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Paracoccidioidomycosis (PCM) is a public health concern in Latin America and South America that when not correctly treated
can lead to patient death. In this study, the influence of melanin produced by Paracoccidioides spp. on the effects of treatment
with antimicrobial photodynamic inhibition (aPI) and antifungal drugs was evaluated. aPI was performed using toluidine blue
(TBO) as a photosensitizer and a 630-nm light-emitting diode (LED) light. The antifungals tested were itraconazole and ampho-
tericin B. We evaluated the effects of each approach, aPI or antifungals, against nonmelanized and melanized yeast cells by per-
forming susceptibility tests and by quantifying oxidative and nitrosative bursts during the experiments. aPI reduced non-
melanized cells by 3.0 log units and melanized cells by 1.3 log units. The results showed that melanization protects the fungal
cell, probably by acting as a scavenger of nitric oxide and reactive oxygen species, but not of peroxynitrite. Melanin also in-
creased the MICs of itraconazole and amphotericin B, and the drugs were fungicidal for nonmelanized and fungistatic for
melanized yeast cells. Our study shows that melanin production by Paracoccidioides yeast cells serves a protective function dur-
ing aPI and treatment with itraconazole and amphotericin B. The results suggest that melanin binds to the drugs, changing their
antifungal activities, and also acts as a scavenger of reactive oxygen species and nitric oxide, but not of peroxynitrite, indicating
that peroxynitrite is the main radical that is responsible for fungal death after aPI.

Paracoccidioidomycosis (PCM) is a systemic disease endemic
to Latin America and South America that can be fatal if not

treated (1). In Brazil, PCM is a serious health problem and is the
most important cause of death among the systemic mycoses in
immunocompetent patients (1–3). The etiological agents of PCM,
dimorphic fungi that present a filamentous form at 25°C and yeast
forms at 37°C, belong to the Paracoccidioides species complex,
which includes four known phylogenetic lineages, Pb01-like (or
Paracoccidioides lutzii), S1, PS2, and PS3 (Paracoccidioides brasil-
iensis) (4–7). Thermal dimorphism is a survival strategy to resist
the host environment (5, 7). It includes secretion of proteases and
melanin synthesis as putative virulence factors contributing to the
protection of yeast cells from environmental stressors (8).

Currently, there has been much discussion about the role of
melanin as a putative virulence factor of several fungal species,
such as Histoplasma capsulatum, Sporothrix schenckii, and Crypto-
coccus neoformans (8–11). Melanin is a multifunctional polymer
synthesized from 1,8-dihydroxynaphthalene (DHN) by the pen-
takide pathway or formed when cells grow in the presence of
phenolic compounds, such as L-3,4-dihydroxyphenylalanine (L-
DOPA) (12). Typically, it is a brown to black pigment formed
through the activity of the phenoloxidase enzyme (laccase) on
phenolic compounds (8, 13). Its influence on the biology of fungal
cells is better known in Cryptococcus spp., where previous studies
have demonstrated that melanized Cryptococcus cells are less sus-
ceptible to oxidative damage and phagocytosis by macrophages
(10, 13). In Paracoccidioides spp., Gomez et al. (14) showed that
both conidia and yeasts can synthesize melanin, a characteristic
that was also associated with a reduction in phagocytosis and in-
creasing survival of yeasts within macrophages (10). The ability of
the fungus to produce this pigment in host tissues has been re-
ported (10, 14).

The treatment of PCM is usually long term (15), and there are
few drugs available, the most common being a combination of
sulfamethoxazole-trimethoprim, amphotericin B (AMB), and
azoles (mainly itraconazole [ITC]). However, none of these is able
to prevent clinical failure or relapse (1, 15). In this context, the
search for alternative treatment is important, and antimicrobial
photodynamic inhibition (aPI) may be a promising option, par-
ticularly to treat skin lesions and oral mucosa.

aPI refers to a treatment that combines a photosensitizer (PS)
and a light source to induce the production of harmful biological
species that cause cell death (16, 17). The production of these
biological effectors occurs in the presence of molecular oxygen
and involves two types of reaction, named type I and type II. In the
type I reaction, after the transfer of an electron from the PS to
biological molecules, the production of different reactive oxygen
species (ROS) and reactive nitrogen species (RNS), such as super-
oxide anion, hydrogen peroxide, and peroxynitrite (ONOO�), oc-
curs. In the type II reaction, there is transfer of energy from the PS

Received 27 November 2014 Returned for modification 15 February 2015
Accepted 15 April 2015

Accepted manuscript posted online 20 April 2015

Citation Baltazar LM, Werneck SMC, Soares BM, Ferreira MVL, Souza DG, Pinotti M,
Santos DA, Cisalpino PS. 2015. Melanin protects Paracoccidioides brasiliensis from
the effects of antimicrobial photodynamic inhibition and antifungal drugs.
Antimicrob Agents Chemother 59:4003–4011. doi:10.1128/AAC.04917-14.

Address correspondence to Patrícia Silva Cisalpino, pscisalp@icb.ufmg.br.

* Present address: Ludmila Matos Baltazar, Albert Einstein College of Medicine,
Bronx, New York, USA.

Copyright © 2015, American Society for Microbiology. All Rights Reserved.

doi:10.1128/AAC.04917-14

July 2015 Volume 59 Number 7 aac.asm.org 4003Antimicrobial Agents and Chemotherapy

http://dx.doi.org/10.1128/AAC.04917-14
http://dx.doi.org/10.1128/AAC.04917-14
http://aac.asm.org


to molecular oxygen, forming an oxygen singlet, which is the main
mediator of cell injury after aPI (17–20).

The effectiveness of photodynamic inhibition as a fungicidal
and bactericidal agent has been demonstrated by different authors
(17, 19, 21–23), although little is known about aPI, its mechanism
of action against dimorphic fungi, and the influence of melanin on
the effects of aPI. Considering that melanin has antioxidant prop-
erties, the aim of this study was to evaluate the effects of aPI and of
classical antifungal drugs in nonmelanized and melanized Para-
coccidioides sp. yeast cells to verify metabolic activity curves and
the production of oxygen and nitrogen species.

MATERIALS AND METHODS
Fungal isolates. A set of 17 Paracoccidioides species strains were selected
for in vitro aPI tests (Table 1). The yeast form of the fungi was maintained
in yeast-peptone-dextrose (YPD) medium (1% yeast extract, 2% peptone,
and 2% dextrose) at 35 to 37°C for 7 days (24). Additionally, C. neofor-
mans (ATCC 62066) and Candida albicans (ATCC 18804) reference
strains were grown on Sabouraud dextrose medium (Prodimol Biotecno-
logia, Belo Horizonte, Minas Gerais [MG], Brazil) at 37°C for 48 h prior to
the tests. All strains were from the Laboratório de Biologia de Microrgan-
ismos and Laboratório de Micologia of Universidade Federal de Minas
Gerais, Belo Horizonte, Brazil.

Study design. The strains used were chosen randomly, regardless of
whether melanin production by Paracoccidioides spp. could change the
efficacy of aPI, as well as of antifungal drugs. In addition, using the same
method of sample selection, we also investigated the likely mechanism of
this alteration. Both forms of reference strain PbB339 (ATCC 32069) were
employed to analyze the influence of oxidative and nitrosative bursts. The
nonmelanized and melanized isolates Pb 05, Pb 08, and Pb 18 were chosen
for susceptibility tests, metabolic activity curves, and oxidative and nitro-
sative burst assays after treatment with antifungal drugs.

Melanization of fungal cells in YPD medium supplemented with
L-DOPA. Paracoccidioides isolates were grown in YPD medium supple-
mented with 1 mM L-DOPA (Sigma-Aldrich) at 37°C for 15 days (25). All
isolates were observed under light microscopy to evaluate the presence of
melanin pigment.

Phenoloxidase (laccase) activity. Phenoloxidase activity was evalu-
ated according to the protocol established by Da Silva et al. (26) with a few
modifications. C. neoformans (ATCC 62066), a melanin producer, and C.
albicans (ATCC 18804), tested as a nonproducer, were used as controls.
All yeast cells tested (controls and Paracoccidioides isolates) were first

grown in McVeigh-Morton (McVM) broth supplemented with glucose
(27) for 48 h with rotary shaking at 120 rpm. Next, the cells were washed
three times with McVM broth without glucose and suspended in the same
medium, followed by an incubation period of 48 h with agitation at 120
rpm. Then, cells from each species were harvested by centrifugation for 10
min at 7,826 � g and washed with sterile phosphate-buffered saline (PBS).
Lysis buffer (200 mM Tris-HCl, 250 mM NaCl, 25 mM EDTA [pH 8.0],
and 0.5% [wt/vol] SDS) was added to 108 yeast cells/ml, and the suspen-
sions were incubated for 1 h at 54°C. The yeast cells were washed with 50
mM Na2HPO4 buffer and centrifuged at 7,826 � g. The pellet was sus-
pended in Na2HPO4 buffer supplemented with L-DOPA at a final concen-
tration of 1 mM, followed by incubation for 2 h in a rotary shaker at 37°C.
These suspensions were centrifuged at 7,826 � g, and absorbance of the
supernatant was read at 480 nm in a spectrophotometer (�Quant; Biotek,
USA). A 50 mM Na2HPO4 solution supplemented with 1 mM L-DOPA
was used as the blank control. The enzyme units were calculated according
the following formula: (absorbance at 480 nm [test] � absorbance at 480
nm [control])/108 yeast cells/ml (units per 108 yeast cells per milliliter).
One enzyme unit was defined as the amount that causes a change in
absorbance of 0.001 at 480 nm (28).

Preparation of the inocula. The fungal cells were grown in YPD me-
dium for 7 days at 35 to 37°C in the presence or absence of L-DOPA and
suspended in PBS to achieve 1 � 107 viable cells/ml. The final concentra-
tions of inocula for susceptibility tests and 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT) assays were 0.5 � 105 to
1 � 105 yeast cells/ml for the antifungal tests and 1 � 106 cells/ml for the
aPI tests (19, 24).

Photosensitizer and light source. Toluidine blue (TBO) (Sigma, St.
Louis, MO, USA) was used as a photosensitizer at concentrations of 70
mg/liter, 40 mg/liter, and 10 mg/liter. A light-emitting diode (LED) (Fi-
sioled; MMoptics, São Paulo, Brazil) was used as a source of monochro-
matic light (19). The energy doses tested were 30 J/cm2, 60 J/cm2, and 90
J/cm2.

Selecting the optimal conditions for performance of in vitro aPI
with Paracoccidioides spp. The nonmelanized P. brasiliensis isolate
PbB339 (ATCC 32069) was chosen for the standardization and determi-
nation of optimal conditions for aPI, followed by application of better
parameters to the other 16 isolates. All of the tests were performed in
duplicate in sterile 96-well flat-bottom black microplates (Optiplate-96
Black; PerkinElmer, Waltham, MA, USA) with a maximum suspension
volume of 200 �l (19). For the determination of the optimal TBO con-
centrations and LED light dose, the yeast suspensions were divided into
eight independent groups, as shown in Table 2. After these procedures,

TABLE 1 Paracoccidioides species isolates used in this work

Isolate Origin City and/or country Phylogenetic species

Ed01 Clinical Goiás, Brazil Pb01-like or P. lutzii
1578 Clinical Goiás, Brazil Pb01-like or P. lutzii
Pb01a (ATCC MYA-826) Clinical Goiás, Brazil Pb01-like or P. lutzii
Pb4 Chronic PCM São Paulo, Brazil PS2
Pb2 Chronic PCM Venezuela PS2
Pb03b Chronic PCM São Paulo, Brazil PS2
B339 (ATCC 32069) Chronic PCM São Paulo, Brazil S1
Uterus Chronic PCM Argentina S1
Pb05 Chronic PCM Paraná, Brazil S1
Penguin Penguin feces Uruguay S1
Tatu Armadillo Pará, Brazil S1
Mg5 Acute PCM Paraná, Brazil S1
Pb8 Chronic PCM São Paulo, Brazil S1
Pb18b Chronic PCM São Paulo, Brazil S1
EPM83 Unknown Colombia PS3
a P. lutzii isolate used in the genome-sequencing project (Broad Institute, MIT, and Harvard).
b P. brasiliensis isolates used in the genome-sequencing project (Broad Institute, MIT, and Harvard).
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100-�l samples of the suspensions were subcultured in petri dishes with
brain heart infusion (BHI) medium supplemented with 4% (vol/vol) fetal
calf serum and 5% (vol/vol) spent P. brasiliensis PbB339 culture medium
and incubated at 35 to 37°C for 15 days, at which time the viable colonies
were counted.

Susceptibilities of nonmelanized and melanized Paracoccidioides
spp. to aPI. The optimal conditions for performing in vitro aPI of Para-
coccidioides spp. were further applied to all Paracoccidioides spp. in non-
melanized and melanized forms. To evaluate the reversibility of the pro-
tection conferred by melanin, melanized Paracoccidioides sp. cells that had
recovered after aPI were cultivated on YPD medium without L-DOPA and
subjected to a second aPI treatment. The growth control was the average
number of colonies from all the isolates that had not undergone aPI
(19, 25).

Evaluation of the susceptibility of Paracoccidioides spp. to itracona-
zole and amphotericin B. The MICs for ITC and AMB were determined
for Pb 05, Pb 08, and Pb 18 in the melanized yeast form by a previously
described microdilution method according to CLSI guidelines with a few
modifications (24). Standard RPMI 1640 medium was buffered with
0.165 M morpholinepropanesulfonic acid (MOPS) at 34.54 g per liter and
supplement with L-DOPA at a concentration of 1 mM. Antifungal drugs
were dissolved in 100% dimethyl sulfoxide (Synth) and prepared in a
stock solution at 5,000 mg/liter. The itraconazole concentrations ranged
from 0.0039 to 12.0 mg/liter, and the amphotericin B concentrations
ranged from 0.0039 to 14.0 mg/liter. All experiments were performed in
duplicate using 96 flat-bottom microdilution wells. For each test plate,
two drug-free controls were included, one with medium alone (sterile
control) and the other with 100 �l of medium plus 100 �l of inoculum
suspension (growth control). The plates were incubated at 37°C and read
visually and by MTT (Sigma-Aldrich) assay after 15 days of incubation
(19). Finally, to evaluate whether melanin could reduce the drug concen-
trations in the solution, synthetic melanin (Sigma-Aldrich) at a concen-
tration of 20 mg/liter was added to solutions of itraconazole and ampho-
tericin B and incubated for 2 h at room temperature, followed by

centrifugation (29). Then, the susceptibility test and reading were per-
formed according to the protocol described above.

Metabolic activity assay. After treatment with itraconazole and am-
photericin B (at their MICs), 100-�l samples of nonmelanized and
melanized yeast suspensions were transferred to 96-well microdilution
plates with 100 �l of RPMI 1640 medium buffered with 0.165 M MOPS at
34.54 g per liter (24). The microdilution plates were incubated for 0, 6, 12,
24, 48, 72, 96, 120, 144, and 168 h (19, 24). Then, 0.005 mg/liter of MTT
(Sigma-Aldrich) solution was added to each well, followed by incubation
at 37°C for 4 h, removal of a 100-�l aliquot, and addition of 100 �l of
dimethyl sulfoxide (19). Readings were performed at 490 nm in a spec-
trophotometer (�Quant; Biotek, USA).

Analysis of oxygen and nitrogen production after aPI and after
treatment with itraconazole and amphotericin B. The levels of reactive
oxygen and nitrogen species were measured in the samples treated with
aPI (under optimal conditions) and with ITC and AMB (at their MICs).
The samples were treated with 10 �M 4-amino-5-methylamino-2=,7=-
difluorofluorescein (DAF-FM) (Invitrogen) to quantify the presence of
nitric oxide (NO�), with 50 �M 2=,7= dichlorodihydrofluorescein diace-
tate (H2DCFDA) (Invitrogen) to quantify ROS, and with 25 �M dihy-
drorhodamine 123 (DHR 123) (Invitrogen) to quantify ONOO� (19) for
30 min at 37°C. For all of the analyses, fluorescence was determined in a
fluorimeter (Synergy 2; Biotek, USA) at a wavelength of 485 nm and
measuring emissions at 530 nm. The data are expressed as the means �
standard errors of the mean (SEM) for fold increases in fluorescence over
the control.

Analysis of the influence of oxygen and nitrogen species on aPI. The
PbB339 isolate (nonmelanized and melanized) was used to evaluate the
roles of oxidative and nitrosative stresses on fungal death after aPI, ac-
cording to the protocol of Baltazar et al. (19) with modifications. While
performing the treatment, 20-tetrakis-(4-sulfonatophenyl)-porphyrinato
iron(III) chloride (Fetpps) (100 �M; Merck) was used as an ONOO� scav-
enger, 4,5-dihydroxy-1,3-benzenedisulfonic acid disodium hydrate (Ti-
ron) (50 mM; Sigma-Aldrich) was used as a superoxide anion scavenger,

TABLE 2 Groups and conditions used for determination of the optimal TBO concentration and LED light dose for in vitro antimicrobial
photodynamic inhibition of Paracoccidioides spp.

Group Conditions

TBO concna

Control groups
C1 Untreated
C2 Irradiated by LED with a light dose of 90 J/cm2 without a photosensitizer
C3 Exposed to TBO at a concn of 10 mg/liter without light irradiation
C4 Exposed to TBO at a concn of 40 mg/liter without light irradiation
C5 Exposed to TBO at a concn of 70 mg/liter without light irradiation

Treatment groups
T1 Exposed to TBO at a concn of 10 mg/liter followed by LED irradiation with a light dose of 90 J/cm2

T2 Exposed to TBO at a concn of 40 mg/liter followed by LED irradiation with a light dose of 90 J/cm2

T3 Exposed to TBO at a concn of 70 mg/liter followed by LED irradiation with a light dose of 90 J/cm2

LED light dosea

Control groups
C1 Untreated
C2 Exposed to TBO at a concn of 10 mg/liter without light emission
C3 Irradiated with LED at a dose of 30 J/cm2 without photosensitizer exposure
C4 Irradiated with LED at a dose of 60 J/cm2 without photosensitizer exposure
C5 Irradiated with LED at a dose of 90 J/cm2 without photosensitizer exposure

Treatment groups
T1 Exposed to TBO at a concn of 10 mg/liter and then LED irradiated with a light dose of 30 J/cm2

T2 Exposed to TBO at a concn of 10 mg/liter and then LED irradiated with a light dose of 60 J/cm2

T3 Exposed to TBO at a concn of 10 mg/liter and then LED irradiated with a light dose of 90 J/cm2

a Five-minute preincubation of the fungal conidia with TBO was performed in the dark.
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and N�-nitro-L-arginine methyl ester hydrochloride (L-NAME) (50 mM;
Sigma-Aldrich) was used as a nitric oxide synthase (NOS) inhibitor. Fun-
gal viability was measured by counting CFU after plating 100 �l of 103

cells diluted in BHI medium supplemented with 4% (vol/vol) fetal calf
serum and 5% (vol/vol) spent PbB339 culture medium and incubating
them at 37°C for 15 days.

Analysis of the absorbance spectrum of melanin. To evaluate
whether melanin is able to interact with itraconazole, amphotericin B,
TBO, and TBO treated with LED at 60 J/cm2, we made different suspen-
sions of each substance with the same concentration of melanin (20 mg/
liter). Next, we evaluated the absorbance spectrum of each suspension
using a spectrophotometer (Multiskan Spectrum; Thermo Scientific,
USA). The readings were performed from 200 nm to 900 nm in a 96-well
flat-bottom UV microdilution plate.

Data analysis. Statistical analyses were performed using one-way
analysis of variance (ANOVA) and Kruskal-Wallis and Newman-Keuls
multiple-comparison tests. A P value of �0.05 was considered significant.

RESULTS
Evaluation of phenoloxidase (laccase) activity. Isolates of Para-
coccidioides spp. cultured on YPD medium supplemented with

L-DOPA showed darkly pigmented yeast cells (Fig. 1A). In con-
trast, no pigmentation was observed when fungal cells were cul-
tured on YPD medium without L-DOPA (Fig. 1B). All the evalu-
ated isolates showed phenoloxidase activity significantly higher
than that of C. albicans and similar to that of C. neoformans cells
(P � 0.0001) (Fig. 1C).

Effect of photodynamic inhibition of Paracoccidioides iso-
lates. In all experiments, aPI using higher concentrations of
TBO and doses of light efficiently decreased the number of
viable colonies compared to experimental controls (P �
0.0001) (Fig. 2A and B). A TBO dose of 40 mg/liter and an LED
dose of 60 J/cm2 were selected as experimental conditions to
test the other 16 Paracoccidioides isolates. aPI of nonmelanized
and melanized cells under optimal conditions resulted in reduc-
tions of 3.0 log units and 1.3 log units, respectively, in fungal
viability compared to the growth control (Fig. 2C). Melanized
yeast cells recovered from aPI and subjected to a second round of
aPI treatment showed a complete loss of viability (data not
shown).

FIG 1 Production of melanin by yeast cells of Paracoccidioides spp. and analysis of phenoloxidase activity. (A and B) Light microscopy of ATCC 32069 growth
on YPD medium supplemented with L-DOPA (A) and on YPD medium without L-DOPA (B). Original magnification, �400. (C) Phenoloxidase activity of
melanized Paracoccidioides spp. compared with C. albicans and C. neoformans. UE, units of enzyme. *, statistically significant difference (P � 0.0001). The error
bars indicate SEM.

FIG 2 Photodynamic inhibition of Paracoccidioides spp. (A) Determination of the optimal concentration of TBO. C1, control; C2, 90 J/cm2 LED; C3, 10 mg/liter
TBO; C4, 40 mg/liter TBO; C5, 70 mg/liter TBO; T1, 10 mg/liter TBO plus 90 J/cm2 LED; T2, 40 mg/liter TBO plus 90 J/cm2 LED; T3, 70 mg/liter TBO plus 90
J/cm2 LED. (B) Determination of the optimal energy density of LED at 630 nm. C1, control; C2, 40 mg/liter TBO; C3, 30 J/cm2 LED; C4, 60 J/cm2 LED; C5, 90
J/cm2 LED; T1, 40 mg/liter TBO plus 30 J/cm2 LED; T2, 40 mg/liter TBO plus 60 J/cm2 LED; T3, 40 mg/liter TBO plus 90 J/cm2 LED. (C) Numbers of
nonmelanized and melanized Paracoccidioides species strains after aPI. *, statistically significant difference in comparison with the control for each aPI treatment
(P � 0.0001); #, statistically significant difference in comparison to nonmelanized cells subjected to aPI (P � 0.05). C, growth control; mel�, nonmelanized cells;
mel�, melanized cells. The error bars indicate SEM.
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Analysis of the influence of oxidative and nitrosative bursts
on aPI of nonmelanized and melanized cells. aPI increased the
levels of ROS and ONOO�, but not of NO�, compared to the controls
(Fig. 3A, B, and C). Interestingly, nonmelanized cells had significantly
higher (P � 0.0001) levels of ROS and NO� but significantly lower
(P � 0.0001) levels of ONOO� than melanized cells (Fig. 3A, B, and
C). When Tiron, L-NAME, and Fetpps were used during aPI, we
noted an increase in fungal viability under both non-melanin-pro-
ducing and melanin-producing conditions (Fig. 3D).

Antifungal activities of itraconazole and amphotericin B
against melanized Paracoccidioides spp. The MIC values for
itraconazole and amphotericin B against nonmelanized and
melanized yeast cells of three P. brasiliensis isolates are summa-
rized in Table 3. Interestingly, the susceptibility of melanized cells
to both antifungals tested was drastically reduced. Overall, MICs
for itraconazole were increased by 2 to 800 times when melanized
yeasts were tested, and although smaller, the increase for ampho-
tericin B varied from 2 to 14 times. The addition of synthetic
melanin to the MIC assays caused a slight increase in the MIC
values (data not shown).

Influence of melanin on metabolic activity and oxidative and
nitrosative bursts after treatment with itraconazole and am-
photericin B. Based on the higher MIC values of the antifungals

for melanized yeasts, we evaluated whether melanization would
alter metabolic activity and ROS production in the presence of
antifungals. Treatment with ITC inhibited 100% of the metabolic
activity of nonmelanized cells after 144 h of treatment; however,
melanized cells showed inhibition of only 85% during the same
period (Fig. 4A). Treatment with AMB inhibited 100% of the met-
abolic activity of nonmelanized cells after 96 h of treatment, and
the melanized cells showed inhibition of 80% during the same
period (Fig. 4B). It was interesting to observe that lower ROS levels
were produced by melanized Paracoccidioides sp. yeast cells (Fig.

FIG 3 Analysis of the generation of reactive oxygen and nitrogen species by nonmelanized and melanized Paracoccidioides yeast cells after aPI. (A to C)
Production of ROS (A), NO� (B), and ONOO� (C). (D) Numbers of CFU/ml after treatment with Tiron (ROS scavenger), L-NAME (NOS inhibitor), and Fetpps
(ONOO�). *, statistically significant difference in comparison to the control for each aPI treatment (P � 0.0001); #, statistically significant difference in
comparison to nonmelanized cells subjected to aPI (P � 0.0001). C, growth control; mel�, nonmelanized cells; mel�, melanized cells. The error bars indicate
SEM.

TABLE 3 MICs of itraconazole and amphotericin B against
nonmelanized and melanized P. brasiliensis yeasts

Isolate

MICa (mg/liter)

Itraconazole Amphotericin B

Mel� Mel� Mel� Mel�

Pb 18 0.0039 0.125 1.0 2.0
Pb 05 0.015 12.0 1.0 14.0
Pb 08 0.062 0.125 1.0 4.0
a MICs for nonmelanized (Mel�) cells were demonstrated by Cruz et al. (24) according
to a modified CLSI protocol. Mel�, melanized cells cultured in L-DOPA medium.
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4C), although no differences were observed between treated and
untreated yeasts.

Analysis of the absorbance spectrum. Melanin changes the
profile of the absorbance spectra of ITC, AMB, and TBO. When
ITC was incubated with melanin, a slight change was observed in
the absorbance peak at 200 nm (�10 nm) (Fig. 5B and F). In a
similar manner, when melanin was incubated with AMB, there
was an alteration in the absorbance peaks at 310 nm (�10 nm)
and 400 nm (�10 nm) (Fig. 5C and G). Finally, melanin also
changed the absorbance peak of TBO, and it was smaller than that
of the control (TBO alone). Further, a new absorbance peak was
observed at 200 nm (Fig. 5D and H). Although TBO treated with
an LED showed peak absorbance at 600 nm (�10 nm), when the
solution was treated in the presence of melanin, this absorbance
peak at 600 nm (�10 nm) was not observed (Fig. 5E and I).

DISCUSSION

Melanin is considered a virulence factor of some pathogenic fungi
based on its antiphagocytic and antioxidant properties, which are
important for protecting fungal cells from different environmen-
tal stressors (30, 31). All the Paracoccidioides species isolates used
in this study demonstrated the ability to produce melanin on YPD
medium supplemented with L-DOPA, showing brown-pig-
mented colonies and darkly pigmented yeast cells under optical
microscopy. Additionally, all the Paracoccidioides species isolates
exhibited phenoloxidase activity higher (P � 0.0001) than that of
C. albicans and similar to that of C. neoformans, a fungus known to
be a melanin producer (32). This is the first evidence of phenoloxi-

dase activity in a set of Paracoccidioides spp., including isolates
from the four known phylogenetic lineages, Pb01-like (or P. lutzii)
(4, 6), S1, PS2, and PS3 (P. brasiliensis) (4, 7). The correlation
between phenoloxidase activity and melanin production is well
established, because the enzyme catalyzes the synthesis of melanin
when fungal cells are grown in the presence of phenolic com-
pounds (8, 31).

In the present study, we demonstrated that aPI can reduce the
viability of Paracoccidioides sp. yeast cells, corroborating the study
of Almeida et al. (23). The analysis of ROS and RNS generated
after aPI reinforces the statement that, independent of the micro-
organism, photodynamic inhibition reduces cell viability in a
nonspecific way, decreasing the possibility of selecting strains re-
sistant to aPI (16, 17, 19). Nonmelanized yeast cells were more
susceptible to aPI than melanized cells, suggesting that melanin
can change the efficacy of aPI (33). The low levels of ROS and NO�

presented by melanized cells corroborate previous studies that
demonstrated that melanin could act as a free-radical scavenger
protecting Paracoccidioides sp. yeast cells from death from ROS
and RNS (such as NO�) (11). However, this observation was not
true for ONOO�, which indicates that melanin is unable to scav-
enge the radical, which is a powerful reactive species that could
drastically decrease fungal viability (19, 34–36). Interestingly,
melanin changed the absorbance peak of TBO, which leads to loss
of resonance with LED light, reducing the amount of activated
TBO and consequently decreasing the production of ROS and
RNS after aPI.

Our MIC data show that melanized yeasts are less susceptible

FIG 4 MTT assay and ROS production after treatment with itraconazole and amphotericin B. (A and B) Metabolic activities of nonmelanized and melanized
yeast cells treated with itraconazole (A) and amphotericin B (B) at the MIC. (C) ROS production after treatment with itraconazole and amphotericin B at the
MIC. *, statistically significant difference in comparison to nonmelanized cells (P � 0.0001). mel�, nonmelanized cells; mel�, melanized cells. The error bars
indicate SEM.
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FIG 5 Analysis of the absorbance (ABS) spectra of melanin and different substances. Shown are the absorbance spectra of melanin (A), itraconazole (B),
amphotericin B (C), TBO (D), TBO treated with an LED dose of 60 J/cm2 (E), itraconazole and melanin (F), amphotericin B and melanin (G), TBO and melanin
(H), andTBO and melanin treated with an LED dose of 60 J/cm2 (I).
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to the drugs AMB and ITC, confirming data from previous studies
with amphotericin B and caspofungin against melanized C. neo-
formans (26, 29, 36). However, melanin was not efficient in pro-
tecting C. neoformans from fluconazole and itraconazole (29). In
contrast, we demonstrated that melanized Paracoccidioides yeast
cells show lower susceptibility to itraconazole. Da Silva et al. (26)
did not find differences in MIC values between melanized and
nonmelanized Paracoccidioides sp. yeasts. Further, our results
confirm previous studies that have shown that synthetic melanin
reduces the fungicidal activity of AMB, and also of ITC, which is
new data (26, 29). Even though the addition of synthetic melanin
resulted in a slight increase in the MIC values, these results were
important to confirm its capacity to change the MIC values of
the drugs tested. Scanning electronic microscopy showed that
melanized Paracoccidioides sp. yeasts have electron-dense granules
both on the surface and in the cytoplasm, a characteristic that is
associated with the tight space between melanin granules observed
at the cell wall, suggesting that the entry of drugs into the cyto-
plasm may be altered in these cells (8, 26, 31, 37). The levels of ROS
and RNS indicated that melanized cells contained lower levels of
free radicals than nonmelanized cells, confirming that melanin
may function as a ROS scavenger generated by drug action (31, 38,
39). The roles of oxidative and nitrosative bursts caused by itra-
conazole in Cryptococcus gattii were previously demonstrated (38,
39) and also help to explain the role of melanin in protecting
Paracoccidioides spp. from the antifungals.

Melanin is a molecule that presents many free carboxyl groups
(OCOOH) in its structure, which permits stable binding to dif-
ferent compounds (31, 40, 41). This characteristic explains the
alterations in the absorbance spectra of drugs in the presence of
melanin, a result that shows that melanin interacts with antifungal
drugs. Some authors have shown that melanin can change the
antimicrobial activity of a drug (31, 37, 40–42), a fact that was also
observed in the present study, because melanized Paracoccidioides
sp. cells showed lower susceptibility to ITC and AMB. The ability
of melanin to bind to AMB has been demonstrated by other au-
thors; however, the present study shows a small modification in
the ITC spectrum (29, 37). Even though van Duin et al. (29) did
not find a difference in the elemental composition of C:N:O after
incubation of itraconazole with melanin, our results demon-
strated the possibility that there is an alteration of the drug when
incubated with melanin. Because this is a slight modification, we
believe that the main mechanism by which melanin reduces ITC
activity is by physically blocking entry of the drug into the yeast. In
contrast, the prominent changes observed in the AMB spectrum
suggest that melanin, in addition to blocking drug penetration
and scavenging ROS and RNS, binds to the antifungal and may
reduce its affinity for the ergosterol membrane.

In conclusion, our study demonstrates that melanin produced
by Paracoccidioides sp. yeast cells likely acts as a protective factor
during aPI and also during treatment with ITC and AMB. The
melanin produced by Paracoccidioides spp. altered the efficacy of
aPI and the efficacy of classical antifungal drugs in vitro, providing
more resistance to treatment. Furthermore, our results showed
that melanin functioned as a scavenger of ROS and NO�, but not of
ONOO�, suggesting that ONOO� may be the main radical respon-
sible for fungal death after aPI. In addition, our results showed
that melanin can interact with ITC, AMB, and TBO and, conse-
quently, change their antifungal activities.
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