
Black Yeasts and Their Filamentous Relatives: Principles of
Pathogenesis and Host Defense

Seyedmojtaba Seyedmousavi,a,b,c Mihai G. Netea,d Johan W. Mouton,a,b Willem J. G. Melchers,a Paul E. Verweij,a G. Sybren de Hooge

Department of Medical Microbiology, Radboudumc, Nijmegen, Netherlandsa; Department of Medical Microbiology and Infectious Diseases, Erasmus MC, Rotterdam,
Netherlandsb; Invasive Fungi Research Center, Mazandaran University of Medical Sciences, Sari, Iranc; Department of Internal Medicine, Radboudumc, Nijmegen,
Netherlandsd; CBS-KNAW Fungal Biodiversity Centre, Utrecht, Netherlands, Institute for Biodiversity and Ecosystem Dynamics, University of Amsterdam, Amsterdam,
Netherlands, Peking University Health Science Center, Research Center for Medical Mycology, Beijing, China, Sun Yat-sen Memorial Hospital, Sun Yat-sen University,
Guangzhou, China, and King Abdullaziz University, Jeddah, Saudi Arabiae

SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .527
INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .527
CHARACTERISTICS OF BLACK YEASTS AND THEIR FILAMENTOUS RELATIVES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .528
ECOLOGY AND ROUTE OF INFECTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .528
PATHOGENICITY AND VIRULENCE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .528

Virulence Factors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .530
Presence of melanin and carotene . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .530
Chitin synthases as cell wall-associated virulence factors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .530
Formation of muriform cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .530
Presence of yeast-like phases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .531
Thermotolerance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .531
Adhesion and hydrophobicity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .531
Assimilation of aromatic hydrocarbons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .531
Production of extracellular, acidic or alkaline secondary metabolites and siderophores . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .531

Comparative Pathogenesis in Humans and Animals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .532
IMMUNE RESPONSES TO BLACK YEASTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .532

Host Specialization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .532
Innate Immunity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .532

Macrophages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .532
Neutrophils . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .532
Dendritic cells. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .533
Host receptors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .534

Adaptive Immunity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .534
Cell-mediated immunity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .534
Humoral immunity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .535

RECOMMENDED DIAGNOSTICS AND TREATMENT APPROACHES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .535
CONCLUDING REMARKS AND FUTURE DIRECTIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .536
ACKNOWLEDGMENTS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .537
REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .537
AUTHOR BIOS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .542

SUMMARY

Among the melanized fungi, the so-called “black yeasts” and their
filamentous relatives are particularly significant as agents of severe
phaeohyphomycosis, chromoblastomycosis, and mycetoma in hu-
mans and animals. The pathogenicity and virulence of these fungi
may differ significantly between closely related species. The factors
which probably are of significance for pathogenicity include the pres-
ence of melanin and carotene, formation of thick cell walls and mer-
istematic growth, presence of yeast-like phases, thermo- and perhaps
also osmotolerance, adhesion, hydrophobicity, assimilation of aro-
matic hydrocarbons, and production of siderophores. Host defense
has been shown to rely mainly on the ingestion and elimination of
fungal cells by cells of the innate immune system, especially neutro-
phils and macrophages. However, there is increasing evidence sup-
porting a role of T-cell-mediated immune responses, with increased
interleukin-10 (IL-10) and low levels of gamma interferon (IFN-�)
being deleterious during the infection. There are no standardized
therapies for treatment. It is therefore important to obtain in vitro

susceptibilities of individual patients’ fungal isolates in order to pro-
vide useful information for selection of appropriate treatment proto-
cols. This article discusses the pathogenesis and host defense factors
for these fungi and their severity, chronicity, and subsequent impact
on treatment and prevention of diseases in human or animal hosts.

INTRODUCTION

Black yeasts and their filamentous relatives, while rather un-
common in human pathology, are unique in causing a wide

range of recalcitrant infections in both immunocompetent and
immunocompromised humans, among which are fatal cerebral or
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disseminated disorders in otherwise apparently healthy individu-
als (1–3). They also have been reported in cold-blooded verte-
brates, with a wide variety of clinical features (4). Black yeasts
multiply by budding (i.e., produce yeast-like cells) in certain
stages of their development or under certain environmental con-
ditions, and their colonies are pasty with some shade of black,
while their filamentous relatives are strictly hyphal (3). However,
these fungi are united on the basis of phylogenetic relationships.
They belong to a limited but phylogenetically dispersed number of
orders of ascomycetes (5) and show divergent adaptations to ex-
treme conditions (6), among which are the bodies of human
and animal hosts (7, 8). Most clinically relevant species are
located in the family Herpotrichiellaceae, within the order Chae-
tothyriales, in genera such as Exophiala, Cladophialophora, Conio-
sporium, Cyphellophora, Fonsecaea, Phialophora, and Rhinocla-
diella (2, 4). Numerous members of the genus Exophiala are
potential agents of human and animal mycoses (8–13) worldwide
(14–16). In addition, during the last few decades, the list of black
yeasts and their filamentous relatives implicated in human infec-
tions has continued to evolve (17, 18), and it will expand further,
in line with increases in the numbers of susceptible patients (19,
20) and the employment of better diagnostic tools.

All members of the Chaetothyriales group are obligatorily
melanized. Diseases caused by these organisms comprise mycet-
oma, chromoblastomycosis, and various types of phaeohyphomy-
cosis (21, 22). In addition, asymptomatic colonization of the skin
and lungs can also occur. Mycetoma is a deep tissue infection,
usually of the lower extremities, characterized by the presence of
mycotic granules (23, 24). McGinnis concisely defined the term
“mycetoma” as an infection of humans and animals caused by one
of a number of different fungi and actinomycetes and classically
characterized by draining sinuses, granules, and tumefaction (25).
In chromoblastomycosis, the fungi basically occur as large, muri-
form, thick-walled dematiaceous cells. In phaeohyphomycosis,
however, the fungi characteristically occur as dark, septate hyphal
elements or catenulate cells (toruloid hyphae). Mycetoma and
phaeohyphomycosis result in tissue necrosis, whereas chromo-
blastomycosis infections lead to excessive proliferation of host tis-
sue (3).

The knowledge of the host response against these fungi is still
limited. The host defense against chronic forms of disease in ex-
perimental black yeast models of infection has been shown to rely
mainly on the ingestion and elimination of fungal cells by cells of
the innate immune system, especially neutrophils and macro-
phages. However, there is also increasing evidence supporting a
role of T-cell-mediated immune responses, with increased inter-
leukin-10 (IL-10) and low levels of gamma interferon (IFN-�)
being deleterious during the infection (26, 27).

Given the fact that severe infections may occur in immuno-
competent individuals, immunological aspects of the host must
play a role in the development of disease and in the severity and
chronic nature of the infection. Here we review the current under-
standing of the pathogenesis of infection and the interface be-
tween black yeasts and host defense mechanisms.

CHARACTERISTICS OF BLACK YEASTS AND THEIR
FILAMENTOUS RELATIVES

Black yeasts have been known since the end of the 19th century.
The term “black yeasts” indicates those melanized fungi that are
able to reproduce in culture by unicellular budding (yeast-like

cells) (3, 28). Not all members of the group causing infection have
this ability, and therefore the fungi are united on the basis of
phylogenetic relationships. The species causing disease belong to a
single order of ascomycetes, the Chaetothyriales, and show diver-
gent adaptations to extreme, nutritionally poor, or toxic environ-
ments (6, 29). A general taxonomic overview including a large set
of representative black yeasts of the Chaetothyriales is shown in
Fig. 1, which was constructed using partial large-subunit ribo-
somal DNA (LSU rDNA) data, with Phaeococcomyces catenatus
CBS 65076 as an outgroup.

The great majority of clinically relevant species belong to a
single family, the Herpotrichiellaceae. To date, genera are still de-
fined on the basis of morphology of their clonal reproduction
phase, which is performed by dry sympodial conidia, by slimy
phialoconidia, by budding cells, or by isodiametric enlargement
and passive disarticulation of cell clumps. Elaborate sexual fruit-
ing bodies are known only for strictly environmental species.

Chaetothyriales is the only order in the fungal kingdom that is
associated with a wide and heterogeneous spectrum of diseases.
Phaeohyphomycosis is an umbrella term covering superficial (cu-
taneous, corneal, and ungual), subcutaneous, and systemic infec-
tions, in which the fungal pathogens are present in host tissue as
brownish to olivaceous hyphal elements due to the presence of
melanin in the cell wall (30, 31). Fungal cells may also be unicel-
lular and yeast-like, which makes the term somewhat confusing.
Clinically, phaeohyphomycoses range from superficial coloniza-
tion to systemic abscess formation and dissemination (32). Two
more histopathological types are recognized, viz., chromoblasto-
mycosis and black-grain mycetoma, characterized by spherical,
cruciately septate “muriform cells” (33) and multicellular grains
(33), respectively, and being invariably cutaneous and subcutane-
ous (Fig. 2).

ECOLOGY AND ROUTE OF INFECTION

The potential pathogenicity of a species is determined partly by its
natural habitat (28). Apparently, oligotrophism is an ecological
mainstay. Most agents are found in the domestic and man-made
environment as saprobes colonizing inert surfaces, or in hydro-
carbon- or heavy-metal-polluted habitats. Despite the opportu-
nistic nature of most species, several taxa, such as the agent of
cerebritis, Cladophialophora bantiana, are not known outside the
vertebrate host. A large number of species cause superficial trau-
matic human infections, such as keratitis (2, 34, 35). Cutaneous
and subcutaneous infections also take place traumatically, but the
route of infection of systemic and disseminated cases is still a mys-
tery for many of the black yeasts and their filamentous relatives.

PATHOGENICITY AND VIRULENCE

The pathogenicity and virulence of chaetothyrialean black yeasts
may differ significantly between closely related species (36). A
striking example is the species pair Cladophialophora carrionii and
Cladophialophora yegresii, which are nearly exclusively found as
agents of human disease and on cactus thorns, respectively (37).

The Chaetothyriales can be divided roughly into the following
three ecological groups: (i) saprobes not known from vertebrate
disorders or that are asymptomatic colonizers, at most; (ii) agents
of chromoblastomycosis that can be isolated from the environ-
ment but seem to have an advantage of human infection; and (iii)
highly virulent systemic pathogens that possibly require a living
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FIG 1 Phylogenetic tree of the order Chaetothyriales based on the D1–D2 region of the large-subunit ribosomal DNA, constructed by the maximum likelihood
method implemented in MEGA, applying the Tamura 3-parameter model and midpoint rooting, with 1,000 bootstrap replications. Most clinically relevant
species are located in the family Herpotrichiellaceae, in which approximate groups with different pathologies are recognized. A group with superficial colonizers
of human skin was recently separated as the Cyphellophoraceae, while another family, the Trichomeriaceae, nearly exclusively contains environmental fungi.
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animal as bait to be isolated from the environment or are known
exclusively from infections of the human host (38).

Virulence Factors

Presence of melanin and carotene. Pigments such as melanin and
carotenoids are deposited in the cell walls of melanized fungi and
play an important role in virulence and pathogenicity (39–43) but
are not essential for growth and development (44, 45). Melanins
are composed of various types of phenolic monomers and are
often complexed with proteins and, less often, carbohydrates (46).
The complex polymers enhance the survival and competitive
abilities of fungi in hostile environments (42). Melanins in
fungi are named according to their composition and synthesis
pathway and include dihydroxyphenylalanine melanin, catechol
melanin, �-glutaminyl-4-hydroxybenzene melanin, and 1,8-di-
hydroxynaphthalene (DHN) melanin (47). The melanin pigment
is believed to contribute to the organism’s ability to elude host
immune responses through blocking of the effects of hydrolytic
enzymes on the cell wall and scavenging of free radicals liberated
by phagocytic cells during the oxidative burst (2, 48). The pres-
ence of melanin has an inhibitory effect on receptor-mediated
phagocytosis, interfering with nitric oxide production (49), and
protects black yeast agents from destruction by host cells in vitro
(50). Zoopathogenic fungi with an ascomycete affiliation produce
melanin endogenously from acetate via the pentaketide pathway,
with polymerization of endogenous DHN as the last step of syn-
thesis (39). Notably, this melanin is different in structure from
that of Cryptococcus neoformans, which is synthesized from 3,4-
dihydroxyphenylalanine via tyrosinase, with polymerization of
dopachrome as the last step of synthesis (51, 52). The redox func-
tions of these melanins have been shown to be identical (53).

Besides melanin, black yeasts and their filamentous relatives also
synthesize the carotenoids 3,4-didehydro-�-carotene (torulene)
and 3,4-didehydro-�-carotene-16-oic acid (torularhodin) (39).
The mechanism of carotenoid action is more likely to consist of
shielding sensitive molecules or organelles than of neutralization
of harmful oxidants (39).

Chitin synthases as cell wall-associated virulence factors. The
cell walls of fungi act as initial protective barriers that contact
potential hostile environments (54). By using a variety of synthetic
and hydrolytic enzymes, fungi constantly remodel their cell walls
during growth and sporulation (55). Chitin, an unbranched beta-
1,4-linked homopolymer of N-acetylglucosamine (GlcNAc), is a
structural component of the fungal cell wall. Together with beta-
1,3-linked glucan, chitin plays important roles in cellular develop-
ment, structural morphogenesis, spore formation, and the main-
tenance of cell wall integrity (43). Among fungi, filamentous
molds incorporate significantly larger amounts of chitin into their
cell walls than do fungi with yeast-like propagation (56). The class
V chitin synthase purified from the black yeast Exophiala derma-
titidis is the only chitin synthase required for sustained cell growth
at elevated temperatures and, consequently, for virulence (57).

Formation of muriform cells. Cellular plasticity is an impor-
tant virulence factor for black yeasts and their filamentous rela-
tives (45). Some of these fungi produce hyphal forms in nature but
exist almost exclusively as meristematic bodies (muriform cells) in
infected tissue, whereas others are hyphal both in nature and in
tissue. Meristematic growth is characterized by the production of
swollen, isodiametrically enlarging cell clumps with thick cell
walls, in which melanin is deposited. Meristematic cells have an
optimal surface/volume ratio (58). The presence of this form of

FIG 2 Clinical and histopathological features of fungal diseases. (A) Phaeohyphomycosis. (A1) Coronal section of the brain showing multiple abscesses caused
by Cladophialophora modesta. (A2) Section of an abscess stained with hematoxylin and eosin (H&E), showing numerous darkly pigmented hyphae and a
prominent neutrophil infiltration. Magnification, �400. (Reprinted from reference 180.) (B) Chromoblastomycosis. (B1) Cutaneous plaque-form lesion caused
by black yeasts. (B2) Cruciately septate muriform cells in tissue. (Courtesy of A. Bonifaz. Reproduced with permission.) (C) Eumycetoma. (C1) Mycetoma caused
by Exophiala jeanselmei. The image shows a deformed tumorous area of the foot, with nodules, draining sinuses with discharging, and ulcers. (C2) Section of
biopsy material stained with H&E, exhibiting pigmented granules; some were sickle-shaped and surrounded by a dense inflammatory infiltrate consisting of
numerous neutrophils. Magnification, �400. (Reprinted from reference 181 with permission.)
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reproduction is thought to be an adaptation to harsh environmen-
tal conditions (28), such as low temperature, low water availability
(59), acidity, nutrient deficiency (60), high UV exposure (61),
high salt concentrations (62), or high temperature (63). By ma-
nipulation of nutritional and environmental conditions, each of
the varied morphotypes of E. dermatitidis was produced in vitro in
a controlled fashion (64). For example, in most rich media, a po-
larized budding yeast morphotype is most common, whereas hy-
phal and erroneously called sclerotic morphotypes are produced
under starvation conditions. In humans, the invasive form in
chromoblastomycosis almost invariably exhibits meristematic
growth (muriform cells). In some fungi, meristematic growth can
be induced by acidification of the culture medium (65). In addi-
tion, in clinical practice, asymptomatic colonization with meris-
tematic forms of black yeasts is observed in protected body sites,
e.g., in the mucus of lungs in 2 to 8% of patients with cystic fibrosis
(CF), a disease characterized by an elevated salt content of tissues
(66).

In addition to identification of a number of environmental
factors (as mentioned above) that control the transition of the
yeast morphotypes of black yeasts to one of their alternate forms,
the molecular mechanisms controlling this transition have been
investigated. Wang and Szaniszlo reported that the APSES tran-
scription factor, encoded by the WdSTUA gene, is an important
regulator of yeast-hypha transitions (both a positive and a nega-
tive morphotype regulator) in E. dermatitidis (64), indicating its
important role in cellular development and differentiation. In an-
other study, Ye and Szaniszlo demonstrated that the WdCdc42p
gene plays a unique regulatory role in cellular morphogenesis in E.
dermatitidis (67). Activation of this protein in response to extra-
cellular or intracellular signals committed yeast-like cells to a phe-
notype transition and produced sclerotic bodies, whereas it re-
pressed hyphal development.

Presence of yeast-like phases. A yeast-to-hypha transition has
been shown for black yeasts and their filamentous relatives (64).
The ability to reproduce unicellular growth in black yeasts is
found exclusively in the genus Exophiala. However, yeast-like
growth is not a prerequisite for membership in the group in a
phylogenetic sense (28). Species may lack yeast-like phases de-
pending on their environmental ecological niches. For example,
certain species that occupy dynamic habitats, such as intermit-
tently drying pools of water, reproduce as yeasts as long as sub-
mersed growth is possible. When conditions change, a more hy-
drophobic, hyphal stage may be formed, with erect conidiophores
holding the conidia up and away from the substrate for other types
of dispersal. Other related species, which occupy nonaqueous eco-
logical niches, possess a thallus that is hydrophobic in all stages of
development. As a consequence, closely related members of
“black yeast species” may be highly dissimilar morphologically
(28). In the human host, the ability to bud might enable a fungus
to disseminate hematogenously; with hyphal growth alone, the
fungus usually causes a localized infection. The majority of dis-
seminated black yeast infections are caused by Exophiala species.
Infections due to dematiaceous fungi are usually restricted to the
skin and soft tissues. The fungus usually causes a localized infec-
tion in which mainly different hyphal growth morphotypes are
produced. However, hematogenous dissemination may occur in
different settings of infection. The majority of hematogenously
disseminated black yeast infections are caused by Exophiala spe-
cies, which are able to produce yeast-like cells (68–70).

Thermotolerance. Black yeast species that are able to grow at
temperatures of 37°C or higher (the bantiana, dermatitidis, and
jeanselmei clades) (71) may cause systemic or disseminated infec-
tions in mammals, while those with maximum growth tempera-
tures of around 35 to 37°C (the carrionii and europaea clades)
cause (sub)cutaneous and superficial infections in humans and
systemic infections in cold-blooded animals. Black yeast species
with maximum growth temperatures of 42 to 45°C (Exophiala
dermatitidis) may have a natural habitat in association with birds
and bats, which have a body temperature well above that of hu-
mans (72, 73). Mesophilic species with maximum growth temper-
atures of 27 to 33°C are restricted to cold-blooded animals (71)
and, rarely, occur in invertebrates (4, 74).

Adhesion and hydrophobicity. Cell wall hydrophobicity and
adhesion may be factors for pathogenesis of some black yeasts and
their filamentous relatives. Inside the host, infectious propagules
adhere to epithelial cells and differentiate into muriform cells,
which effectively resist destruction by host effector cells and allow
the establishment of chronic disease (75). This phenomenon may
be enhanced by relative cellular hydrophobicity (76) due to the
presence of hydrophilic extracellular polysaccharides.

Most Exophiala species show strong morphological plasticity
determined by environmental conditions. The fungal “giant cell”
is a central cell in dimorphism that enables rapid change between
waterborne yeast and hydrophobic filamentous growth, and vice
versa. Hydrophobic, catenate conidia (anamorph genus Clado-
phialophora) may serve for airborne dispersal (37). In the human
host, hydrophobicity may explain the neurotropic character of
some severe pathogens, such as Cladophialophora bantiana. Sev-
eral species, including Fonsecaea pedrosoi, Cladophialophora car-
rionii, Exophiala dermatitidis, and Exophiala spinifera, produce
additional phialides, with sticky balls of small conidia, suggesting
adherence to an arthropod or invertebrate vector.

Assimilation of aromatic hydrocarbons. Numerous species of
black yeasts of the Chaetothyriales can be isolated from odd envi-
ronments, such as those polluted with toxic hydrocarbons (29).
These species show a remarkable association with sites containing
monoaromatic hydrocarbons and may have a competitive advan-
tage when these compounds are present (77). Some species are
isolated preferentially with the use of enrichment with toluene
(78). A potential role in virulence of this assimilative ability has
been surmised on the basis of the structural similarity of these
compounds and neurotransmitters, explaining the fungal predi-
lection for nervous system tissue (77, 78).

Production of extracellular, acidic or alkaline secondary me-
tabolites and siderophores. Black yeasts are able to produce ex-
tracellular, acidic or alkaline metabolites and siderophores (28),
which may act as virulence factors. Low concentrations of salt
stimulate production of muriform cells in various pathogenic
agents of chromoblastomycosis (79). Slightly raised salt levels de-
termine the occurrence of Exophiala dermatitidis in the lungs of
patients with cystic fibrosis (80, 81). On the other hand, high
concentrations of iron increase siderophore production in tissues.
Notably, species able to cause disseminated mycoses are more
active producers than species which remain superficial (79). Exo-
phiala dermatitidis, when disseminated, shows marked neurotro-
pism (33). This may be caused by a slightly higher level of free iron
in the central nervous system than in serum.
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Comparative Pathogenesis in Humans and Animals

Potential pathogenicities of black yeast infections have been rec-
ognized in molluscs and crustaceans (4, 82), but particularly in
captive and farmed fish, amphibians, aquarium animals, and
other cold-blooded vertebrates (2, 4, 83–85). Birds and mammals
are rarely affected. In invertebrates, cold-blooded vertebrates with
moist or mucous membranes, or those having a water-associated
lifestyle, black yeast infections are prevalent. For these animals, the
skin is a major organ, and microbial disintegration frequently
leads to death. This also holds true for waterborne reptiles, such as
turtles (4), whereas terrestrial reptiles have a thick, dry, water-
repellent skin and are much more often subject to infection by
phylogenetically ancestral dermatophyte species (genus Chrys-
osporium, family Onygenaceae, order Onygenales) (86). Birds and
mammals have a protected, water-repellent coverage, and black
yeast infections are highly unusual (87, 88) and mostly neurolog-
ical. Similar to infections in humans, systemic phaeohyphomyco-
ses frequently occur in otherwise apparently healthy hosts. How-
ever, susceptibility to these infections was recently found to be
associated with mutations in the CARD9 gene, encoding a critical
adaptor mediating C-type lectin receptors and impairing cytokine
production of innate immune cells (89). In contrast to expecta-
tions, black yeasts are not observed as emerging opportunists in
immunocompromised or otherwise debilitated vertebrates. In an-
imals, they may take zoonotic proportions, as frequently observed
in farmed fish (71) and in crabs (74). In humans, infections by
members of the order Chaetothyriales mostly occur in healthy in-
dividuals. Although they are rare, invasive infections may take a
fatal course (90).

IMMUNE RESPONSES TO BLACK YEASTS

The host immune responses to black yeasts and their filamentous
relatives have not been studied in detail and are still poorly under-
stood. However, several studies have demonstrated that both in-
nate and adaptive immune responses are required for effective
containment of infections (27, 91). A schematic representation of
known mechanisms of host defenses against black yeasts is shown
in Fig. 3.

Host Specialization

The complexity of the immune system determines the type of
tissue response against black yeasts and their filamentous relatives
(4). Crustaceans have poorly developed innate immunity and no
adaptive immunity. An absence of advanced immune responses,
such as granuloma formation or a significant inflammatory re-
sponse, is observed in systemic infections in crabs and primitive
fishes, such as seahorses. In the case of invasive infection, hyphae
grow densely and regularly. Primitive fishes such as seahorses,
with poorly developed adaptive immunity, show similar histopa-
thology. Granulomas with lymphocytes, granulocytes, and giant
cells are observed only in higher vertebrates, which are equipped
with fully developed innate and adaptive cellular immunity (4).

Innate Immunity

The innate immune response functions as the first line of defense
against black yeasts. It comprises the barrier functions of skin and
mucosal epithelial surfaces, microbial antagonism by the normal
flora, complement activation and opsonization of invading
pathogens, and participation of a variety of cells with antigen-
presenting and phagocytic activities, such as neutrophils, mono-

nuclear leukocytes (macrophages and monocytes), and dendritic
cells (DCs). Although natural killer T cells (NK cells) have been
shown to influence host defenses against several human-patho-
genic fungi (92), practically nothing is known about their poten-
tial role in the pathogenesis of infections with black yeasts.

Macrophages. Among the cells of the immune system, macro-
phages (sometimes identified as epithelioid or giant cells) play the
most important role in controlling fungal growth (92).

Sotto et al. investigated the distribution and pathways of the
fungal antigens and the possible role of the different immuno-
competent cells in antigen processing in skin biopsy specimens
from chromoblastomycosis patients (93). Notably, the majority of
fungal antigens accumulated as homogenous or granular materi-
als in the skin macrophages, which might suggest the function of
these cells in the initiation of local innate immune defenses, as well
as that of antigen-presenting cells together with dendritic cells.
However, we emphasize that chronic and granulomatous inflam-
mation is generally characterized by the dominating presence
of macrophages in the injured tissue, independent of causative
agents.

Rozental et al. (94) showed that activated macrophages were
fungistatic to F. pedrosoi, delaying germ tube and hypha forma-
tion. However, Hayakawa et al. (75) demonstrated that the fungi-
cidal ability of macrophages is dependent on the fungal species
that causes the infection. The phagocytic index was higher for
Fonsecaea pedrosoi, C. carrionii, and Rhinocladiella aquaspersa
than for other fungi, suggesting that the phagocytic processes of
macrophages may differ between black yeast species. Comple-
ment-mediated phagocytosis was more important with Phialo-
phora verrucosa and R. aquaspersa than with F. pedrosoi and was
inhibited by mannan (75). In this study, killing by macrophages
was significant for R. aquaspersa only, while the remaining fungi
were able to survive within macrophages. This indicates that res-
ident macrophages have little or no cytotoxic effect on F. pedrosoi,
C. carrionii, and P. verrucosa but a larger effect on R. aquaspersa.
On the other hand, Bocca et al. showed that during infection with
F. pedrosoi, macrophages were unable to produce NO, even after
stimulation with lipopolysaccharide (LPS) and gamma interferon
(IFN-�) (95). Moreover, major histocompatibility complex class
II (MHC-II) and CD80 expression was downregulated. Similarly,
in vitro studies demonstrated that the expression of MHC-II and
CD80 molecules in macrophages was downmodulated in the pres-
ence of black yeasts (75). In addition, phagocytosis of black yeast
cells or conidia by Langerhans cells inhibited the expression of
CD40 and CD86 (96).

In another study, by Gimenes et al. (97), the production of
proinflammatory cytokines by macrophages was analyzed. Pe-
ripheral blood mononuclear cells (PBMC) from patients with
chromoblastomycosis secreted high levels of tumor necrosis fac-
tor alpha (TNF-�) independently of the clinical form of disease.
Interleukin-1 (IL-1) was induced only by F. pedrosoi and R.
aquaspersa, and IL-6 production by macrophages was induced
when the cells were in contact with C. carrionii, indicating that the
production of IL-6 or IL-1 by macrophages was dependent on the
fungal species. In another study, the cytokine response to F. pe-
drosoi was defective due to a lack of fungus recognition by Toll-
like receptors (TLRs), while addition of TLR ligands restored cy-
tokine production in vitro and resulted in protection against the
fungus in an in vivo experimental model (91).

Neutrophils. Polymorphonuclear neutrophils represent an-
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other component of the first line of defense. Neutrophils are one
of the predominant phagocytic cell types in lesions caused by black
yeasts and their filamentous relatives, and their successful killing
of yeast cells helps to prevent further invasive growth of infecting
fungi (98). Therefore, low killing rates for a given species can be
taken as a predictor of potential invasiveness and higher overall
pathogenicity for humans and animals. Notably, the characteristic
granulomatous reaction associated with neutrophil-rich purulent

abscesses shows an expressive frustrated phagocytosis of brown
thick-walled fungal cells, whose in situ persistence is considered
the main factor explaining this chronic and highly organized in-
flammatory reaction (99).

Dendritic cells. Dendritic cells are an important line of defense
against black yeasts and their filamentous relatives when the in-
fection starts with cutaneous or subcutaneous inoculation into
tissues. DCs play an important role in phagocytosis and serve as

FIG 3 General overview of innate and adaptive immune responses to and regulation of black yeasts. The innate immune response consists of complement
proteins and diverse cellular components, including neutrophils, macrophages, and dendritic cells. The adaptive immune response consists of antibodies, B cells,
and CD4� and CD8� T-helper lymphocytes. CD4� T-helper cells can differentiate into Th1 cells, Th2 cells, and Th17 cells. Only known activating and regulating
mechanisms are indicated. Innate immune cells recognize black yeasts through pattern recognition receptors (PRRs) and other cell surface molecules, such as
Toll-like and C-type lectin receptors. The PRRs recognize pathogen-associated molecular patterns (PAMPs), such as mannoproteins expressed on the surfaces
of black yeasts. Neutrophils and macrophages lyse black yeasts through the production of nitric oxide and reactive oxygen species. Macrophages phagocytose
black yeasts through CD40 and BL-7. Mature dendritic cells and macrophages secrete IL-12 and IL-18 to promote the generation of Th1 cells secreting IFN-�;
IL-4 to induce differentiation of Th2 cells secreting IL-4, IL-5, and IL-10; and IL-1�, IL-6, and IL-23 to promote Th17 responses releasing IL-17 and IL-22.
Adaptive immune cells are initially stimulated by MHC-II to recognize fungi and produce effective antibodies.
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major antigen-presenting cells and inducers of adaptive T-cell re-
sponses (100). DCs have been described as initiators and modu-
lators of the immune response (101). Mature DCs are able to
prime naive lymphocytes and polarize them toward a T-helper
type 1 (Th1) response, whereas immature DCs have been shown
to induce tolerance (102). Immature DCs, which reside in most
tissues and organs, actively capture and process antigens. Mature
DCs decrease antigen uptake, undergo a change in chemokine
receptor expression that regulates MHC, costimulatory, and ad-
hesion molecules, and secrete chemokines and IL-12. IL-12 plays a
key role in inducing cell-mediated immunity by triggering the
production of IFN-� by natural killer and T cells (101). On the
other hand, the ability of DCs to produce IL-12 and to prime Th1
responses can be modulated by hormones, cytokines, or microbial
products (103, 104). Sousa et al. reported that dendritic cells are
the first line of defense against inoculation of black yeasts and their
filamentous relatives into subcutaneous tissues (100). In their
study, the interaction between F. pedrosoi and DCs obtained from
patients with chromoblastomycosis was investigated. Monocyte-
derived dendritic cells from patients with severe forms of chromo-
blastomycosis induced CD4� T-cell activation (100) and in-
creased the expression of human leukocyte antigen D-related
(HLA-DR) and costimulatory molecules (such as CD86, TNF-�,
IL-10, and IL-12) in vitro. Notably, in the presence of conidia, the
expression of HLA-DR and CD86 was upregulated by DCs from
both patients and controls.

Host receptors. Although the availability of melanin in fungal
cell walls has been proposed to evade host defense mechanisms,
there is also evidence that melanin plays a major role in activating
the host immune system (46). From the point of antigenicity,
melanin is an immunologically active fungal molecule that acti-
vates both humoral and cellular responses that might help to con-
trol the infection (105). Melanin is potentially involved in the
activation of TLR4, with consequent production of the proinflam-
matory chemokine IL-8 (106). In a study by Alviano et al., the
interaction of Fonsecaea pedrosoi with phagocytes in the presence
of melanin resulted in higher levels of fungal internalization and
destruction by host cells, accompanied by greater degrees of oxi-
dative burst (105). This is in line with the cytokine responses to
classical fungal molecules such as beta-glucans (107), indicating
that such immune mechanisms may be involved in the innate
response to black yeasts. However, another study reported that the
cytokine response to F. pedrosoi was defective due to a lack of
recognition of the fungus by TLRs (91). Cytokine stimulation can
be considered for the control of severity of corresponding infec-
tion (108), as beta-glucans are also ligands involved in the activa-
tion of the fungicidal activity of neutrophils through binding to
Dectin-1 (109). In addition to melanin, mannose-bearing struc-
tures have also been described as surface components of black
yeasts that activate mannose receptors and help the host to control
infections (110). In a study by Alviano et al., mannose was de-
tected as one of the principal sugar constituents in the cells of
black yeasts, with the ability to activate platelet-activating factor
(PAF) and consequently induce the differentiation of several im-
mune cell types (110).

Adaptive Immunity

The adaptive immune response to black yeasts develops more
slowly but manifests as increased antigenic specificity and mem-

ory. It consists of antibodies, B cells, and CD4� and CD8� T-
helper lymphocytes.

Cell-mediated immunity. Both in vitro and preclinical studies
focusing on fungus-host interaction indicate that cell-mediated
immunity, and in particular activation of helper T cells by macro-
phages involved in fungal phagocytosis, plays a crucial role in
prevention of disease caused by black yeasts (111, 112).

It has been demonstrated that cell-mediated immunity in pa-
tients with a chronic form of black yeast infection is impaired and
that patients are unable to develop an efficient immune reaction to
fungal antigens, which corresponds to the chronicity and persis-
tence of the fungus in tissue (113). In experimental infection mod-
els using athymic mice infected with black yeasts, it was shown
that during the course of infection, granulomas became diffuse
and confluent, with a random fungal distribution, suggesting a
role for a T-cell-mediated immune response (114).

In exploring the immunophenotypes of the cellular elements
related to cell-mediated immunity, it was demonstrated that
CD4� T-helper cells and B lymphocytes have a major role in de-
fense against black yeasts (115). Two recent studies showed that
CD4� lymphocytes are potential key cells for the control of chro-
moblastomycosis (97, 116). Notably, immunization of mice with
living black yeast conidia reduced a large influx of CD4� cells into
draining lymph nodes (116). In addition, the use of mice lacking
CD4� or CD8� cells in an experimental chromoblastomycosis
model revealed that fungal burdens in the livers and spleens of
intraperitoneally infected mice were higher in the absence of
CD4� cells but not influenced by CD8� lymphocytes. Moreover,
mice lacking CD4� cells, but not CD8� cells, presented decreased
delayed-type hypersensitivity. These animals also produced
smaller amounts of IFN-� than those in wild-type mice, whereas
the levels of this cytokine in mice lacking CD8� cells were not
altered (116). On the other hand, Sotto et al. demonstrated that
skin macrophages accumulate antigens from black yeasts in their
cytoplasm, as homogenous or granular material (93).

The severity of diseases caused by chaetothyrialean black yeasts
is dependent on Th1/Th2 activation. Patients with chronic forms
of infection exhibit increased IL-10 and low levels of IFN-� (26).
The T-helper 2 profile has been linked to extensive, severe verru-
cous forms (97, 115). However, patients with erythematous atro-
phic plaques presented with a T-helper 1 profile (97, 117), as
shown in Fig. 4. Notably, one should consider that a relative
imbalance between Th1 and Th2 subsets and this type of cyto-
kine profile might appear in the course of several infectious
diseases, such as chronic mucocutaneous candidiasis (118, 119),
chronic hyperkeratotic dermatophytosis (120), chronic leishman-
iasis (121, 122), and lepromatous leprosy (123).

In a study by Gimenes et al. (97), the lymphoproliferative re-
sponse and cytokine production induced by black yeast antigens
were investigated in relation to disease severity (97). Lymphocytes
obtained from patients with the severe form of disease and stim-
ulated with chromo-antigen exhibited defective lymphoprolifera-
tion and secreted predominantly IL-10 and TNF-�, while IFN-�
or IL-4 was not detected. In contrast, in patients with a mild form
of disease, predominant production of IFN-�, low levels of IL-10,
and efficient T-cell proliferation were observed. This is in accor-
dance with studies in which the proliferation of PBMC was docu-
mented following curative treatment (93, 94, 124), suggesting that
healing of infection requires a robust T-cell-mediated immune
response and IFN-� production.
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A further argument for a role of CD4� T-helper cells in sus-
ceptibility to black yeasts is an increased susceptibility to phaeohy-
phomycosis in patients with HIV infection (125). As indicated
earlier, CD4� T-helper cells play an important role in controlling
infections caused by black yeasts and their filamentous relatives
(115). On the other hand, the principal cellular target of HIV
infection is CD4� T-helper lymphocytes (126, 127). HIV infects
and kills CD4� T lymphocytes, which function as regulators and
amplifiers of the immune response, thus impairing helper cell
responses, in this case, against infections caused by black yeasts
and their filamentous relatives.

Very little is known about the role of Th17 lymphocytes in the
host defense against infections with black yeasts. Th17 responses,
including the release of the activation cytokines IL-17 and IL-22,
are a crucial component of mucosal and skin antifungal host de-
fenses (128). It has been shown that host genetic variation may
play an important role in host susceptibility against fungal infec-
tions (92, 129). Recently, Wang et al. reported that T-cell deficien-
cies may be linked to infections caused by black yeasts and their
filamentous relatives (89). In a preliminary study of 4 patients,
they showed that CARD9 mutation was linked to subcutaneous
phaeohyphomycosis and Th17-cell deficiencies. In all patients,
CARD9 mutation was linked to decreased proportions of cyto-
kines of Th17 cells and to impaired immune responses against
Phialophora verrucosa. CARD9 is a critical adaptor that can medi-
ate Dectin-1-, Dectin-2-, and Mincle-induced NF-�B activation
by forming the CARD9-BCL10-MALT1 complex in response to
fungal infection (44). CARD9 deficiencies may impair pivotal cy-
tokine production in innate immune cells, as well as the differen-
tiation of Th17 cells (42). It was reported that CARD9-deficient
mice are highly susceptible to Candida albicans infections, and a
homozygous loss-of-function nonsense mutation in CARD9
(Q295X) has been found to cause chronic mucocutaneous candi-
diasis in a large consanguineous family, with reduced Th17 cells
and impaired immune responses to the Dectin-1 agonist (129).
Apparently, further studies are warranted to evaluate the roles of
host genetic susceptibility and immunologic defects in the patho-
physiology of black yeast infections.

Humoral immunity. Like the case for many fungal pathogens,
the humoral immune response does not seem to be protective
against infections caused by black yeasts and their filamentous
relatives. The presence of immunoglobulin M (IgM), IgA, and IgG
antibodies has been identified in some studies by use of enzyme-
linked and immunoblotting techniques (130, 131). In contrast, in
vitro studies indicated that interactions between fungi and anti-
melanin antibodies inhibited fungal growth (130). Likewise, indi-
viduals from areas of endemicity with previous exposure to a fun-
gus develop a specific humoral response, although this has not
been correlated clearly with the course of the disease (132). Fur-
thermore, antibodies with direct antimicrobial action have been
detected in sera of infected individuals (105, 133).

The period required for serology to become negative is vari-
able, and some patients may have persistent positive results for
more than 1 year after the end of antifungal treatment. In a longi-
tudinal study by Esterre et al., high levels of antibodies were iden-
tified in the sera of patients with chromoblastomycosis in Mada-
gascar (131). In another study, levels of IgG also correlated with
the chronicity of disease, similar to antineutrophil antibody levels
(134). In addition, the status of the host response against black
yeasts may be dependent on many predisposing factors, such as
gamma globulin levels (135). Notably, hypogammaglobulinemia
occurs in one- to two-thirds of patients with lymphocytic immu-
nosuppression (136), which is associated with low levels of anti-
gen-specific antifungal IgG and IgA antibodies and corresponds
with chronicity of fungal infections (137). Therefore, such factors
may also be considered important prerequisites for susceptibility
to infections caused by black yeasts (135). Therefore, one addi-
tional aspect that should be considered is the fact that patients
with defects in humoral immunity, such as agammaglobulinemia
or hypogammaglobulinemia, might have relatively normal resis-
tance to black yeasts and their filamentous relatives. However,
exogenous induction of humoral immunity, e.g., through vacci-
nation and induction of protective antibodies, may induce addi-
tional protection in specific groups of patients (138).

RECOMMENDED DIAGNOSTICS AND TREATMENT
APPROACHES

For diagnosis, direct microscopy, culture, histopathological ex-
amination of clinical samples, or, mostly, molecular analysis is
required (14, 31, 139–141). A small number of black yeasts, e.g.,
Exophiala spinifera, possess sufficient features for phenotypic
characterization. For most species of the Chaetothyriales, sequenc-
ing of the rDNA internal transcribed spacer (ITS) is necessary for
reliable identification to the species level (142). In addition, mito-
chondrial DNA (mtDNA) can be used for rough estimations of
the geographical origins and molecular epidemiology of strains
(143–145). In view of epidemiological surveys, Corbellini et al.
showed that a delayed-type skin test using antigens produced in
synthetic media may be useful for the assessment of primary ex-
posure to chromoblastomycosis (146). Delayed-type hypersensi-
tivity reactions can be used to indicate T-cell-mediated inflamma-
tory responses to either exogenous antigens or autoantigens (147)
and are important determinants of previous exposure to fungal
elements. This parameter is often used to evaluate the host cellular
immune response to a wide range of pathogens, including chae-
tothyrialean black yeasts (146). However, in recent years, there has
been a decline in the use of this test method, mainly because of the

FIG 4 Cytokine profiles in severe versus chronic (mild) forms of infection
caused by chaetothyrialean black yeasts, in which the Th1/Th2 imbalance plays
a major role in host immune responses and inflammations. It has been shown
that the severity of diseases caused is linked to a Th2 profile associated with
defective T-cell proliferation, increased IL-10, and low levels of IFN-� produc-
tion, while the mild form of infections is linked to a Th1 profile associated with
efficient T-cell proliferation, low levels of IL-10, and predominant production
of IFN-�.
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unpredictability of reactions and the lack of specificity of the an-
tigens used.

For treatment of systemic phaeohyphomycosis, there are no
standardized therapies (148, 149); however, itraconazole (ITC),
voriconazole (VRC), and posaconazole (POS) demonstrate the
most consistent in vitro activities against the relevant group of
fungi (150). Importantly, due to the large variability in the spec-
trum of dematiaceous fungi, it is important to obtain in vitro sus-
ceptibilities of individual patients’ fungal isolates. Culture and in
vitro antifungal susceptibility testing provide useful information
for selecting appropriate treatment protocols.

VRC has been shown to have good in vitro activity against
dematiaceous fungi (151), and due to its ability to achieve an
adequate therapeutic level in cerebrospinal fluid, it may be supe-
rior for use in cases of cerebral phaeohyphomycosis (152, 153).

POS has also been used successfully in cases of cerebral and
disseminated phaeohyphomycosis (154, 155). Preclinical studies
demonstrated that POS was active against both disseminated
phaeohyphomycosis (156–159) and chromoblastomycosis caused
by dematiaceous fungi (160, 161). Amphotericin B (AmB) alone
or in combination with flucytosine (5FC), VRC, or ITC was not
completely satisfactory (14, 149). However, the triple combina-
tion of AmB, 5FC, and ITC was associated with improved survival
in a few cases of systemic phaeohyphomycosis (90). Currently,
there are few data to support the use of echinocandins (caspofun-
gin [CAS], micafungin [MFG], and anidulafungin [AFG]) for the
treatment of infections caused by the black yeasts and their fila-
mentous relatives (162–164). Notably, combination antifungal
therapy is recommended for cerebral abscesses when surgery is
not possible and for disseminated infections in immunocompro-
mised patients (149).

The management of chromoblastomycosis is complicated and
requires long-term antifungal therapy, surgery, thermotherapy,
chemotherapy, or combinations of these (26, 148, 165). Given
extensive clinical experience, ITC and terbinafine (TRB), alone or
in combination, are the currently recommended treatments for
chromoblastomycosis (166). However, infections by F. pedrosoi
strains resistant to ITC have been reported (167). TRB, however, is
still considered one of the best options for the treatment of chro-
moblastomycosis, due to its high degree of effectiveness and tol-
erability (168). In a study by Calvo et al., using an athymic murine
model of chromoblastomycosis caused by Fonsecaea pedrosoi,
TRB, especially at the highest dose, was able to reduce the inflam-
matory response to the infection to levels similar to those with
POS and ITC (161). The clinical experience with POS and VRC is
limited for chromoblastomycosis, but the good in vitro and in vivo
efficacies of POS against dematiaceous fungi (14, 150, 169), to-
gether with the tolerance of the drug in long-term therapies, sug-
gest this drug as a promising, well-tolerated alternative for the
treatment of chromoblastomycosis (168, 170–172). In compari-
son, the efficacy of VRC against chromoblastomycosis has been
poorly studied (173), and further studies are warranted to evaluate
the potential use of VRC for treatment of such infections.

Importantly, most infections are chronic and, in humans, have
been observed to reside in tissues for decades (174). The chronic
nature of infections seems to be due to inadequate innate recog-
nition and subsequent failure to mount protective inflammatory
responses (91). In an experimental chromoblastomycosis model,
the restoration of pattern recognition receptors was demonstrated
to be a costimulatory factor in treating the chronic form of infec-

tions (91). While C-type lectin receptors (CLRs) were able to rec-
ognize fungi, there was a lack of sufficient costimulation of the
TLRs, which resulted in defective inflammatory responses. How-
ever, the cytokine responses were costimulated by exogenous ad-
ministration of TLR agonists (91). Collectively, the above-de-
scribed data suggest that CD4� T-helper cells secreting IFN-� may
be a useful option for inducing protective immunity against black
yeast infections (97, 116), and these can be provided by adjunct
cytokine immunotherapy (175, 176). Specific proinflammatory
cytokines, such as IFN-�, granulocyte-macrophage colony-stim-
ulating factor (GM-CSF), and G-CSF, are critical components of
host defense which promote the upregulation of chemotaxis,
phagocytosis, respiratory burst, and/or degranulation of neutro-
phils, monocytes, and macrophages (177). These recombinant cy-
tokines have been used in both experimental models of fungal
infections and small clinical trials with patients with fungal infec-
tions, and investigations of their potential roles in treatment of
infections with black yeasts are warranted.

CONCLUDING REMARKS AND FUTURE DIRECTIONS

In conclusion, factors which probably are significant for the
pathogenicity of black yeasts and their filamentous relatives in-
clude the presence of melanin and carotene, formation of thick
cell walls and meristematic growth, presence of yeast-like phases,
thermo- and perhaps also osmotolerance, adhesion, hydropho-
bicity, assimilation of aromatic hydrocarbons, and production of
siderophores. All black yeasts and their filamentous relatives in the
Chaetothyriales are obligatorily melanized, and thus the presence
of melanin alone does not explain the apparently species-specific
intrinsic virulence. Thermotolerance is not a decisive factor either,
since many hosts of the Chaetothyriales are cold-blooded. Ther-
motolerance determines the choice of host: species with maxi-
mum growth temperatures of 27 to 33°C may cause diseases in
cold-blooded animals, whereas those growing at temperatures
above 37°C may cause systemic infections in mammals.

Host defense against black yeasts and their filamentous rela-
tives has been shown to rely mainly on the ingestion and elimina-
tion of fungal cells by cells of the innate immune system, especially
neutrophils and macrophages. Notably, a failure in innate recog-
nition can result in chronic features that highlight the lack of pat-
tern recognition receptor signaling. Cell-mediated immunity is
more critical than a humoral immune response for host defense
against diseases caused by black yeasts and their filamentous rela-
tives. In addition, the discovery of genetic susceptibility to and
immunologic defects against infection caused by these fungi can
lead to a better understanding of the pathogenesis of the disease, as
well as to the design of novel immunotherapeutic strategies.

The severe form of disease is characterized by elevated produc-
tion of IL-4 and IL-10. These mediators, associated with low
IFN-� and lymphocyte proliferation levels, may result in a de-
pressed cellular immune response and in severe manifestations of
the disease. In contrast, patients with the mild form represent the
opposite pole, in which high-level IFN-� production parallels
lymphocyte proliferation, in addition to very low levels of IL-10.
This Th1 profile could lead to the development of an efficient
immune response that is able to prevent the development of the
disease. In this context, the moderate form of disease would pres-
ent an intermediate immune response between Th2 and Th1 ac-
tivation.

There is also enough evidence to support a role for CD4� T-
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cell-mediated immune responses (26, 27). Both CD4� T-helper
subsets could be activated during infection. Among factors which
are important in determining T-helper-cell selection are the cyto-
kine subsets with which T-helper differentiation takes place. The
recovery of immune function, especially that of phagocytic cells, is
also critically important in disseminated cases.

These findings are important for the understanding of the
pathophysiology of the diseases and for designing novel strategies
for the treatment and control of the severe form of infection. No-
tably, increasing amounts of evidence from animal models of fun-
gal infections suggest that recombinant human IFN-�, GM-CSF,
or G-CSF immunotherapies have utility in the treatment of inva-
sive fungal infections, particularly in patients with impaired T-cell
immunity (178, 179). Given the fact that a failure to restore host
immunity leads to worse outcomes of black yeast infections (91),
further studies are required to evaluate the restoration of endog-
enous immunological responses through adjuvant immunother-
apy for humans and animals in various immunosuppressive
states.
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