mediates microsclerotia formation. Appl Microbiol Biotechnol.
2018;102:4577-88.

Zhang H, Liu K, Zhang X, Song W, Zhao Q, Dong Y, et al. A two-com-
ponent histidine kinase, MoSLNT1, is required for cell wall integrity and
pathogenicity of the rice blast fungus, Magnaporthe oryzae. Curr Genet.
2010;,56:517-28.

LiY,Wang Z, Liu X, Song Z, Li R, Shao C, et al. Siderophore biosynthesis
but not reductive iron assimilation is essential for the dimorphic fungus
Nomuraea rileyi conidiation, dimorphism transition, resistance to oxida-
tive stress, pigmented microsclerotium formation, and virulence. Front
Microbiol. 2016;7:931.

Song Z,Shen L, Yin Y, Tan W, Shao C, Xu J, et al. Role of two Nomuraea
rileyi transmembrane sensors ShoTp and SIn1p in adaptation to stress


https://doi.org/10.1016/j.ejps.2020.105473
https://doi.org/10.1016/j.ejps.2020.105473
https://doi.org/10.27670/d.cnki.gcqdu.2021.002592
https://doi.org/10.27670/d.cnki.gcqdu.2021.002592

Qin and Xia Microbial Cell Factories (2024) 23:334

due to changing culture conditions during microsclerotia develop-
ment. World J Microbiol Biotechnol. 2015;31:477-85.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 19 of 19



	Melanin in fungi: advances in structure, biosynthesis, regulation, and metabolic engineering
	Abstract 
	Background
	Structure and properties of fungal melanin
	Production of fungal melanin
	Melanin-producing fungi found in natural environments
	Fermentation
	Induction mechanisms for fungal melanin synthesis
	Extraction and purification

	Biosynthesis of fungal melanin
	DOPA-melanin
	DHN-melanin
	Pyomelanin
	Others
	Transportation and localization

	Regulation of melanin synthesis
	Environmental factors and related signaling pathways
	Rate-limiting enzymes in melanin synthesis
	Transcription factors (TFs) involved in melanin synthesis
	Perspectives for efficient production of fungal melanin via metabolic engineering

	Applications of fungal melanin
	Environment
	Healthcare
	Energy
	Industry

	Conclusions
	Acknowledgements
	References


