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Sporothrix schenckii is a human pathogen that causes sporotrichosis, an important cutaneous mycosis with
a worldwide distribution. It produces dark-brown conidia, which infect the host. We found that S. schenckii syn-
thesizes melanin via the 1,8-dihydroxynaphthalene pentaketide pathway. Melanin biosynthesis in the wild type
was inhibited by tricyclazole, and colonies of the fungus were reddish brown instead of black on tricyclazole-
amended medium. Two melanin-deficient mutant strains were analyzed in this study: an albino that produced
normal-appearing melanin on scytalone-amended medium and a reddish brown mutant that accumulated and
extruded melanin metabolites into its medium. Scytalone and flaviolin obtained from cultures of the reddish
brown mutant were identified by thin-layer chromatography, high-performance liquid chromatography, and
UV spectra. Transmission electron microscopy showed an electron-dense granular material believed to be mel-
anin in wild-type conidial cell walls, and this was absent in conidial walls of the albino mutant unless the albino
was grown on a scytalone-amended medium. Melanized cells of wild-type S. schenckii and the albino grown on
scytalone-amended medium were less susceptible to killing by chemically generated oxygen- and nitrogen-derived
radicals and by UV light than were conidia of the mutant strains. Melanized conidia of the wild type and the
scytalone-treated albino were also more resistant to phagocytosis and killing by human monocytes and murine
macrophages than were unmelanized conidia of the two mutants. These results demonstrate that melanin
protects S. schenckii against certain oxidative antimicrobial compounds and against attack by macrophages.

A wide variety of fungi synthesize distinctive dark brown or
black pigments called melanins (3, 5). Fungal melanins are
complex pigments which are produced by at least two different
synthetic pathways, known as the 1,8-dihydroxynaphthalene
(DHN) and dihydroxyphenylalanine pathways, depending on
the species (5, 46). Some pathogenic brown to black fungi, i.e.,
Exophiala (Wangiella) dermatitidis, Cladosporium carrioni, and
Fonsecaea pedrosoi (34), synthesize melanin via the DHN mel-
anin pathway, where multiple enzymatic steps take place. The
first known product in the pathway is 1,3,6,8-tetrahydroxynaph-
thalene (1,3,6,8-THN), which is synthesized from acetate via
polyketide synthase. Thereafter, sequential reductions and de-
hydrations take place (Fig. 1). The last step is the polymeriza-
tion of DHN to form DHN melanin (3, 5, 33, 45). Another
pathogen, like Cryptococcus neoformans, produces melanin in
media containing phenolic compounds, i.e., L-dopa and cat-
echolamines (28, 29), and the synthesis of this pigment is cat-
alyzed by a phenoloxidase. With C. neoformans, only the phe-
noloxidase is needed for the synthesis of melanin from L-dopa.
Most of the reactions that occur are fast and probably nonen-
zymatic (25), leading to intermediates that combine and form
melanin polymers (22). DHN melanin and dihydroxyphenyl-
alanine melanin are different in their synthesis and structure;
however, their redox function has been shown to be the same
(7, 14). Melanins are not essential for fungal growth but appear
to be important for the virulence of several pathogens (6, 16,
38). The mechanism by which pigments enhance virulence in
fungi is not known, but it has been reported that pigmented
cells of Aspergillus fumigatus (37), E. dermatitidis (6), and C. neo-
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formans (16) are more virulent than hyaline cells in murine
models. In vitro, melanized cells of C. neoformans are less
susceptible to killing by ionizing radiation (42) and free radi-
cals (13) than hyaline cells. Melanized cells of C. neoformans
(31) and bluish green pigmented conidia of A. fumigatus (38)
are also less susceptible to phagocytosis by macrophages than
nonmelanized cells. These studies suggest that melanins confer
tolerance against certain environmental stresses and protect
against antimicrobial oxidants that are produced during the
host defense response (17, 38). Sporothrix schenckii is a dimor-
phic fungus which is frequently associated with plants and soil
(21). In these environments, the mycelial phase predominates,
with hyphal and conidial cell types. In contrast, the yeast-like
form develops in infected human and animal tissue (24). The
dark pigment of S. schenckii has been found exclusively in the
conidia, which are the infecting structures of this organism. In
this paper we present evidence which demonstrates that S.
schenckii synthesizes melanin by the DHN pathway and that
melanized cells are less susceptible than nonmelanized cells to
oxidant killing in vitro and to phagocytosis by human mono-
cytes and murine macrophages.

MATERIALS AND METHODS

Chemicals. Scytalone [3,4-dihydro-3,6,8-trihydroxy-1(2H)-naphthalenone] was
purified from cultures of the brm-I1 mutant of Verticillium dahliae (2). Tricycla-
zole [5-methyl-1,2,4-triazolo(3,4-b)benzothiazole] was kindly provided by Dow
Agrosciences (Indianapolis, Ind.).

Strains. The wild-type strain EH-217 is a clinical isolate from a patient with
sporotrichosis and was provided by Jorge Mayorga, Instituto Dermatologico,
Jalisco, Mexico. It produces black conidial colonies on potato dextrose agar
(PDA) by 10 days. The mutants Mel 10 and Mel ™ 14 were made by UV irradia-
tion of the wild-type strain. Conidia from yeast extract-peptone-dextrose (YEPD)
slants of the wild-type strain were spread on YEPD plates and exposed to 300
ergs of UV light per mm? (36). This amount of irradiation usually gave a 10%
survival rate in this isolate. The plates were incubated in the dark at 28°C to avoid
photoreactivation repair. After 10 days at 28°C, mutagenized colonies were
screened for melanin-deficient mutants.
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FIG. 1. Pentaketide pathway of melanin biosynthesis. Sites of tricyclazole inhibition (Tr) are as proposed by Tokusbalides and Sisler (35) for V. dahliae. Mel™ 14

and Mel™ 10, proposed sites of inhibition by the mutants of S. schenckii.

Culture conditions. Stock cultures of S. schenckii were maintained on YEPD
agar medium. The solid cultures were incubated at 28°C in culture tubes or in
petri dishes, and transfers were made with a bacterial loop. Melanin induction by
wild-type S. schenckii was done on PDA. For this purpose, wild-type conidia from
7-day-old YEPD agar slants were washed with water and grown on this medium
for 10 days at 28°C. The melanized conidial population was formed by lateral and
sympodial conidia. Most of the conidia were oval and pigmented when they were
grown on PDA; this was determined by light microscopy and transmission elec-
tron microscopy (TEM). The whole population of conidia was used in the various
tests.

Melanin biosynthesis. To study melanin biosynthesis, the wild type and
Mel 10 and Mel™ 14 mutants were grown on 20 ml of PDA in 9-cm-diameter
petri dishes or on the surface of 200 ml of potato dextrose broth (PDB) in 1-liter
Erlenmeyer flasks. The PDA was inoculated with 10° conidia per petri dish. The
cultures were grown in the dark for 10 days at 25°C. The PDB medium was
inoculated with 5 X 107 conidia and grown under static conditions in the light for
14 days at 25°C. To demonstrate that the effects detected in the various tests were
the result of the presence or absence of melanin, the mutant strain Mel 14 was
also grown under the same conditions on PDA amended with 1 mM scytalone.
Most conidia of the strain were melanized on scytalone-amended PDA, and the
scytalone-treated strain is hereafter referred to as Mel ™ 14p. The viabilities of
conidia from Mel™ 14p and the wild-type strain were 89 and 90%, respectively.
This showed that exogenous scytalone did not harm Mel ™ 14 conidia. The wild-
type strain was grown on PDB or PDA containing 8 or 16 pg of tricyclazole per
ml, respectively. Scytalone and tricyclazole were added to PDA and PDB in
ethanol (EtOH), and the final concentration of EtOH in the cultures did not
exceed 0.6%. Controls without scytalone or tricyclazole were used to test the
effects of EtOH on melanin synthesis.

Isolation and identification of metabolites from PDA and PDB cultures. Two
volumes of acetone was added to PDA and PDB cultures of the three strains at
the end of 10 or 14 days, respectively. After 4 to 16 h, the acetone-treated media
were filtered over no. 1 filter paper (Whatman Ltd., Maidstone, Kent, United
Kingdom) to remove agar and the acetone-treated cells. The acetone was then
removed under vacuum, and the remaining aqueous solution was examined for
the presence of melanin metabolites by ethyl acetate extraction and thin-layer-
chromatography procedures as described previously (34, 47). Flaviolin, 2-hy-
droxyjuglone (2-HJ), and scytalone were also identified by high-performance
liquid chromatography (HPLC) (10) and their characteristic UV spectra were
compared with standards by using a diode array detector.

TEM. Conidia from the surface of PDA plates were examined with a trans-
mission electron microscope (JEOL model JEM-1200EX-II). Comparisons were
made between conidia of the wild-type, Mel 14, and Mel ™~ 14p strains. Blocks (2
mm?) were cut out from the agar cultures and placed for 1 h in fixative solution
containing 2.5% glutaraldehyde in 10 mM sodium phosphate (pH 7.2). Postfix-
ation was in 1% osmium tetraoxide—1.5% potassium ferricyanide in 0.1 M so-
dium cacodylate for 2 h at 4°C. The samples were dehydrated, embedded in
Poly/bed 812 resin (Polyscience, Inc., Warrington, Pa.), and polymerized for 24 h
at 65°C. Thin sections were stained with uranyl acetate and lead citrate.

Susceptibility of melanin-deficient and melanized cells to killing by UV light
and oxidants (H,0, and nitric oxide). S. schenckii survival after exposure to UV
light or reactive nitrogen and oxygen species was determined. For UV light

exposure, conidia from PDA slants cultured for 7 days were washed with water,
and the suspension was adjusted to 10° cells ml~'. Appropriate dilutions of cells
were spread on YEPD plates and exposed to UV light (254 nm) generated in a
Stratalinker 1800 (Stratagene, La Jolla, Calif.) at various energy settings. Percent
survival was determined by comparing the number of colonies on irradiated
plates to those on nonirradiated plates. For H,O, assays, conidial suspensions
were adjusted to 10° cells mI~! in 100 mM potassium phosphate buffer (PBS)
(pH 7.0) containing 25 mM oxidant. At 20-min intervals, aliquots were taken,
diluted in 100 mM PBS, and plated on YEPD agar plates (19). For nitric oxide
assays, 10° cells ml~! were suspended in 25 mM succinic acid (Sigma Chemical
Co., St. Louis, Mo.) (pH 4.0). Nitric oxide and reactive nitrogen intermediates
were generated in a solution that initially contained 0.5 mM NaNO, (Sigma
Chemical Co.) and 25 mM succinic acid (pH 4.0) (1). Aliquots were taken at
20-min intervals, diluted in 50 mM PBS, and plated on YEPD agar plates.
Isolation of human monocytes. Heparinized blood (10 TU of heparin ml™*)
from healthy, fasting, nonsmoking adult donors was diluted 1:2 with PBS (pH
7.2). Samples of 10 ml were layered over a 4-ml Ficoll-Hypaque gradient (den-
sity = 1.077) (Sigma Chemical Co.) and centrifuged for 40 min at 400 X g at
18°C. The cells in the interface were removed and washed three times with PBS.
Pelleted cells were treated with Tris-buffered 0.83% NH,CI (pH 7.2) at 37°C to
lyse contaminating red blood cells. The treated cells were washed with PBS and
suspended in RPMI 1640 medium (Sigma Chemical Co.). A cell suspension of
3 X 10° monocytes in 0.2 ml of RPMI 1640 medium containing 10% fetal calf
serum was added to each well of an eight-chamber tissue culture slide (Lab Tel
Products, Naperville, I11.). The cells were allowed to settle and adhere for 3 h at
37°C in a moist chamber of 5% CO, and air. After this incubation, the medium
was removed from each well and nonadherent cells were eliminated. Viability of
the cells was over 95%; this was measured by trypan blue dye exclusion.
Isolation of peritoneal murine macrophages. Resident peritoneal cells were
collected from male BALB/c mice by washing the peritoneal cavities with cold
RPMI 1640 medium. A cell suspension of 3 X 10° macrophages in 0.2 ml of
RPMI 1640 medium containing 10% fetal calf serum was added to each well of
an eight-chamber tissue culture slide. The cells were allowed to settle and adhere
for 3 h at 37°C in a moist chamber of 5% CO, and air. After this incubation, the
medium was removed from each well and nonadherent cells were eliminated.
ConA coating of conidal cells. S. schenckii conidia were opsonized as described
by Oda et al. (27). Briefly, conidia at 107 cells ml~! were incubated with 60 p.g
of concanavalin A (ConA) (type IV; Sigma Chemical Co.) per ml in sterile PBS
for 30 min at 28°C. Conidial suspensions were vortexed every 10 min to prevent
agglutination. Suspensions were washed three times by centrifugation (500 X g,
5 min) to remove ConA, and the cells were resuspended in PBS (107 cells ml™").
Phagocytosis. Opsonized conidia (1.5 X 107 cells ml™') were mixed with
human monocytes or murine macrophages (phagocytes) in a ratio of 5:1. The
cultures were incubated at 37°C for 10 and 30 min. The medium from the wells
was carefully removed and washed three times with 0.5 ml of sterile PBS to
remove conidia that were not attached to or engulfed by phagocytes. Conidia and
the two types of phagocytic cells attached to slides were fixed in absolute meth-
anol for 1 min and stained with Giemsa stain (Sigma Chemical Co.) for 10 min.
After the slides were air dried, the cells were observed microscopically at a
magnification of X100. An average of 200 monocytes or macrophages were
counted in several microscope fields to determine the percentage of cells phago-



3698 ROMERO-MARTINEZ ET AL.

a

INFECT. IMMUN.

FIG. 2. Appearance of S. schenckii growth on PDA. (a) Wild type; (b) Mel ™ 14; (c) Mel10; (d) wild type grown on PDA with tricyclazole; (e and f) Mel ™14 and

Mel ™ 10, respectively, on medium amended with 1 mM scytalone.

cytizing at least one conidial cell (P) and the average number of conidia in these
monocytes or macrophages (F). The phagocytic index (/) was determined as P X
F (27).

Ocxidative burst. A luminol-dependent chemiluminescence assay was carried
out to measure the release of reactive oxygen species (oxygen burst). Freshly
isolated human monocytes and murine macrophages were suspended in PBS to
give a final concentration of 107 cells ml~'. To 100 pl of monocytes or macro-
phages (10° cells), 100 ul of opsonized conidia (5 X 107 cells) was added and
incubated for 15 min at 37°C. After the incubation, 700 pl of 10~ M luminol
(Eastman Kodak, Rochester, N.Y.) and 200 pl of opsonized zymosan (Sigma)
(12.5 mg/ml) were added to the cellular suspension. Cells treated with zymosan
served as positive controls, and cells incubated without conidia served as back-
ground controls. Reactive oxygen intermediates associated with oxygen burst
(ROIs) were measured at 1-min intervals for 30 min. Photon emission was
detected in a Biorbit 1250 chemiluminometer (LKB-Pharmacia, Uppsala, Swe-
den). Results were expressed as millivolts per 10° phagocytic cells.

Antifungal activity of macrophage cells. Opsonized conidia were mixed with
human monocytes or murine macrophages in a ratio of 5:1. This suspension was
incubated at 37°C for 30 min while being stirred. At different times during this
period, aliquots of the incubation mixture were removed and diluted in ice-cold
distilled water. Numbers of CFU were then determined by plating 100 pl of
appropriate dilutions on YEPD plates. Each reaction mixture was plated in
triplicate. For each experiment, two sets of tubes containing opsonized conidia
and RPMI 1640 medium were included. The first tube was diluted and plated
immediately (time zero). The second tube was incubated at 37°C for the same
amount of time as the experimental tubes before being processed and plated
(control). The percentage of killing was determined by the formula [100 —
(experimental CFU/control CFU)] X 100 (30).

RESULTS

Identification of the pigment in S. schenckii as a DHN mel-
anin. The wild-type strain of S. schenckii developed dark-
brown colonies on PDA in the absence of tricyclazole but was
reddish brown on PDA amended with 8 or 16 pg of tricyclazole
per ml (Fig. 2a and d). The culture medium also turned reddish
brown when the wild type was grown in the presence of tricy-

clazole. Small but detectable amounts of 2-HJ, a shunt product
of the DHN melanin pigment pathway, were identified in ex-
tracts from tricyclazole-amended PDA and PDB cultures of
the wild type.

Melanin-deficient mutants. Mutagenesis of the wild type by
exposure to UV light led to the isolation of two mutants which
lack the ability to produce dark-brown conida. Strain Mel 14
is a colorless albino (Fig. 2b), and Mel 10 is light reddish
brown (Fig. 2c). When the mutants were grown on PDA con-
taining scytalone, only the albino (Mel 14) synthesized a dark-
brown pigment (Fig. 2e) that was similar in appearance to that
in the wild type (Fig. 2a). Mel™ 10 remained nearly the same
color when grown on scytalone-amended PDA (Fig. 2¢ and f).
TEM profiles showed that melanin in the scytalone-treated
albino appeared as electron-dense granules and looked iden-
tical to melanin located at the cell wall surface of the pigment-
ed wild type (Fig. 3a and c). Untreated albino conidia from
Mel ™ 14 lacked the electron-dense material (Fig. 3b). Extracts
obtained from the PDA and PDB cultures of the Mel 10
mutant accumulated small amounts of scytalone and flaviolin
(Fig. 4). In contrast, metabolites of the melanin pathway were
not found in cultures of the albino mutant Mel 14 (data not
shown). Small amounts of scytalone were also detected in PDA
and PDB cultures of the wild-type strain (data not shown). UV,
proton nuclear magnetic resonance, and mass spectral values
for flaviolin, 2-HJ, and scytalone were reported elsewhere (2).

Fungal susceptibility to ionizing irradiation and oxidants.
The viability of melanized and nonmelanized conidia after treat-
ment with UV light, H,O,, and NaNO, was determined. The
percentage of cells capable of forming visible colonies was
plotted as a function of UV light dose or time of incubation in
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FIG. 3. TEM of S. schenckii conidia grown on PDA. (a) Wild type; (b) Mel 14
are indicated. Bars, 0.5 pm.

the presence of the oxidants (Fig. 5). Treatments allowing sur-
vival of 50% of the cells (SDs,) were compared between the
strains. Melanized wild-type and scytalone-treated Mel 14p
conidia were consistently the most resistant, compared with the
melanin-deficient mutants Mel™ 14 and Mel 10. For UV light
exposure, the SDss for conidia were 380 ergs/mm? for the wild
type, 460 ergs/mm~ for Mel 14p, and 190 ergs/mm? for Mel 10
and Mel 14 (Fig. 5a). Incubation with NaNO, gave SD;s of
27 min for the wild type, 22 min for Mel 14p, and 9 and 10 min

; (c) Mel™ 14 supplemented with scytalone. Cell wall (cw) and melanin granules (mg)

for Mel 10 and Mel 14, respectively (Fig. 5b). Similar results
were obtained with H,O,, where the SDs,s for the wild type
and Mel 14p were 20 and 25 min, respectively, and those for
Mel 10 and Mel 14 were 11 and 15 min, respectively (Fig. 5c).

Phagocytosis of conidia by human monocytes and murine
macrophages. Opsonization of the conidia (wild type, Mel 14p,
Mel 14, and Mel ™ 10) with 60 pg of ConA per ml was sufficient
to produce an important cell interaction with human mono-
cytes and murine macrophages and to avoid conidial aggluti-
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FIG. 4. HPLC separation of scytalone, flaviolin, and a number of unidentified

compounds, extracted with ethyl acetate from a 14-day-old PDB culture of Mel ™ 10.

(a) Chromatogram obtained at 254 nm as described previously (10). rt, retention time. (b and ¢) UV-visible spectra of compounds identified as scytalone and flaviolin,
respectively, obtained with a diode array detector. The retention times and spectra of the two compounds are identical to those of known standards of scytalone and

flaviolin. AU, absorbance units.
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FIG. 5. Survival of 7-day-old melanized and nonmelanized S. schenckii after treatment with UV light (a), sodium nitrite (b), or H,O, (c). Aliquots were plated on
YEPD in duplicate to monitor cell viability. Values are averages from three experiments. @, wild type; A, Mel ™~ 10; m, Mel ™ 14; [, Mel ™ 14 supplemented with scytalone.

nation. Phagocytosis by human monocytes and murine macro-
phages of opsonized conidia of the Mel 10 and Mel 14
mutants was rapid and increased with time (Table 1). At 10
min, 85 to 91% of the human monocytes and murine macro-
phages ingested two to five melanin-deficient conidia; this in-
creased to 90 to 93% at 30 min. The wild-type and Mel 14p
conidia were phagocytized less efficiently than the melanin-
deficient conidia. At 10 min only 69 and 55% of the monocytes
ingested one conidium of the wild type and Mel ™ 14p, respec-
tively; this increased to 77 and 65% at 30 min. The phagocytic
index values of the Mel 10 and Mel 14 mutants were three to
four times higher than those of the wild-type in human mono-
cytes and two times higher in murine macrophages; values for
Mel 14p were less than those for the wild type for monocytes
and macrophages.

TABLE 1. Phagocytosis of lectin-coated conidia of S. schenckii®

Strain Human monocytes Murine macrophages
and time

(min) P F 1 P F 1
Wild type

10 69+1 126202 87*x6 68*x1 2x05 13610

30 77+3 2205 15420 691 5%x0.6 345=*40
Mel 14°

10 55%5 103 556 50*x1 2x05 100x9

30 654 2*x05 13015 601 4=*x1 240 £ 30
Mel 10

10 85+6 4+05 340+17 85 3x05 25819

30 91 £10 506 45*20 90*9 8*2 720 £ 50
Mel 14

10 90 £6 4=1 360222 914 5=*1 455 £ 13

30 92+5 7+3 64482 93+x1 91 837 = 40

“1 (phagocytic index) = P X F (see Materials and Methods). Values are the
means and standard deviations from three independent experiments. Values of
P, F, and I for Mel 10 and Mel™ 14 were significantly different from the corre-
sponding values for the wild type, using the Mann-Whitney U test (P < 0.05).

® Mel ™ 14 was grown in medium amended with scytalone.

Oxidative burst in response to conidia. Levels of ROIs re-
leased were measured with human monocytes and murine
macrophages after challenge with the respective conidia. This
was done to compare the oxidative burst by conidia of the wild
type and Mel 14p with that of Mel 10 and Mel 14. Incu-
bation of human monocytes with the wild-type, Mel ™ 14p,
Mel 10, and Mel 14 conidia resulted in an increase in the
amount of detectable ROIs compared with that for zymosan-
stimulated monocytes (Fig. 6); however, the amount of stimu-
lation differed with the strain. Wild-type and Mel ™ 14p conidia
caused 3.4- and 2.2-fold increases, respectively, of detectable
ROIs over those produced by zymosan-stimulated monocytes,
while Mel 10 and Mel 14 conidia caused 5- and 7-fold in-
creases, respectively in ROIs. Murine macrophages did not

mV x 108 cells

A

FIG. 6. Release of ROIs by S. schenckii conidia. Human monocytes (A) or
murine macrophages (B) were incubated with either the wild type (C_1), Mel 10
(E=), Mel 14 ( ), or Mel ™14 supplemented with scytalone ( . Stimula-
tion of cells with zymosan was employed as a positive control (EZ). Values are
means and standard deviations.
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stimulate the release of ROIs above that of zymosan-stimu-
lated macrophages. Increasing the ratio of opsonized conidia
to murine macrophages from 5:1 to 20:1 also did not result in
a significant release of ROIs above that of the control (data not
shown).

Antifungal activity of human monocytes and murine mac-
rophages. The antifungal activities of human monocytes on the
melanized and melanin-deficient strains were different. Killing
of melanized conidia by human cells was 40% =+ 5% and 36%
*+ 7% for the wild-type strain and Mel  14p, respectively, after
2 h of incubation; killing for Mel™ 10 and Mel ™ 14 conidia was
67% * 3% and 64% * 4%, respectively (means and standard
deviations; n = 3). Murine macrophages did not show appre-
ciable growth inhibition of conidia by 3 h of incubation.

DISCUSSION

Melanin is suggested to play an important role in the patho-
genesis of infections by certain human pathogenic fungi (6, 9,
13, 14, 16, 18, 30, 32, 37, 38). However, despite the biochemical
characterization of the melanin biosynthetic pathway in differ-
ent species and the fact that melanins appear to protect fungi
against ROIs (12, 13, 14, 32), studies are only now being con-
ducted with S. schenckii. We report here that the DHN path-
way is responsible for cell wall melanization in S. schenckii.
DHN melanin has been reported to be present in many other
medically important fungi, and it has been shown to originate
from acetate via the pentaketide pathway (34, 37, 45).

Tricyclazole inhibits two reductase reactions in the melanin
pathways of V. dahliae (2), Pyricularia oryzae (49), and other
fungi (Fig. 1). One of the reactions reduces 1,3,6,8-THN to
scytalone, and the other reduces 1,3,8-THN to vermelone. In-
hibition at these sites causes the accumulation of melanin
intermediates and the shunt product flaviolin or 2-HJ (35). In
the present study, when S. schenckii cultures were treated with
tricyclazole to block melanin biosynthesis, the culture medium
turned reddish brown and, in some experiments, accumulated
small amounts of 2-HJ but no flaviolin. One explanation for
the absence of flaviolin in the cultures of S. schenckii is that
tricyclazole was unable to appreciably inhibit the enzymatic
reduction of 1,3,6,8-THN to scytalone. Once scytalone was
made, it was dehydrated to 1,3,8-THN and tricyclazole pre-
vented the enzymatic reduction of 1,3,8-THN to vermelone.
Since 1,3,8-THN is unstable under culture conditions, it was
then autoxidized to 2-HJ (Fig. 1). Earlier studies with V. dah-
liae (33, 37) and P. oryzae (11, 49) have shown that larger
concentrations of tricyclazole and other melanin inhibitors are
required to inhibit the reduction of 1,3,6,8-THN than are re-
quired to inhibit the reduction of 1,3,8-THN. Our results with
S. schenckii are consistent with the fact that flaviolin is often
not found in cultures of some fungi treated with larger
amounts of tricyclazole, although 2-HJ is usually found (un-
published data).

Two melanin-deficient mutants of S. schenckii were isolated
in the present study. The albino Mel ™ 14 was able to produce
normal-appearing melanin from scytalone, and this melanin
was ultrastructurally identical in appearance to melanin of the
wild type. Similar ultrastructural results with scytalone have
been obtained with albino mutants of various other fungi,
including V. dahliae, E. dermatitidis, Thielaviopsis basicola, Cur-
vularia protuberata, Bipolaris sorokiniana, and Pleospora infec-
toria (3, 46). Cultures of Mel 14 did not accumulate interme-
diates from the melanin pathway, and its ability to synthesize
melanin from scytalone suggests that the mutation in this strain
affects a very early step in the biosynthetic pathway (Fig. 1),
probably at polyketide synthase. Cultures of the reddish brown
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mutant Mel 10 accumulated small amounts of flaviolin and
scytalone. Also, Mel 10 did not appear to appreciably metab-
olize exogenous scytalone to melanin, indicating that this strain
was unable to use scytalone and thus was unlike Mel™ 14 and
the wild-type strain. Mutant strains that produce flaviolin and
scytalone but which fail to make DHN melanin have been
identified in other fungi, including V. dahliae (2), E. dermati-
tidis (8, 9), and A. fumigatus (39). The mutant strains of these
three fungi lack a normal scytalone dehydratase and are unable
to enzymatically dehydrate scytalone to 1,3,8-THN. Since cul-
tures of the Mel™ 10 mutant strain accumulate flaviolin and are
unable to metabolize scytalone, it appears that this strain may
also have a defective scytalone dehydratase enzyme.

Pathogens must evolve strategies to circumvent the lethal
effects of environmental stress such as irradiation and desicca-
tion. Once the fungus enters the host it must contend with the
host defense mechanisms, including activated phagocytes
where nitric oxide and oxygen intermediates are produced
(50). These intermediates have been shown to be fungicidal
and fungistatic (1, 50). In the present study, the function of S.
schenckii melanin was evaluated in media where the fungus
was exposed to UV irradiation and where free radicals (nitro-
gen- and oxygen-derived species) were generated. Melanized
conidia of S. schenckii were less susceptible to killing by ion-
izing irradiation and by reactive oxygen and nitrogen species.
These results support the idea that melanin in S. schenckii is an
important component that protects cells from chemical and
physical damage, and they suggest that it probably acts as a
free-radical scavenger in carrying out physiological defense
mechanisms. The role of melanins as free-radical scavengers is
described elsewhere (4, 20, 22, 23, 46, 48).

Phagocytosis of microorganisms by host monocytes and mac-
rophages is a basic event in immunity to infection and disease
pathogenesis. Ingestion can occur via opsonins deposited on
the pathogen surface or via cell surface receptors. In S.
schenckii, melanized cells were more resistant to lectin-medi-
ated phagocytosis than nonmelanized cells. The mechanism by
which melanin prevents phagocytosis is poorly understood,;
however, it has been suggested that melanized cells may resist
phagocytosis by surface charge effects (14, 41), since melanins
are charged polymers and phagocytosis is inversely correlated
with cell charge (43).

A consequence of the phagocytosis of microorganisms by
monocytes and macrophages is the stimulation of the cell’s
microbiocidal mechanisms, i.e., the respiratory burst response.
This process involves the production of ROISs that are respon-
sible for killing bacteria and fungi. We examined the ability of
melanized and albino conidia of S. schenckii to induce the
production of ROIs in human monocytes and murine macro-
phages. Stimulation of the respiratory burst by S. schenckii
conidia apparently is not regulated the same way in human
monocytes and mouse macrophages. The former stimulated
the respiratory, burst while ROIs were not detected in murine
macrophages. The reason for the different responses of the
monocyte and macrophage populations used in the present
study is not known, but similar behavior has been reported for
the intracellular parasite Histoplasma capsulatum (26).

Melanized conidia from the wild type and Mel 14p pro-
duced fewer ROIs than conidia from the melanin-deficient
mutants, Mel” 10 and Mel 14. The melanized conidia were
also more resistant to killing by human monocytes than the
conidia of the two mutants. This could be due to the fact that
the pigment present in the melanized conidia scavenged ROIs
produced during macrophage stimulation, decreasing chemi-
luminescence and protecting the conidia.

The melanized Mel ™ 14p strain behaved comparably to the
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wild type; it was affected significantly less by ROIs than the
nonmelanized Mel 10 and Mel 14 strains. It was phagocy-
tized less efficiently and induced fewer ROIs from human
monocytes. These studies with Mel ™ 14p demonstrate that the
effects detected in the different tests with Mel 14 were the
result of mutations that affected enzymes in the melanin bio-
synthetic pathway and were not the result of other randomly
introduced mutations.

Our results suggest that melanin prevents S. schenckii from
being killed, enhances protection from UV solar irradiation,
and during infection affects host defense mechanisms by re-
ducing phagocytosis and scavenging reactive oxygen and nitro-
gen species. These findings and earlier findings of others (6, 15,
18, 30, 32, 37, 40, 44) support the possibility that the dark
fungal pigment in S. schenckii is a virulence factor. Further
investigation of host interactions with whole animals are re-
quired to understand how S. schenckii melanin contributes to
infection.
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