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Abstract
Melanin is a heteropolymer formed by the polymerization of phenolic and indolic compounds. It occurs in organisms across 
all biological kingdoms and has a range different of functions, thus indicating its important evolutionary role. The presence 
of melanin offers several protective advantages, including against ultraviolet radiation, traumatic damage, oxidative stress, 
extreme temperatures, and pressure. For many species of fungi, melanin also participates directly in the process of virulence 
and pathogenicity. These organisms can synthesize melanin in two main ways: using a substrate of endogenous origin, 
involving 1,8-dihydroxynaphthalene (DHN); alternatively, in an exogenous manner with the addition of L-3, 4-dihydroxy-
phenylalanine (L-DOPA or levodopa). As melanin is an amorphous and complex substance, its study requires expensive 
and inaccessible technologies and analyses are often difficult to perform with conventional biochemical techniques. As such, 
details about its chemical structure are not yet fully understood, particularly for nematophagous fungi that remain poorly 
studied. Thus, this review presents an overview of the different types of melanin, with an emphasis on fungi, and discusses 
the role of melanin in the biology and ecology of nematophagous fungi.
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Introduction

Melanin is a heterogeneous, amorphous, and highly resist-
ant pigmentary substance that occurs universally across 
life forms. Evidence of the substance in preserved dinosaur 
fossils, on the feathers of prehistoric birds, and in plants, 
marine cephalopods, bacteria, and fungi indicate that the 
substance has occurred naturally since the beginning of life 
on Earth (Pralea et al. 2019; Solano 2014; Wogelius et al. 
2011).

Melanins are coloring pigments that vary in tone from 
light to dark. They are formed by the polymerization of phe-
nolic and indolic compounds into intermediates and qui-
nones that are synthesized in specialized structures called 
melanosomes and then deposited on the cell wall of eukary-
otic cells (Takano et al. 1997). Thus, the different types of 
melanin present in representatives of almost all large modern 
taxa suggest the unquestionable evolutionary importance of 
melanogenesis across the different kingdoms (Plonka and 
Grabacka 2006).

Often fundamental in protecting the organisms in which 
they are found, the production of melanin by fungi can 
directly contribute to an increase in virulence of pathogens 
for humans, domestic and farm animals, as well as food 
crops (Eisenman and Casadevall 2012). As such, several 
studies have been published in the last several decades dem-
onstrating that virulence tends to be multifactorial since it is 
intrinsically linked to a combination of biological character-
istics of the fungus, including the size of reproductive and 
propagation structures, thermotolerance, oxidative stress, 
high rate of development, and nutritional versatility, as well 
as the immunological status of its host (Abad et al. 2010).
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The presence of melanin in the fungal cell wall can help 
species survive in a range of extreme or severe environments 
including those with drastic changes in temperature, such as 
polar regions and deserts, and inside domestic machinery 
where they are subjected to heat and detergents (Zalar et al. 
2011), or even in harsh environments such as in nuclear reac-
tors contaminated with radiation (Dadachova et al. 2008; 
Rosa et al. 2010).

Despite its importance and ubiquity, fundamental ques-
tions remain about the melanin pigment. One such detail is 
its chemical structure, which can be explained by the simple 
fact that melanin is practically insoluble in organic solvents 
and, therefore, cannot be studied by conventional biochemi-
cal methods. In addition, it is grouped into substances of 
structurally complex, diverse, and still undefined categories 
(Eisenman and Casadevall 2012).

Among the diversity of fungi existing in nature, 
nematophagous fungi, those with the ability to trap and 
prey on nematodes, are of particular interest given their 
potential use in biocontrol (Larsen 2006). Monacrosporium 
haptotilum and Arthrobotrys oligospora, both nematopha-
gous fungi, express tyrosinase (Meerupati et al. 2013). When 
compared to other proteins found in the mycelium in M. 
haptotilum, tyrosinase has been shown to positively regulate 
the nematode trapping structure (Andersson et al. 2013).

In fungi, tyrosinase is a cytosolic enzyme involved in 
melanogenesis, with considerable heterogeneity from other 
enzymes (Bell and Wheeler 1986). Its molecular weight can 
vary widely, and it is generally associated with spore forma-
tion and stability, defense mechanisms, increased virulence, 
and tissue regeneration after traumatic damage. In addition, 
tyrosinase plays a fundamental role in pigmentation in some 
species of fungi and is an enzyme involved in the synthesis 
and maintenance of melanin (Halaouli et al. 2006).

As it is a polymer with unique characteristics, melanin 
has attracted significant interest across a range of industries 
worldwide (Lopes 2013; Suwannarach et al. 2019). Further 
research on its synthesis, structure, location and biological 
role in the survival of melanized fungi can help to under-
stand how this macromolecule acts in biological processes 
and ecological interactions in the constant struggle for sur-
vival (Solano 2014).

Due to the scarcity of studies on the melanogenic pro-
cess in nematophagous fungi, this review concentrates on 
the theme of fungal melanogenesis and succinctly presents 
key examples of this critical biological phenomenon. Fur-
thermore, this review seeks to characterize and demonstrate 
for the first time melanin in nematophagous fungi, providing 
a new understanding of melanogenesis in these organisms.

Melanin: Structure and Formation

Melanins are enigmatic pigments that, in evolutionary 
terms, may have appeared early in the development of 
life on Earth. They have been identified in 160 million-
year-old primitive dinosaurs and cephalopods (Glass et al. 
2012) and are found in all biological kingdoms (Solano 
2014).

These pigments provide organisms with a variety of func-
tions, including an increase in virulence and pathogenicity in 
microorganisms, increased resistance to antibiotics and anti-
fungals, protection against ultraviolet and nuclear radiation, 
and thermoregulation, in addition to responding positively 
against anthropogenic pollutants (Casadevall et al. 2012; 
Pralea et al. 2019; Shindler et al. 2019; Tian et al. 2003; 
Treseder and Lennon 2015; Zhdanova et al. 2000).

The term melanin comes from the Greek melanos, mean-
ing dark, and was first used in 1840 by the Swedish chem-
ist Berzelius, who used the term to describe a dark-colored 
pigment extracted from the membrane of the eyes of some 
animals (D’ischia et al. 2013). Inspired by these discover-
ies, the Swiss Bruno Bloch observed that melanin granules 
were deposited in the cytoplasm of cells, usually located 
in the epidermal basement membrane. He called these spe-
cialized cells melanoblasts, precursor cells of melanocytes, 
and provided evidence that the catalyst effect existing in the 
oxidation of DOPA-melanin was due to an enzyme, which 
he called DOPA-oxidase (Nordlund et al. 1989). Until then, 
dihydroxyphenylalanine (DOPA-melanin) had never been 
described in mammals and there was insufficient scientific 
understanding to relate the melanin molecule to a possible 
enzyme, as observed and isolated by Bloch in the early twen-
tieth century (Simon et al. 2009).

Early work by Nicolaus (1968) defined melanin as dark 
pigments found mostly in the skin, irises, and hair of ani-
mals and humans, which are classified as eumelanins and 
phaeomelanins (Plonka and Grabacka 2006). Allomela-
nins are a type of non-animal pigment resulting from the 
oxidation of phenols, containing predominantly Hydro-
gen, Carbon, and Oxygen, that are synthesized by algae, 
bacteria, plants, and some species of fungi (Kejzar et al. 
2013; Solano 2014). In addition, neuromelanins are pre-
sent only in nerve cells in the brains of mammals and birds 
(Magarelli et al. 2010) (Table 1).

In general, melanins are insoluble, hydrophobic phe-
nolic compounds with a high molecular weight. Their 
structural basis is formed by indolic compounds repre-
sented covalently in paired structures and joined by Van 
der Waals interactions (Chatterjee et al. 2012; Figueiredo-
Carvalho et al. 2014; Lee et al. 2019).

In terms of structure, melanins make up a group of com-
plex pigments that are relatively diverse and undefined; 
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there is still no molecular regularity that can concretely 
represent them or any common way to structurally clas-
sify them, be it primary, secondary, tertiary, or quaternary. 
Furthermore, there is no evidence of crystallinity that can 
distinguish them, since most of the proposed definitions 
are flawed due to difficulty in differentiating compounds 
with vast diversity in composition, color, size, occurrence, 
and function (Pralea et al. 2019; Solano 2014; Treseder 
and Lennon 2015). Thus, some structural models have 
been proposed for commercial melanin that classify the 
substance as a heteropolymer arranged in a pile of oligom-
ers of four to seven monomers (Duff et al. 1988). However, 
this model is described based on X-ray diffraction analysis 
and may be inadequate when compared to the natural poly-
mer, since the intrinsic structural details of the melanin 
that are widely distributed across the different biological 
kingdoms may vary (D’ischia et al. 2013).

Although the structural basis has been studied through 
electronic paramagnetic resonance (EPR), understanding of 
the structure is still limited by the lack of existing informa-
tion. However, the structure is well defined in terms of pos-
sible covalent bonds to proteins, lipids, and carbohydrates 
(Chatterjee et al. 2012).

Eumelanins

Eumelanins are macromolecules that are black or brown. 
They are produced through the oxidative polymerization 
of tyrosine due to the action of the tyrosinase enzyme in 
dihydroxyphenylalanine (DOPA) and dopaquinone (Sarna 

and Plonka 2005). This reaction includes a series of cycli-
zation, which leads to the formation of intermediate indole 
monomers known as dopachrome. Subsequently, these 
monomers undergo decarboxylation to form the compound 
5,6-dihydroxyindole (DHI). They can also be catalyzed by 
tyrosinase-related proteins (TRP2 and TRP1) to produce 
Levodopachrome and 5,6-dihydroxyindole-2-carboxylic acid 
(DHICA) and finally oxidized to form eumelanin (Solano 
2014).

Eumelanins have been identified in a range of organisms 
including: marine cephalopods (Palumbo and Yeh 1994); 
humans, a fact that can be easily seen by hair color in juve-
niles due to the abundance of pigment (Robbins 2012); the 
exocuticle of insects (Nappi and Sugumaran 1993); and 
some groups of bacteria, such as Streptomyces antibioticus, 
in which the production of eumelanin can also be used in 
taxonomic identification (Chen et al. 1992).

These macro-heterogeneity molecules can take two dif-
ferent forms during their synthesis and depend on the posi-
tions and couplings involved (Meredith and Sarna 2006). 
The proportion varies according to the type of eumelanin 
produced, which depends on where the melanin will be 
required, as shown in Fig. 1 (Chatterjee et al. 2012; Plonka 
and Grabacka 2006).

Pheomelanins

Pheomelanins are yellow-reddish biopolymers that are 
synthesized a priori as eumelanin. They are also derived 
from the precursor dopaquinone but differ in that during 

Fig. 1   Flowchart showing the synthesis of eumelanin, pheomelanin, 
neuromelanin (a) and allomelanin-DHN melanin (b). TRP1- tyrosi-
nase-related protein 1; TRP2- tyrosinase-related protein 2; DOPA-
3,4-dihydroxyphenylalanine; DHI-5,6-dihydroxyindole; DHICA- 
5,6-dihydroxyindole-2-carboxylic acid; PKS- polyketide synthase; 

1,3,6,8-THN- 1,3,6,8-tetrahydroxynaphthalene; 1,3,6-THN-1,3,6-tri-
hydroxynaphthalene; 1,8-DHN- 1,8-dihydroxynaphthalene; pyrrole-
2,3-dicarboxylic acid (PDCA); and pyrrole-2,3,5-tricarboxylic acid 
(PTCA)
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pheomelanogenesis, tyrosinase activity and expression are 
reduced (Barber et al. 1985). During pheomelanogenesis, 
thiols take on the role of tyrosinase for the cysteinylation 
of dopaquinone through cysteine in cysteinyldopa or by the 
intermediation of glutathione in glutathionedopa (Kobayashi 
et al. 1995). Subsequently, after a series of yet unknown 
reactions, they undergo polymerization to produce benzo-
thiazine derivatives (5-hydroxy-1,4-benzothiazinylalanine) 
which result in the formation of high molecular weight mac-
romolecules known as pheomelanins (Fig. 1) (Change 2009).

Many organisms have been described as pheomelano-
genic including reptiles, mammals, and birds (Solano 2014). 
However, the occurrence of the pigment in fungi remains 
unclear and is only deduced due to the brownish-yellow 
color observed macroscopically in some species (Ye et al. 
2011) and the presence of thiol groups associated with mela-
nin oligomers (Ito and Wakamatsu 2003).

Allomelanins

Allomelanins are a type of non-animal pigment resulting 
from the oxidation of phenols that are devoid of nitrogen. 
They belong to a group of heterogeneous polymers that are 
present in plants, some Ascomycetes of the genus Tuber (De 
Angelis et al. 1996), Aspergillus (Wheeler 1983), and they 
also confer the staining seen in Deuteromycetes which range 
in color from dark brown to black (Change 2009; Solano 
2014).

The synthesis of allomelanin begins with the entry of 
acetyl-CoA or malonyl-CoA (Adachi and Hamer 1998; 
Lee et al. 2019). Thus, the first step is the formation of 
1,3,6,8-tetrahydroxinaphthalene (1,3,6,8-THN), which 
is catalyzed by polyketide synthases (PKS) in a series of 
reduction and dehydration reactions for the production of 
intermediates. Among these, scytalone stands out due to 
the action of the catalyst enzyme THN reductase (Eisen-
man and Casadevall 2012). The dehydration of scytalone 
produces 1,3,6-trihydroxinaphthalene and vermilion through 
other reductases leading to the polymerization of these com-
pounds. This, in turn, leads to the formation of 1,8-dihy-
droxinaphthalene, DHN-melanin, as demonstrated in Fig. 1 
(Langfelder et al. 2003).

Neuromelanins

Neuromelanin is a dark-colored, insoluble polymer that is 
present in different types of neurons in the central nerv-
ous system of animals. It is concentrated particularly in the 
dopaminergic neurons of the substantia nigra, the noradren-
ergic neurons of the locus coeruleus, and the dorsal motor 
nucleus of the vagus nerve (Halliday et al. 2014; Zecca et al. 
2003; Nicolaus 2005; Zucca et al. 2014).

The process of synthesis of neuromelanin is complex 
and in many ways still unclear (Sulzer and Rayport 2000; 
Zecca et al. 2008). Currently, questions remain whether it 
is mediated enzymatically or by a process of auto-oxidation 
of dopamine derivatives (Zecca et al. 2001). Some authors 
suggest that tyrosinase is involved in the neuromelanin bio-
synthesis process since the tyrosinase enzyme and tyrosi-
nase-related proteins (TRP-1 and TRP-2), which are usually 
expressed in melanosomes, have also been isolated in cells 
of the melanosome in the central nervous system and active 
during all stages of brain development (Tief et al. 1998).

The biosynthesis of neuromelanin occurs in the cytosol, 
through the accumulation of catecholamines, which are 
quickly oxidized to the quinones dopaquinone and DA-qui-
none. This likely occurs through enzymatic catalysis, iron, 
and reactive oxygen species (ROS) produced by oxidative 
stress (Ferrari et al. 2017). These quinones react with amino 
acids, i.e., cysteine ​​(Cys) from peptides such as glutathione, 
to form 5-S-cysteinyldopa (5-S-Cys-DOPA) through the oxi-
dation of L-DOPA. They are produced in the anterior region 
of the brain, including the motor cortex and the cerebel-
lum, through the different types of neurons present in these 
regions due to the presence of diverse Cys-catechols. These 
sites are high in tyrosine hydroxylase expression (Zecca 
et al. 2008) and 5-S-cysteinyldopamine (5-S- Cys-DA) in the 
substantia nigra, due to the precursor dopamine-DA, with 
subsequent formation of residues such as pyrrole-2,3-dicar-
boxylic acid (PDCA) and pyrrole-2,3,5-tricarboxylic acid 
(PTCA) by alkaline oxidation of H2O2 (Wakamatsu et al. 
2003; Zecca et al. 2001).

The melanic portion of neuromelanin contains polym-
erized catecholamine residues of Cys-DOPA, which corre-
spond to eumelanin, and residues of Cys-DA, corresponding 
to pheomelanin. They are characterized by the dihydroxindol 
and benzothiazine unit, which suggest the presence of both 
types of melanin in these brain regions (Zecca et al. 2008), 
as shown in Fig. 1.

Enzymes Related to Melanin Synthesis 
in Microorganisms

Tyrosinase

Tyrosinase (Polyphenol-oxidase EC 1.14.18.1) appeared on 
Earth as a result of the chemical transformations occurring 
in the early atmosphere. They were likely formed during the 
transition from an exclusively reducing system to an oxidiz-
ing one because of the emergence of photosynthesis (Plonka 
and Grabacka 2006).

The first references to the possible role of tyrosinase 
in fungal melanogenesis were proposed in the nineteenth 
century. In 1895, Bourquelot and Bertrand observed the 
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presence of the enzyme in the fungus Russula nigricans. 
Since then, tyrosinase has been found widely, distributed 
across bacteria and mammals (Change 2009).

Tyrosinases belong to the family of hemocyanin that is 
present in mollusks and insects, as well as catechol oxidases 
in plants (Change 2009). Tyrosinases involved in the forma-
tion of melanin can come in three different forms: oxy, met, 
and deoxy-tyrosinase (Solano 2014). In these, two copper 
atoms (CuA and CuB) are linked to three histidine mol-
ecules and distributed over specific binding sites. These sites 
catalyze oxidation reactions in monophenols (creolase or 
monophenolase cycle) and diphenols (catecholase or diphe-
nolase cycle). Both reactions use molecular oxygen, which 
directly participates in melanin synthesis to form quinones 
(Chang 2012; Langfelder et al. 2003).

In the monophenolase cycle, a monophenol reacts with 
the oxy form being catalyzed into an o-diphenol. This is oxi-
dized to an o-quinone and results in a deoxy form ready for 
a subsequent dioxygen bond (Chang 2012). Oxy tyrosinase 
is then regenerated after binding molecular oxygen to deoxy 
tyrosinase. If only o-diphenol is present (diphenolase cycle), 
both oxy and met can react with o-diphenol, oxidizing it 
to form an o-quinone (Halaouli et al. 2006). Subsequently, 
o-diphenol binds to the oxy form and is oxidized to o-qui-
none, thus obtaining the met form of the enzyme. This in 
turn transforms another o-diphenol molecule into o-quinone 
which is finally reduced to the deoxy form (Change 2009; 
Chang 2012).

Tyrosinase acts on tyrosine to form a protein-cupric 
enzyme complex, whereby the amino acid is converted 
to L-DOPA (3,4-dihydroxyphenyl-L-alanine) by a series 
of reactions. Through this, L-DOPA is converted into 
dopachrome for later oxidation in dopaquinone and finally 
polymerized in DOPA-melanin (Kobayashi et  al. 1995; 
Manivasagan et al. 2013).

In fungi, tyrosinases are cytosolic enzymes involved in 
melanogenesis with considerable heterogeneity from other 
enzymes that also have copper atoms attached to their mol-
ecules (Halaouli et al. 2006). They have a range of molecular 
weights and are generally associated with spore formation 
and stability, defense mechanisms, increased virulence, and 
tissue regeneration. In addition, they play a fundamental role 
in the darkening and pigmentation of some species of fungi 
(Halaouli et al. 2005; Selinheimo et al. 2007; Van Gelder 
et al. 1997).

Laccases

Together with ascorbate oxidase in plants, ceruloplasmin 
synthesized in the liver of mammals, and ferroxidases, lac-
cases (benzenediol: oxygen-oxidoreductase EC 1.10.3.2) are 
metalloproteins that belong to a small group known as “blue 
proteins” (Thurston 1994). These proteins are characterized 

by having four copper atoms linked to histidine in their 
conformation. One of these is linked to a site called CuT1, 
which acts on the reduction of substrates. The other two 
tri-atoms under the CuT2/CuT3 domains, which are sites of 
oxygen reduction, are responsible for the blue-green color 
(Kunamneni et al. 2007).

Laccase is widely distributed among plants and fungi and 
is also found in insects and bacteria (Nagai et al. 2003). 
When mapping expression genes for polyphenol oxidases 
extracted from a microbial community in bovine rumen, 
Beloqui et al. (2006) found a gene that regulates an enzyme 
with characteristics similar to laccase, known as adenosine 
deaminase (RL5). This may suggest that this enzyme is also 
present in the melanin synthesis of these microorganisms, 
acting in some way on mammals.

Laccases show phenoloxidase activity. In addition, they 
can oxidize a wide range of aromatic constituents such as 
amines, N-heterocycles, phenothiazines, thiol groups, among 
others (Levasseur et al. 2010). In fungi, the main producers 
of laccase are Basidiomycetes, which play an important role 
in the degradation of organic matter. As such, laccases of 
white-rot or wood decay fungal species have been widely 
studied and characterized due to their fundamental role in 
lignin degradation (Copete et al. 2015).

Depending on the substrate, laccase melanogenesis can 
occur either by oxidation of p-diphenols or o-diphenols. Oxi-
dation by o-diphenols results in the deposition of pigments 
on the cell wall, while oxidation by p-diphenols produces 
pigments that diffuse between cells (Williamson et al. 1998).

Melanin biosynthesis occurs through a series of oxy-
reduction reactions where DOPA and dopaquinone are cata-
lyzed by phenoloxidase. Subsequent melanogenic reactions 
occur via the classic Mason-Raper pathway (Mason 1955), 
by which the indole compounds dopachrome and 5,6-dihy-
droxyindole are rapidly formed and dependent on laccase 
(Polacheck and Kwon-Chung 1998).

Polyketide Synthase (PKS)

Polyketide synthases (PKS) constitute a large class of natural 
secondary metabolites found in bacteria, plants, and fungi 
(Pastre et al. 2007). PKS are synthesized by means of acetyl-
CoA strikers and are structurally divided into three classes: 
type I are modular proteins; type II are often aromatic pro-
teins; and type III are small aromatic molecules produced 
by different types of fungi. These enzymes are fully active 
in several biological systems (Plonka and Grabacka 2006).

Much of the interest in these synthases comes from the 
unique biological importance that these enzymes play in 
natural systems, which makes them potential candidates for 
the discovery of new drugs (Shen 2003). Therefore, PKS 
provide a range of research opportunities due to their power-
ful catalytic activity, their ability to transport ions between 
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biological membranes, and their remarkable versatility in 
the generation of new compounds by combining different 
mechanisms (Hill 2012).

In fungi, a limited number of PKS enzymes are involved 
in melanogenesis. In black-colored species, melanization 
occurs by means of a polythetic similar to 1,8-dihydroxi-
naphthalene (DHN-melanin). In dark brown fungi, melanin 
is synthesized through the polymerization of a polythetic 
originating from precursor 1,3, 6,8-tetrahydroxinphthalene 
(THN4) by successive dehydration reactions (Kroken et al. 
2003). Therefore, the enzymes that belong to the PKS group 
responsible for melanogenic synthesis in fungi are type-I 
that produce unreduced aromatic polyketides (Fujii et al. 
2004).

Synthesis of Melanin in Fungi

Melanin plays an important role in the protection, virulence, 
and pathogenesis of the organisms in which they occur 
due to its ability to modify many cytokine responses and 
decrease cell phagocytosis. It also reduces the toxicity of 
microbicidal peptides, limits the accumulation of ROS and 
free radicals in the cell, and alters responses to antifungals 
(Van de Sande et al. 2007; Lee et al. 2019). Thus, there is 
significant interest in the study of this pigment, which is 
reflected directly in the countless publications over the last 
few decades that analyze a range of topics related to the syn-
thesis and function of this polymer in fungi (Belozerskaya 
et al. 2017; Eisenman and Casadevall 2012; Gessler et al. 
2014; Henson et al. 1999; Lee et al. 2019; Plonka and Gra-
backa 2006; Pralea et al. 2019; Solano 2014; Tran-L et al. 
2020).

The synthesis of melanin in free-living microorganisms 
may be related to the susceptibility of the organism to hos-
tile environments with extreme weather conditions, which 
may offer certain advantages for survival (Steenbergen and 
Casadevall 2003).

The melanin pigment is very common in fungi, although 
melanogenesis is restricted to certain stages of development. 
Therefore, the biopolymer can be found in the mycelium, 
during sporulation, or as a defensive reaction to traumatic 
damage (Romero-Martinez et al. 2000; Treseder and Len-
non 2015). Melanin is an abundant compound that can be 
found in the cell wall of fungi, indicating that it is produced 
inside the fungal cell and then transported to the cell wall 
(Solano 2014).

Fungal melanins are negatively charged and formed 
in various ways, including: oxidative polymerization of 
phenolic and indole compounds, such as glutaminyl-
3,4-dihydroxybenzene (GDHB); through catecholamine; 
via the 1,8-dihydroxynaphthalene (DHN) pathway; or, in 
Basidiomycetes, via 3,4-dihydroxyphenylalanine (DOPA) 

(Nosanchuk and Casadevall 2006). However, most Asco-
mycota fungi synthesize DHN-melanin via the PKS pathway 
(Bell and Wheeler 1986). Some species of fungi may be 
able to synthesize the melanin polymer through the exog-
enous L-DOPA pathway, which is slightly different from 
the process of formation in mammalian cells (Eisenman and 
Casadevall 2012).

In mammals, melanin particles are produced inside 
organelles linked to the plasma membrane of cells, called 
melanosomes. Later, they are actively transported through a 
network of microtubules by melanocytes to keratinocytes by 
mechanisms of cell transfer that are not yet well understood. 
Finally, they are transferred to neighboring units, reaching 
the cell wall (Eisenman 2012; Hara et al. 2000).

Two main cell transfer models have received particular 
attention. In the shedding-phagocytosis model, the mel-
anocyte discards packages rich in melanosome, enclosed in 
the plasma membrane, which are later internalized by the 
keratinocyte via phagocytosis. In the endocytosis model, 
the melanocyte releases the melanin nucleus from the mel-
anosome in the extracellular space by exocytosis, and the 
keratinocyte internalizes this melanin from the melanosome 
by endocytosis (Wu and Hammer 2014). In addition, stud-
ies suggest that the transfer of melanin to keratinocytes is 
regulated by a protease-activated receptor type 2 (PAR-2), a 
keratinocyte receptor that controls melanin uptake (Seiberg 
2001; Correia et al. 2018).

Melanosomes are intracellular organelles that have the 
exclusive function of synthesizing and storing melanin 
(Eisenman and Casadevall 2012; Freitas et al. 2019). These 
structures are derived from the initial endosomes of the 
endosomal membranes, compartments formed from endo-
cytosis by the fusion of vesicles from the Golgi complex 
(Raposo and Marks 2007). In animal cells, these organelles 
mature within the melanocytes and pass through four mor-
phologically distinct stages, as has been described in humans 
and other mammals (Slominski et al. 2004).

The first and second stages are called pre-melanosomes. 
They are characterized by the complete absence of melanin 
and the formation of interlamellar fibers that begin to form at 
stage I and are complete at the end of stage II. In this phase, 
there are high levels of tyrosinase activity coming from the 
ribosomes, which are sent via endoplasmic reticulum to the 
Golgi complex and stored in the melanosomes (Raposo and 
Marks 2007). As soon as the lamellar striations are formed, 
the synthesis of melanin begins with its deposition along the 
fibers. This results in its spacing and darkening, following 
maturation in stage III. In stage IV, the complete filling of its 
protein walls occurs (Fig. 2) with intense enzymatic activity 
in which the presence of Tyrosinase, TRP1, and dopachrome 
tautomerase, also known as DCT or TRP2 (Miot et al. 2009), 
is particularly notable. At stage IV, melanosomes are trans-
located along microtubules of actin dendritic cells and then 
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transferred to neighboring keratinocytes for later deposition 
in the cell wall (Van Den Bossche et al. 2006).

In fungi, the participation of melanosomes in the synthe-
sis of melanin was suggested initially due to the discovery 
of transport vesicles (Rodrigues et al. 2007) in the cell wall 
complex. This indicates that fungal melanization may also 
occur in specialized organelles analogous to mammalian 
melanosomes (Eisenman et al. 2009; Frazen et al. 2008; 
Freitas et al. 2019; Walker et al. 2010).

Nematophagous Fungi

Nematophagous fungi are part of a diverse group of fungi 
that use refined traps to capture prey (predators), conidia, or 
zoospores (endoparasites) to infect nematodes and appres-
soria and penetrate nematode eggs (ovicides). Of these, more 
than 700 species (Li et al. 2015) have been described distrib-
uted across the phylum Ascomycota, Basidiomycota, Blas-
tocladiomycota, Calcarisporiellomycota, Zoopagomycota, 
and Entomophthoromycota (Tedersoo et al. 2018). Species 
of Oomycota (Chromista kingdom), as well as some species 
of the genera Myzocytium, Haptoglossa, and Gonimochaete 
that are traditionally included in the fungi kingdom, can also 

kill nematodes. These fungi are cosmopolitan and inhabit 
soil organic matter, decomposing vegetation, and manure.

Predatory fungi produce a range of traps including: adhe-
sive nodules that can be pedunculated or sessile; non-dif-
ferentiated adhesive hyphae; hypha branches that undergo 
anastomosis, forming three-dimensional adhesive networks; 
adhesive ramifications that come together to form simple 
two-dimensional adhesive networks; and constrictive and 
non-constrictive rings (Barron 1977).

Phylogenetic studies demonstrate that the mechanisms 
involved in the construction of traps are linked to at least 
two distinct strains of fungi, one being efficient in the con-
struction of rings, and another efficient in traps with adhe-
sive buttons (Yang et al. 2008). These organisms may have 
evolved from cellulolytic and ligninolytic fungi as a possible 
response to nutrient deficiencies in habitats with significant 
nutritional scarcity (Barron 1992). In these locations, nema-
todes, which have a high carbon:nitrogen (C: N) ratio, could 
serve as a source of nitrogen while the fungi grow on sub-
strates that contain large amounts of carbohydrates. As such, 
nematophagous fungi can use cellulose and other polysac-
charides as a source carbon (Nordbring-Hertz et al. 2006).

The use of fungi for the biological control of gastroin-
testinal nematodes has been considered a viable alternative 
to control free-living parasites. The main objective of such 

Fig. 2   Drawing adapted from 
Raposo and Marks (2007) 
showing the maturation stages 
of melanosomes. Designed 
by Jonathas Corrêa Botelho. 
Note the intraluminal vesicles 
of stage I melanosomes, the 
proteinaceous fibrils at stage II, 
and the melanin deposition in 
stages III and IV. Mitochondria 
(M), nucleus (N)
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treatments is to decrease a given population of nematodes 
using a natural predator that is available in the environment 
whose activity focuses on attacking intermediate hosts, vec-
tors, or larval stages of free life (Braga and Araújo 2014).

Nematophagous fungi have a unique ability to trap and 
infect nematodes through a process that may or may not 
include adhesion (adhesive traps and adhesive conidia vs. 
non-adhesive traps or ingestible conidia). Then, the cuticle 
or esophagus (ingestible conidia) is penetrated, and the nem-
atode is immobilized. Finally, its entire contents are digested 
(Herrera-Estrella et al. 2016; Tunlid et al. 1992). In the 
case of adhesion, previous studies on the predatory fungus 
Arthrobotrys oligospora point out the participation of lectins 
in the traps joining with carbohydrates in the nematodes 
(Nordbringhertz and Mattiasson 1979; Tunlid et al. 1992). 
However, later studies did not find such a relationship in 
the adhesion process (Balogh et al. 2003; Yang et al. 2011).

This succession of events occurs through a combination 
of physical and enzymatic processes (Cruz et al. 2009). Sev-
eral proteases are likely involved in the sequence of events 
that precede infection, including the release of nutrients for 
the growth of the fungal structures, thus facilitating penetra-
tion by solubilizing the cuticle of the nematode. This induces 
cytotoxic effects, which culminate in the total digestion of 
the host tissue and also inhibits the secondary invasion of 
microorganisms (Tunlid et al. 1994). Among proteases, ser-
ine proteases have been shown to participate in this process 
(Åhman et al. 2002; Cruz et al. 2015; Wang et al. 2006, 
2009; Yang et al. 2005).

The nematophagous fungi that are classified as predators 
are well studied and more commonly assessed for use as 
a biological control of gastrointestinal nematodes in rumi-
nants. Of these, the genus Arthrobotrys (Gomes et al. 2001; 
Grønvold et al. 1993; Zhang et al. 2013), including A. oligos-
pora (Fresenius 1852) and A. musiformis (Dreschler 1937), 
is particularly well studied. The genus Monacrosporium 
also has also received attention and is represented mainly 
by M. thaumasium (Dreschler 1937), M. sinense (Liu and 
Zhang 1994), and M. haptotylum (Liu and Zhang 1994). 
Meanwhile, the genus Duddingtonia includes a single repre-
sentative, D. flagrans (Braga et al. 2008; Duddington 1955), 
which has attracted the attention of researchers searching 
for alternative methods to control nematodes in farm ani-
mals (Jobim et al. 2008; Tavela et al. 2013). The species 
produces resistant structures known as chlamydospores and 
have a thick cell wall. As such, they can resist extreme stress 
conditions as they pass through the gastrointestinal tract of 
domestic animals and have a high environmental tolerance 
(Buzatti et al. 2015).

Knowledge about the interactions that occur between a 
fungus and its host can contribute to their application as 
a biological parasite control. Understanding the molecular 
mechanisms and the biochemistry involved in the interaction 

between fungi and their hosts is also key, as such fundamen-
tal information can contribute effectively to elucidating the 
details of the degree of activity in the relationships between 
these predators and their prey (Davies and Spiegel 2011).

Since the discovery of predatory activity in A. oligospora 
by Zopf (1888), nematode predatory fungi have attracted 
attention. Numerous species have been isolated and iden-
tified, and their ecological, nutritional, and physiological 
characteristics described. Charles Dreschler (1892–1986) 
contributed greatly to this field of study (Rubner 1996). 
However, gaps in the literature remain, especially regarding 
the presence and function of melanin in these microorgan-
isms. Freitas et al. (2019) observed that D. flagrans produces 
melanin and noted that it is deposited on the cell wall of 
its hyphae and chlamydospores. Furthermore, the predatory 
activity of fungus treated with tricyclazole, an inhibitor of 
melanin biosynthesis, was drastically affected after 27 h of 
in vitro anaerobic stress with rumen inoculum. These results 
support the idea that melanin can effectively contribute to 
the protection of the fungus during fungus-nematode and 
environment interaction processes. In this same study, the 
authors found structures that may participate in the synthe-
sis and deposition of melanin, known as melanosomes, and 
that the observed genesis suggests a possible analogy with 
the melanosomes of mammals. This is a pioneering find for 
nematophagous fungi.

Advances in Fungal Melanin Research 
with Proteomics

Proteomics is defined as a systematic reading of the pro-
teome, which is a set of proteins and their variants, as 
expressed through a genome, cell, tissue, or organism (Bha-
dauria et al. 2007; Oliveira et al. 2009). Thus, proteomics 
offers the potential to advance scientific research since it is 
a fundamental tool that can be used to understand protein 
components, elucidating changes that occur in a given pro-
tein at the molecular level (Doyle 2011).

Proteomic analysis provides important information about 
cell signaling and is warranted considering the following: 
(i) gene function, which is translated into the information 
encoded in a gene, results in a gene product that is carried 
out by proteins; (ii) although most of the genes in a genome 
have a function, a large number of genes have no assigned 
function; (iii) the information that can be obtained using a 
transcriptomic approach is still incomplete, since the profile 
of the transcriptome varies according to time, physiological 
state, and physical, chemical, and biological stimuli. There-
fore, proteomics is complementary to the transcriptome, as 
proteins are the final gene product and the direct executors of 
biological functions; and (iv) the correlation between mRNA 
and protein levels is remarkably low (Watson et al. 2003; 
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Jorrín et al. 2006; Koh et al. 2012). Furthermore, because 
post-transcriptional regulation and post-translational modi-
fication directly influence the proteome (Alam et al. 2010), 
there is no strict linear relationship between mRNAs and 
proteins (Gygi et al. 1999) thus making it difficult to predict 
the protein expression through transcriptional level analysis 
(Yan et al. 2017).

The intracellular proteome of a eukaryotic organism con-
sists mainly of proteins that are present in the cytosol and 
within the organelles. Therefore, due to the heterogeneity of 
the Fungi kingdom, the procedures for extracting, separat-
ing, and identifying proteins require particular techniques 
(Doyle 2011). Currently, models based on mass spectrom-
etry are generally considered the gold standard for proteomic 
analysis (although there are others, such as the microarray of 
proteins). These models can be classified as either “bottom-
up”, which consists of using liquid chromatography to sepa-
rate proteins of the peptides obtained after tryptic digestion 
of complex protein solutions, followed by analysis with mass 
spectrometry, or “top-down”, in which the intact proteins 
are subjected to mass spectrometry and then decoded by 
bioinformatics (Barbosa et al. 2012).

The development of “label-free” methodologies has also 
provided a new environment for proteomics research, where 
complex mixtures of proteins are digested by proteases then 
separated by multidimensional liquid chromatography. Sub-
sequently, they are analyzed and identified through tandem 
mass spectrometry (Jorrín Novo et al. 2014).

Over the last few decades, proteomic studies on melano-
genic fungi have started to emerge in the literature. Mainly, 
these studies aim to understand the key targets that are some-
how involved in microorganism virulence and pathogenicity 
(Xu et al. 2017), although the proteomics associated with 
melanin synthesis remains unclear (He et al. 2021).

Proteomic approaches have been applied to some spe-
cies of melanogenic fungi, such as Aspergillus fumigatus 
(Bruneau et al. 2001), Saccharomyces cerevisiae (Navarre 
et al. 2002), Candida albicans (Cabezón et al. 2009), and 
Paracoccidioides brasiliensis (Chaves et al. 2019). More 
recently, these methods have been used to assess the asso-
ciation between proteomics and the presence of melanin, for 
example in P. brasiliensis, Paracoccidioides lutzii (Almeida-
Paes et al. 2020), and Cryptococcus neoformans (Camacho 
et al. 2019). This recent research aimed to determine aspects 
related to the adaptation and survival of the fungus in the 
host (i.e., fungus-macrophage interaction), which is under-
stood as the success of the pathogen’s intracellular mecha-
nisms to evade macrophage activation (Almeida-Paes et al. 
2020; Chaves et al. 2019). In such studies, several additional 
proteins linked to the virulence of these species have been 
found, such as phospholipases (PLC), proteases, superox-
ide dismutase (SOD), heat shock proteins, and adhesins and 
proteins related to vesicular transport in fungi treated with 

L-DOPA (Almeida-Paes et al. 2020). In C. neoformans, the 
synthesis of melanin granules was found to be closely asso-
ciated with the expression of four proteins that may have 
some connection with the melanogenesis of this fungus, 
including the mannoprotein that plays a role in iron acquisi-
tion (Cig1), the hypothetical protein containing a Barwin-
like domain (Blp1), the quorum-sensing peptide (Qsp1), and 
GPI-anchored protein (CNI3590).

For nematophagous fungi, there is still much to be under-
stood in terms of proteomics. Yang et al. (2011) analyzed 
the proteome of A. oligospora by linking the identified pro-
teins to molecular mechanisms involved in the production of 
nematode capture and predation structures. They found that 
some of these proteins (i.e., PLC, MAPK, PP2A, CACYBP, 
CaMK) were involved in translation, post-translation modi-
fication, amino acid and carbohydrate metabolism, energy 
conversion, cell wall synthesis, and membrane biogenesis, 
which suggests an intense level of metabolic activity dur-
ing the formation of traps for the species. In another study 
on nematophagous fungi, Andersson et al. (2013) identified 
and quantified proteins related to the mechanisms involved 
in the formation of predation structures in M. haptotylum. 
They observed that 16.07% of these proteins are expressed 
in greater quantity during the formation of nematode pre-
dation traps and involve peptidases, adhesin surfaces with 
carbohydrate-binding domains (including the domain of 
stress-responsive cell wall proteins - CWPs), tyrosinase, 
and proteins with functions that until then were unknown.

There is a wide range of studies relating to genomics and 
pathogenicity in nematophagous fungi. Although A. oligos-
pora has been particularly well studied (Meerupati et al. 
2013; Yang et al. 2011; Yang et al. 2020; Zhang et al. 2020), 
analyses of other species include: M. haptotylum (Meerupati 
et al. 2013); Dactylellina stenobrocha (Liu et al. 2014); Hir-
sutella minnesotensis (Lai et al. 2014); D. flagrans (Youssar 
et al. 2019); A. conoides, D. appendiculata, D. drechsleri, 
D. haptotyla, D. stenobrocha (Zhang et al. 2020) and D. 
cionopaga (Deng and Yu 2019).

Recent advances in fungal proteomics research are mainly 
due to the availability of powerful techniques based on pro-
teomics and the advent of second-generation processing for 
high performance DNA sequencing (Muggia et al. 2020). 
Furthermore, the molecular singularity of the species has 
stimulated considerable interest in the search for proteins 
that play important roles in survival and stress responses 
(Kroll et al. 2014). The use of these new technologies can 
accelerate our understanding of the biology of melanogenic 
fungi, especially those with nematophagous activity.

Another point that must be considered is genetic edit-
ing, i.e., the procedure in which specific stretches of DNA 
are manipulated, allowing their replacement by new gene 
sequences, including insertion, deletion, or alteration of 
certain regions of the genome. With the development of 
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projected nucleases, such as zinc finger nucleases (ZFNs), 
transcription activator-like effector nucleases (TALENs), 
and more recently clustered regularly interspaced short 
palindromic repeats (CRISPR), a revolution has begun in 
several fields of biotechnology, including agriculture and 
biopharmaceutical production, research on the structure, 
regulation, and function of the genome, and the creation of 
transgenic organisms and cell lines (Saha et al. 2019).

The CRISPR technique is based on the adaptive immune 
system of bacteria. When bacteria undergo an invasion by 
viruses or plasmids, they capture a fragment of approxi-
mately 20 base pairs from the invader to form the CRISPR 
sequence. Once inserted into the bacterial genome, the 
CRISPR sequence can be transcribed into a type of RNA 
that will bind to CRISPR RNAs. The protein complex 
formed by RNAs and the associated Cas9 protein creates an 
active endonuclease that will degrade a 23 base pair target 
DNA using a Protospacer-Adjacent Motif (PAM) sequence. 
Therefore, it is possible to build guide RNAs associated with 
the Cas9 protein that are complementary to the sequences to 
be cut (Saha et al. 2019).

The discovery of the CRISPR/Cas9 immune system in 
bacteria and archaea and its reuse for genome editing offers 
new prospects for the genetic engineering of filamentous 
fungi. Several successful applications have been reported for 
fungal cell factories, including A. niger, Penicillium chry-
sogenum, Trichoderma reesei, and Termothelomyces ther-
mophilus (Kwon et al. 2019). Similarly, this methodology 
has been applied to studies related to fungal melanin, for 
example to create mutant strains deficient in the production 
of melanin to study its effects on conidia resistance to food, 
heat, and UV-C radiation stressors (Seekles et al. 2021), or 
studies of melanic biosynthesis for a better understanding 
of the regulators involved (Zhang et al. 2019). To date, no 
studies have used CRISPR to assess the relationship between 
melanin and nematophagous fungi.

Conclusions

Melanin is a compound that is not only associated with 
numerous defense mechanisms, but also offers a series of 
advantages for the carrier organisms. Due to its unique 
characteristics, the melanin polymer has attracted signifi-
cant interest worldwide, and further study on its synthe-
sis, structure, location within cells, and role in the biology 
and survival of nematophagous fungi are needed. Notable 
advances in molecular biology, including the application of 
proteomics and gene editing, can contribute to such analyses 
and provide a better understanding of how this ancient mac-
romolecule can act so effectively in biological processes and 
in fungi-nematode and environment interactions. Further-
more, in-depth analyses on the molecular basis associated 

with melanin can contribute to the development of more 
effective biocontrol agents.
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