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INTRODUCTION DEFINITION OF MELANIN

In an era of exuberant development of informational bio-
logical macromolecules, it seems anachronistic to discuss poly-
mers as primitively and randomly formed as the melanins. Yet,
the properties of melanins provide explanations of defensive
and aggressive functions in microbes. Moreover, melanins,
rather than being only simple sunshades, have the properties of
semiconductors (20) and are essential for hearing and sight in
higher animals. In this review I will emphasize the chemical
and physicochemical roles played by melanin in the pathogen-
esis of various fungal infections. The reader is referred to prior
reviews for discussions of the biosynthesis and distribution of
fungal melanins (4, 90), the role of melanin in plant pathogens
(18a), the physicochemical properties of melanins (61, 62, 76)
and a recent, excellent general overview of the synthesis and
functions of fungal melanins (6).

* Mailing address: Research Service, Box 151, McGuire Veterans
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Melanins are pigments of high molecular weight formed by
oxidative polymerization of phenolic compounds and usually
are dark brown or black. They are widely distributed in the
living world. In general, they are conjugated polymers of ortho-
dihydroxyphenols. The individual residues of polymeric mela-
nin likewise contain two ortho oxygens. Melanins are among
the most stable, insoluble, and resistant of biochemical mate-
rials; a typical melanin isolation involves extraction of lipids
with various solvents and digestion of all other biopolymers by
refluxing in strong acid (56). Most fungal melanins are derived
from the precursor molecule 1,8-dihydroxynaphthalene (DHN)
and are known as DHN-melanins; the biosynthetic pathway
which furnishes DHN has been termed the polyketide pathway
and resides primarily in ascomycetes and related deuteromy-
cetes (4). Recognized human pathogens which form melanin
precursors by the polyketide pathway include Aspergillus nidu-
lans, A. niger, Alternaria alternata, Cladosporium carionii, Exo-
phiala jeanselmei, Fonsecaea compacta, F. pedrosoi, Hender-
sonula toruloidii, Phaeoannellomyces wernickii, Phialophora
richardsiae, P. verrucosa, Wangiella dermatitidis, and Xylohypha
bantiana (81, 89, 90). The tyrosine ring represents a second
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source of precursor molecules, either as such or as dihydroxy-
phenylalanine (DOPA), and because the oxidized product of
DOPA, dopaquinone, is able to cyclize to form the 5,6-dihy-
droxyindole ring, tyrosine or DOPA melanin typically contains
indole rings (54). Additional monomeric precursors of mela-
nin include y-glutaminyl-4-hydroxybenzene and catechol (90);
these precursors are characteristic of basidiomycetes (4). In
the actual synthesis of melanin, the precursor diphenols are
destabilized by enzymatic oxidation to quinones, whereupon
the oxidation products polymerize spontaneously to make mel-
anin. The enzymes that effect the one-step oxidation of dihy-
droxyphenols to quinones and thereby catalyze their polymer-
ization into melanin are called polyphenoloxidases or laccases;
enzymes that effect synthesis by a two-step oxidation of ty-
rosine are called tyrosinases. Because the polymerization does
not follow a precise pattern, as does the synthesis of most other
biopolymers, a given sample of melanin contains molecules
with various structures, and any diagramed structure repre-
sents an oversimplification (4). Moreover, the usual drastic
conditions of melanin isolation precludes the recovery of more
labile polymers which might have been associated with the
melanin in vivo.

Biosynthesis of DHN-melanin via the polyketide pathway
has been intensively studied in W. dermatitidis; the late stages
of the pathway, in which 1,3,6,8-tetrahydroxynaphthalene is
successively converted to scytalone, vermelone, and DHN, are
well understood. Tricyclazole, an inhibitor of the reductive en-
zymes which form scytalone and vermelone, prevented the dark-
ening of cultures. Pigment-defective mutants Mell and Mel2
secreted intermediates that were able to reconstitute melaniza-
tion in Mel3; therefore these mutants must be blocked after
the block in Mel3. Mell, which secretes the intermediate scyta-
lone, was shown to lack the dehydratase enzyme which con-
verts scytalone to vermelone, the next stable intermediate in
the pathway. Mel3, with the earlier metabolic block, must
contain all the enzymes required for the conversion of scytal-
one to DHN-melanin. Mel2, which secretes DHN and a variety
of prior metabolites, was shown to lack the final, DHN oxidase
which polymerizes melanin (16a). The mutants could be divid-
ed into complementation groups by protoplast fusion studies.
Interestingly, the fusion studies appeared to resolve certain
early metabolic mutants which had not been defined bio-
chemically (12). Recently a polyketide synthase gene, termed
WdAPKSI1, was described in W. dermatitidis. Using primers
based on conserved regions of polyketide synthase 1 from
Colletotrichum lagenarium, a PCR product was obtained from
genomic DNA, and transformation was carried out with a vec-
tor containing a hygromycin B resistance gene. Albino trans-
formants were tested for site-specific integration, were res-
cued, and were sequenced. The deduced protein showed 60%
identity to the C. lagenarium polyketide synthase 1 (B. Feng
and P. J. Szaniszlo, Abstr. 98th Gen. Meet. Am. Soc. Micro-
biol. 1998, abstr. F-66, p. 264, 1998).

Figure 1 represents a simplified structure for squid melanin
(46, 56). The structure was deduced through chromatographic
and electrophoretic analysis of reductive and oxidative degra-
dation products (47). Because of the great difficulty of such
work, few melanins have been structurally analyzed, and great
reliance is placed on analogies to model melanins. Thus, early
criteria for provisional identification of a brown or black pig-
ment as melanin were based on resistance to solvents and
concentrated acids, solubilization and degradation by alkali,
oxidation by ammoniacal silver salts, and bleaching by oxidiz-
ing agents (47, 61). To these should be added the more modern
techniques of electron paramagnetic resonance (7, 74, 86) and
mass spectrography (22). Cryptococcus neoformans melanins
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FIG. 1. Structure of squid melanin proposed by Nicolaus et al. (47). Rings
are aromatic. Each pair of o-oxygen substutituents can exist as either quinone,
hydroquinone, or semiquinone groups.

have been analyzed by oxidative and reductive degradation,
and the degradation products expected for DOPA melanin and
dopamine melanin have been reported (92). This was satisfy-
ing, since substrates for cryptococcal melanin are entirely ex-
ogenous and since the respective precursor had been supplied
to each melanizing culture.

The localization of melanin in the fungal cell wall is sup-
ported by three types of evidence. First, removal of the cell wall
removes most of the dark color (12). Second, cell walls of
albino mutants of W. dermatitidis (16a) and C. neoformans (38)
appear hyaline in electron micrographs, whereas those of the
parental wild types have an electron-dense outer layer. Feed-
ing of scytalone to the albino culture of W. dermatitidis allowed
the mutant to become melanized and reestablished the elec-
tron-dense layer. Finally, melanized cells of W. dermatitidis are
more resistant to enzymatic hydrolysis than are the same
strains whitened by tricyclazole or Mel  strains having meta-
bolic blocks in melanin synthesis, indicating participation by
melanin in the structure of the cell wall (12).
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TANNINS AND CATECHOLS AS BIOACTIVE
PRECURSORS

Tannins as Cross-Linkers

Insight into melanin function is gained by consideration of
the properties and functions of plant tannins. Tannins have the
chemical structure of monomeric polyhydroxyphenols (79).
They are good reducing agents and oxy-radical scavengers (8,
18, 94); in this way they are thought to protect plant epithelium
from the results of UV irradiation. In the sclerotization reac-
tions of plants, polyphenol oxidases are liberated from vesicles
in response to injury and, in the presence of oxygen, catalyze
the two-electron oxidation of tannins to produce very reactive
quinones. The quinones add to and cross-link surface proteins,
forming a cuticle which tends to resist further injury (69).
Cross-linking by quinones occurs typically through the mech-
anism of the Michael addition reaction, in which the electro-
philic «, B-unsaturated quinone ring (see Fig. 3) is replaced at
the B position by a nucleophilic group in a protein, such as a
thiol or amine (55), to give what is called a melanoprotein. The
result is blackening and hardening at a site of injury on a plant,
and the reaction is familiar as the browning reaction of cut
fruits. Another example of quinonic addition reactions is pro-
vided by byssal threads, the attachment organ of mussels,
which produce DOPA-containing biological glues. These are
oxidized to quinones to facilitate the attachment of the mollusk
to a substrate (84). It follows that oxidized polyphenols are
alkylating agents and potentially toxic and that production of
melanin must be kept away from the cytoplasm of the cell.
Thus, in fungi, melanization takes place outside the plasma
membrane (90), while in vertebrates, it occurs in specialized
vesicles, the melanosomes (77).

Melanin Biosynthetic Intermediates as Phytotoxins

Given the reactivity and potential toxicity of the quinonic
oxidative products of melanin precursors, it might be expected
that certain melanotic fungi might secrete such products in
order to injure their hosts. Indeed, numerous phytotoxins de-
rived from DHN have been described (93). One of these,
alteichin, is a toxic quinone which is secreted by the fungus
Alternaria eichhorniae (68).

MELANIN AS A CROSS-LINKER OF THE
FUNGAL CELL WALL

Because the extracellular precursors of melanin are cross-
linking reagents, one might expect melanized cell walls to
exhibit evidence of cross-linking. A striking confirmation is
provided by what has been termed the “melanin ghost” phe-
nomenon, in which melanized cells contain a visible, hydroly-
sis-resistant cell wall skeleton which remains after drastic hy-
drolysis of everything else (Fig. 2) (86). Such structures are not
seen after treatment of nonmelanized cells. Supporting evi-
dence for cross-linking is provided by the widespread finding
that melanized cells are more resistant to enzymatic lysis (5, 6,
12, 36, 40, 52, 63, 90), although this phenomenon may reflect
steric hindrance in addition to or instead of cross-linking.

RELATION OF FUNGAL MELANIN TO VIRULENCE

Correlation Studies

While not all pathogenic fungi are melanotic, there is a large
class of potentially invasive fungi which have in common the
production of melanin. These have been termed dematiaceous
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FIG. 2. Electron micrograph of a “melanin ghost” of C. neoformans. Organs
from a mouse infected with Mel™ C. neoformans were extracted with solvents,
digested in hot HCI, and centrifuged. These structures were not seen when a
Mel ™ infection was so treated. Courtesy of Rosas et al. (For a related study, see
reference 71.)

or phaeohyphomycetous fungi (66). In a study of numerous
melanizing and nonmelanizing strains of Basidiobolus species,
the melanizing cultures were associated with human disease
(9). In a similar vein, it has been noted that the melanizing
species of Cryptococcus, namely C. neoformans, is the most
common cryptococcal pathogen of humans and animals; this
observation led to a genetic study implicating melanin in the
pathogenesis of cryptococcosis (see below) (38).

Studies of Mel™ Fungal Mutants

UV-induced or spontaneous Mel ~ point mutants of C. neo-
formans have exhibited reduced virulence on several occasions.
These mutants were selected on Guizotia abyssinica, L-DOPA,
dopamine, or L-norepinephrine agar. A particular strain se-
lected for study, 92t-1 (38), also exhibited an inability to grow
at 37°C (it is not clear why the project was complicated by
simultaneous study of the seemingly trivial temperature trait).
On electron microscopy, the mutant was noted to lack an
electron-dense layer in the cell wall. When this strain was
sexually crossed to the wild type, 1:1 segregation of each of the
parental melanization, temperature tolerance, and mating
compatibility traits were observed. Three temperature-tolerant
Mel ™ progeny were selected for virulence testing in mice and,
under the conditions used, did not kill any mice, while the
Mel ™" progeny killed all mice inoculated. The mutant strains all
exhibited defects in the uptake of L-DOPA and in phenoloxi-
dase activity. A similar set of experiments was based on a
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mutant with a spontaneous Mel ™ mutation (65). This mutant
was passed through a sexual cross, and Mel™ progeny were
reisolated. When these were inoculated into mice, the Mel™
reisolates multiplied less well in mouse brains and exhibited
less virulence than the wild type did, but they appeared still
capable of killing mice; most, but not all, of the dead mice
contained organisms which had reverted to Mel™ (termed
Mel®), but some mice died with unreverted mutants in their
brains. Mel® strains were considered to be isogenic to Mel~
strains; when Mel® and Mel ™ pairs were inoculated into mice,
the Mel® strain was consistently more virulent.

Genes governing melanization in C. neoformans were sur-
veyed and classified by meiotic genetic analysis after the con-
struction of inbred parents homogeneous for pigmentation. A
total of 20 Mel™ mutants were induced with ethyl methanesul-
fonate. The mutations in these mutants mapped to no less than
seven loci. Four of these classes exhibited suppression (mela-
nization) on supplementation with copper sulfate, consistent
with a requirement for copper in the laccase (82a).

An attempt was made to compare the relative contributions
to virulence of the melanizing and capsule-forming systems in
C. neoformans, using a temperature-conditional melanin-form-
ing trait, discovered in acapsular mutants, as though it were a
Mel ™ mutation (39). Later evidence that melanization is de-
creased in many wild-type strains of C. neoformans at 37°C (28)
has made it difficult to interpret the former study.

The use of random point mutations has its drawbacks. First,
such mutants have a characteristic rate of reversion which can
confound experiments involving large numbers of cells, such as
animal inoculations and transformations. Second is the possi-
bility of multiple mutations. This problem is not unique to
random point mutation studies; however, the availability of
sexual analysis allows the purification of mutant strains in the
C. neoformans serotype D system. Third is the combination of
nonspecific mutation and indirect causation: the physiologic
basis of a random mutation often is different or more complex
than envisioned.

Purification and characterization of the cryptococcal phe-
noloxidase (25, 91) and cloning of its gene in C. neoformans
(91) made possible molecular genetic studies of melanization
in that pathogen. The enzyme was identified as a typical, mul-
ticopper laccase of 65 kDa. Since the loci of the UV-induced
Mel™ point mutations had not been characterized in earlier
mouse experiments, virulence experiments were repeated with
an albino mutant containing a known disruption of the struc-
tural gene for the laccase. The mutation was passed through
several crosses to the wild type in order to remove unknown
secondary mutations, after which it still caused albinism and
decreased virulence. The CNLACI transcript could be de-
tected in a mutant with a point mutation in this genetic locus,
but no detectable melanin was made by the point mutant.
Transformation of the disruption mutant with the wild-type but
not the point-mutated gene led to complementation. Cloning
of the laccase gene also allowed detection of the laccase gene
RNA transcript in yeast isolated from infected rabbit cerebro-
spinal fluid, indicating that the laccase gene was expressed in
the rabbit infection (72).

Mel™ mutants of W. dermatitidis were also found to have
reduced virulence for mice compared with the melanized wild
type. Under typical conditions, the wild-type strain killed mice
in 3 days while a spontaneous Mel3 mutant killed no mice
during the standard observation period of 21 days. When the
observation period was extended to 60 days, a number of
deaths by mutant strains were recorded; just as in C. neofor-
mans, virulence was decreased but not totally abolished by the
defects in melanization (11). The UV-induced Mell and Mel2
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mutants also exhibited reductions in virulence. Phenotype
seemed as important as genotype: Mel3 mutants darkened by
prior feeding with the pentaketide pathway intermediate, scyta-
lone, were more virulent, while the wild type lightened by prior
treatment with tricyclazole (an inhibitor of DHN-melanin syn-
thesis) was less virulent (60a). Thus, the outcome of the infec-
tion appeared to be influenced strongly by the initial degree of
melanization of the fungal cell. UV-induced albino mutants of
Aspergillus fumigatus also exhibited decreased virulence (33;
see below).

Anti-Melanin Drug Treatment Study

The drug glyphosate was found to inhibit melanization in
C. neoformans; when fed to mice, it improved survival in ex-
perimental cryptococcosis (44; J. D. Nosanchuk and A. Casa-
devall, Abstr. 99th Gen. Meet. Am. Soc. Microbiol. 1999, abstr.
F-49, p. 305, 1999). However, the significance of this therapeu-
tic effect is not clear, since, on the one hand, the drug is
thought to inhibit de novo synthesis of aromatic compounds
(including precursors of melanin in organisms which synthesize
them [93]) while, on the other hand, C. neoformans makes
melanin only from exogenous catecholamines (34). For the
sake of consistency, it would make sense if the anticryptococcal
effect resulted from inhibition not of melanization but of bio-
synthesis of essential aromatic compounds, as is the case in
plants.

Role of Melanin in Penetration of Cells

Penetration of the plant cell wall by certain plant-pathogenic
fungi is accomplished by a specialized cellular apparatus, the
appressorium, which develops from newly deposited spores.
This structure exerts a large physical pressure on a small area
of the plant cell wall, thereby punching a hole through the wall;
penetration of Mylar coverslips has been cited as evidence
against participation by specific hydrolytic enzymes. The pres-
sure is generated osmotically by up to 3.22 M glycerol concen-
trated within the appressorial cell; appressoria of the ascomy-
cete rice blast fungus, Magnaporthe grisea, generate up to 80
atm of pressure (5.8 MPa) when exposed to distilled water (or
morning dew), while incubation of appressoria in comparably
concentrated external solutions collapsed them (10). The os-
motically generated pressure has been estimated indirectly by
measuring the freezing-point depression of appressorial cellu-
lar fluid by observing intracellular ice crystals on a refrigerated
microscope stage (24) and directly by an optical method (3).
DHN-melanin is a necessary component of the functioning
appressorium in M. grisea (but not in Alternaria alternata,
whose appressoria are normally nonpigmented [33a]): appres-
soria of albino Magnaporthe mutants are abnormally perme-
able and morphologically abnormal and are unable to generate
high pressures (23). Melanin reduces the porosity of the ap-
pressorial wall, enabling the fungal cell to retain glycerol (23,
24). Compounds which inhibit the biosynthesis of DHN-mel-
anin, such as tricyclazole, fthalide, and pyroquilon, are used as
“antipenetrant” agricultural antifungals; they do not kill plant
pathogens, but they cause the development of defective ap-
pressoria lacking melanin; these appressoria are unable to pen-
etrate the plant epithelium and establish infection. One of
these chemicals, tricyclazole, inhibits melanin synthesis in a
variety of phaeohyphomycetes which cause human disease
(90). Development of an appressorium has not been reported
to play a role in animal infections, but it represents an inter-
esting model of melanin functioning.

Does melanin play a role in fungal penetration of animal
tissues? W. dermatitidis grows through agar at a rate deter-
mined by the hardness of the gel. The melanized wild type
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FIG. 3. Oxidation states of the quinonic residues of melanin: the hydroqui-
none, the free radical semiquinone, and the quinone.

grows faster than Mel™ mutants. However, the DHN-melanin
inhibitor tricyclazole slowed the wild type, while repair of the
mutant block in a Mel3 strain by feeding the intermediate
scytalone restored melanization and boosted the growth rate
(5a). Thus, melanin appears important in hyphal tip protru-
sion; by analogy to the appressorium, one wonders about a
possible osmotic mechanism.

MELANIN AS A PHYSIOLOGIC REDOX BUFFER

Electronic Properties of Melanin

A survey of the paramagnetic properties of biological mate-
rials identified the strong electron spin resonance signal given
by melanized tissues (especially frog eggs) as evidence of sta-
bilized free radicals in biological systems; it was suggested that
melanin represented a trap for unpaired electrons (7). This
phenomenon was interpreted as evidence for three oxidation
states of the quinonic residues of melanin: a hydroquinone (the
fully reduced state), a semiquinone (the paramagnetic free
radical, oxidation product), and a quinone (the two-electron
oxidation product) (Fig. 3). Semiquinones are known to be
stable free radicals, and since polymeric melanin contains a
widely conjugated aromatic structure, it was suggested that the
energy of the free-radical semiquinone of melanin was further
reduced by the possibility of resonance (45). Thus, melanin might
function as a sink for potentially harmful unpaired electrons.

Melanin as a Redox Buffer

The multiple oxidation states predicted for melanin were
confirmed by demonstrating electrochemical reduction of mel-
anin with Ti(III) and oxidation with Fe(III) or oxygen (21).
Melanin was shown to catalyze the reduction of Fe(III) by
NADH, thereby showing that melanin could act as a mediator
of electron exchanges (16). The participation of the free rad-
ical semiquinone as an intermediate stage in oxidation-reduc-
tion reactions was shown by monitoring the electrochemical
reactions of Aspergillus niger melanin by electron spin reso-
nance. When the sample was progressively reduced, a species
giving an electron spin resonance signal increased and then
decreased; when the sample was reoxidized, the same phenom-
enon occurred (43). Horak and Weeks (22) deposited melanin
onto a carbon electrode by electrochemically oxidizing a solu-
tion of 5,6-dihydroxyindole (a precursor of dopamine-mela-
nin); they monitored the electrochemical properties of the
resulting synthetic melanin film by cyclic voltammetry. The
voltammetric tracing (Fig. 4) demonstrated incremental in-
creases in redox buffering capacity resulting from incremental
increases in the thickness of the melanin film and can be
considered to represent redox buffering by melanin “in real
time.”

Demonstration of Physiologic Redox Buffering

Jacobson and Emery noted albinism, decreased polyphenol
oxidase activity, and decreased catechol uptake in mutants of
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C. neoformans selected for sensitivity to hyperbaric oxygen
(27). They took the results as support for biological redox
buffering by catechols, melanin, or both. However, only poly-
meric melanin, but not various tannins or catechols, protected
C. neoformans against hypochlorite: the minimal fungicidal
concentration for melanized cells was five- to sixfold higher
than that for nonmelanized cells (32). Melanin on washed,
melanized cells was titrated with potassium permanganate in
vivo. Nonmelanized cells gave a plot identical to that of buffer
(Fig. 5). Melanized cells gave a plot shifted to the right, indi-
cating neutralization of permanganate by melanin. Mel ™ mu-
tants grown in dopamine gave plots identical to those of wild-
type cells lacking dopamine, but the addition of purified
melanin to such suspensions restored the ability to neutralize
permanganate. The equivalence points in these titrations were
also the minimal fungicidal concentrations of permanganate,
which were severalfold higher for melanized cells. Protection
by melanin was a quantitative phenomenon; reconstitution of
nonmelanized cells required 25 to 50 pg of purified melanin
per ml of suspension. Biosynthesis of this amount of melanin
required 5 days of culture of the wild type in 1 mM dopamine
hydrochloride, resulting in a liquid culture that appeared al-
most black. The maximum reactivity of melanin with strong
oxidants on a cellular basis was approximately 10 fmol per cell,
roughly equal to the cellular production of hydrogen peroxide
by macrophages (15). Interestingly, melanin did not protect

FIG. 4. Redox buffering by melanin. The electrochemical potential of an
inert electrode was rhythmically cycled between positive and negative (indicated
on horizontal axis) in the presence of the dissolved melanin precursor, 5,6-
dihydroxyindole. The precursor was incrementally oxidized and melanin was
incrementally precipitated with each positive sweep. Current to and from the
electrode was recorded on the vertical axis. Because voltage varied linearly with
time, the horizontal “voltage axis” is also a time axis. Since charge equals current
times time and is proportional to area, the increasing area circumscribed indi-
cates that buffer capacity increases with melanin film thickness (22). Reprinted
from reference 29.
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FIG. 5. Permanganate titration of washed cells of C. neoformans. Absor-
bance at 520 nm (O.D. 520) was read after 3 h of incubation of cells with the
oxidant. Squares indicate permanganate in buffer; diamonds indicate nonmela-

nized cells; circles indicate melanized cells. The minimal fungicidal concentra-
tions (arrows) corresponded to the equivalence points of the redox titrations.

yeast cells against hydrogen peroxide. Several explanations for
this exception were offered: (i) hydrogen peroxide is only 1/100
as fungicidal as hypochlorite; (ii) while melanin is extracellular,
hydrogen peroxide is neutral and diffuses readily into the cell;
and (iii) hydrogen peroxide reacts with melanin only under
alkaline conditions.

Melanin as Protection against Free Radicals

The electron paramagnetic resonance signal of a melanin
sample was shown to increase in the presence of superoxide
ions, consistent with transfer of single electrons from superox-
ide and their stabilization on melanin (35). Wang and Casade-
vall (88) studied protection against oxygen free radicals and
nitrogen free radicals by melanin on live C. neoformans. The
oxygen free radical was generated by a metal-catalyzed Fenton
reaction in which Fe(III), H,O,, and epinephrine produced
hydroxyl radical; the nitrogen free radical was generated by
treating NaNOj; with acid to produce nitric oxide. Melanized
cells survived approximately 10-fold better than did nonmela-
nized cells, and the system was proposed to model a role for
melanin in virulence as protection for the pathogen against
immunologically generated free radicals.

The free radical property of cryptococcal melanin was itself
investigated (85). Melanized but not nonmelanized C. neofor-
mans cells gave an electron spin resonance spectrum and trans-
mission electron micrograph characteristic of melanin. The
electron spin resonance signal was somewhat increased when
melanized cells were incubated in a solution containing nitric
oxide and (very slightly) increased when melanized cells were
incubated in the Fenton reagent. These results were thought to
demonstrate the transfer of unpaired electrons to the melanin
of melanized cells. The study was extended by selection and
study of a Mel™ mutant with 1.5% of the wild-type phenoloxi-
dase activity. Growth of the mutant in the melanin precursor
L-DOPA increased resistance to nitric oxide but did not in-
crease resistance to hydroxyl radical, suggesting that a very
small amount of melanin might suffice to protect cells against
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nitric oxide but that a larger amount was required to protect
against the oxygen radical-generating system.

Polacheck et al. had earlier studied fungal sensitivity to ox-
idants generated in very similar metal-catalyzed Fenton re-
agents (59). Although they had found poorly melanizing mu-
tants of C. neoformans to be relatively sensitive and had
attributed the result to inadequate melanization, the lack
of exogenous catecholamine melanin precursors during the
growth of cultures prior to the experiment seems to have pre-
cluded melanin synthesis, even in the wild type, since C. neo-
formans requires exogenous catechols for melanization (34).
Indeed, the use of exponential-phase cells grown in high glu-
cose concentration for the experiment also argues against par-
ticipation of the laccase, since that enzyme is made by station-
ary-phase cells lacking glucose (58). Since the genetic loci of
the mutations in the spontaneous albino mutants employed
were not proven to be phenoloxidase genes, the experimental
result may have resulted from a mutational effect only indi-
rectly related to melanization. For instance, oxidation of Fe(II)
by the laccase itself might account for the protection (41) (see
“Discrepancy between melanization in vitro and in vivo” below).

Heat Resistance of Melanized Cells

Melanization of fungi has been noted to confer resistance to
heating in some instances (64) but not in others (95). Exoge-
nous L-DOPA supplied to a wild-type culture of C. neoformans
allowed melanization and slightly increased resistance to heat-
ing, while the same chemical supplied to a Mel™ mutant did
not increase its resistance (70). The basis for the protection is
not understood. It may be that the melanin traps toxic reactive
oxygen free radicals which are generated from the cell mem-
brane as a result of heating. An alternative explanation for the
protective effect might relate to cross-linking of the cell wall by
melanin.

Antioxidant Pigment Mutants in A. fumigatus

A rough, melanin-like, green, antioxidant surface pigment
appears to participate in the pathogenesis of aspergillosis.
White, pigmentless mutants induced by UV were shown to
have an abnormally smooth external surface, as though the
pigment were also responsible for the surface texture. The
white mutants were 10- to 12-fold more sensitive to exogenous
oxidants than was the wild type. Upon incubation with phago-
cytes, eightfold more reactive oxygen was detected in incuba-
tions with mutant conidia than in incubations with wild-type
conidia, consistent with quenching of reactive oxygen com-
pounds by pigment in the wild type. Mutant conidia were
shown by electron microscopy to have been damaged more
extensively than wild-type ones had. Moreover, mutant conidia
were less lethal when inoculated into mice. Finally, pigment
revertants were found simultaneously to regain normally rough
surface texture, resistance to oxidants, suppression (or quench-
ing) of oxidant production by phagocytes, and virulence (33).

Effect of Fungal Melanin on Oxidative
Killing of Black Fungi

Melanin-lacking mutants of several species are sensitive to
damage from oxidants. In Pyricularia oryzae (synonymous with
Magnaportha grisea), Mel™ mutants are nonpathogenic and
sensitive to damage from oxygen radicals secreted by infected
plant tissues (2). In the zoopathogens Wangiella dermatitidis
and Alternaria alternata, the availability of albino mutants al-
lowed an estimation of the contribution of melanin to the
resistance to oxidants in fungi which normally express DHN-
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melanin. The studies were performed by titrating melanized
and nonmelanized cells with hypochlorite or permanganate. In
each case, the melanized strain neutralized more oxidant and
was severalfold more resistant than was the corresponding
albino strain (30). In agreement with those data, melanized
strains of W. dermatitidis were found to resist oxidative killing
by human neutrophils better than nonmelanized strains were.
Moreover, normal strains whose melanization was blocked by
growth in acidic medium were made as sensitive to oxidative
killing as albino mutants, while an albino mutant melanized by
feeding with the DHN pathway intermediate, scytalone, was
made resistant (75). Thus, the DHN-melanin of dematiaceous
fungi functions as an antioxidant.

Reciprocal Relationship between Melanin
and Superoxide Dismutase

Because melanin undergoes single electronic oxidations and
reductions among three stable and interconvertible-oxidation
states, it might be expected to mediate single-electron ex-
changes between various molecules, and it has been shown to
facilitate the dismutation of superoxide in vitro (17, 35, 78).
Reciprocal relationships between the amount of cellular mel-
anin and the superoxide dismutase activity have been described
in the frog (17) and in C. neoformans (31), possibly suggesting
that increased melanin is able to substitute and compensate for
decreased superoxide dismutase by itself dismutating superox-
ide, but the physiologic significance of the phenomenon is not
known.

INTERACTION OF MELANIN WITH METALS

Chelation versus Oxidation-Reduction

Melanin binds many transition metals (80). The utility of
such binding has been variously interpreted as decreasing the
concentrations of free metals, in the case of toxic metals, and
creating a depot adjacent to the cell, in the case of essential
metals. In its role of electron exchanger, melanin can either
oxidize or reduce metals and can either facilitate or inhibit
single-electron transfers, leading to free radical formation, de-
pending on whether it binds the metal effectively. For instance,
Fe(II) in the presence of the weak chelator ADP is bound by
melanin, which inhibits hydroxyl radical formation from Fe(II)
and H,O,. In the presence of the strong chelator, EDTA,
melanin does not bind Fe(II) and does not inhibit hydroxyl
radical formation. If Fe(III) is chelated by EDTA, melanin
reduces but does not bind Fe(III); the resulting Fe(II) reacts
with H,O, to produce hydroxyl radicals (57). Thus, in the
presence of the stronger chelator, EDTA, melanin does not
bind Fe(III) effectively but does serve as a reducing agent for
Fe(III). It has been proposed that melanin produced by the
bacterium Azotobacter salinestris serves to sequester iron and
prevent damage resulting from Fenton reactions (53). How-
ever, a Mel™ mutant of the fungus Gaeumannomyces graminis
did not exhibit sensitivity to cadmium or copper (15a), suggest-
ing that melanin does not protect against transition metals in
all fungi.

Physiologic Control of the Oxidation State of Melanin

If melanin functions as a fungal extracellular redox buffer,
then one might expect the fungal cell to exert some active
control over its oxidation state, since if the buffer system were
completely passive, the melanin might be permanently oxi-
dized in the cell’s first encounter with oxidants. After noting
that the process of reductive iron uptake involves extracellular
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reduction of Fe(IIT) to Fe(I) and pooling of Fe(II) in extra-
cellular fluid, we wondered whether the pool of Fe(II) might
serve to reduce or rereduce melanin (29). By performing elec-
trochemical experiments employing a melanin electrode (see
above), we determined that in the reaction Fe(II) + melanin,
= Fe(IIl) + melanin,.4, the equilibrium lies to the right, in-
dicating that the hypothesis is thermodynamically feasible. The
conclusion was based on two types of observations. First, ex-
posure of melanin to Fe(IT) made the electrochemical poten-
tial of the melanin film more negative; second, exposure of
melanin to Fe(II) diminished the ability of the melanin film to
absorb additional electrons from the voltammograph. Both of
these observations were consistent with reduction of melanin
by Fe(II). Moreover, the reaction between Fe(II) and melanin
was not inhibited or reversed by Fe(III). As evidence that the
same reaction can occur in intact, melanized C. neoformans, we
noted that melanized cell suspensions absorbed less light in the
presence of Fe(Il) (reduced melanin absorbs less light than
oxidized melanin [73]). We therefore proposed that the oxida-
tion state of extracellular melanin may be regulated indirectly
through the physiologic reduction of extracellular Fe(III) to
Fe(II), which reduces melanin in turn (29, 51).

INTERACTION OF MELANIN WITH DRUGS

It is possible to find examples of indifference, apparent pro-
tection, and apparent potentiation when melanized and non-
melanized cells are exposed to various drugs. Melanin did not
protect W. dermatitidis against antifungal drugs, since Mel
mutants were no more susceptible to a variety of antifungals
than was the Mel™ wild type (60). However, the opposite
conclusion was drawn with C. neoformans. When catechols
were withheld, thereby preventing melanization, cryptococcal
cultures survived a 1-h treatment with amphotericin B less well
(87). The authors offered two explanations for the result: that
melanin decreased cell wall permeability to amphotericin B or
that melanin quenched free radicals released by cell membrane
damaged by the drug. Melanized cells of C. neoformans were
found to be slightly more susceptible to the calmodulin antag-
onist drug trifluoperazine, which is known to bind strongly to
melanin (88a). The reason for the differential susceptibility is
not known, but trifluperazine has been reported to be effective
in the treatment of experimental murine cryptococcosis (14).

INTERACTION OF MELANIN WITH
EXTRACELLULAR ENZYMES

The melanin of the apple scab pathogen, Venturia inequalis,
has been noted to bind the organism’s extracellular hydrolytic
enzymes and to release them very slowly. This property has
been proposed to be a mechanism for localizing the pathogenic
factors to the site of the infection (19). Cryptococcal melanin
binds many (cryptococcal) cellular proteins and gives the yeast
some protection from leukocyte microbicidal proteins, pre-
sumably by binding them before they can reach the plasma
membrane of the fungus (13). Melanized fungi are also more
resistant to hydrolytic enzymes, possibly because of sequestra-
tion of enzymes on melanin, possibly because of cross-linking
of cell wall polysaccharides by melanin (5, 6, 36, 40, 52, 63), or
possibly because of steric hindrance by melanin attached to the
cell wall polysaccharides.
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DISCREPANCY BETWEEN MELANIZATION
IN VITRO AND IN VIVO

Visible melanization has not been noted in pathologic spec-
imens with cryptococcosis, even though silver staining for mel-
anin gives a positive result (37, 67). Because the silver stain is
not totally specific for melanin, the presence of polymeric
melanin has been questioned. This discrepancy has been ap-
proached in several ways. Nosanchuk et al. (49) selected mel-
anin-binding variants from a phage display library and demon-
strated binding to cryptococcal cells recovered from infected
murine brain tissue; they also detected antimelanin antibodies
in sera of infected mice and inferred that epitopes of melanin
were indeed present on C. neoformans in infectious sites. Next,
they showed cross-linking of the cell wall by melanin in vivo.
They found that dark melanin ghosts could be recovered from
infected mouse tissues after drastic solvent extraction and acid
digestion if the mouse had been infected with a Mel™ strain
(Fig. 2). If the mouse had been infected with a Mel  strain,
melanin ghosts could not be demonstrated (71). At a mini-
mum, it appears that the cell wall of infecting cells is cross-
linked and studded by oxidized catecholamine derivatives.

The remaining weakness in the redox model of cryptococcal
pathogenesis is the apparently small amount of melanin made
by C. neoformans. We have shown that in several species, pro-
tection against oxidants is a quantitative phenomenon which
depends on the amount of melanin in the culture (30, 32).
Thus, to prove participation by melanin in pathogenesis re-
quires more than simple detection. In light microscopy of his-
topathologic sections, chromomycetes contain much more vis-
ible melanin than does C. neoformans. It is possible, then, that
melanin itself participates in the pathogenesis of chromo-
mycosis more than of cryptococcosis. Admittedly, it has been
argued that melanin may function as a catalytic electron ex-
changer rather than as an exhaustable substrate (16, 29). Nev-
ertheless, the quantitative problem prompted the formulation
of a new hypothesis.

This new hypothesis addressed the role of the laccase. Liu
et al. (42) recovered cryptococcal cells from infected murine
brains, noted visually that the cells lacked dark pigment,
subjected them to alkaline hydrogen peroxide, and chroma-
tographically demonstrated pyrrole-2,3,5-tricarboxylic and
pyrrole-2,3-dicarboxylic acids, derivatives of oxidized 3,4-dihy-
droxyphenylalanine and dopamine. Although they inferred the
oxidation of catecholamines, they concluded somewhat circu-
larly that polymeric melanin was not present. However, the
presence of catechol oxidative products and laccase mRNA in
infected sites and the decreased virulence of laccase-negative
mutants seemed clearly to implicate the laccase in pathogen-
esis. Liu et al. (41) considered alternative functions for the
laccase, a multicopper oxidase. They noted that the homo-
logues, ceruloplasmin (in vertebrates) and pFET3 (in Saccha-
romyces cerevisiae), functioned as ferrous oxidases and sug-
gested that the cryptococcal laccase might have the same
pathogenetic function [oxidizing Fe(II) to Fe(III)]. They rea-
soned that since Fe(II) can donate an electron to immunolog-
ically generated H,O, to produce the very toxic hydroxyl rad-
ical, interception and oxidation of Fe(II) ions by the fungal
laccase might enable the pathogen to escape killing by phago-
cytes. In support of their hypothesis, they demonstrated that
recombinant cryptococcal laccase catalyzes air oxidation of
Fe(II). They confirmed that killing of C. neoformans by mouse
alveolar macrophages in vitro is increased by the addition of
superoxide dismutase or Fe(IT) and decreased by the addition
of mannitol [as would be predicted from a mechanism of killing
based on generation of hydroxyl radicals from immunologically
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generated H,O, and Fe(II)]. Finally, they noted that the lac-
case-containing wild type was always somewhat more resistant
to mouse alveolar macrophages than was a laccase-deleted
strain, even though the cultures were not allowed to make
melanin (41). The hypothesis is interesting and sophisticated
for several reasons. It suggests an independent pathogenic
function, not dependent on melanin synthesis, for the laccases
of pathogenic fungi; it hypothesizes an oxidative defense
against strong oxidants as an alternative or a supplement to the
more obvious notion of reductive neutralization; and it pro-
poses a counterforce to the active membrane-bound ferric
reductase of C. neoformans (51). Moreover, the hypothesis is
consistent with current notions of Fenton reaction chemistry.
While the cell membrane ferric reductase, by making a pool of
extracellular Fe(II) (29), might be imagined to make the fun-
gus more susceptible to H,O, the laccase might decrease the
susceptibility to H,O, by oxidizing Fe(II) to Fe(III). Inasmuch
as the reductase is made during exponential growth (51)
whereas the laccase is made during stationary phase (32, 58), a
futile cycle is not necessarily implied. Perhaps the ferroxidative
laccase hypothesis (41) may be considered somewhat parallel
to the ferroxidative melanin hypothesis, in which Fe(II) is
hypothesized to react with melanin to give Fe(III) and reduced
melanin (29). It must be admitted that the data on laccase
functioning are not yet compelling, since the experimental
effects have been relatively small. Additional confirmatory data
would be desirable.

UV PROTECTION BY MELANIN

Although UV resistance would seem to have no direct rela-
tion to the host-parasite relationship, melanized strains of
fungi are more resistant than nonmelanized strains to UV
irradiation (6a, 12, 13a, 84a). It follows that, when aerosolized
in sunlight, melanized spores of any species might be more
infectious.

REGULATION OF MELANIN PRODUCTION
IN C. NEOFORMANS

Given that melanin functions as an antioxidant, it is curious
that the melanizing enzyme, the laccase, of C. neoformans is
not induced by hyperbaric oxygen or H,O, (our unpublished
data); rather, it is made in response to glucose starvation (50,
58). Interestingly, a cryptococcal GPAI gene cloned to study
cryptococcal pheromone receptors was found to respond more
strongly to starvation conditions (82); Alspaugh et al. (1) imag-
ined it to be an environmental sensory receptor related to
nutrition. They then disrupted the gene and examined mating
and melanin synthesis. The deletion mutant was deficient in
both. Moreover, it was also deficient in capsular synthesis
(which depends on low Fe concentrations [83]) and less viru-
lent in the rabbit meningitis model of virulence. When putative
intracellular messenger for GPAI, cyclicAMP (cAMP) was
supplied, the deficiencies in mating, melanization, and capsular
production were corrected. The authors suggested that in re-
sponse to nutrient deprivation, the cryptococcal Gpal protein
turns on the mating response and the two virulence factors
through the mediation of cAMP.

CONCLUSION

Melanin clearly promotes infectivity in a number of spe-
cies of zoopathogenic fungi. Mel™ mutants of C. neoformans,
W. dermatitidis, and A. fumigatus all exhibit reduced virulence
in mice, which is to say that both catechol-melanins (in the
first) and DHN-melanins (in the last two) participate in inva-
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sive disease. Known properties of melanin which have been
proposed to explain its pathogenic effect include cross-linking
or shielding of cell wall constituents against hydrolytic en-
zymes, sequestration of host defensive proteins, redox buffer-
ing, trapping of single electrons, dismutation of superoxide ion,
a role in osmotic penetration of the (plant) cell wall by the
appressorium, and a possible role in other penetrations. Given
the importance of host-derived oxidants in defense against
infection, a growing body of literature supports redox buffering
(reductive neutralization of immunologically generated oxi-
dants) by melanin as a pathogenic mechanism. Interestingly, a
potentially antioxidant ferroxidase function, quite distinct from
melanization, has been proposed for the cryptococcal laccase
in pathogenesis. According to this hypothesis, the laccase itself
inhibits the immunologic generation of hydroxyl radicals by
oxidizing Fe(IT) to Fe(III) before the reactive electron of the
Fe(II) can reduce H,O, to hydroxyl radicals and hydroxide.
There is a little bit of evidence to support the trapping of single
electrons by melanin in pathogenesis. Protection against hy-
drolytic enzymes by precursors of melanin cross-linking the cell
wall (or, alternatively, by polymerized melanin covering cell
wall linkages) is an additional pathogenetic mechanism for
which there are considerable data. The many properties of
melanin support a wide variety of functional models, and new
and imaginative pathogenic hypotheses are needed.

ADDENDUM IN PROOF

The pathogen Sporothrix schenkii makes DHN melanin. UV-
induced albino mutants are susceptible to oxidants, phagocy-
tosis, and UV, but a certain mutant could be repaired by
supplying the melanin precursor scytolone (R. Romero-Mar-
tinez, M. Wheeler, A. Guerrero-Plata, R. Guadelupe, and H.
Torres-Guerrero, Infect. Immun. 68:3696-3703, 2000).
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