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Chapter 1

Black Yeasts: their systematics and phylogeny

Historically, major handbooks in ascomycete classification treated morphologically similar parts of 
the Fungal Kingdom, of which we now know that they belong together. A well-known example is the 
yeasts, which long time excluded Hemiascomycetes with hyphae, such as Geotrichum and Hyphopichia.  
Another example is the separation of lichenised and non-lichenised taxa (Acharius 1810, Lindau 
1897, Zahlbruckner 1926). It was only in the 20th century that the latter classifications were 
merged (Luttrell 1951, 1955, Nannfeldt 1932). Today, it has been established that both lichenised 
and non-lichenised taxa belong to the subclass Chaetothyriomycetidae of Eurotiomycetes, specifically 
to three orders, viz., the Chaetothyriales, the Pyrenulales, and the Verrucariales. The subclass is 
characterised by a large ecological diversity (Geiser et al. 2006). The lichenised taxa are members of 
the Pyrenulales which are mainly found on trees, particularly in the tropics, and of the Verrucariales 
which predominantly colonize rocks. Previously (Luttrell 1951, 1955) the non-lichenised 
Chaetothyriales (family Herpotrichiellaceae) were attributed to the order Pleosporales based on their 
centrum development of teleomorph carpophores. Members of Pyrenulales and Verrucariales are 
generally found as teleomorphs, whereas members of Chaetothyriales are mostly known from their 
anamorphs, with the exception of species of Capronia. In the Chaetothyriomycetidae, teleomorphs 
are characterised by perithecial fruiting bodies and bitunicate asci with a dehiscence ranging from 
fissitunicate to evanescent. Lichenised taxa were first thought to belong to the order Xylariales, also 
based on their ascus type and centrum which was identified as ‘Xylaria-type’ (Luttrell 1951, 1955). 
Traditionally the most important morphological characteristicts used to define major groups in 
the Ascomycota were the type of ascus, septation of ascospores, the morphology and development 
of the ascoma, as well as the structure and organisation of the centrum. In Eriksson’s system 
(Eriksson 1982), in which the Euascomycetes are divided into four groups according to ascus type, 
the bitunicate ascus is enclosed in a double wall, which consists of a thin, brittle outer shell and a 
thick elastic inner wall. When the spores are ripe, the shell splits open so that the inner wall can 
take up water. As a consequence, this inner part of the ascus begins to extend with its spores until 
it protrudes above the rest of the ascocarp so that the spores can escape into free air without being 
obstructed by the bulk of the fruiting body. Bitunicate asci occur only in the Dothideomycetes and 
Chaetothyriomycetes.The orders Pyrenulales and Verrucariales were placed in the bitunicate group, 
whereas two non-lichenised families, Chaetothyriaceae and Herpotrichiellaceae, were included in the 
bitunicate order Dothideales (Eriksson 1982). Barr (1983) was one of the first to consider the three 
orders Verrucariales, Chaetothyriales and Pyrenulales (at that time included in the Melanommatales) 
as being closely related, based on ascus type (bitunicate or secondarily prototunicate) and 
hamathecium structure (insertion of sterile filaments in the centrum, either pseudoparaphyses or 
periphysoids). Molecular studies have now confirmed their close phylogenetic relationship. 

Dothideomycetes contains the majority of the fungal species with ascostromatic development 
and bitunicate asci and share a number of morphological characteristics with other fungal 
classes. It was recently formally described (Eriksson & Winka 1997) replacing in part the long-
recognised Loculoascomycetes (Luttrell 1955). These early phylogenetic studies demonstrated that 
Loculoascomycetes, as it was defined, are not monophyletic, although contrasting views exist (Liu 
& Hall 2004). Nevertheless the majority of analyses have shown that some Loculoascomycete taxa, 
such as the “black yeasts” in the Chaetothyriales as well as the lichenised Verrucariales, reside within 
the Eurotiomycetes as subclass Chaetothyriomycetidae (Spatafora et al. 1995, Geiser et al. 2006, 
Gueidan et al. 2008) (Fig. 1). The majority of the remaining Loculoascomycete species are now 
placed in Dothideomycetes. Although finer morphological distinctions between the distantly related 
members of Loculoascomycetes can be made, their synapomorphies remain elusive (Lumbsch 
& Huhndorf 2007). These findings all point to the fact that a number of Loculoascomycete 
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morphological characters are either retained ancestral traits or that they exhibit convergence due 
to similar selection pressures.

The name Chaetothyriomycetidae was first proposed to accommodate the order Chaetothyriales 
within a subclass (Kirk et al. 2001). Subsequently, the order Verrucariales was shown to be sister 
to Chaetothyriales (Lutzoni et al. 2001) and was therefore included in the Chaetothyriomycetidae 
(Eriksson 2001), followed by the Pyrenulales (Eriksson 2006). At present, the order Chaetothyriales 
includes non-lichenised ascomycetes divided in two families, the Chaetothyriaceae and the 
Herpotrichiellaceae (Geiser et al. 2006). The Chaetothyriaceae are known as epiphytes, colonizing the 
leaves and the bark of trees in the tropics (Batista & Ciferri 1962). For many of the species it is still 
unclear whether they are saprophytic or biotrophic (Barr 1987). Species of the Herpotrichiellaceae 
are known either from their sexually reproducing stage (teleomorph), their clonally reproducing 
stage (anamorph), or both. Teleomorphs include small inconspicuous saprophytes, mainly growing 
on decaying wood and mushrooms (Barr 1987, Untereiner & Naveau 1999). Anamorphs are 
found as opportunistic pathogens on animals and humans, or are sometimes isolated from the 
environment using enrichment methods (Prenafeta-Boldú et al. 2006). 

The opportunistic black yeasts and filamentous relatives are frequently involved in skin, 
pulmonary and nervous system infections in healthy humans and only occasionally in 
immunocompromised patients (de Hoog et al. 2000, Horré & de Hoog 1999, Kantarcioglu 
& de Hoog 2004). Most of these species are known from their anamorphs only, and it is only 
recently, with the development of molecular techniques, that connections between anamorphs and 
teleomorphs were assessed (Untereiner 1997, 2000, Untereiner & Naveau 1999). Because little is 
known on the ecology of these organisms, the study of anamorph/teleomorph relationships and 
the isolation of strains from their putative primary habitats are a key issue to the understanding of 
the evolution of this group (de Hoog et al. 2000).

Human-associated black yeasts are known since the end of the 19th century as a taxonomically 
quite heterogeneous group, sharing melanized cell walls and the formation of daughter cells by polar 
budding. Most black yeasts additionally exhibit hyphae and generate conidia from phialides with 
collarettes, from annelated cells, from sympodial rhachides, or from undifferentiated conidiogenous 
cells (de Hoog & Hermanides-Nijhof 1977). Conidia may be non septate or sometimes have up 
to three transversal septa. Furthermore, the formation of arthroconidia from fragmenting hyphae 
can occur in some genera. Only very few species, e.g. Phaeococcomyces exophialae, do not possess 
any hyphal states. Black yeast-like fungal pathogens are gaining importance because they are 
increasingly diagnosed in often life-threatening infections (Revankar 2007). Now that suitable 
isolation and identification techniques have been developed for these fungi (Wollenzien et al. 
1995, Ruibal et al. 2005), they appear to be very common in arid climates, from Polar regions 
to the sub-tropics. Outside mammals black yeasts and relatives grow in extreme environments 
characterised by extreme environmental conditions include UV radiation, high temperatures, 
repeated freezing and thawing cycles, low water activity (Sterflinger 1998a, Zalar et al. 1999), 
acidity, nutrient deficiency (Sterflinger et al. 1999), matrix and osmotic stress and combinations of 
these factors (Sterflinger et al. 1999, de Hoog et al. 2005). The combined influence of these stress 
factors exerts a high selective pressure on the microbial community and as a consequence black 
yeasts are rarely found in complex microbial populations. Rather, they are solitary or thrive in 
spatial association with comparably stress-resistant organisms, such as lichens and cyanobacteria in 
very special habitats. Originally, melanized fungi with meristematic and/or yeast-like growth were 
described as inhabitants of living and dead plant material, including needles, leaves, bark, fruits 
and wood (de Hoog et al. 2000). The taxonomy and identification of black yeast and relatives is 
difficult due to a lack of phenetic characters and a high degree of morphological plasticity. Most of 
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Fig. 1. Three-locus phylogeny of the Pezizomycotina obtained from a Bayesian MCMC analysis depicting ancestral state 
reconstruction of lichenisation. Thick branches represent nodes supported by PP ≥ 95 % and ML bootstrap ≥ 70 %.
Gueidan C, Ruibal C, de Hoog GS, et al (2008). Stud Mycol 61:111-9.
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the human infections are restricted to the family of Herpotrichiellaceae (Haase et al. 1999, Badali et 
al. 2008). By means of molecular characteristics, a great number of previously unidentified taxa are 
described, rapidly increasing the number of species recognized in the Chaetothyriales. Black yeasts 
and relatives are frequently encountered in abiotic human-made environments (de Hoog et al. 
2000). For example, strains of Exophiala are frequently found in humidifiers as well as in bathing 
and steam-bath facilities (Matos et al. 2002). Species of Cladophialophora are causative agents of 
chromoblastomycosis (Badali et al. 2009), cerebral phaeohyphomycosis (Horré & de Hoog 1999; 
Kantarcioglu & de Hoog 2004, Badali et al. 2010f ) and phaeohyphomycotic cysts and keratitis 
(de Hoog et al. 2000). They occasionally occur associated with sinusitis and have been isolated 
from subcutaneous infections (Fader et al. 1988, de Hoog et al. 2000). Fish can be infected with 
Exophiala pisciphila and E. salmonis, the latter causing the phenomenon of tumbling in salmon 
and trout owing to cerebral infections (de Hoog et al. 2000). 

The natural habitats described seem to be quite different at first sight, but in fact dead plant 
material, wood, biofilters, soil polluted with toxic hydrocarbons, rock and inert surfaces, and 
living mammalian tissue share some main ecological similarities, such as high temperature, osmotic 
stress, and oxygenic action (de Hoog et al. 2000, Badali et al. 2008). Stress tolerance is particularly 
enhanced by melanin (Butler et al. 1998, Jacobson 2000) and morphological adaptations (Horré 
& de Hoog 1999), capsules (Yurlova & de Hoog 2002), temperature tolerance (Sterflinger 1998b, 
Onofri et al. 2004), desiccation tolerance (Sterflinger 1998b), and physiology, i.e. they are potent 
degraders of monoaromatic compounds, due to which property they tend to accumulate in 
industrial biofilters (Cox et al. 1997, Prenafeta-Boldú et al. 2001, 2006, de Hoog et al. 2006). 
For recovery of black yeast like fungi selective isolation methods are required, e.g., the use of high 
temperature (Sudhadham et al. 2008), a mouse vector (Gezuele et al. 1972), extraction via mineral 
oil (Vicente et al. 2008) or enrichment on volatile aromatic hydrocarbons (Zhao et al. 2010). The 
success of the latter method, enabling isolation of black yeasts where direct plating previously had 
failed, has supported the hypothesis that herpotrichiellaceous black yeasts are potent degraders of 
aromatic hydrocarbons. Previously, the alkylbenzene enrichment technique has been applied in 
the biofiltration of air polluted with volatile aromatic compounds (Kennes & Veiga 2004, Cox et 
al. 1993, Weber et al. 1995).

Cladophialophora 

Although the genus Cladophialophora is polyphyletic, the majority of Cladophialophora species – 
characterised by one-celled, hydrophobic conidia arranged in long, branched, usually coherent 
chains and with nearly unpigmented conidial scars – are prevalently known from human infections. 
The genus was initially erected to accommodate a pathogenic species exhibiting Phialophora-
like conidiogenous cells in addition to conidial chains (Borelli 1980), but thus far this feature 
is expressed in only a few strains of C. carrionii and thus has limited diagnostic value. Judging 
from multigene (nucLSU, nucSSU, RPB1) phylogenetic analyses, Cladophialophora is predicted to 
have teleomorphs in the ascomycete genus Capronia, but very few connections have thus far been 
established (Badali et al. 2008). Based on molecular data, anamorphs that are morphologically 
similar to Cladophialophora have been found in other groups of ascomycetes, particularly in the 
Dothideales / Capnodiales (e.g., Pseudocladosporium, Fusicladium; Crous et al. 2007). Braun & Feiler 
(1995) reclassified the dothidealean species Venturia hanliniana (formerly Capronia hanliniana) as 
the teleomorph of Fusicladium brevicatenatum (formerly Cladophialophora brevicatenata). Further 
distinction between Chaetothyriales and Dothideales / Capnodiales lies in their ecology, with 
recurrent human opportunists being restricted to the Chaetothyriales. Some species attributed to 
Cladophialophora may be found in association with living plants (Crous et al. 2007), but most of 
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these are located at the base of the Chaetothyriales phylogeny, remote from the human opportunists 
(Badali et al. 2008). De Hoog et al. (2007) reported a cactus endophyte, Cladophialophora yegresii, 
as a sister species of C. carrionii, which is a major agent of human chromoblastomycosis. The latter 
fungus was believed to grow on debris of tannin-rich cactus spines, which were also supposed to 
be the vehicle of introduction into the human body. Crous et al. (2007) described several host-
specific plant pathogens associated with the Chaetothyriales. Cladophialophora hostae caused spots 
on living leaves of Hosta plantaginea; C. proteae was a pathogen of leaves of Protea cynaroides 
(Proteaceae). In contrast, Cladophialophora species are frequently encountered in human disease, 
infections ranging from mild cutaneous lesions to cerebral abscesses (Li et al. 2009, de Hoog et al. 
2007, Badali et al. 2008). Among the most virulent species are the neurotropes Cladophialophora 
bantiana and C. modesta, which are able to cause fatal infections in otherwise healthy individuals 
(Horré & de Hoog 1999, Kantarcioglu & de Hoog 2004). Cladophialophora carrionii and C. 
samoënsis are etiologic agents of the mutilating skin disorder chromoblastomycosis. Also this type 
of chronic infection occurs primarily in immunocompetent individuals (Yeguëz-Rodriguez et al. 
1992, de Hoog et al. 2007). Cladophialophora devriesii and C. arxii rarely caused disseminated 
disease (de Hoog et al. 2000), whereas C. boppii, C. emmonsii and C. saturnica were involved in 
mild cutaneous infections (de Hoog et al. 2007, Badali et al. 2009).

Within the Chaetothyriales, the natural niche outside humans is unknown for most species. 
Badali et al. (2009) described C. saturnica from plant debris in the environment, but the species 
was also found causing an interdigital infection in a Brazilian child with HIV infection. The 
species C. australiensis and C. potulentorum were found in soft drinks (Crous et al. 2007). If 
environmental species are able to provoke opportunistic infections, the question arises whether 
members of Chaetothyriales isolated from food products might imply a health risk. Cladophialophora 
psammophila was recently described as novel species from soil in a former gasoline station polluted 
with BTEX hydrocarbons (Badali et al. 2010e). This is of interest for the complete biodegradation 
of toluene and other related xenobiotics under growth limiting conditions, particularly in air 
biofilters, and dry and/or acidic soil. Phylogenetic reconstruction has shown that this fungus is 
closely related to the highly pathogenic species C. bantiana (Badali et al. 2010f ). Below, we provide 
a brief overview of main clinical aspects due to Cladophialophora species and relatives.

Chromoblastomycosis

Chromoblastomycosis is a chronic, progressive cutaneous and subcutaneous disorder histologically 
characterised by nodular and verrucous skin lesions. Tissue proliferation usually occurs around 
the area of traumatic inoculation of the etiologic agent, producing crusted, verrucose, and wart-
like lesions eventually leading to emerging, cauliflower-like forms (Queiroz-Telles et al. 2009). 
Infections occur primarily in immunocompetent individuals. The most common etiological 
agents are Fonsecaea pedrosoi, F. monophora, Cladophialophora carrionii, and Phialophora verrucosa 
(Queiroz-Telles et al. 2009). However, Exophiala jeanselmei, E. spinifera, E. dermatitidis (Badali et 
al. 2010a, Padhye et al. 1996), Fonsecaea nubica (Najafzadeh et al. 2010), and Cladophialophora 
samoënsis (Badali et al. 2008) have also been reported. Chromoblastomycosis is currently classified 
into six clinical types (Queiroz-Telles et al. 2009): nodular, plaque, tumoral, cicatricial, verrucous 
and lymphatic, based on the descriptions of Carrión (1950). Chromoblastomycosis lesions are 
polymorphic and must be differentiated from those many other, non-fungal clinical conditions. 
The disease is histologically characterised by muriform cells (invasive form) in skin tissue (Mendoza 
et al. 1993), and easily recognized by direct examination (KOH 20-40 %). Chromoblastomycosis 
still is a therapeutic challenge for clinicians due to the recalcitrant nature of the disease, especially 
in the severe clinical forms. There are three treatment modalities, i.e., physical treatment, 
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chemotherapy and combination therapy, but their success is related to the causative agent, the 
clinical form and severity of the lesions. There is no treatment of choice for this infection. Most 
patients are treated with itraconazole, terbinafine, or a combination of both. 

Cerebral phaeohyphomycosis 

Primary central nervous system (CNS) infection is characterised by black necrotic tissue due to 
several dematiaceous fungi, mostly by black yeasts and relatives. They are rare, but when caused 
by Cladophialophora bantiana, Exophiala dermatitidis, Fonsecaea monophora or Rhinocladiella 
mackenziei they have a very high mortality rate of up to 70 %, even despite the application of 
combined surgical and antifungal therapy (Li & de Hoog. 2009, Badali et al. 2010b, Badali et 
al. 2010d). The majority of reported CNS infections caused by melanized fungi have been found 
to be brain abscesses with no predisposing host factor or immunodeficiency. Symptoms include 
headache, seizures, cerebral irritation, fever and neurological deficits. The disease finally may 
result in black, necrotic brain tissue, black pus, and black cerebrospinal fluid. The pathogenesis 
may be haematogenous spread from an initial presumably subclinical pulmonary focus and 
occasionally through direct extension or accidental inoculation. It remains unclear why these fungi 
preferentially cause CNS disease in immunocompetent individuals, although some case reports 
and experimental data have suggested that immunodeficiency is a risk factor (Li & de Hoog. 
2009, Horré & de Hoog 1999). Cladophialophora bantiana and Rhinocladiella mackenziei are 
extremely neurotropic black yeasts and affect the central nervous system and integuments despite 
surgical and antifungal therapy. Thus far they have not been isolated from sources other than 
living mammalian tissue (de Hoog et al. 2000) except for a single C. bantiana strain recovered 
via a mouse vector from sawdust (Dixon et al. 1980). Exophiala dermatitidis causes disseminated 
neurotropic infections; Cladophialophora bantiana and E. dermatitidis are distributed world-wide, 
but infections are most common in subtropical and humid climates of India and the Far East, 
respectively, while R. mackenziei is restricted to the arid climate of the Middle East and the Persian 
Golf region. Cerebral infections have thus far been diagnosed after CT-guided needle aspiration 
and were proven by positive histopathology and culture results. There is no standard therapy 
for this disease. Treatment as suggested in the literature has involved mostly (high-dose lipid) 
amphotericin B, itraconazole, and flucytosine or a combination of these drugs.

Cutaneous and subcutaneous phaeohyphomycosis

In 1974 Ajello introduced the term ‘phaeohyphomycosis’, an umbrella term covering a heterogeneous 
group of cutaneous, subcutaneous and systemic fungal infections. Phaeohyphomycotic infections 
are caused by melanized fungi and relatives. The only common factor in phaeohyphomycosis is 
the presence of brownish fungal elements in tissue which can clearly identified with the Fontana-
Masson staining, excluding Aspergillus, dermatophytes and yeasts. In subcutaneous cases, minor 
trauma, even when unrecognized by the patient, is supposed to be the inciting factor (Ajello 1974). 
Lesions eventually occur at the site of infection and often appear cystic or verrucous. Recently 
Harris et al. (2009) reviewed 17 cases of cutaneous and subcutaneous phaeohyphomycosis due to 
E. spinifera in different geographical locations and exhibiting a variety of clinical manifestations. 
Phaeohyphomycosis is an opportunistic infection that may have an adverse outcome with 
fatal disseminated disease in immunocompromised hosts such as kidney transplant recipients. 
Unfortunately, as with many other black yeast infections, there is no standard therapy for this 
disorder either. Surgical excision has successfully been applied in a number of cases (Badali et al. 
2010c), and cryosurgery can be useful in some cases. Amphotericin B, ketoconazole, fluconazole, 
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voriconazole, 5-fluorocytosine, terbinafine, griseofulvin, posaconazole, and particularly 
itraconazole have been used for phaeohyphomycotic infections (Harris et al. 2009). 

Mycetoma

Mycetoma is defined as a localized, chronic, granulomatous, suppurative, and progressive 
inflammatory disease of subcutaneous tissue and contiguous bone after a traumatic inoculation of 
the causative organism (McGinnis 1996). Etiologic agents are recovered from humans as well as 
from domestic animals (Hay et al. 2000). In advanced stages of the infection tumefaction, abscess 
formation and draining sinuses arise. The hallmark of a mycetoma is the presence of the fungus in 
the form of grains. In Africa the infection is particularly common from Sudan to Senegal, an area 
known as the ‘mycetoma belt’. The main etiologic agents are Madurella mycetomatis, Leptosphaeria 
senegalensis, Madurella grisea and several species of coelomycetes. Occasionally the black yeast-like 
fungi Cladophialophora bantiana, C. mycetomatis and Exophiala jeanselmei were reported to be 
involved in cases of eumycetoma (de Hoog et al. 2000, Werlinger et al. 2005, Bonifaz et al. 2009, 
Badali et al. 2008). Different antifungal agents have been used in the treatment of mycetoma, 
such as amphotericin B, fluorocytosine, itraconazole, fluconazole, and voriconazole (Ameen et 
al. 2008). In the past, amphotericin B was the most potent antifungal drug for severe fungal 
infections, but its use is associated with severe side effects, particularly nephrotoxicity and low 
efficacy and it therefore has been replaced by newer azoles and echinocandins. Unfortunately, 
again little data are available on the in vitro antifungal susceptibility of conventional and new 
antifungal agents against the black yeast-like agents of mycetoma.

Diagnostic methods 

Conventional methods to identify etiologic agents often has been based on clinical aspects, 
histological appearance, macroscopic and microscopic features of the fungus in culture, 
temperature tests, and a limited number of physiological and biochemical assays. Not only do 
these methods depend on experienced, skilled laboratory staff, but also they are time-consuming, 
non-quantitative, and may lead to contamination. Despite long experience with classical methods 
for fungal diagnostics, they may lead to problems in identification, and to incorrect interpretation 
and diagnosis, and ultimately inappropriate treatment. These methods have also proved unreliable 
in differentiating very similar species, particularly in the group of black yeast-like Cladophialophora 
and Exophiala species, which now can be identified by molecular methods only (Zeng et al. 2007). 
Rapid screening techniques have recently been developed and are increasingly used in all aspects 
of fungal diagnostics, such as DNA/RNA probe and polymerase chain reaction (PCR) technology. 
This will become increasingly important, as treatment modalities have variable effectiveness across 
species (Vital & de Hoog. 2002). Several molecular methods have been described for typing black 
yeasts and relatives. Molecular data enhance insight into genetic and epidemiological relationships 
between environmental and clinical isolates. Understanding of pathogen distributions is essential 
for determining epidemiology and ecology. Subcutaneous Cladophialophora species had previously 
been united as C. emmonsii, primarily based on morphology and temperature tolerance. Phenotypic 
and genotypic studies proved that distinct species are concerned. 

With the development of new assays such as MLST and AFLP (Vos et al. 1995) the information 
content of strain data has drastically increased. AFLP analysis can be used both for identification 
of isolates to the species level in as well as for discrimination at the intra-species level, more 
commonly referred to as “typing”. With AFLP, most of the isolates can be differentiated by small 
differences within profiles with high overall similarity. This confirmation of species identifications 
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is possible, still leaving room for precise strain typing, indicating the high discriminatory power 
of this technique. Sequence-based typing of multiple genes (MLST) can be used to distinguish 
existing species and to describe novel taxa in the black yeasts and relatives. 

Amplified fragment length polymorphism (AFLP)

Amplified fragment length polymorphism (AFLP) analysis is a highly effective method for 
fingerprinting of genomic DNA, visualizing DNA polymorphisms between samples. These 
fingerprints may be used as a tool for determining the identity of a specific DNA sample, or 
to assess the relatedness between samples. AFLP-analysis, first described by Vos et al. (1995), 
relies on selective amplification of restriction fragments from a digest of genomic DNA with 
three steps involving restriction of the DNA and ligation of oligonucleotide adapters, selective 
amplification of sets of restriction fragments, and gel analysis of the amplified fragments. The 
AFLP technique can be used for DNAs of any origin or complexity (Vos et al. 1995; Fig. 2). 
Two restriction enzymes, one with an average cutting frequency and a second one with a higher 
cutting frequency, are used to digest DNA. Double stranded adaptors are ligated to the obtained 
sticky ends to serve as primer binding sites in successive PCR amplicons. The ligated fragments 
are subsequently amplified in a PCR reaction using stringent PCR annealing temperatures. The 
number of fragments that will be generated can be modulated by extending the amplification 
primer(s) at the 3’ site with one or more selective nucleotides. The addition of each nucleotide 
reduces the number of amplified fragments by a factor four. The PCR primer that spans the 
average-frequency restriction site is labeled. At first the primers were radioactively labeled; a major 

Fig. 2. Schematic representation of the AFLP method. (Vos P, Hogers R, Bleeker M, et al (1995). Nucleic Acids Res 23: 
4407-4414.
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improvement was the switch to fluorescently labeled primers for detection of fragments on a high-
resolution electrophoresis platforms. A highly informative complex DNA banding pattern of 50 
to 500 bp is obtained. Variations between different isolates originate by differences in the number 
and location of restriction enzyme recognition sites in the genome. Reproducibility of major bands 
is excellent.

Antifungal susceptibility

The need for new antifungal agents stems from the increased frequency of fungal infections in 
the highly immunocompromised patient and the inadequacy of current antifungal regimens. 
This is particularly acute in opportunistic black yeast and other filamentous fungal infections. 
For example, despite the long-standing availability of amphotericin B, a potent fungicidal agent 
acting principally at the level of the fungal cell membrane, mortality of patients is almost 100% 
for all reported cases of cerebral phaeohyphomycosis. In order to improve antifungal therapy, 
we tried to obtain more insight into the in vitro antifungal susceptibility of Cladophialophora 
and related species against various antifungal agents, tested according to Clinical and Laboratory 
Standards Institute (CLSI) Reference method for broth dilution antifungal susceptibility testing 
of filamentous fungi (Approved Standard M38-A2, 2nd ed., CLSI, Wayne, PA, U.S.A., 2008).

Aim and outline of the thesis

The aim of this thesis was to evaluate the various taxonomic, morphological and ecological aspects 
of Cladophialophora and related species in general, and evaluation of specific pathogenicity. 
Additionally, we investigate the in vitro antifungal susceptibility of several antifungal drugs 
against different black yeasts and relatives, including Cladophialophora bantiana, Rhinocladiella 
mackenziei, and Exophiala jeanselmei, which are agents of mainly cerebral phaeohyphomycosis, 
chromoblastomycosis, and mycetoma. With an understanding of phylogenetic relationships, it is 
likely that the agents derived from common ancestors will prove to share a number of essential 
virulence factors which must have come about by similar processes of evolution. Nevertheless 
closely related species may differ in environmental ecology and, as a consequence, in pathogenic 
potential and geographic distribution. Phylogenetic kinship then suggests that very different types 
of ecology may be based on shared factors. Through these data we will obtain precise insight into 
the origin of clinical strains, and whether survival on and eventual transmission from a human 
patient to another human being – with the possibility of subsequent evolution – occurs in nature.  

Chapter one is an overview of melanized fungi (black yeasts and relatives) which are mainly 
restricted to the order Chaetothyriales in the family Herpotrichiellaceae, with emphasis on the genus 
Cladophialophora. In addition, discussions are provided on the current taxonomy and ecology of 
black yeasts and relatives. 

Chapter two is the main chapter of this thesis and presents ecological information combined 
with phylogenetic and taxonomic data of Cladophialophora species causing different disorders, and 
also interprets results in the light of potential health hazards of seemingly saprobic species that may 
occur in food products. A multigene phylogeny was applied from these isolates using the internal 
transcribed spacer region (ITS rDNA), the translation elongation factor 1-α (EF1-α), the partial 
beta tubulin gene (TUB), and the small subunit of the nuclear ribosomal RNA gene (nucSSU). 
Four novel species were discovered, originating from soft drinks, alkylbenzene-polluted soil, and 
infected patients. Membership of the carrionii and bantiana clades might be indicative of potential 
virulence to humans. In addition, evolution of pathogenicity in the genus of Cladophialophora 
is discussed considering adaptations to extreme environments, including melanin production, 
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meristematic growth at low pH, as well as thermotolerance.

Chapter three describes a novel species: Cladophialophora saturnica, an opportunistic species 
of Chaetothyriales that caused an interdigital tinea nigra-like lesion in a HIV positive Brazilian 
child. It is separated from known Cladophialophora species on the basis of the divergence of ITS 
rDNA and partial EF1-α gene, as well as on a distinct ecology. The same species was recovered 
from the natural environment by using selective isolation techniques. 

Chapter four describes a novel species of Cladophialophora which was isolated from soil 
polluted with benzene, toluene, ethylbenzene, and xylene (BTEX). It proved to be able to grow on 
toluene and related alkylbenzenes as its sole carbon and energy source. This strain is of interest for 
the complete biodegradation of toluene and other xenobiotics under growth limiting conditions, 
particularly in air biofilters with dry and/or acidic soil. A preliminary MLST and AFLP analysis 
showed this fungus to be very closely related to the pathogenic species C. bantiana, sharing a C. 
bantiana-specific intron in SSU rDNA. However, it was unable to grow at 40 °C and proved to 
be non-virulent in mice. A clear phylogenetic and ecophysiological delimitation of the species is 
fundamental to prevent biohazard in engineered bioremediation applications.

Chapter five evaluate the inter and intraspecific genomic variation of 42 Cladophialophora 
isolates from cases with cerebral phaeohyphomycosis and other infections that were identified by the 
high-resolution fingerprinting technique AFLP. Specific clinical preference is established, and thus 
a second objective of this chapter is the evaluation of in vitro susceptibility to eight conventional 
and new generation antifungal drugs against C. bantiana, to improve the antifungal therapy in 
patients.

Chapter six addresses the re-identification of all clinical and environmental strains maintained 
under the name Exophiala jeanselmei by sequencing the ITS region of rDNA and to establish the 
species clinical manifestations. A new case of mycetoma due to this fungus is described. The species 
was involved in different pathologies ranging from cutaneous infection to subcutaneous. Given the 
high incidence of eumycetoma in endemic areas, the second goal of this chapter is evaluation of 
the in vitro susceptibility of E. jeanselmei to various antifungal drugs to improve antifungal therapy 
in patients. New antifungal agents with a better activity may help to improve the management of 
eumycetoma.

Chapter seven of this thesis aims at re-classifying the clinical manifestation of 
chromoblastomycosis which was already characterised by Carrión in 1950 into five different types, 
viz. nodular, plaque type, tumoral, cicatricial, and verrucous lesions. We describe a novel type 
of chromoblastomycosis, which distributed in the lymphatic form. We prove that Rhinocladiella 
aquaspersa is an agent of chromoblastomycosis and phaeohyphomycosis. Given the difficulties 
treating chromoblastomycosis and other infections that are caused by R. aquaspersa, we evaluate 
the in vitro activities of extended-spectrum triazoles, amphotericin B, and echinocandins against 
clinical isolates of the fungus.

Chapter eight reports the first case of cerebral infection in a middle-aged male in India, where 
Rhinocladiella mackenziei is not endemic. Cerebral phaeohyphomycosis due to R. mackenziei is a 
severe infection in the Middle East, resulting in nearly 100 % mortality despite the application 
of combined surgical and antifungal therapy. The species occasionally occurs in otherwise healthy 
patients.

Chapter nine evaluates the in vitro activity of a new triazole antimycotic, isavuconazole, 
and seven comparators (amphotericin B, fluconazole, itraconazole, voriconazole, posaconazole, 
caspofungin and anidulafungin) against highly fatal isolates of Rhinocladiella mackenziei. 
Some R. mackenziei infections cause brain abscesses in patients without predisposing factors or 
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immunodeficiency. Treatment regimens, which involve mostly amphotericin B, itraconazole and 
5-flucytosine, and are associated with poor outcome in both animal and clinical studies. New drugs 
seem to be promising for effective treatment of the infection, although activity of isavuconazole 
against R. mackenziei needs to be confirmed in animal models.  

Chapter ten contains a summary of the results and conclusions of this thesis. The impact 
of the present study in understanding the morphology, ecology, taxonomy and pathogenicity of 
species in the genus Cladophialophora and related species is discussed. Furthermore, perspectives 
on future research are given.

REFERENCES

Acharius E (1810). Lichenographia Universalis. Göttingen. 689 p.
Ajello L. Phaeohyphomycosis: definition and etiology. In: Proceedings of the Third International Conference on Mycosis. 

Scientific publication no. 304. Washington DC: Pan American Health Organization, 1974: 126–133.
Ameen M, Arenas R (2008). Emerging therapeutic regimes for the management of mycetomas. Expert Opin Pharmacother 

9: 2077-2085.
Badali H, Gueidan C, Najafzadeh MJ, et al (2008). Biodiversity of the genus Cladophialophora. Stud Mycol 61: 175-191.
Badali H, Carvalho VO, Vicente V, et al (2009). Cladophialophora saturnica sp. nov., a new opportunistic species of 

Chaetothyriales revealed using molecular data. Med Mycol 47: 51-62
Badali H, Najafzadeh MJ, Van Esbroeck M, et al (2010a). The clinical spectrum of Exophiala jeanselmei, with a case report 

and in vitro antifungal susceptibility of the species. Med Mycol 48: 318-327.
Badali H, de Hoog GS, Curfs-Breuker I, Meis JF (2010b). In vitro activities of antifungal drugs against Rhinocladiella 

mackenziei, an agent of fatal brain infection. J Antimicrob Chemother 65: 175-177. 
Badali H, Bonifaz A, Barrón-Tapia T, et al (2010c). Rhinocladiella aquaspersa, proven agent of verrucous skin infection and 

a novel type of chromoblastomycosis. Med Mycol DOI: 10.3109/13693780903471073.
Badali H, Chander J, Bansal S, et al (2010d). First autochthonous case of Rhinocladiella mackenziei cerebral abscess outside 

the Middle East. J Clin Microbiol 48: 646-649.
Badali H, Prenafeta-Boldú FX, Guarro J, et al (2010e). Cladophialophora psammophila, a novel species of Chaetothyriales 

with a potential use in the bioremediation of volatile aromatic hydrocarbons. (Submitted).
Badali H, de Hoog GS, Curfs-Breuker I, et al (2010f ). Use of amplified fragment length polymorphism to identify 42 

Cladophialophora spp. related to cerebral phaeohyphomycosis with in vitro antifungal susceptibility. J Clin Microbiol 
DOI: 10.1128/JCM.00653-10. (in press).

Barr (1987). New taxa and combinations in the Loculoascomycetes. Mycotaxon 29: 501-505.
Barr ME (1983). The ascomycete connection. Mycologia 75: 1-13.
Batista AC, Ciferri R (1962). The Chaetothyriales. Sydowia 3: 1-129.
Bonifaz A, De Hoog GS, McGinnis MR, et al (2009). Eumycetoma caused by Cladophialophora bantiana successfully 

treated with itraconazole. Med Mycol 47: 111-114.
Borelli D (1980). Causal agents of chromoblastomycosis (Chromomycetes). Proceedings of the 5th International Conference 

on Mycoses pp. 335–340.
Braun U, Feiler U (1995). Cladophialophora and its teleomorph. Microbiol Rese 150: 81-91.
Butler MJ, Day AW (1998). Fungal melanins: a review. Can J Microbiol 44: 1115-1136.
Carrión AL (1950). Chromoblastomycosis. Ann N Y Acad Sci 50: 1255-1282.
Clinical and Laboratory Standards Institute (CLSI). Reference method for broth dilution antifungal susceptibility testing 

of filamentous fungi. Approved Standard M38-A2; 2nd edn: CLSI, Wayne, PA, USA, 2008.
Cox HHJ, Moerman RE, van Baalen S, et al (1997). Performance of a styrene degrading biofilter containing the yeast 

Exophiala jeanselmei. Biotechn Bioengine 53: 259-266. 
Crous PW, Schubert K, Braun U, et al (2007). Opportunistic, human-pathogenic species in the Herpotrichiellaceae are 

phenotypically similar to saprobic or phytopathogenic species in the Venturiaceae. Stud Mycol 58: 185-217.
de Hoog GS, Hermanides-Nijhof EJ (1977). The black yeasts and allied hyphomycetes. Stud Mycol 14: 151-222.
de Hoog GS, Guarro J, Gené J, Figueras MJ (2000), Atlas of Clinical Fungi, 2nd ed. CBS-KNAW Fungal Biodiversity 

Centre Utrecht, The Netherlands and Universitat Rovira i Virgili Reus, Spain.
de Hoog GS, Nishikaku AS, Fernández Zeppenfeldt G, et al (2007). Molecular analysis and pathogenicity of the 

Cladophialophora carrionii complex, with the description of a novel species. Stud Mycol 58: 219-234.
de Hoog GS, Göttlich E, Platas G, et al (2005). Evolution, taxonomy and ecology of the genus Thelebolus in Antarctica. 

Stud Mycol 51: 33-76.
de Hoog GS, Zeng JS, Harrak MJ, Sutton DA (2006). Exophiala xenobiotica sp. nov., an opportunistic black yeast 

inhabiting environments rich in hydrocarbons. Antonie van Leeuwenhoek 90: 257-268. 



21

Introduction

1

Dixon DM and Shadomy HJ (1980). Comparison of methods for isolation of dematiaceous fungi from nature. 
Mycopathologia 70: 145-152.

Dixon DM, Shadomy HJ, Shadomy S (1980). Dematiaceous fungal pathogens isolated from nature. Mycopathologia 70: 
153-161.

Eriksson OE, Winka K (1997). Supraordinal taxa of Ascomycota. Myconet 1: 1-16.
Eriksson OE (1982). Notes on ascomycete systematics. Systema Ascomycetum 11: 49-82.
Eriksson OE (2001). Outline of Ascomycota. Myconet 7: 1-88.
Eriksson OE (2006). Outline of Ascomycota. Myconet 12: 1-82.
Fader RC, McGinnis MR (1988). Infections caused by dematiaceous fungi: Chromoblastomycosis and phaeohyphomycosis. 

Infect Dis Clin North Am 2: 925-938.
Geiser DM, Gueidan C, Miadlikowska J, et al (2006). Eurotiomycetes: Eurotiomycetidae and Chaetothyriomycetidae. 

Mycologia 98: 1054-1065.
Gezuele E, Mackinnon JE, Conti-Diaz IA (1972). The frequent isolation of Phialophora verrucosa and Fonsecaea pedrosoi 

from natural sources. Sabouraudia 10: 266-273.
Gueidan C, Ruibal C, de Hoog GS, et al (2008). A rock-inhabiting ancestor for mutualistic and pathogen-rich fungal 

lineages. Stud Mycol 61: 111-119.
Harris JE, Sutton DA, Rubin A, et al (2009). Exophiala spinifera as a cause of cutaneous phaeohyphomycosis: case study 

and review of the literature. Med Mycol 47:87-93.
Hay RJ (2000). Agents of eumycotic mycetomas, p. 487-496. In L. Ajello and R. J. Hay (ed.), Topley and Wilson’s 

microbiology and microbial infections, vol. 4. Mycology. Arnold, London, United Kingdom.
Horré R, de Hoog GS (1999). Primary cerebral infections by melanized fungi: a review. Stud Mycol 43: 176-193.
Jacobson ES (2000). Pathogenic roles for fungal melanins. Clin Microbiol Rev 13: 708-17.
Kantarcloglu AS, de Hoog GS (2004). Infections of the central nervous system by melanized fungi: a review of cases 

presented between 1999 and 2004. Mycoses 47: 4-13.
Kennes C & Veiga MC (2004). Fungal biocatalysts in the biofiltration of VOC-polluted air. J Biotechnol 113: 305-19.
Kirk PM, David JC, Stalpers JA (2001). Ainsworth & Bisby’s Dictionary of the Fungi. Wallingford, UK: CAB International. 

650 p.
Li DM & de Hoog GS (2009). Cerebral phaeohyphomycosis-a cure at what lengths? Lancet Infect Dis 9: 376-83. 
Lindau G (1897). Pyrenomycetineae. In: Engler A, Prantl K eds. Die Natürlichen Pflanzenfamilien. Verlag von Wilhelm 

Engelmann, Leipzig, p. 321-491.
Liu YJ, Hall BD (2004). Body plan evolution of ascomycetes, as inferred from an RNA polymerase II phylogeny. Proc. Nat. 

Acad. Sci, USA 101: 4507-4512.
Luttrell ES (1951). Taxonomy of the Pyrenomycetes. Univ Missouri Stud Sci Ser 24: 1-120.
Luttrell ES (1955). The Ascostromatic Ascomycetes. Mycologia 47: 511-532.
Lutzoni F, Pagel M, Reeb V (2001). Major fungal lineages are derived from lichen symbiotic ancestors. Nature 41: 937-

940.
Lumbsch HT, Huhndorf S (2007). Whatever happened to the pyrenomycetes and loculoascomycetes? Mycol. Rese. 111: 

1064-1074.
Matos T, de Hoog GS, de Boer AG, et al (2002). High prevalence of the neurotrope Exophiala dermatididis and related 

oligotrophic black yeasts in sauna facilities. Mycos 45: 373-377.
McGinnis MR (1996). Mycetoma. Dermatol Clin 14: 97-104. 
Mendoza L, Karuppayil SM, Szaniszlo PJ (1993). Calcium regulates in vitro dimorphism in chromoblastomycotic fungi. 

Mycoses 36:15-164.
Najafzadeh MJ, Sun J, Vicente V, et al (2010). Fonsecaea nubica sp. nov, a new agent of human chromoblastomycosis 

revealed using molecular data. Med Mycol DOI: 10.3109/13693780903503081.
Nannfeldt, JA (1932). Studien über die Morphologie und Systematik der nichtlichenisierten inoperculaten Discomyceten. 

Nov. Act. Reg. Soc. Upsal. 8: 1-368.
Onofri S, Selbmann L, Zucconi L, Pagano S (2004). Antarctic microfungi as models for exobiology. Planet Space Sci 52: 

229-237.
Padhye AA, Hampton AA, Hampton MT, et al (1996). Chromoblastomycosis caused by Exophiala spinifera. Clin Infect 

Dis 22: 331- 335.
Prenafeta-Boldú FX, Summerbell R, de Hoog GS (2006). Fungi growing on aromatic hydrocarbons: biotechnology’s 

unexpected encounter with biohazard? FEMS Microbiol Rev 30: 109-130.
Prenafeta-Boldú FX, Kuhn A, Luykx D, et al (2001). Isolation and characterization of fungi growing on volatile aromatic 

hydrocarbons as their sole carbon and energy source. Mycol. Rese. 105: 477-484.
Queiroz-Telles F, Esterre P, Perez-Blanco M, et al (2009). Chromoblastomycosis: an overview of clinical manifestations, 

diagnosis and treatment. Med Mycol 47: 3-15. 
Revankar SG (2007). Dematiaceous fungi. Mycoses 50: 91-101.
Sterflinger K, de Hoog GS, Haase G (1999). Phylogeny and ecology of meristematic ascomycetes. Stud Mycol 43: 5-22.



22

Chapter 1

Sterflinger K (1998a). Ecophysiology of rock inhabiting black yeasts with special reference to temperature and osmotic 
stress. Antonie van Leeuwenhoek 74: 271-281.

Sterflinger K (1998b). Temperature and NaCl-tolerance of rock-inhabiting meristematic fungi. Antonie van Leeuwenhoek 
74: 271-281.

Spatafora JW, Mitchell TG, Vilgalys R (1995). Analysis of genes coding for small-subunit rRNA sequences in studying 
phylogenetics of dematiaceous fungal pathogens. J Clin Microbiol 33: 1322-1326.

Sudhadham M, Dorrestein GM, Prakitsin S, et al (2008). The neurotropic black yeast Exophiala dermatitidis has a possible 
origin in the tropical rain forest. Stud Mycol 61: 145-155.

Untereiner WA, Naveau FA (1999). Molecular systematics of the Herpotrichiellaceae with an assessment of the phylogenetic 
positions of Exophiala dermatitidis and Phialophora americana. Mycologia 91: 67–83.

Untereiner WA (1997). Taxonomy of selected members of the ascomycetes genus Capronia with notes on anamorph-
teleomorph connections. Mycologia 89: 210-131.

Untereiner WA (2000). Capronia and its anamorphs: exploring the value of morphological and molecular characters in the 
systematics of the Herpotrichiellaceae. Stud Mycol 45: 141-149.

Untereiner WA, Straus NA, Malloch D (1995). A molecular-morphotaxonomic approach to the systematics of the 
Herpotrichiellaceae and allied black yeasts. Mycological Research 99: 897-913.

Vicente VA, Attili-Angelis D, Pie MR, et al (2008). Environmental isolation of black yeast-like fungi involved in human 
infection. Stud Mycol 61: 136–144.

Vitale RG, de Hoog GS (2002). Molecular diversity, new species and antifungal susceptibilities in the Exophiala spinifera 
clade. Med Mycol 40: 545-56.

Vos P, Hogers R, Bleeker M, et al (1995). AFLP: a new technique for DNA fingerprinting. Nucleic Acids Res 23: 4407-
4414.

Weber FJ, Hage KC & de Bont JA (1995). Growth of the fungus Cladosporium sphaerospermum with toluene as the sole 
carbon and energy source. Appl Environ Microbiol 61: 3562-3566.

Werlinger KD, Yen Moore A (2005). Eumycotic mycetoma caused by Cladophialophora bantiana in a patient with systemic 
lupus erythematous. J Am Acad Dermatol 52: 114-117.

Yegüez-Rodriguez J, Richard-Yegres N, Yegres F, Rodríguez Larralde A (1992). Cromomicosis: susceptibilidad genética en 
grupos familiares de la zona endémica en Venezuela. Acta Cientifica Venezuelana 43: 98-102.

Yurlova NA, de Hoog GS (2002). Exopolysaccharides and capsules in human pathogenic Exophiala species. Mycoses 45: 
443-448.

Zahlbruckner, A. 1926. Catalogus Lichenum Universalis. Leipzig: Borntraeger. 480 p.
Zalar P, de Hoog GS, Gunde-Cimerman N (1999). Trimmatostroma salinum, a new species from hypersaline water. Stud 

Mycol 43: 57-62.
Zeng JS, Sutton DA, Fothergill AW, et al (2007). Spectrum of clinically relevant Exophiala species in the U.S.A. J Clin 

Microbiol 45: 3713-3720.
Zhao J, Zeng J, de Hoog GS, et al (2010). Isolation of black yeasts by enrichment on atmospheres of monoaromatic 

hydrocarbons. Microbial Ecol. DOI: 10.1007/s00248-010-9651-4. (in press).2




