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GENERAL INTRODUCTION

In this PhD thesis, the whole genomes of black yeast-like fungi belonging to the order 
Chaetothyriales (division Ascomycetes) and filamentous relatives are sequenced and examined 
in order to understand the mechanisms behind their adaptation to diverse ecological niches. 
Chaetothyriales are able to inhabit a wide range of habitats varying from oligotrophic 
environments, which provide very low levels of nutrients, to sites containing complex carbon 
substrates. Although human infections caused by black yeasts and their filamentous relatives 
are considered to be rare, recalcitrant infections in patients with immunodeficiency disorders 
but also otherwise healthy people have consistently been reported. Their outstanding metabolic 
plasticity, and concomitant broad ability to degrade a variety of substrates, has generally been 
taken to be the reason for the diversity of places occupied by this group of fungi. Results described 
in this thesis provide deeper understanding of the genetic basis and potential adaptations that 
led the Chaetothyriales to master sites rarely colonized by other fungal species.

Historical backgrounds and definitions

The genesis of the term “black yeasts” is strictly connected to the medical literature. In 1959, this 
umbrella term was coined, initially in Portuguese (leveduras pretas), by Ulson to a group yeast-
like organisms with potential ability to infect humans and other animals, including the genera – 
with names that were valid half a century ago – Torula, Hormiscium, Dematium, Cladosporium, 
Acrotheca, Phialophora, Fonsecaea, Sporotrichum and Pullularia (ULSON 1959; JOLY 1961). 
In 1978, Ajello discussed the classification of this group of fungi and their roles as agents 
of disease, and described black yeasts as “filamentous fungi which, in certain stages of their 
development or under certain environmental conditions, have a unicellular form during which 
time multiplication is by a budding process” (AJELLO 1978). In 1976, Barr studied the fungi 
from the angle of their sexual fruit bodies in nature and proposed the new order Chaetothyriales 
based on the presence of periphysoids (apical paraphyses) in the ascomata, grouping many 
black yeasts together. In a later classification, Barr (1987) recognized eight families in the 
Chaetothyriales: Chaetothyriaceae, Coccodiniaceae, Herpotrichiellaceae, Metacapnodiaceae, 
Microtheliopsidaceae, Pyrenotrichaceae, Strigulaceae and Trichopeltidaceae (BARR 1976; 
BARR 1987; WINKA et al. 1998). 

The order Chaetothyriales

According to the current classification the order Chaetothyriales belongs to the subclass 
Chaetothyriomycetidae, class Eurotiomycetes, and comprises at least five families: 
Chaetothyriaceae, Herpotrichiellaceae, Cyphellophoraceae, Trichomeriaceae and Epibryaceae 
(REBLOVA et al. 2013). In addition, recent phylogenetic analyses, containing black yeasts living 
in symbiosis with ants (Hymenoptera: Formicidae), have revealed the existence of clades that 
are as yet unassigned to any family (VASSE et al. 2017; MORENO et al. 2018a). In general, 
members of the Chaetothyriales have been found colonizing habitats that are considered hostile 
and therefore rarely being occupied by other fungal species. Typically, these environments 
are exposed to physical and chemical stressors, including high pH, temperature (DOGEN et 
al. 2013), ultraviolet (UV) radiation and osmotic stress (ISOLA et al. 2016), as well as the 
presence of toxic organic compounds, such as aromatic hydrocarbons (ISOLA et al. 2013). 
Besides the environmental isolates, not causing disease, the order Chaetothyriales contains 
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1clinically relevant species recognized as agents of severe chromoblastomycosis, mycetoma and 
phaeohyphomycosis (SEYEDMOUSAVI et al. 2014).
Despite the fact that several Chaetothyriales inhabit extreme habitats, it was just after the 
isolation of several species from air biofilters exposed to hydrocarbon-polluted gas that the 
scientific community started looking at the black yeast in a polyextremetolerant perspective. The 
hypothesis that Chaetothyriales could thrive in extreme habitats gained more support after the 
employment of selective isolation methods, such as the use of volatile aromatic hydrocarbons 
(ZHAO et al. 2010). The term “polyextremotolerance” was introduced by Gostincar and 
coworkers (GOSTINCAR et al. 2012) referring to the black yeasts colonizing environments that 
share a combination of tkinds of hostility, such as hot, dry, toxic, poor in nutrients, or exposed 
to irradiation. But the degree and type of stress differs between species. Chapter 2 highlights 
the general ecological trends that are observed in each family of the order Chaetothyriales. The 
comparative analysis using the whole genome sequence of 19 black yeasts belonging to the 
family Herpotrichiellaceae and two members of the family Cyphellophoraceae (Chapter 3), in 
addition to their relatives used as outgroups Coniosporium apollinis and Verruconis gallopava, 
provided hints on how these organisms have adapted to a wide range of extreme habitats. Our 
data showed that gene duplications took place early in the evolution of the black yeasts and seem 
to be the most important evolutionary process that has shaped the genome of Chaetothyriales. 
Chapter 4 introduces, for the first time in the literature, the genome content of a pathogenic 
species of the family Trichomeriaceae, the fungus Arthrocladium fulminans. 

Evolution of pathogenicity in black yeasts

The total number of fungal species inhabiting earth has been estimated at approximately from 
611,000 to 5 million species (MORA et al. 2011). Although the annual human deaths caused 
by invasive infections by fungi is about one and a half million, only a small fraction of the 
total number of fungi (~600 species, 0.09%) are human pathogens or opportunists (BROWN 
et al. 2012, DE HOOG et al. 2013). This largely indicates, for the most part, that fungi have 
evolved to be free-living in the environment and their specialized traits for infecting humans 
and other animals act as dual–mode having primary functions in nature, for instance protection 
against natural stressors and metabolic adaptation, and by coincidence, such mechanisms can 
be used to invade and colonize the host. Indeed, some examples of this duality have also been 
demonstrated in the black yeast-like fungi (Table 1).
Interestingly, recent studies suggest that several to many genes with dual function in black 
yeasts are duplicated in the genome of these species, for instance the genes associated with the 
assimilation of aromatic compounds, laccases and siderophores (MORENO et al. 2017; TEIXEIRA 
et al. 2017; VICENTE et al. 2017). The high incidence of duplicated genes observed in the 
genomes of black yeast-like fungi occupying environments rich in aromatic hydrocarbons along 
with neurotropic species, raised the hypothesis to explain such adaption, which might be the 
duplication of genes associated to nutrient transport and their breakdown as well as how natural 
selection subsequently act on them (TEIXEIRA et al. 2017; MORENO et al. 2018b). However, 
without the experimental validation of the genes that tend to undergo duplication, our current 
knowledge about the real biological effect of the duplicated genomic material in fungi stays 
limited. Chapter 5 describes which groups of genes are more prone to undergo duplication and 
accumulate mutations that have impact on the biological function of proteins in the neurotropic 
black yeast Rhinicladiella mackenziei. We also draw a parallel between pathways that might be 
used for the breakdown of aromatic hydrocarbons present in nature and 
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the neurotransmitters, trying to elucidate the fungal predilection for nervous system tissue. In 
Chapter 7 we identified and characterized laccase-coding genes and determined their genomic 
location in five clinical and environmental Fonsecaea species.

Evolution of gene families

Gene families comprise homologous genes of similar nucleotide sequences that are likely to 
have related overlapping function. Depending on the origin of the homologous genes, they can 
be divided in two main categories: i) orthologs, originated by vertical descent from a single 
ancestral gene or speciation; ii) paralogs originated by gene duplication (OHNO 1970; OLSON 
1999). Orthologs and paralogs can further be divided in subcategories of orthologs, including 
pseudo-orthologs, xenologs and co-orthologs as well as subcategories of paralogs (in- and 
outparalogs) (KOONIN 2005). In general, differences in gene family size, relative to the closely 
related lineage, are defined as expansion and contraction (when the number of genes are inflated 
or deflated, respectively) and are caused by gene duplication and gene loss (proliferation 
or deletion of paralogous genes), in addition to tandem duplications and whole-genome 
duplications (KOONIN 2005). These evolutionary events are considered critical to increase the 
fitness of fungi so that they can colonize new habitats (BROWN et al. 1998; MORAN et al. 2011; 
CHOW et al. 2012). Although it is not entirely clear yet how often duplicated genes acquire new 
functions in fungi, it is well accepted that gene duplication may provide raw genetic material 
for metabolic diversification as well as increase the gene dosage for a specific function, when 
the duplicated gene codes for identical enzymes (LYNCH and CONERY 2000). The fate and 

Trait Function
Environment Pathogenesis

Melanin and carotene Defense against ultraviolet (UV) light, 
oxidizing agents and ionizing radiation

Prevents the fungal pathogen from 
being killed by the neutrophil

Chitin synthase Thermotolerance: colonize environ-
ments such as saunas and dishwash-
ers

Thermotolerance: survive within warm 
blooded hosts

Meristematic bodies Protection against harsh environmental 
conditions: temperature and pH varia-
tion, nutrient deficiency, UV exposure 
and high salt concentrations

Invasive form in chromoblastomycosis

Assimilation of aromatic hydrocarbons Alternative carbon sources and detoxi-
fication process

Potential use of monoaromatic 
catecholamine neurotransmitters as 
carbon source during brain infection

Synthesis of siderophores Prevent iron-induced toxicity by regula-
tion of uptake, storage, and detoxifica-
tion

Iron uptake from host and iron storage 
molecules

Laccase Oxidation of aromatic organic com-
pounds with the reduction of molecular 
oxygen to water

Interference with oxidative burst

Glyoxylate cycle Assimilation of fatty acids and two-
carbon compounds

Synthesis of glucose inside 
macrophage

Table 1: Fungal virulence factors acting as dual-mode in black yeasts: Many specialized traits used for infecting humans are genu-
inely originated from adaptation to the environmental factors and later favored the emergence of pathogen species adapted to hosts. 
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1consequences of duplicated genes can be divided in three main groups (LYNCH and CONERY 
2000): 1) non-functionalization or origin of a pseudogenes due to accumulation of disabling 
mutations; 2) neo-functionalization, when the copied gene acquires a new useful functions 
and is preserved by natural selection; 3) sub-functionalization, when the duplicated genes 
are partitioning the ancestral function. Chapter 2 describes several gene family expansions, 
likely caused by gene duplications, in black yeast members of families Herpotrichiellaceae and 
Cyphellophoraceae. Chapter 6 describes new findings concerning the evolution of key gene 
families in black yeast, in particular those that were found contracted in black yeasts associated 
with ant-domatia. In addition, we attributed the overrepresentation of secondary metabolite 
biosynthetic gene clusters found in this group of black yeasts as fundamental for the symbiotic 
association between ants, plants and fungi.

Human infections caused by Chaetothyriales

The order Chaetothyriales has received much attention from the medical community because 
several species, mainly taxa accommodated in the family Herpotrichiellaceae, have been reported 
to cause infections in human and animal hosts. As in many other fungi, these infections occur 
or aggravate as a result of compromised immunity or generalized condition of the patient, but 
several subcutaneous and systemic disorders may occur in otherwise healthy humans. Recent 
data have shown that severely mutilating, systemic infections occur in patients with rare genetic 
immune disorders impairing e.g. the dectin pathway of the host and thus interfering with innate 
cellular immunity. However, some systemic disorders, such as lethal primary brain infection 
seem to be largely independent from the patient’s immune status. Therefore, a main question 
in Chaetothyriales has always been: are these fungi pathogens (i.e. having a natural advantage 
of using an animal host) or opportunists (i.e. having a natural habitat that enables them by 
coincidence to survive in animal tissue)?
The diseases caused by Chaetothyriales can be distinguished into chromoblastomycosis, 
mycetoma, and various types of phaeohyphomycosis, depending on the shape assumed by the 
etiologic agent observed in the lesion (MATSUMOTO et al. 1987). The route of infection by these 
fungi has not fully been elucidated, but most probably concern either traumatic inoculation 
of environmental strains into the host (chromoblastomycosis, mycetoma, subcutaneous 
phaeohyphomycosis) or fungal cells are inhaled (pulmonary colonization, systemic and 
disseminated phaeohyphomycosis) (VICENTE et al. 2008; CHOWDHARY et al. 2014). 
Most research has been done on chromoblastomycosis. The term chromoblastomycosis was 
originally used by Terra et al. in 1922 (TERRA et al. 1922), although the disease was first 
reported in 1914 by Maximilliano Willibaldo Rudolph (RUDOLPH 1914), describing cases of 
infection in patients in Brazil suffering from extending, warty lesions (QUEIROZ-TELLES et al. 
2017). Chromoblastomycosis affects cutaneous and subcutaneous tissues, causing chronic and 
localized infections, and is characterized by the presence of muriform (sclerotic) cells in the 
host tissue (QUEIROZ-TELLES et al. 2017). Since 2017, the disease has been added to the World 
Health Organization (WHO) portfolio of ‘neglected tropical diseases’ (NTDs), which will help 
to shed light on our knowledge in the field. Causative agents of this disease, defined by tissue 
expansion rather than necrosis combined with muriform cells, are almost exclusively found in 
the family Herpotrichiellaceae and comprise at least 19 species (Table 2). Despite this specific 
character of the disease, it is polyphyletic within the family, suggesting that the muriform cell 
is an ancestral character.
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Different from chromoblastomycosis, the umbrella term phaeohyphomycosis covers a broad 
diversity of mycotic infections that contain dark, septate, hyphal or pseudohypha-like elements 
(MCGINNIS 1983). Infections can be subcutaneous or systemic (e.g. cerebral), but are typically 
associated with necrotic tissue destruction leading to abscesses, while chromoblastomycosis is 
associated with tissue expansion. Several members of Chaetothyriales are known to cutaneous 
phaeohyphomycosis, particularly Exophiala species: E. spinifera, E. jeanselmei, E. moniliae, 
E. dermatitidis and others. Rhinocladiella mackenziei, Fonsecaea monophora and particularly 
Cladophialophora bantiana are related to cerebral phaeohyphomycosis (DE HOOG et al. 2014; LI 
and DE HOOG 2009). Exophiala dermatitidis, E. spinifera, Phialophora verrucosa, P. tarda and 
Veronaea botryosa are known from disseminated infections, some of which have been proven 
to occur in patients with a genetic disorder in CARD9 impairing the dectin pathway. Without 
appropriate therapy, these infections mostly are fatal after a long disease process. A single 
infection of this type outside the Herpotrichiellaceae was a lethal disseminated infection in a 
patient with a STAT1 immune disorder, caused by Arthrocladium fulminans (Trichomeriaceae) 
(NASCIMENTO et al. 2016).
If the fungus is present in tissue in the form of compact grains in subcutaneous tissue and subjected 
to intact immune response, the infection is referred to as mycetoma. Although the major agents 
mycetoma are phylogenetically accommodated in the genus Madurella in Sordariales (AHMED 
et al. 2004), few Chaetothyriales have been associated to this disease, for instance Phialophora 
verrucosa (TURIANSKY et al. 1995), P. oxyspora (LOPEZ et al. 2007), Exophiala oligosperma 
(NEUMEISTER et al. 1995) and Cladophialophora mycetomatis (GUILLOT et al. 2004).
In the ancestral family Cyphellophoraceae, species regularly occur on skin and nails, mostly 
without or with insignificant disease (SAUNTE et al. 2012). Virulence of clinical species in this 
family is much lower than that of members of Herpotrichiellaceae. Main species is Cyphellophora 
europaea, which is an oligotroph in bathing facilities (LIAN and DE HOOG 2010). Possibly the 
derived Herpotrichiellaceae, where oligotrophy is a common trait, have further evolved in a way 
that enhanced opportunism. The family also comprises some species from ant nests (ATTILI-
ANGELIS et al. 2014), a remarkable environment for microbial life because of the abundance 

Species Clade Incidence
Fonsecaea pedrosoi bantiana Frequent
Fonsecaea monophora bantiana Moderate
Fonsecaea nubica bantiana Rare
Fonsecaea pugnacius bantiana Rare
Cladophialophora carrionii carrionii Frequent
Cladophialophora samoënsis carrionii Rare
Phialophora verrucosa carrionii Rare
Phialophora americana carrionii Rare
Cyphellophora ludoviensis Cyphellophoraceae Rare
Exophiala dermatitidis dermatitidis Moderate
Rhinocladiella aquaspersa jeanselmei Moderate
Rhinocladiella tropicalis jeanselmei Rare
Exophiala jeanselmei jeanselmei Rare
Exophiala spinifera jeanselmei Rare

Table 2. Causative agents of chromoblastomycosis.
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1of toxic hydrocarbons (ATTYGALLE and MORGAN 1984). The Chaetothyriales comprise a 
large number of ancestral, as yet undescribed ant-associated species (VOGLMAYR et al. 2011). 
Since hydrocarbons of somewhat similar structure play a role in the human nervous system 
as neurotransmitters, one of the aims of the present Thesis is to investigate the evolutionary 
connection of ant-associated life styles with mammal opportunism, and the role of aromatic 
hydrocarbons in the evolution of Chaetothyriales.

References
1. Ahmed A. O., van Leeuwen W., Fahal A., van de Sande W., Verbrugh H. and van Belkum A. 

(2004) Mycetoma caused by Madurella mycetomatis: a neglected infectious burden. Lancet 
Infect Dis 4: 566-574.

2. Ajello L. (1978) The black yeasts as disease agents: historical perspective. The Black 
and White Yeasts. Scientific PuMication No. 356. Pan american Health Organization, 
Washington, D.C.: 9-16.

3. Attili-Angelis D. , Duarte A. P. M. , Pagnocca F. C. , Nagamoto N. S. , de Vries M. , Stielow 
J. B.  and de Hoog G. S. (2014) Novel Phialophora species from leaf-cutting ants (tribe 
Attini). Fungal Diversity 65: 65-75.

4. Attygalle A. B., and Morgan E. D. (1984) Chemicals from the glands of ants. Chemical 
Society Reviews 13: 245-278.

5. Barr M. E. (1976) Perspectives in the Ascomycotina. Memoirs of the New York Botanical 
Garden 28: 1-8.

6. Barr M. E. (1987) Prodromus to class Loculoascomycetes. Published by the author. Amherst, 
Massachusetts: 168.

7. Brown C. J., Todd K. M. and Rosenzweig R. F. (1998) Multiple duplications of yeast hexose 
transport genes in response to selection in a glucose-limited environment. Mol Biol Evol 
15: 931-942.

8. Brown G. D., Denning D. W., Gow N. A., Levitz S. M., Netea M. G. and White T. C. (2012) 
Hidden killers: human fungal infections. Sci Transl Med 4: 165rv113.

9. Chow E. W., Morrow C. A., Djordjevic J. T., Wood I. A. and Fraser J. A. (2012) Microevolution 
of Cryptococcus neoformans driven by massive tandem gene amplification. Mol Biol Evol 
29: 1987-2000.

10. Chowdhary A., Perfect J. and de Hoog G. S. (2014) Black Molds and Melanized Yeasts 
Pathogenic to Humans. Cold Spring Harb Perspect Med 5: a019570.

11. de Hoog G.S. , Guarro J. , Gené J.  and Figueras M.J. Atlas of Clinical Fungi. 4th edition.
12. Dogen A., Kaplan E., Oksuz Z., Serin M. S., Ilkit M. and de Hoog G. S. (2013) Dishwashers 

are a major source of human opportunistic yeast-like fungi in indoor environments in 
Mersin, Turkey. Med Mycol 51: 493-498.

13. Gostincar C., Muggia L. and Grube M. (2012) Polyextremotolerant black fungi: 
oligotrophism, adaptive potential, and a link to lichen symbioses. Front Microbiol 3: 390.

14. Guillot J., Garcia-Hermoso D., Degorce F., Deville M., Calvie C., Dickele G., Delisle F. and 
Chermette R. (2004) Eumycetoma caused by Cladophialophora bantiana in a dog. J Clin 
Microbiol 42: 4901-4903.

15. Isola D. , Zucconi L. , Onofri S. , Caneva G. , de Hoog G. S.  and Selbman L. (2016) 
Extremotolerant rock inhabiting black fungi from Italian monumental sites. Fungal Diversity 
76: 75–96.

16. Isola D., Selbmann L., de Hoog G. S., Fenice M., Onofri S., Prenafeta-Boldu F. X. and 
Zucconi L. (2013) Isolation and screening of black fungi as degraders of volatile aromatic 



Chapter 1

14

hydrocarbons. Mycopathologia 175: 369-379.
17. Joly S. (1961) Sobre uma levedura preta isolada do sapoti (achras sapota l). Observacoes 

comparativas com uma cepa de pullularia pullulans (de bary) berkhout. Brazilian journal 
of agriculture 36: 115-124.

18. Koonin E. V. (2005) Orthologs, paralogs, and evolutionary genomics. Annu Rev Genet 39: 
309-338.

19. Li D. M., and de Hoog G. S. (2009) Cerebral phaeohyphomycosis--a cure at what lengths? 
Lancet Infect Dis 9: 376-383.

20. Lian X., and de Hoog G. S. (2010) Indoor wet cells harbour melanized agents of cutaneous 
infection. Med Mycol 48: 622-628.

21. Lopez M. J., Robinson S. O., Cooley A. J., Prichard M. A. and McGinnis M. R. (2007) 
Molecular identification of Phialophora oxyspora as the cause of mycetoma in a horse. J 
Am Vet Med Assoc 230: 84-88.

22. Lynch M., and Conery J. S. (2000) The evolutionary fate and consequences of duplicate 
genes. Science 290: 1151-1155.

23. Matsumoto T. , Padhye A. A. and Ajello L. (1987) Medical significance of the so-called 
black yeasts. European Journal of Epidemiology 3: 87–95.

24. McGinnis M. R. (1983) Chromoblastomycosis and phaeohyphomycosis: new concepts, 
diagnosis, and mycology. J Am Acad Dermatol 8: 1-16.

25. Mora C., Tittensor D. P., Adl S., Simpson A. G. and Worm B. (2011) How many species are 
there on Earth and in the ocean? PLoS Biol 9: e1001127.

26. Moran G. P., Coleman D. C. and Sullivan D. J. (2011) Comparative genomics and the 
evolution of pathogenicity in human pathogenic fungi. Eukaryot Cell 10: 34-42.

27. Moreno L. F., Ahmed A. A. O., Brankovics B., Cuomo C. A., Menken S. B. J., Taj-Aldeen 
S. J., Faidah H., Stielow J. B., Teixeira M. M., Prenafeta-Boldu F. X., Vicente V. A. and de 
Hoog S. (2018b) Genomic Understanding of an Infectious Brain Disease from the Desert. 
G3 (Bethesda) 8: 909-922.

28. Moreno L. F., Feng P., Weiss V. A., Vicente V. A., Stielow J. B. and de Hoog S. (2017) 
Phylogenomic analyses reveal the diversity of laccase-coding genes in Fonsecaea genomes. 
PLoS One 12: e0171291.

29. Moreno L. F., Mayer V., Voglmayr H., Blatrix R., Stielow J. B., Teixeira M. M. , Vicente V. 
A.  and de Hoog S. G. (2018a) Genomic analysis of ant domatia-associated melanized fungi 
(Chaetothyriales, Ascomycota).

30. Nascimento M. M., Selbmann L., Sharifynia S., Al-Hatmi A. M., Voglmayr H., Vicente 
V. A., Deng S., Kargl A., Moussa T. A., Al-Zahrani H. S., Almaghrabi O. A. and de 
Hoog G. S. (2016) Arthrocladium, an unexpected human opportunist in Trichomeriaceae 
(Chaetothyriales). Fungal Biol 120: 207-218.

31. Neumeister B., Zollner T. M., Krieger D., Sterry W. and Marre R. (1995) Mycetoma due to 
Exophiala jeanselmei and Mycobacterium chelonae in a 73-year-old man with idiopathic 
CD4+ T lymphocytopenia. Mycoses 38: 271-276.

32. Ohno S. (1970) Evolution by Gene Duplication. Heidelberg, Germany: Springer-Verlag.
33. Olson M. V. (1999) When less is more: gene loss as an engine of evolutionary change. Am 

J Hum Genet 64: 18-23.
34. Queiroz-Telles F., de Hoog S., Santos D. W., Salgado C. G., Vicente V. A., Bonifaz A., 

Roilides E., Xi L., Azevedo C. M., da Silva M. B., Pana Z. D., Colombo A. L. and Walsh T. 
J. (2017) Chromoblastomycosis. Clin Microbiol Rev 30: 233-276.

35. Reblova M., Untereiner W. A. and Reblova K. (2013) Novel evolutionary lineages revealed 



General introduction

15

1in the Chaetothyriales (fungi) based on multigene phylogenetic analyses and comparison of 
its secondary structure. PLoS One 8: e63547.

36. Rudolph M. (1914) Über die brasilianische “Figueira” (Vorläufige Mitteilung). Archiv für 
Schiffs- und Tropen-Hygiene 18: 498–499.

37. Saunte D. M., Tarazooie B., Arendrup M. C. and de Hoog G. S. (2012) Black yeast-like 
fungi in skin and nail: it probably matters. Mycoses 55: 161-167.

38. Seyedmousavi S., Netea M. G., Mouton J. W., Melchers W. J., Verweij P. E. and de Hoog G. 
S. (2014) Black yeasts and their filamentous relatives: principles of pathogenesis and host 
defense. Clin Microbiol Rev 27: 527-542.

39. Teixeira M. M., Moreno L. F., Stielow B. J., Muszewska A., Hainaut M., Gonzaga L., 
Abouelleil A., Patane J. S., Priest M., Souza R., Young S., Ferreira K. S., Zeng Q., da 
Cunha M. M., Gladki A., Barker B., Vicente V. A., de Souza E. M., Almeida S., Henrissat 
B., Vasconcelos A. T., Deng S., Voglmayr H., Moussa T. A., Gorbushina A., Felipe M. S., 
Cuomo C. A. and de Hoog G. S. (2017) Exploring the genomic diversity of black yeasts and 
relatives (Chaetothyriales, Ascomycota). Stud Mycol 86: 1-28.

40. Terra M. F. , Torres M., Fonseca F. O. , Esteban-Torres M., Fonseca O. and Arêa Leão 
A. E. (1922) Novo tipo de dermatite verrucosa: micose por Acrotheca com associação de 
leishmaniose. Brasil Medico 36: 363–368.

41. Turiansky G. W., Benson P. M., Sperling L. C., Sau P., Salkin I. F., McGinnis M. R. and 
James W. D. (1995) Phialophora verrucosa: a new cause of mycetoma. J Am Acad Dermatol 
32: 311-315.

42. Ulson C.M. (1959) Contribuicao para o estudo das chamadas leveduras pretas. Departmento 
de Publicacoes, Faculdade de Medicina, Universidade de Sao Paulo.

43. Vasse M., Voglmayr H., Mayer V., Gueidan C., Nepel M., Moreno L., de Hoog S., Selosse 
M. A., McKey D. and Blatrix R. (2017) A phylogenetic perspective on the association 
between ants (Hymenoptera: Formicidae) and black yeasts (Ascomycota: Chaetothyriales). 
Proc Biol Sci 284.

44. Vicente V. A., Attili-Angelis D., Pie M. R., Queiroz-Telles F., Cruz L. M., Najafzadeh M. 
J., de Hoog G. S., Zhao J. and Pizzirani-Kleiner A. (2008) Environmental isolation of black 
yeast-like fungi involved in human infection. Stud Mycol 61: 137-144.

45. Vicente V. A., Weiss V. A., Bombassaro A., Moreno L. F., Costa F. F., Raittz R. T., Leao A. 
C., Gomes R. R., Bocca A. L., Fornari G., de Castro R. J. A., Sun J., Faoro H., Tadra-Sfeir 
M. Z., Baura V., Balsanelli E., Almeida S. R., Dos Santos S. S., Teixeira M. M., Soares 
Felipe M. S., do Nascimento M. M. F., Pedrosa F. O., Steffens M. B., Attili-Angelis D., 
Najafzadeh M. J., Queiroz-Telles F., Souza E. M. and De Hoog S. (2017) Comparative 
Genomics of Sibling Species of Fonsecaea Associated with Human Chromoblastomycosis. 
Front Microbiol 8: 1924.

46. Voglmayr H., Mayer V., Maschwitz U., Moog J., Djieto-Lordon C. and Blatrix R. (2011) 
The diversity of ant-associated black yeasts: insights into a newly discovered world of 
symbiotic interactions. Fungal Biol 115: 1077-1091.

47. Winka K. , Eriksson O. E.  and Bång Å. (1998) Molecular Evidence for Recognizing the 
Chaetothyriales. Mycologia 90: 822-830.

48. Zhao J., Zeng J., de Hoog G. S., Attili-Angelis D. and Prenafeta-Boldu F. X. (2010) 
Isolation and identification of black yeasts by enrichment on atmospheres of monoaromatic 
hydrocarbons. Microb Ecol 60: 149-156.



C
H
A
PT

ER2
Exploring the genomic diversity of black 
yeasts and relatives (Chaetothyriales, 
Ascomycota)

M.M. Teixeira*, L.F. Moreno*, B.J. Stielow, A. 
Muszewska, M. Hainaut, L. Gonzaga, A. Abouelleil, 
J.S.L. Patané, M. Priest, R. Souza, S. Young, K.S. 
Ferreira, Q. Zeng, M.M.L. da Cunha, A. Gladki, B. 
Barker, V.A. Vicente, E.M. de Souza, S. Almeida, B. 
Henrissat, A.T.R. Vasconcelos, S. Deng, H. Voglmayr, 
T.A.A. Moussa, A. Gorbushina, M.S.S. Felipe, C.A. 
Cuomo, and G. Sybren de Hoog

* Authors contributed equally to this manuscript and 
shared the first authorship

Studies in Mycology. 2017 Mar; 86: 1–28. doi: 10.1016/j.
simyco.2017.01.001.



Exploring the genomic diversity of black yeasts and relatives (Chaetothyriales, Ascomycota)

17

2

Abstract

The order Chaetothyriales (Pezizomycotina, Ascomycetes) harbours obligatorily melanised 
fungi and includes numerous etiologic agents of chromoblastomycosis, phaeohyphomycosis 
and other diseases of vertebrate hosts. Diseases range from mild cutaneous to fatal cerebral 
or disseminated infections and affect humans and cold-blooded animals globally. In 
addition, Chaetothyriales comprise species with aquatic, rock-inhabiting, ant-associated, 
and mycoparasitic life-styles, as well as species that tolerate toxic compounds, suggesting a 
high degree of versatile extremotolerance. To understand their biology and divergent niche 
occupation, we sequenced and annotated a set of 23 genomes of main the human opportunists 
within the Chaetothyriales as well as related environmental species. Our analyses included 
fungi with diverse life-styles, namely opportunistic pathogens and closely related saprobes, to 
identify genomic adaptations related to pathogenesis. Furthermore, ecological preferences of 
Chaetothyriales were analysed, in conjuncture with the order-level phylogeny based on conserved 
ribosomal genes. General characteristics, phylogenomic relationships, transposable elements, 
sex-related genes, protein family evolution, genes related to protein degradation (MEROPS), 
carbohydrate-active enzymes (CAZymes), melanin synthesis and secondary metabolism were 
investigated and compared between species. Genome assemblies varied from 25.81 Mb (Ca- 
pronia coronata) to 43.03 Mb (Cladophialophora immunda). The bantiana-clade contained 
the highest number of predicted genes (12,817 on average) as well as larger genomes. We 
found a low content of mobile elements, with DNA transposons from Tc1/Mariner superfamily 
being the most abundant across analysed species. Additionally, we identified a reduction of 
carbohydrate degrading enzymes, specifically many of the Glycosyl Hydrolase (GH) class, while 
most of the Pectin Lyase (PL) genes were lost in etiological agents of chromoblastomycosis and 
phaeohyphomycosis. An expansion was found in protein degrading peptidase enzyme families 
S12 (serine-type D-Ala-D-Ala carboxypeptidases) and M38 (isoaspartyl dipeptidases). Based 
on genomic information, a wide range of abilities of melanin biosynthesis was revealed; genes 
related to metabolically distinct DHN, DOPA and pyomelanin pathways were identified. The 
MAT (MAting Type) locus and other sex-related genes were recognized in all 23 black fungi. 
Members of the asexual genera Fonsecaea and Cladophialophora appear to be heterothallic 
with a single copy of either MAT-1-1 or MAT-1-2 in each individual. All Capronia species 
are homothallic as both MAT1-1 and MAT 1-2 genes were found in each single genome. The 
genomic synteny of the MAT-locus flanking genes (SLA2-APN2-COX13) is not conserved in 
black fungi as is commonly observed in Eurotiomycetes, indicating a unique genomic context 
for MAT in those species. The heterokaryon (het) genes expansion associated with the low 
selective pressure at the MAT-locus suggests that a parasexual cycle may play an important role 
in generating diversity among those fungi.

Key words: Black yeast, Comparative Genomics, Chaetothyriales, Herpotrichiellaceae, 
Phylogeny, Ecology, Evolution.
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Introduction

The order Chaetothyriales (Pezizomycotina, Ascomycetes) harbours melanised, non-
lichenised fungi with a large morphological diversity. The order is included in the subclass 
Chaetothyriomycetidae along with the lichenised orders Verrucariales, Pyrenulales, and 
Celotheliales. Within the Chaetothyriales, at least five families are recognized: Chaetothyriaceae, 
Cyphe-llophoraceae, Epibryaceae, Herpotrichiellaceae, and Trichomeriaceae (BATISTA and 
CIFERRI 1962; RÉBLOVá et al. 2013), while some clades are as yet unassigned. The members 
of Chaetothyriales exhibit a complex ecological variation, and species are found in habitats 
characterised by extreme and adverse conditions, e.g. on rock surfaces in hot, arid climates, in 
toxic niches with hydrocarbons and heavy metals, and remarkably often occur in vertebrates 
as opportunistic pathogens (DE HOOG 2014). Some species cause mutilating or even fatal 
infectious diseases, often in apparently healthy individuals. Recent studies sequenced rDNA 
from a large number of undescribed melanised fungi from ant colonies that clustered in various 
families of Chaetothyriales (VOGLMAYR et al. 2011, NEPEL et al. 2014). The asexual morphs 
of members of Chaetothyriales show large morphological diversity, whereas the sexual morph 
shows limited variation over the entire order. Some genera produce budding cells or are entirely 
yeast-like, and hence the order is often referred to as “black yeasts and relatives” (BY) (Figure 
1).
The family Chaetothyriaceae contains species that generally are epiphytes, growing on the 
surface of plant leaves, but it is still unclear whether those species are plant pathogens or 
symbionts. The mycelium resides on the surface of plant leaves without truly penetrating the 
host plant cuticle (CHOMNUNTI et al. 2012b). Members of this family are mainly distributed in 
tropical regions and are characterised by producing a sooty melanised mycelium resembling a 
loose network of hyphae covering the substrate. Ascomata are formed below the mycelial web 
and are easily released from the plant cuticle. Asexual Chaetothyriaceae are only reported for 
genera Chaetothyrium (Merismella) and Ceramothyrium (Stanhughesia) (HYDE et al. 2011). 
The family Herpotrichiellaceae harbours a vast diversity of polyphyletic asexual morphs, 
which include both saprobic species on plant debris and clinically important species 
(Figure 1) (UNTEREINER and NAVEAU 1998). Among the latter are causative agents of 
chromoblastomycosis, phaeohyphomycosis, disseminated infections, and primary cerebritis 
(MCGINNIS 1983, GARNICA et al. 2009). Main asexual genera are Cladophialophora, Exophiala, 
Fonsecaea, Phialophora, and Rhinocladiella, which all include opportunistic pathogens that 
cause a wide array of clinical syndromes in cold- and warm-blooded vertebrates (CROUS et al. 
2007, SEYEDMOUSAVI et al. 2013). Most species reproduce asexually with conidia generated 
by a filamentous phase, while members of the genus Exophiala show yeast-like budding. 
Occasionally meristematic growth is observed (Figure 1) (DE HOOG et al. 2011). Muriform cell 
segmentation is the unique invasive form inside host tissue in chromoblastomycosis (DA SILVA 
et al. 2002, 2008). Capronia is the homothallic sexual genus covering all asexual members of 
Herpotrichiellaceae. Ascomata are setose containing 8‒32-spored asci; ascospores are pale to 
dark brown and are generally transversally septate or muriform (UNTEREINER 1995). Species of 
the family are generally found in nutrient-poor habitats such as showers and sinks in bathrooms 
or washing machines and dishwashers (HAMADA and ABE 2010, LIAN and DE HOOG 2010, 
ZALAR et al. 2011, ZUPANCIC et al. 2016), while some thrive in extreme environments such 
as on rocks or in toxic niches (BADALI et al. 2011, SEYEDMOUSAVI et al. 2011, DE HOOG 
2014). A significant number of ant-associated undescribed species from carton galleries is also 
affiliated with this family (VOGLMAYR et al. 2011, NEPEL et al. 2014).
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The family Cyphellophoraceae is a small monophyletic group of species, which are known 
through their asexual morphs only (RÉBLOVÁ et al. 2013). Conidia may be hyaline and one-
celled, but several species have pale brown, curved conidia with thin cross walls. Conidiogenous 
cells are inconspicuously phialidic and are cylindrical and intercalary, or swollen and lateral. This 
family includes mild opportunists on human skin and nails in Cyphellophora and Phialophora 
(Figure 1) (FENG et al. 2012, GAO et al. 2015). 
The family Trichomeriaceae is composed by epiphytic species (CHOMNUNTI et al. 2012a) 
and a large clade of rock-inhabiting species recently added (ISOLA et al. 2016). Remarkably 
also the genus Arthrocladium clusters in the family, known for a single strain causing a fatal 

Figure 1 - Phylogenomic distribution of Chaetothyriales and related ascomycetes used for comparative genomics. 
The majority of species are placed in the families Cyphellophoraceae (C) and Herpotrichiellaceae (H). The main 
characteristics such as niche, isolation source (red boxes – anthropophilic pathogens, orange boxes, zoophilic 
pathogens and green boxes geophilic), anamorphs, teleomorphs and sexual locus organization are displayed for 
each compared species.
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disseminated human infection (NASCIMENTO et al. 2016a). The single sexual morph in the 
family is the genus Trichomerium, which morphologically is very similar to Capronia above 
(CHOMNUNTI et al. 2012a). Trichomerium was first placed within the Chaetothyriaceae on the 
basis of morphological similarities of sooty mould-like mycelium, but later a separate family 
was erected using improved phylogenetic analyses (CHOMNUNTI et al. 2012a). Ascomata of 
the Trichomerium species are spherical, covered by long, scattered setae, and contain 8-spored 
asci with septate, often brownish ascospores. Recently, phylogenetic studies also added 
some paraphyletic taxa, which morphologically are very deviant, such as the asexual species 
Brycekendrickomyces acaciae (CROUS et al. 2009). Also, some simple morphology known in 
the Herpotrichiellaceae is recurrent in the Trichomeriaceae in Cladophialophora modesta and 
Cl. proteae (BADALI et al. 2008). Meristematic, non-sporulating species were classified in the 
genera Knufia and Lithophila, a group of largely rock-inhabiting species (with the exception of 
the lichenicolous species Knufia peltigerae) within the Trichomeriaceae (ISOLA et al. 2016). 
Numerous undescribed species of ant-associated fungi characterised by sooty mould-like 
mycelium are also contained within this family (VOGLMAYR et al. 2011, NEPEL et al. 2014).
A recently proposed family is Epibryaceae (GUEIDAN et al. 2014), covering the genus Epibryon 
and the asexual morph Leptomeliola ptilidii, as well as some more simply structured asexual 
morphs that morphologically are classified as Cladophialophora sylvestris, Cl. humicola and Cl. 
minutissima (BADALI et al. 2008, DE HOOG et al. 2011, GUEIDAN et al. 2014). Several species 
are bryophilous fungi, but some have a rock-inhabiting life style, or occur in soil or on vascular 
plants. Ascomata are located superficially on or penetrating leaf tissue. Straight or curved dark 
setae cover globose to ovoid or pyriform, ostiolate, pale to dark brown to black ascomata, 
and the 8-spored asci are ovoid, ellipsoidal or subcylindrical, without apical structures and 
containing transversely septate, ellipsoidal to fusiform ascospores (DÖBBELER 1997, GUEIDAN 
et al. 2014).
Of the families of Chaetothyriales, the Herpotrichiellaceae species exhibit highly diversified 
life styles and show recurrent infection of a variety of vertebrate hosts (DE HOOG 2014). Often 
opportunistic behaviour in human patients is partly explained by a saprobic behaviour combined 
with thermotolerance, as in Mucorales where resistance to high temperatures ‒ often associated 
with other types of extremotolerance ‒ is classically viewed as a prime virulence factor 
(SCHOLER et al. 1983). Opportunistic species often possess dynamic and versatile pathways 
to sequester carbon from a wide range of substrates in the environment. By chance, when 
an opportunistic pathogen colonises its host, the abundance and diversity of genes associated 
with acquiring energy from particular carbon sources might be an advantage. Thus, metabolic 
plasticity combined with tolerance of adverse conditions could be considered as virulence 
factors in opportunistic fungi.
In Herpotrichiellaceae, warm- as well as cold-blooded vertebrates with intact immunity are 
commonly affected (SEYEDMOUSAVI et al. 2014), suggesting the presence of intrinsic virulence 
factors that are independent from temperature. This led us to perform a comparative genome 
approach in order to comprehend the general background of ecology-driven traits, adaptation 
to harsh and toxic environments, and association with vertebrate hosts. The phylogeny of the 
family Herpotrichiellaceae has been intensively investigated for several years by multi-locus 
sequence analyses based on ITS, TEF1, BT2, and ACT1, and occasionally with other genes. 
(DE HOOG et al. 2011) recognised six approximate clades, which showed somewhat different 
ecological trends (Figure 1). The europaea-clade located in the basal position has recently been 
upgraded to family level as Cyphellophoraceae (RÉBLOVÁ et al. 2013). The jeanselmei-clade 
is basal to the Herpotrichiellaceae s.s. and contains several clinically relevant species, next to 
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species which were often derived from environments rich in toxic monoaromatic hydrocarbons 
(ZENG et al. 2013). The dermatitidis-clade contains thermophilic Exophiala species from hot, 
low-nutrient water systems, sometimes causing disseminated infections in humans (DE HOOG 
et al. 2011). The salmonis-clade harbours mainly mesophilic water-borne Exophiala species, 
often infecting aquatic animals such as fish and amphibians, but rarely humans (DE HOOG 
et al. 2011). The two remaining clades comprise the major agents of phaeohyphomycosis 
and chromoblastomycosis, but species can also be found in the environment on plant debris 
(SALGADO et al. 2004, VICENTE et al. 2008). The carrionii-clade harbours some species that 
consistently cause chromoblastomycosis and which may perhaps be regarded as primary human 
pathogens (DE HOOG et al. 2007). The same pattern is observed in the bantiana-clade, which 
harbours Fonsecaea and Cladophialophora, with an abundance of species causing serious 
human diseases (DE HOOG et al. 2011, NAJAFZADEH et al. 2011a,b, SUN et al. 2012) as well in 
Rhinocladiella mackenziei. The trends in all clades are approximate since pathogenic species 
are often flanked by free-living species. Also herpotrichiellacean asexual and sexual morph 
genera are polyphyletic, but as yet molecular phylogeny is too unstable to replace morphology-
based taxonomy (UNTEREINER 1995, HAASE et al. 1999, UNTEREINER and NAVEAU 1999, DE 
HOOG et al. 2011). 
The origin of Chaetothyriales is estimated at approximately 229 MYA during the Middle 
Triassic (GUEIDAN et al. 2011). It has been suggested that the Permian-Triassic (P-T) mass 
extinction, which deeply affected terrestrial and marine ecosystems, led to the development 
of a thermotolerant life-style on rock, possibly in association with toxin-producing lichens. 
After this, a rapid diversification of Chaetothyriales took place. In this vision, extremo- and 
thermotolerance, and an efficient metabolism of carbon sources are atavisms from this period 
(GUEIDAN et al. 2011). The five families proposed in Chaetothyriales all contain a number of 
basal rock-inhabiting species with epiphytic or epilithic growth, suggesting a common origin of 
these life styles (GUEIDAN et al. 2014). 
The dark coloration of chaetothyrialean mycelium is determined by the high production of 
melanin pigments, which was shown to contribute to the above discussed ecological niches 
as well contributing to resistance against host immune responses (SCHNITZLER et al. 1999, 
ZHANG et al. 2013). The presence of melanin alone is not sufficient to explain pathogenicity 
as these polymers are known to be present in many Pezizomycotina, and additional factors 
discussed above may be involved to explain the pathogenic status of these fungi. The virulence 
of opportunistic black yeasts has been suggested to have evolved from adaptations to extreme 
environments, e.g. melanisation (SCHNITZLER et al. 1999, FENG et al. 2001), meristematic growth 
(MENDOZA et al. 1993, KARUPPAYIL and SZANISZLO 1997), and general extremotolerance 
(LIU et al. 2004). Application of concepts of “focused” virulence and “dual ecology” may 
be considered for chaetothyrialean fungi to explain their ability to infect vertebrate hosts 
(CASADEVALL et al. 2003). Although the source of many black fungal infections are plant-
debris and occasionally living plants, their association as common degraders of plant biomass 
could be a misconception. In order to understand the basic biology of Herpotrichiellaceae, their 
phenomenal adaptation to extreme environments, and mechanisms associated with infection 
of vertebrate hosts we sequenced the genomes of 23 BY type species and compared them to 
related pathogens in Eurotiales and Onygenales (Figure 1). The general genomic characteristics 
(i.e., genome size, synteny, gene content, repetitive elements), phylogenomic tree, transposable 
elements, sex-related genes, gene family expansions and contractions, evolution of protein- and 
carbohydrate-degrading genes, and secondary metabolism were deeply investigated in order to 
understand processes of adaptation of Chaetothyriales to multiple environments.
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Materials and methods

rDNA LSU phylogeny
Phylogenetic assessment was carried out for all 172 black yeast fungal strains deposited at the 
CBS-KNAW Fungal Biodiversity Centre (CBS), Utrecht, The Netherlands (Table S1). LSU 
rDNA sequences were retrieved from GenBank and aligned by means of MAFFT v. 7.273 
(KATOH and STANDLEY 2013). Isolates and GenBank accession numbers are listed in Table S1. 
Phylogenetic analyses using Maximum Likelihood (ML) and a Neighbour-Joining (NJ) were 
performed by MEGA v. 6 (TAMURA et al. 2013) with Kimura 2-parameter model and statistical 
bootstrapping procedure involving 500 replicates. 

Strains, DNA and RNA extraction 
A set of 23 black fungal ex-type strains was obtained from CBS-KNAW Fungal Biodiversity 
Centre and cultivated in Malt Extract Broth (MEB) for 7 d with shaking at 150 rpm at 25 °C 
(Table S2). DNA extraction was performed via a cetyltrimethylammonium bromide (CTAB)-
based method and phenol-chloroform/isoamyl alcohol purification (MÖLLER et al. 1992). 
Total DNA was purified with Qiagen Genomic Buffer Set and the Qiagen Genomic-tip 100/G. 
Total RNA was isolated with RNEASY Mini kit (Qiagen, Hilden, Germany) according to the 
manufacturer´s protocol. For the additional strain Cl. carrionii KSF (dH 23894), DNA was 
obtained from 7-d-old mycelia cultured on Sabouraud Glucose Agar (BBLTM) at 25 °C. DNA 
was extracted using the DNeasy Plant Mini Kit (Qiagen) according to manufacture protocols.

Genome assembly and gene prediction and annotation
The genome of Cl. carrionii KSF (dH 23894) was pyrosequenced using the platform 454 
GS FLX (Roche). Shotgun and 3Kb paired-end libraries were sequenced using the GS FLX 
Titanium XLR70 chemistry (~450 bp reads). This genome was assembled using the NEWBLER 
software combining both paired-end and shotgun libraries (MARGULIES et al. 2005). The P. 
attae genome was sequenced and annotated as previously described (MORENO et al. 2015). For 
the other 21 species, the genomes were sequenced using Illumina technology. The genome of 
E. dermatididis was previously described by Chen et al. (2014). For the 20 remaining species, 
genomic DNA was used to construct two libraries with approximate insert size of 180 bp and 
3 kb; for F. multimorphosa only a 180 bases-insert library was constructed. Each library was 
sequenced on an Illumina HiSeq 2000 to generate 101 base paired-end reads. All sequence was 
assembled using Allpaths (version R48559 for most assemblies); assemblies were inspected for 
regions of aberrant coverage, %GC, or sequence similarity using GAEMR 
(www.broadinstitute.org/software/gaemr) and contaminating sequence including was removed.
Genes were predicted and annotated by combining calls from multiple methods. A training set 
was generated using Genewise (BIRNEY et al. 2004) and Genemark (LOMSADZE et al. 2005), 
and then GlimmerHmm (MAJOROS et al. 2004), Snap (KORF 2004) and Augustus (STANKE and 
WAACK 2003) was used to generate ab initio gene models. For seven species, strand-specific 
libraries were constructed from total RNA using the Illumina TruSeq RNA Library prep. For 
each species, paired 76 base reads were generated on an Illumina HiSeq2000. RNA-Seq was 
assembled using Trinity (GRABHERR et al. 2011) (version r20140413p1) in genome-guided 
mode (with parameters genome_guided_max_intron 10000 ‒ SS_lib_type RF ‒ trimmomatic 
‒ min_kmer_cov 2). All assembled transcripts were aligned to the genome using PASA (HAAS 
et al. 2003) and used to update gene models, predict alternatively spliced transcripts, and add 
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UTR predictions. In addition, any ORF present in the PASA transcripts that did not overlap a 
gene prediction was used to recover missed genes. The best gene model at a given locus was 
selected from these data sets using EVidenceModeler (EVM) (HAAS et al. 2008); conserved 
genes missing in gene sets were identified using OrthoMCL (LI et al. 2003) and combined 
with the EVM set (HAAS et al. 2008). All raw sequence data, assemblies, and annotations were 
submitted to NCBI (FINN et al. 2010) (Table S2).

Annotation of transposons
In order to ensure a robust detection of repeat element, we used inverted repeat finder (IRF) 
(WARBURTON et al. 2004) and Repeat Modeler (http://www.repeatmasker.org/RepeatModeler.
html). IRF was set to identify pairs of repeats within a given of 20 kb. False positives candidates 
were filtered using the reference Pfam profile (using pfam_scan.pl with E-value threshold 
0.00001) and RPS-BLAST against CDD profiles (with E-value threshold 0.001) (FINN et al. 
2010, MARCHLER-BAUER et al. 2011). Multiple overlapping hits were removed by cd-hit (FU 
et al. 2012) clustering with sequence similarity threshold set to 100 and query coverage set to 
99 % of the shorter sequence. The resulting customized reference was merged with RepBase 
and used as input for Repeat Masker searches (JURKA et al. 2005). All resulting sequences 
were translated in six frames and searched against a fixed list of reference Pfam HMM (Hidden 
Markov Model) profiles (using pfam_scan.pl with E-value threshold 0.01) and RPS-BLAST 
against CDD profiles (with E-value threshold 0.001). Transposon classification was curated 
manually based on the encoded protein domains.

Annotation of CYP genes
Identification of Cytochrome p450 monooxygenases (CYPs) were carried out by HMMR v. 3.1 
(FINN et al. 2011) which was used to perform sequence-profile HMM searches with the PFAM 
(FINN et al. 2010) profile PF00067 (downloaded from the PFAM protein families database, 
http://pfam.xfam.org/, last accessed September 16, 2014) against all 23 black yeast proteomes. 
Proteins that achieved the cut-off 1e−03 were submitted to BLASTP searches against the 
fungal p450 CYPs database (NELSON 2009) (http://blast.uthsc.edu). The predicted CYPs p450 
were assigned to family and subfamily types based on their BLASTP sequence identity. As 
recommended by the International P450 Nomenclature Committee, the cut-off of sequence 
identity was set at 40 % for family and 55 % for subfamily levels. Partial CYP p450 sequences 
(BLASTP identity > 40 % and coverage < 40 %) were classified as potential pseudogenes.

Annotation of transporter genes
Transporter gene classification was achieved with best match BLASTP (E-value threshold 
1e−05, and at least 50 % alignment-length coverage) to transporter sequences available at 
Transporter Classification Database (TCDB) (SAIER et al. 2014).

Single-copy ortholog extraction and species tree inference
Clustering of single-copy orthologs across multiple fungal species was performed using 
ORTHOMCL (LI et al. 2003) version 1.4 with a Markov inflation index of 1.5 and a maximum 
e-value of 1 × 10−5. Individual amino-acid sequences were aligned with MUSCLE (EDGAR 
2004) and poorly aligned regions were automatically removed using TRIMAL (CAPELLA-
GUTIERREZ et al. 2009) under the “-automated1” setting. The sequences were concatenated 
with FASCONCAT (KUCK and MEUSEMANN 2010) v. 1.0 and species trees were inferred 
by maximum likelihood RAxML (STAMATAKIS 2006) using PROTGAMMABLOSUM62 and 
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1000 bootstraps was used to infer branch support. Beyond the 23 herein analysed black yeast-
like fungi, the following outgroups from the orders Eurotiales and Onygenales were applied: 
Trichophyton rubrum, Coccidioides immitis, Paracoccidioides brasiliensis, Aspergillus 
nidulans and A. fumigatus (Figure 1). 

Genome-scale chaetothyrialean phylogeny and divergence times
The phylogenomic position of Chaetothyriales was inferred based on 264 single-copy orthologous 
protein clusters identified among 53 fungal species as mentioned above. Concatenated amino-
acid sequences were aligned using MUSCLE (EDGAR 2004). In order to select the most-reliable 
positions in the alignment, TRIMAL (CAPELLA-GUTIERREZ et al. 2009) was used to eliminate 
poorly aligned regions (-automated1 option) resulting in 124,693 amino acid positions in the 
final alignment. Phylogenetic tree and branch lengths were inferred by Maximum Likelihood 
via a stochastic algorithm implemented in IQ-TREE software (NGUYEN et al. 2015). Best-fit 
amino acid model selection was assessed using an automatic model selection (MODELFINDER) 
and also considering the FREERATE model (-m TESTNEW option), which assesses the fit of 
multiple of multiple mixture GTR within the same model, in many cases having a better fit 
when compared to models that use a single parametric distribution (SOUBRIER et al. 2012). 
Phylogenetic branch support was inferred by the ultrafast bootstrap approximation approach 
(UFBOOT), a measure that is better correlated to the actual probability of existence of a 
branch than the usual bootstrap (MINH et al. 2013). Divergence times were inferred using the 
RELTIME method (TAMURA et al. 2012) implemented in the MEGA 7 software (KUMAR 
et al. 2016) using the LG model (LE and GASCUEL 2008). Batrachochytrium dendrobatidis 
(Chytridiomycota) was used as outgroup and three calibration constraints were considered 
for divergence time estimations: (1) Basidiomycota / Ascomycota split: 390−1,490 MYA; 
(2) Pezizomycetes crown: 230−970 MYA; and (3) Sordariomycetes stem: 210−890 MYA. 
Those calibrations were based on conservative intervals considering both primary (fossil) and 
secondary calibrations discussed in LÜCKING et al. (2009). A discrete Gamma distribution was 
used to model evolutionary rate differences among sites (5 categories; +G, parameter = 0.6655).

Functional domain prediction gains and losses
To identify functional domain gains and losses, INTERPRO (MITCHELL et al. 2015) domains 
were predicted using INTERPROSCAN (JONES et al. 2014b) in all 23 black yeast-like species 
and in the outgroups with previously released genomes: Trichophyton rubrum, Coccidioides 
immitis, Paracoccidioides brasiliensis (order Onygenales), Aspergillus nidulans and Aspergillus 
fumigatus (order Eurotiales). Gene family evolution was estimated with CAFÉ (DE BIE et al. 
2006) v. 3.0 using a significance family-wide P-value threshold of <0.05 and VITERBI P-values 
of <0.001. To search for BIRTH (λ) values we ran the program with the “-s” option. Two files 
were used as input in CAFÉ analyses: a table containing the organism’s number of copies of 
each INTERPRO domain and an ultrametric tree constructed based on the species tree using a 
custom R script. 
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Results 

Phylogeny 
The aligned LSU dataset of 172 black fungal strains was used to determine a phylogenetic tree 
of the entire order Chaetothyriales; the LSU gene was sufficiently conserved to allow confident 
comparison over the entire dataset. Both Maximum Likelihood and Neighbour-joining analyses 
produced corresponding trees in which the same clades were supported (Figure 2). Moreover, 
the tree topology was congruent with previously reported phylogenies of Chaetothyriales 
(RÉBLOVÁ et al. 2013, GUEIDAN et al. 2014), supporting the presence of five distinctive families: 
Chaetothyriaceae, Cyphellophoraceae, Epibryaceae, Herpotrichiellaceae, and Trichomeriaceae. 
In the most represented family Herpotrichiellaceae, the species were resolved in six clades 
with different ecological preferences as reported by DE HOOG et al. (2011). Overall, this 
family included several clinically relevant fungi as well as species isolated from a variety of 
environmental sources, especially sites contaminated with toxic monoaromatic hydrocarbons. 
Two sub-clades at family level resolution were identifies within Herpotrichiellaceae: The 
upper clade harbour most of the Exophiala and Rhinocladiella asexual morphs while the lower 
clade is overrepresented by the genus Fonsecaea and Cladophialophora. Similarly, the family 
Cyphellophoraceae, which forms a supported monophyletic group, harbours both saprobic and 
medically important species responsible for mild opportunistic infections in human and animals. 
In contrast, the majority of the isolates belonging to the family Trichomeriaceae have an inert 
surface-inhabiting life style, while several are epiphytic. Arthrocladium fulminans seems to 
be the unique isolate causing a fatal disseminated human disease clustering in this family. 
The family Epibryaceae is located in the basal position, forming a distinct clade from other 
Chaetothyriales, but at relatively long branches (Figure 2). Most of the isolates of this family 
are living plant associated.
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Figure 2 - Phylogenetic analysis of members of Chaetothyriales (Class Eurotiomycetes). The Maximum likeli-
hood tree, based on 172 LSU sequences, was determined using MEGA v. 6 with Kimura 2-parameter model with 
default settings and statistical bootstrapping procedure involving 500 replicates. Bootstrap values above 70 % 
are shown at the nodes. Family boundaries are indicated with coloured blocks. The tree was rooted to Verrucula 
granulosaria AFTOL-ID 2304.
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Genome assembly and annotation
The assemblies were highly contiguous, with 12 consisting of 19 or fewer scaffolds, suggesting 
that many correspond to complete chromosomes. Genome assembly size varied from 25.8 
Mbp for Capronia coronata CBS 617.96 to 43.3 Mbp for Cladophialophora immunda (CBS 
834.96; Table S2, Figure S1). Repetitive element identification was considered particularly low 
(ranging from 0.03 % to 5.2 %; Table S3) compared to other fungal species (GALAGAN et al. 
2003; MARTINEZ et al. 2012; TEIXEIRA et al. 2014). This suggests that repeat content might not 
play an important role in determining genome size in black yeast-like fungi. 
Genes were predicted combining de novo reconstruction of transcriptomes from RNA-seq data 
for some species and with ab initio and sequence homology based gene models. Corresponding 
with genome assembly sizes, high gene counts were found in Capronia coronata (9,231 
predicted genes) and Cladophialophora immunda (14,033 predicted genes) (Table S2, Figure 
S1). However, we did not observe a phylogenetic correlation between genome size and total 
gene number in the species examined (Figure S1). Species of the jeanselmei- and bantiana-clades 
mostly experienced an increase in genome size as well as in predicted Open Reading Frames 
(ORFs) compared to ancestral populations (Figure S1). Exceptions were E. aquamarina CBS 
119918 with 41.7 Mb, while E. sideris CBS 121828 had a size of 29.5 Mb, as small as members 
of the carrionii-clade and similar to those of the dermatitidis-clade. In contrast, members of the 
dermatitidis-clade experienced a notable decrease in genome size and gene content (Figure S1). 
Within Ascomycota, BY genomes had the highest percentages of G+C content reported to date, 
i.e., varying from 49 % in E. aquamarina to 54.3 % in Cl. carrionii, which could contribute 
to their thermotolerence (NISHIO et al. 2003). This corresponds with low single dinucleotide 
repetitions found in BY genomes. 
Using clustering analysis performed by ORTHOMCL, we determined the protein core families 
that were conserved in all black yeasts under investigation and other related fungi. This resulted 
in 4,031 genes per genome in the core set conserved in all species (Figure 3).
The KOG annotation for these amino-acid sequences revealed that proteins responsible 
for housekeeping functions, particularly for translation and RNA processing, were more 
represented in the core set (Figure S2). We also assessed the proteins specific to each clade. 
We considered as clade-specific proteins those proteins that were present in orthologous groups 
found in a unique clade but were absent from all others. Non-core proteins may provide insight 
into specific processes and may be indicative of certain ecological preferences. For example, 
enzymes related to metabolism of carbohydrate (G) were found to be over-represented in 
the jeanselmei-clade (p-value = 1e-04; Fisher’s exact test). Similarly, enzymes associated to 
secondary metabolites (Q) were found to be enriched in the bantiana- (p-value = 3e-13; Fisher’s 
exact test), salmonis- (p-value < 1e-08; Fisher’s exact test) and jeanselmei-clades (p-value = 
7e-08; Fisher’s exact test).
On the other hand, the dermatitidis-clade proteins were under-represented for these functions 
(G: p-value 2-e01; Q: p-value 9-e02; Fisher’s exact test) suggesting a reduced secondary 
metabolite producing capacity (Figure S2). 
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Figure 3 - Distribution of orthology classes in black yeasts and closely related fungi: core genes found in all genomes are shown 
in green, shared genes present in more than one but not all genomes in blue and genes that were unique to only one of the 28 
analysed genomes in yellow.



Chapter 2

30

Transposable elements 
The members of the families Herpotrichiellaceae and Cyphellophoraceae have low content 
of transposable elements (Figure S3, Table S3). Prevention of accumulation of transposable 
elements in BY genomes might be driven by the hyper-mutation process of repeat-induced 
point mutation (RIP). The scarcity of transposable elements results in decreased abundance of 
transposon encoded proteins such as reverse transcriptase (RT domain -IPR00477). Despite the 
low incidence of repetitive elements in BY genomes, we detect several TEs in the bantiana- and 
jeanselmei-clades, especially of the DNA Transposons LINE and the LTRs retrotransposons 
when compared to remaining clades (Figure S3). Rhinocladiella mackenziei, not assigned to 
any clade, also contained a higher number of elements with some specific expansions, such as 
the Helitron class (Table S3). The E. aquamarina genome presented the highest number of TEs 
(5.2 %), possibly reflecting its relatively significant genome expansion compared to other BY 
genomes (Figure S3). It has been described previously that eukaryotic genomes of moderate 
sizes tend to have a linear correlation between complexity and genome size (METCALFE and 
CASANE 2013). Black yeast moderate genome sizes correlate well with the scarcity of repeats.
Within the Onygenales, which are generally related to animal hosts either as saprophytes 
or pathogens, there are organisms with small compact genomes and others with expanded 
complex genomes. The transposon-rich Ajellomycetaceae (Blastomyces, Histoplasma, 
and Paracoccidioides) and Onygenaceae (Coccidioides) compared to dermatophyte 
Arthrodermataceae (Trichosporon, Arthroderma, Microsporum), which have streamlined 
genomes with single repeats. The opportunistic Onygenales seem to have a more diverse TE 
landscape whereas specialised dermatophytes reduced their genomes. Blastomyces transposons 
have expanded up to 63 % of the genomes in a low GC genomic environment (MUÑOZ et 
al. 2015). Lower GC is expected to favour mobile element integration (WICKER et al. 2007). 
Additionally during genome duplication often mobile elements proliferate (MA et al. 2009).

Vma1-a inteins reveal a new evolutionary trend
We detected the presence of self-cleaving parasite proteins of the MEROPS N09 family, 
nested within Asparagine Peptide Lyases among some of the BY genomes. The N09 domain 
is commonly found within intein-containing V-type proton ATPase catalytic subunit A in 
several species of yeasts and genera of Archaea, i.e. Thermoplasma and Pyrococcus (PERLER 
2002) (vma-1a and vma-1b inteins, respectively) (PERLER et al. 1994, LIU 2000). This mobile 
element is spliced out from host protein sequences (or exteins) after its translation through an 
autocatalytic process. This parasite domain, which was suggested to have been acquired by 
a process of horizontal gene transfer (HGT), has a high sequence similarity with Archaea / 
Bacteria because of its convergent evolution along the fungal tree of life (GODDARD and BURT 
1999, POULTER et al. 2007, SWITHERS et al. 2013). We detected the presence of vma-1a class 
intein in the R. mackenziei (Z518_00231) and F. pedrosoi (Z517_06303) genomes, suggesting 
a broader distribution within Ascomycetes (Figure S4). We extended our analysis throughout 
other Pezizomycotina using INBASE (PERLER 2002), and the vma-1a intein was also found 
in members of Sordariomycotina, i.e. Sporothrix schenckii, S. brasiliensis, and Stachybotrys 
chartarum genomes, bringing the total number of non-yeast species with inteins herein to five. 
In contrast, this self-cleaving protein is widely distributed among Saccharomycotina. Those 
five Pezizomycotina species are nested in a monophyletic clade apart from remaining species 
of Saccharomycotina, which may represent a new class of this element. The Host V-type proton 
ATPase protein, splicing and DOD homing endonuclease motifs were all identified and conserved 
with Candida glabatra vma 1-a (Figure S4). However, the DOD homing endonuclease motif 
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blocks D and E do not seem to be conserved with vma 1-a in Saccharomycetales. On the other 
hand, motif blocks D and E appear to be highly conserved with those presented in the PRP8 
intein among Pezizomycotina (data not shown). Here we report on additional vma-1a intein, 
showing that they are found in more diverse fungal species within Pezizomycotina. V-ATPases 
are in general responsible for acidification of a variety of intracellular compartments, especially 
the vacuolar membrane vesicles of Eukaryotes. These mobiles genetic elements are self-spliced 
due stress adaptation (SENEJANI et al. 2001, TOPILINA et al. 2015, NOVIKOVA et al. 2016) and 
may play an important role in the regulation of extremotolerance of many BYs. 

Origin of black yeast species and divergence times
A multigene phylogenetic species tree for a broad panel of 53 fungal species was generated 
using 264 single-copy orthologs. Representatives of chaetothyrialean families other than 
Herpotrichiellaceae and Cyphellophoraceae are still missing. With this limitation, two groups are 
sufficiently remote to conclude that as yet the order Chaetothyriales harbours two monophyletic 
families, Herpotrichiellaceae and Cyphellophoraceae which ancestry is found around 130 MYA 
during the cretaceous period (Figure 4).
Based on morphological and molecular methods with conserved genes, Coniosporium 
apollinis has previously been placed early in the Chaetothyriales. However, using a genome-
scale phylogenetic tree, we demonstrated that this fungus is more closely related to the order 
Botryosphaeriales in the Dothideomycetes (Figure 4). The Chaetothyriales are close to 
Verrucariales and Phaeomoniellales. These orders are displayed as paraphyletic branches and 
compose, along with Onygenales and Eurotiales, the subphylum Eurotiomycetes. Judging from 
the calibrated phylogenetic tree, the early and major BY lineages of Herpotrichiellaceae and 
Cyphellophoraceae are contemporaneous and emerged around 75−50 MYA during/after the 
Cretaceous-Paleogene (K-Pg) extinction event (Figure 4). It is worth noting that the radiation 
of Chaetothyriales took place more recently than that of Onygenales.

Gene family evolution in black yeast
INTERPROSCAN was used to identify protein domains in all 23 black yeasts and in related fungi 
in Eurotiomycetes, including Trichophyton rubrum, Coccidioides immitis, Paracoccidioides 
brasiliensis (order Onygenales), and Aspergillus nidulans and Aspergillus fumigatus (order 
Eurotiales). The species tree was inferred by maximum likelihood RAxML (STAMATAKIS 2006) 
based on the concatenated amino acid sequences of 4,031 single-copy orthologous genes shared 
by all 23 species. Domain gain events (expansions) and domain loss events (contractions) were 
estimated with CAFÉ (DE BIE et al. 2006) in each black yeast and ancestral node of the species 
tree. The dynamic evolution of protein domain families in black yeast is shown in Figure 5A.
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Figure 4 - Genome-scale of chaetothyrialean phylogeny and divergence times. Calibration points are highlighted 
in blue and were used to infer the divergence times for Chaetothyriales (upper panel). The red node displays 
the divergence dates of Chaetothyriales and the red asterisk bolded area highlights a common era for both 
Cyphellophoraceae and Herpotrichiellaceae. The bottom scale presents the main geological and periods and eras.
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Figure 5 - Dynamic evolution of protein families. (A) Phylogenetic tree showing the relationship between species 
and altered protein families. Pie diagrams and numbers at the nodes represent the abundance of contractions (red) 
expansion (blue) and No change (black) of 1771 protein families during evolution of black yeasts. (B) Heatmap 
showing expansion and contractions of protein families found in species belonging to the bantiana- and carrionii-
clades, respectively. Domains are grouped by category similarity. All domains shown are significantly changed, 
and were identified using CAFE with cut-off of family p-values <0.05 and Viterbi p-values <0.01.
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Overall, we observed 46 genomic novelties associated with protein domain expansions and 
contractions, which arose early in the evolution of these fungi and that were present in the 
common ancestor of Chaetothyriales examined (Table S4). We speculate these expanded 
domain families have provided selective advantage and extremotolerance for adaptation to 
ecological niches that are subjected to environmental stress. Black yeasts are known for their 
extremotolerance and are able to grow and thrive in hostile habitats, such as those containing 
toxic compounds, high and low temperature, scarcity of nutrients, or conditions of dryness 
(GOSTINCAR et al. 2010). We assessed a correlation between the seven domain family expansions 
and the ecological preferences in herpotrichiellaceous black yeast. These functional domains 
are likely to be involved in metabolic processes with oxidoreductase activity. Among them, 
four domains are related to Aldehyde dehydrogenases (ALDHs), which catalyse the oxidation 
of different aldehydes to their corresponding carboxylic acids (PEROZICH et al. 1999). Since 
several aldehydes are toxic at low levels, this vast repertory of ALDHs present in BYs is likely 
to play a role in diverse reactions supporting extremotolerance. Three domains are related to 
zinc-containing alcohol dehydrogenase (Adh), which catalyse the oxidation of alcohols to their 
corresponding acetaldehyde or ketone. The IPR013154 and IPR013149 correspond, respectively, 
to the N-terminal and C-terminal portions of this enzyme and IPR011032 represents an 
oligomeric molecular chaperone associated with the N-terminal region involved in the folding 
protein process (WALTER 2002). Adh are thought to be proteins prone to evolutionary changes 
following gene duplication due to their ability to assume new functions as consequence of their 
broad spectrum of substrates (PISKUR et al. 2006, CONANT and WOLFE 2008). Furthermore, 
a physiological role of Adh has been reported in many biochemical pathways including stress 
tolerance, pathogenicity, detoxification, and substrate specificity (PISKUR et al. 2006, GRAHL et 
al. 2011). As expected for a fungal family with many members tolerating extreme conditions, the 
expansion of alcohol dehydrogenase domains in the black yeast from a common ancestor may 
have determined the diversification of these organisms in a range of ecological niches. Another 
important domain expansion verified in the common ancestor of all black yeasts analysed was 
the trichothecene efflux pump (IPR010573), which might have been important in black yeast to 
colonize sites contaminated with this class of compounds.
Analysis focusing on individual clades revealed that the bantiana- and carrionii-clades, which 
have pronounced trends in vertebrate infection, evolved in opposite directions (Figure 5B). 
Several domains expanded in the bantiana-clade appeared to be reduced in the carrionii-clade. 
This would suggest that specific expansions in the bantiana-clade are attributed to ecological 
preferences in these organisms. However, the clades contain Fonsecaea pedrosoi and 
Cladophialophora carrionii, respectively, which cause the same disease, chromoblastomycosis, 
with the same invasive form, the muriform cell, and which thus do not share specific domains. 
We did not observe expansions exclusive to the dermatitidis-clade. Previously domain 
expansions attributed to Exophiala dermatitidis (CHEN et al. 2014), such as IPR002656 and 
IPR020843, were also found expanded in members of the jeanselmei- and salmonis-clades. 
Unlike truly pathogenic fungi possessing a specialized thermosensitive tissue phase (SHARPTON 
et al. 2009), we did not observe massive functional domain loss compared to the ancestral black 
yeasts. 

Cytochrome p450 expansion and diversification 
Cytochrome p450 genes (CYPs) play a fundamental role in primary, secondary, and xenobiotic 
metabolism (VAN DEN BRINK et al. 1998). Due to their participation in a large number of 
detoxification reactions as well as in the metabolism of specific xenobiotics which may be 
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co-assimilated as carbon source, CYPs are thought to be critical for the colonization of new 
ecological niches (MOKTALI et al. 2012). In fungi, point mutation and overexpression of CYP 
family-specific genes have been found to be responsible for drug resistance (LAMB et al. 1997, 
LUPETTI et al. 2002, MA et al. 2006). The evolution of fungal pathogenesis is thought to be 
associated with CYP family expansion and diversification through gene duplication. Our CYP 
prediction analysis revealed an extraordinary p450 repertoire in black yeast-like fungi ranging 
from 231 predicted CYPs in Cladophialophora psammophila to 60 predicted CYPs in Capronia 
coronata (Table 1)

Notably, Cl. psammophila was found in a hydrocarbon-polluted environment (BADALI et 
al. 2011), while Ca. coronata is a coloniser of decorticated wood in nature (MÜLLER et al. 
1987). A comparison of the predicted number of CYPs to those of other species in the Fungal 
Cytochrome P450 Database (FCPD) (PARK et al. 2008) showed that some black yeasts are 
among the Ascomycota species with the highest number of CYPs (Figure 6).

Clade Species Strain # CYP # Family # Subfamily # CYP Not 
assigned

jeanselmei-clade E. xenobiotica CBS118157 164 62 39 41
E. spinifera CBS 89968 122 56 28 30
E. oligosperma CBS725.88 131 52 30 30
E. sideris CBS121828 97 40 23 25

dermatitidis-clade E. dermatitidis CBS 525.76 62 24 27 9
Ca. epimyces CBS 606.96 99 40 32 15
Ca. coronata CBS 617.96 60 25 19 16

R. mackenzie R. mackenzie CBS 650.93 161 56 46 44
carrionii-clade Cl. carrionii CBS 160.54 101 37 31 29

Cl. yegresii CBS 114405 88 34 26 26
C. semiimmersa CBS 27337 109 44 28 36

bantiana-clade F. pedrosoi CBS 271.37 164 70 38 38
F. multimorphosa CBS 102226 165 67 44 40
Cl. immunda CBS834.96 144 51 38 37
Cl. bantiana CBS 173.52 175 68 42 48
Cl. psammophila CBS 110553 231 85 52 57

salmonis-clade E. aquamarina CBS 119918 179 68 36 51
E. mesophila CBS402.95 75 39 19 19

Cyphellophoraceae P. europaea CBS 101466 117 49 28 33
P. attae CBS131958 135 59 32 37

Outgroup V. gallopava CBS437.64 84 39 23 14
C. apollinis CBS 100218 77 37 25 8

Table 1. Overview of Cytochrome p450 in black yeasts.
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A total of 2740 CYP sequences were clustered in 131 families (Table S5) and 175 subfamilies 
according to their amino acid sequence identity against the Fungal p450 CYPs database 
(NELSON 2009). One hundred and nine partial CYP p450 sequences (BLASTP coverage > 40 
%) were classified as potential pseudogenes due to the occurrence of premature stop codons or 
presence of frameshifts (Table S6). These sequences are shorter than their homologs in other 
fungi. Potential pseudogenes were not included in downstream analysis. Comparative analyses 
revealed striking differences and expansions across the black yeast-like fungi in a range of CYP 
p450 families. We observed notorious CYP family expansions, mainly, but not exclusively, in 
species belonging to the bantiana-clade (CYP530, CYP682, CYP504, and CYP52) (Table S5). 
These CYP families potentially affect the metabolism of phenolic compounds and aromatic 
hydrocarbons (OLIVERA et al. 1994, COX et al. 1996, LIN et al. 2011, MOKTALI et al. 2012, 
ZHANG et al. 2012). Our findings are consistent, to some extent, with previous studies showing 
that some black yeasts appear to have adapted to grow in environments polluted with aromatic 
hydrocarbons (WOERTZ et al. 2001, PRENAFETA-BOLDÚ et al. 2002, 2006, ZHAO et al. 2010a). 
Particularly important due to its abundance in some black yeast species, CYP530 is thought to 
participate in the degradation of several fatty acids and hydrocarbons (MOKTALI et al. 2012). 
This CYP was found ranging from 13 copies in Cladophialophora psammophila and Fonsecaea 
pedrosoi to complete loss in Cl. yegresii (Table S7). The phylogenetic tree of CYP530 revealed 
multiple recent duplications and expansions. In addition, we observed two monophyletic clades 
likely correspond to distinctive subfamilies of CYP530 (Figure S5). This gene redundancy 
observed might have been used to guard the above described critical functions as was shown in 
other fungi (SKAMNIOTI et al. 2008). To the best of our knowledge, the 13 copies is the highest 
rate of CYP530 reported in the fungal Kingdom (Table S7). Since Cladophialophora yegresii 
was only isolated from thorns of living cactus and was able to grow as an endophyte in cactus 
tissue (FERNÁNDEZ-ZEPPENFELDT et al. 1994, DE HOOG et al. 2007), it might be speculated 
that the absence of genes involved in secondary metabolism, such as CYP530, may implicate a 
biotrophic lifestyle where the organism obtains essential nutrients from its host. 
At the subfamily level, we verified that the housekeeping genes CYP51F (encoding lanosterol 
14α-demethylase) and CYP61A (encoding sterol delta22-desaturase), which are implicated in 
sterol biosynthesis (YOSHIDA and AOYAMA 1984, PODUST et al. 2001, LEPESHEVA et al. 2008, 

Figure 6 - Distribution of CYP p450 genes in Ascomycota. TOP 10 fungal species with highest CYP p450 num-
bers in ascomycetous genomes, based on search against the Fungal Cytochrome P450 Database (FCPD).
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PARK et al. 2011) comprise one of the most conserved subfamilies across black yeast-like fungi. 
Azole antifungal agents interacting with CYP51, lead to growth inhibition and the death of 
fungal cells due to an ineffective conversion of lanosterol to ergosterol (YOSHIDA 1988, KELLY 
et al. 1997). It has been demonstrated that additional copies of, as well as point mutations in, the 
CYP51 gene may lead to acquisition of resistance in fungi (SANGLARD et al. 1998, JONES et al. 
2014a). Our analyses revealed that most species have two CYP51F copies, whereas members 
of the dermatitidis-clade, Rhinocladiella mackenziei and the outgroups Coniosporium apollinis 
and Verruconis gallopava, have a unique CYP51F gene (Figure S6). The important Y136F 
mutation (MULLINS et al. 2011, JONES et al. 2014a) associated with CYP51 copy number 
variation and involved in azole resistance was not identified in these genes. This suggests that 
the tolerant allele, responsible for the azole resistance, is acquired only in the presence of azole 
fungicides. CYP61A was found in a single copy in all genomes studied.

Aromatic compound metabolism
Comparative analyses revealed that the genes PHA and HGD are organized in a syntenic 
cluster with at least six additional conserved genes (Figure S7). We verified that this gene 
cluster organisation was retained by natural selection in most Herpotrichiellaceae. Besides the 
PHA and HGD genes, this cluster includes a variable number of genes coding for hypothetical 
proteins, an MFS transporter, a trehalose-6-phosphate hydrolase (T6P-hydrolase), and a 
fumarylacetoacetase (Figure S7). T6P has been linked to diverse roles, such as energy source, 
protectant against stress of heat, freezing, starvation, dehydration, and desiccation (WIEMKEN 
1990, ITURRIAGA et al. 2009), and is important in fungal pathogenicity (VAN DIJCK et al. 
2002, PETZOLD et al. 2006, NGAMSKULRUNGROJ et al. 2009). The presence of PHA, HGD, 
and fumarylacetoacetase in this cluster overlaps the styrene degradation pathway, which might 
support the involvement of these genes in the degradation of aromatic compounds (Figure S7). 
The MFS transporter may be involved in energy production transporting simple sugars across 
the mitochondrial membrane. As the synteny of these genes is highly conserved in several black 
yeast-like fungi, we hypothesize that the cluster configuration was probably acquired by their 
common ancestor, and subsequent gene rearrangement resulted in the current gene order and 
orientation in the extant species. 

Secondary metabolism
Fungal secondary metabolites (SMs) are natural products important for the colonization of 
specific ecological niches. Despite their wide variation, all secondary metabolites are produced 
by a few common biosynthetic pathways and classified according to the enzyme involved in 
their biosynthesis: polyketides (PKS), non-ribosomal peptides (NRPS), terpenes and indole 
alkaloids (KELLER et al. 2005). We identified a large number of potential gene clusters for 
secondary metabolite present in black yeast (Table 2). The majority of these biosynthetic 
clusters correspond to PKS I/III (101 clusters), terpene (91 clusters) and NRPS (61 clusters), 
although it was verified that some species possess hybrid clusters (Table 2).
In addition, the PKS III cluster was found only in Chaetothyriales since Coniosporium apollinis 
and Verruconis gallopava lack such gene cluster. 



Chapter 2

38

S
pe

ci
es

Te
r-

pe
ne

III
 P

K
S

I P
K

S
N

rp
s

Te
rp

en
e/

In
-

do
le

/P
K

s 
I

N
R

P
S

 +
 

te
rp

en
e

P
ho

sp
ho

-
na

te
la

nt
ip

ep
tid

e
I p

ks
/ 

te
rp

en
e 

I P
K

S
/

N
rp

s 
N

rp
s 

+
 

in
do

le
in

do
le

C
a

p
ro

n
ia

 c
o

ro
n

a
ta

 
4

1
2

4
0

0
0

0
0

0
0

0
E

xo
p

h
ia

la
 d

e
rm

a
tit

id
is

4
1

2
5

0
0

0
0

0
0

0
0

C
a

p
ro

n
ia

 e
p

im
yc

e
s

6
1

6
2

0
0

1
0

0
0

0
0

C
la

d
o

p
h

ia
lo

p
h

o
ra

 p
sa

m
-

m
o

p
h

ila
 

3
1

2
3

1
0

0
0

0
0

0
0

E
xo

p
h

ia
la

 a
q

u
a

m
a

ri
n

a
6

1
6

4
0

0
1

0
0

0
0

0
C

la
d

o
p

h
ia

lo
p

h
o

ra
 c

a
rr

io
n

ii
5

1
4

3
0

0
0

0
0

0
0

0
P

h
ia

lo
p

h
o

ra
 a

tt
a

e
4

1
3

1
0

0
0

0
0

0
0

0
P

h
ia

lo
p

h
o

ra
 e

u
ro

p
a

e
a

4
0

2
2

0
0

0
0

0
0

0
0

C
a

p
ro

n
ia

 s
e

m
iim

m
e

rs
a

4
0

4
4

0
0

0
0

0
0

0
0

E
xo

p
h

ia
la

 x
e

n
o

b
io

tic
a

4
1

6
2

0
0

1
0

0
0

0
0

 E
xo

p
h

ia
la

 o
lig

o
sp

e
rm

a
4

1
3

4
0

0
0

0
0

0
0

0
 E

xo
p

h
ia

la
 s

p
in

ife
ra

 
3

1
4

3
0

0
1

0
0

0
0

0
V

e
rr

u
co

n
is

 g
a

llo
p

a
va

3
0

5
2

0
0

0
0

0
0

0
0

E
xo

p
h

ia
la

 m
e

so
p

h
ila

4
1

1
2

0
0

0
0

0
0

0
0

E
xo

p
h

ia
la

 s
id

e
ri
s 

4
2

2
2

0
0

2
1

0
0

0
0

C
o

n
io

sp
o

ri
u

m
 a

p
o

lli
n

is
5

0
3

1
0

1
0

0
0

0
0

0
F

o
n

se
ca

e
a

 p
e

d
ro

so
i 

4
1

3
3

0
0

0
0

0
0

0
0

R
h

in
o

cl
a

d
ie

lla
 m

a
ck

e
n

zi
e

i
4

1
9

5
0

0
0

0
0

0
0

0
C

la
d

o
p

h
ia

lo
p

h
o

ra
 b

a
n

tia
n

a
 

3
1

2
2

1
0

0
0

0
0

0
0

F
o

n
se

ca
e

a
 m

u
lti

m
o

rp
h

o
sa

4
1

5
2

0
0

0
0

0
0

0
0

C
la

d
o

p
h

ia
lo

p
h

o
ra

 im
-

m
u

n
d

a
4

2
5

2
0

0
0

0
0

0
0

1

C
la

d
o

p
h

ia
lp

h
o

ra
 y

e
g

re
si

i
5

1
2

3
0

0
0

0
0

0
0

0

Table 2. Summary of secondary-metabolite gene classes in black yeast.
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Melanin synthesis
Fungi may produce melanin via distinct pathways: the eumelanin via the DHN and DOPA pathways, 
and the pyomelanins via L-tyrosine degradation pathway (LANGFELDER et al. 2003). Recently, 
homologs of these three pathways have been identified in the pathogenic black yeast Exophiala 
dermatitidis and in other filamentous fungi (YOUNGCHIM et al. 2004, CHEN et al. 2014). Similarly, we 
found that members of Herpotrichiellaceae possess several melanin-associated genes, suggesting they 
would be able to produce melanins using all different pathways, as was also suggested for Fonsecaea 
monophora (LI et al. 2016). Unlike other filamentous fungi, where the melanin genes are frequently 
encoded in biosynthetic gene clusters (KIMURA and TSUGE 1993, WOO et al. 2010), we did not verify 
this organisation in black yeast-like fungi.
The dark polymer 1,8-dihydroxynaphthalene (DHN) melanin is produced via the DHN-melanin pathway 
and believed to be the best characterised fungal melanin biosynthetic pathway. Comparative analyses 
between previously released melanin-associated genes (CHEN et al. 2014) and our dataset revealed that 
many, but not all black yeasts possess homologs for the production of melanin by the DHN pathway 
(Table S8). The equally dark-pigmented outgroups Verruconis gallopava and Coniosporium apollinis 
outside of or basal to the Chaetothyriales showed the highest number of missing genes, including the 
known multicopper oxidases (MCOs) required for melanin biosynthesis. This suggests that the DHN-
melanin pathway has been better conserved between the Herpotrichiellaceae and Cyphellophoraceae. 
However, MCOs with low similarity to known and well-characterised enzymes have been reported 
in fungi (TAMAYO-RAMOS et al. 2012) and additional knowledge about their enzymatic propertiesis 
required to elucidate the DHN-melanin pathway in these species.
Similar to the DHN pathway, DOPA-melanin pathway homologs were identified across black 
yeast-like species. Of particular interest was the high number of tyrosinases and laccases found in 
Herpotrichiellaceae, but not in the outgroups Verruconis gallopava and Coniosporium apollinis (Table 
S8). The presence of multiple laccases only in Herpotrichiellaceae supports a diversification of this 
enzyme that occurred late in the evolution of black yeasts. A possible explanation for the presence 
of multiple laccase genes would be the various functions that have been attributed to this enzyme 
other than pigmentation, such as degradation of organic pollutants and lignin, and stress tolerance 
(BALDRIAN 2006, RODRIGUEZ COUTO and TOCA HERRERA 2006).

Protein degradation
The overall counts of the main MEROPS (RAWLINGS 2010, RAWLINGS et al. 2014) peptidase 
families revealed the abundance of serine- (S) and metallo- (M) peptidase families in Chaetothyriales 
(Table S9). With the exception of the dermatitidis-clade, members of both Herpotrichiellaceae and 
Cyphellophoraceae presented specific and significant number of S09 (S09X sub-family), S33, and M38 
families according to CAFÉ analysis (Figure S8). S09X and S33 families appear to be significantly 
depleted in Eurotiales and Onygenales, while these proteins might play an important role in the ecology 
of Chaetothyriales (MUSZEWSKA et al. 2011). Cluster analysis of sequences from the S09X family 
revealed that most BY protein expansions were found in two different clusters (Figure S8). Protein 
sequence classification showed that S09X corresponds to alpha/beta hydrolase fold-3 (IPR013094/
PF07859) and proteins containing a carboxylesterase type B (IPR002018/PF00135) domain (Figure 
S9). Gene tree reconstruction showed that main gene duplication events were at the basis of the M38 
IPR002018/PF00135 domain expansion in BY, while several losses in Eurotiales and Onygenales 
explain the relative accumulation of IPR013094/PF07859 proteins in BY (Figure S9). According to 
several authors, the expansion of metalloproteases M35 and M36 could be associated with mammal-host 
association (SHARPTON et al. 2009, MARTINEZ et al. 2012, WHISTON and TAYLOR 2015). According 
to MEROPS classification, the M35 and M36 protein families are depleted in Cyphellophoraceae 
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and absent among Herpotrichiellaceae (Figure S9). On the other hand, we detected an expansion of 
M38 proteins in BY, which may be associated with β-aspartyl dipeptidase acting in the release of iso-
aspartate residues from peptides as characterised for bacteria (BOREK et al. 2004). Cluster analysis 
of the M38 family revealed that most of the BY protein expansions were found to be enriched in the 
highlighted three clusters (Figure S10). Protein sequence classification of those three clusters revealed 
that M38 BY enrichment corresponds to an amidohydrolase/metal-dependent hydrolase (IPR011059, 
IPR006680/PF01979) domain containing proteins. In cluster III, beyond these domains, we detected 
the presence of a tryptophan synthase (IPR001926) domain expanded in Herpotrichiellaceae and 
Cyphellophoraceae (Figure S10). 

Carbohydrate-active enzymes
Carbohydrate-active enzymes (CAZymes) are responsible for the degradation, modification, and 
biosynthesis of carbohydrates and glycoconjugates (CANTAREL et al. 2009). The family classification 
system based on amino-acid sequence and structure similarities has been used to group the CAZymes 
into five classes of enzyme activities and one associated module: glycoside hydrolases (GHs), 
glycosyltransferases (GTs), polysaccharide lyases (PLs), carbohydrate esterases (CEs), auxiliary 
activities (AAs), and the associated module carbohydrate-binding modules (CBMs) (CANTAREL et al. 
2009). In this study we determined the CAZymes composition distributed across the black yeasts and 
compared this with other ascomycetes. In total, 154 CAZymes families were identified in the predicted 
protein sets. Generally, the highest and the lowest number of CAZymes were found in members of 
the jeanselmei- and dermatitidis-clades, respectively, although the variation observed between species 
within clades was considered low. Some CAZymes appeared to be clade-specific. For example, the 
GH62 family was only found in the europaea-clade (Cyphellophoraceae). On the other hand, several 
CAZymes were identified in all species examined (Table S10).
Some striking depletions were verified in CAZyme families involved in the degradation of plant 
material. Plant cell wall polysaccharides are subdivided into three categories: cellulose, hemicellulose 
(including xylan, xyloglucan, glucogalactomannan, galactan, and respective side chains), and pectin 
(composed of galacturonan, rhamnogalacturonan, and respective side chains) (AMSELEM et al. 2011). 
Most black yeast-like fungi lack the pectinases PL1, PL3, PL4, PL7, PL9, and PL10 (Table S10). 
Comparable depletions have been reported in species of Onygenales (DESJARDINS et al. 2011), and 
Sporothrix (TEIXEIRA et al. 2014) while they are present in Eurotiales. The β-1,4-glycosyl hydrolase 
family 28 (GH28) is another family linked to the breakdown of pectins. This enzyme is absent in the 
dermatitidis-clade, jeanselmei-clade, and salmonis-clade, but present in the bantiana- and europaea-
clades. Similarly, pectin methylesterase family CE8 and pectin acetylesterase family CE12 are absent 
in Herpotrichiellaceae. Comparable patterns are found in the xylan-associated enzyme family GH11 
(endo-β-1,4-xylanase), present only in the carrionii- and europaea clades, as well as in Eurotiales, and 
CE 1 (acetyl xylan esterase) missing in Onygenales and in all black yeasts examined.
Depletions were also verified in chitin-related enzymes, a critical component of the fungal cell wall 
(LATGÉ 2007). Black yeasts on average have 5 members of the chitinase family GH18 per species. 
In contrast, Onygenales and Eurotiales have 10 and 21 members per species on average, respectively 
(Table S10). Moreover, the Carbohydrate-Binding Module Family 18, which is often found attached 
to a number of chitinase catalytic domains, is depleted in black yeasts. These comparisons suggest that 
the breakdown of chitin is likely reduced compared to other filamentous fungi.
The family AA4 contains vanillyl-alcohol oxidase (VAO), which is missing in several other ascomycete 
fungi and is well represented in BY. VAOs catalyze the oxidation of a wide range of phenolic compounds 
and are abundant in black yeast genomes ranging from 10 copies in Cladophialophora psammophila 
to two copies in Capronia coronata. This finding is consistent with the ability of many black yeasts to 
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degrade aromatic compounds (ISOLA et al. 2013).

Cell-wall biosynthesis
The cell wall is an essential structure involved in protective functions against osmotic pressure and 
environmental stress (BOWMAN and FREE 2006). The three major fungal cell wall constituents are 
chitin, mannan, and β-glucan. These components have been implicated in fungal virulence and 
represent targets for immune surveillance mechanisms (BULAWA et al. 1995). In agreement with 
previously published data (CHEN et al. 2014), BY genomes encode an arsenal of genes involved in 
chitin synthesis. All 7 proposed classes of chitin synthase genes (CHS) previously described in fungi 
(RONCERO 2002) were present in BY, except Class VI, which is missing in Rhinocladiella mackenziei. 
This species is recognised as an important causative agent of cerebral phaeohyphomycosis (LI and de 
HOOG 2009); mutants in CHS-VI are viable and less virulent (BULAWA et al. 1995). Proteins linked 
to the regulation and exportation of chitin synthase are conserved in BYs (Table S11). In contrast, 
comparative analysis of chitin degradation genes showed that black yeasts lack chitosanase, which is 
conserved in Saccharomyces cerevisiae and Schizosaccharomyces pombe (Table S11). Additionally, 
BYs have fewer chitinase proteins belonging to the family GH18 compared to other filamentous fungi, 
as described above (Table S11). Chitin deacetylases, which are believed to be secreted exclusively 
during modification of chitin in the cell wall (ZHAO et al. 2010b), are missing in the carrionii-clade and 
in R. mackenziei. 
Investigation of the genes related to synthesis and processing of 1,3-α-glucan revealed they are 
altered significantly in the species analysed. The Ags family of 1,3-α-glucan synthase is absent only 
in Exophiala dermatitidis, but the Agn family of 1,3-α-glucanases is absent from the dermatitidis-, 
jeanselmei-, and salmonis-clades, and in Rhinocladiella mackenziei, even though these families are 
present with multiple copies in Aspergillus. Furthermore, BYs possess a putative α-amylase believed 
to be involved in the formation and/or modification of α-glucans (Table S11). 

Transporters
Black yeasts like other filamentous Ascomycota possess a large proportion of genes associated with 
transporter activity. Our InterProScan analysis revealed that the most abundant protein domain verified 
in several BYs contains several families of transporters, particularly the Major Facilitator Superfamily 
(MFS). To better understand the transporter mechanisms in BYs, we annotated transporter subfamilies 
across all 21 species based on their best match to the curated transporter database TCDB (SAIER et al. 
2006). Overall, black yeasts possess more MFS transporters than species of Onygenales and Eurotiales.
The most abundant transporter subfamily found in BYs is a potential nicotinate permease. It has 27 
candidate genes in the outgroups Verruconis gallopava and Coniosporium apollinis, but up to 93 
candidate genes in Exophiala aquamarina. This transporter belongs to the family of the Anion: Cation 
Symporter (ACS) (TC 2.A.1.14.11) of the major facilitator superfamily. Another MFS subfamily with 
a remarkably high number of predicted members is the trichothecene efflux pump (TC 2.A.1.3.47) of 
the Sugar Porter (SP) family. Since toxin efflux pumps are responsible for mediating both intrinsic 
and acquired resistance to toxic compounds, this result provides genomic insight into the known 
extremotolerance of black yeast-like fungi. Moreover, this finding is consistent with the expansion of 
the trichothecene efflux pump protein domain (IPR010573), as described above.
At family level, the Sugar Porter (SP) Family, the Anion: Cation Symporter (ACS) Family, and the 
Drug:H+ Antiporter-1 (12 Spanner) (DHA1) Family are the most abundant in BYs. Interestingly, among 
the family DHA1 we verified that the subfamily 2.A.1.2.77, which confers phenylacetate resistance, is 
well represented in the majority of the species examined. Other families verified in all BYs analyzed 
comprise the Ferroportin (Fpn) Family (TC 2.A.100), the Proton-dependent Oligopeptide Transporter 
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(POT/PTR) Family, and the Equilibrative Nucleoside Transporter (ENT) Family.

Sexual and parasexual reproduction
Fungi exhibit a wide diversity of reproductive modes, including sexual, asexual, and parasexual cycles. 
Recombination is an important and needed process in any fungal life-cycle, and may alter virulence 
traits, increase fitness in new ecological niches, and eliminate deleterious mutations (HEITMAN 2006, 
LEE et al. 2010, NI et al. 2011). We used models of sexual and parasexual cycles of Aspergillus 
nidulans and Neurospora for BY comparisons (GLASS et al. 1990, PAOLETTI et al. 2007, DEBUCHY 
et al. 2010, ZHAO et al. 2015). We first identified the mating-type idiomorph within each assembled 
genome. Homothalism of Capronia coronata and Ca. epimyces was confirmed by identifying both 
MAT1-1 and MAT1-2 Aspergillus homologues closely clustered in a single assembled scaffold (Figure 
1). With the exception of outgroup species Verruconis gallopava (Venturiales), the remaining analysed 
20 genomes of asexual species harboured a single mating type idiomorph (either MAT1-1 or MAT1-2) 
within each assembly, confirming that these fungi are heterothallic (Figure 1). 
We analysed the MAT locus organisation within the main groups of Herpotrichiellaceae and 
Cyphellophoraceae using genomic information from the MAT flanking genes. Among Eurotiomycetes, 
the flanking genomic regions of the MAT locus harbours APN2, SLA2, APC5, and COX13 genes, which 
are conserved and organized in synteny (COPPIN et al. 1997, FRASER et al. 2007, PAOLETTI et al. 
2007). We first aligned and compared the gene models from both dothideaceous species V. gallopava 
and Coniosporium apollinis. The APN2, COX13, APC5, and CIA30 genes appear to be conserved in 
synteny and preserved in the right MAT flanking region (Figure 7). 

Figure 7 - Mating type locus structure of ancestral lineages C. apollinis and V. gallopava (top-right panel), the 
Cyphellophoraceae (bottom-left panel) and the salmonis-clade of Herpotrichiellaceae (top-left panel). Sexual loci 
for each fungal species are displayed in each respectively scaffold and the corresponding genes and accession 
numbers are displayed to each gene.
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However, the SLA2 gene was not found in the MAT locus in these species, but is not genomic linked. 
Coniosporium apollinis is inferred to be a heterothallic species since it harbours a single copy of the 
MAT1-1 gene in its genome. In the left flanking site of the MAT locus we found a homologous protein 
that was syntenically conserved between the two dothideomycete species (PV09_01802 / W97_06799); 
in the genomic alignments it is adjacent to the MAT1-1 genes of Coniosporium apollinis W97_06800 
and W97_06801 (Figure 7). Thus, the MAT locus of V. gallopava harbours two different ORFs: 
PV09_01800 and PV09_01801, which are not present in the MAT locus of the Coniosporium apollinis 
genome. According to the protein classifications and annotation, the ORF PV09_01800 is unique to 
V. gallopava and no putative domains were found. On the other hand, the ORF PV09_01801 encodes 
a homeodomain-like (HD) protein that carries a DNA-binding homeodomain motif (Figure 7). This 
domain is found within the mating types 1 and 2 genes (MAT/MTLα2, Pi and MAT/MTLa1) in yeasts 
of Saccharomycotina and Taphrinomycotina in Ascomycota, as well in Basidiomycota (MARTIN et 
al. 2010). According to Lee et al. (2010), this domain was lost during speciation of Pezizomycotina, 
but our analysis of additional species revealed that the HD domain was recognized as a potential 
mating regulator in Venturiales (Figure 7). On the other hand, we confirmed the lack of the HD in 
Eurotiomycetes (including BYs) once a α-box and HMG were found in the MAT locus. 
We detected the MAT1-1 (α-box) and MAT1-1-5 genes within the mating type 1 locus and/or the 
MAT1-2 (HMG) gene in Chaetothyriales (Figure 1). The function of MAT1-1-5 in mating is not well 
established, and appears poorly conserved with MAT1-1-4 gene among Onygenales (MANDEL et al. 
2007, BURMESTER et al. 2011). As reported previously for some ascomycete species (YUN et al. 1999, 
TSUI et al. 2013), we obtained indirect evidence of a truncated version of the MAT1-1 gene within the 
MAT1-2 idiomorph, potentially driven by unequal recombination at the MAT locus in an ancestor of 
Chaetothyriales (Figures 8-12)

.
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Figure 8 - Mating type locus structure of heterothallic species R. mackenziei (lower panel), E. dermatitidis and 
closely related homothallic Ca. coronata and Ca. epimyces (dermatitidis-clade upper panel). Mating type genes 
are represented in each corresponding assembled scaffold. Accession numbers are displayed to each gene.



Exploring the genomic diversity of black yeasts and relatives (Chaetothyriales, Ascomycota)

45

2

Figure 9 - Mating type locus organization of heterothallic species from jeanselmei-clade, Herpotrichiellaceae. 
Mating type genes are represented in each corresponding assembled scaffold. Accession numbers are displayed 
to each gene.
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Figure 10 - Mating type locus structure of heterothallic species from carrionii-clade, Herpotrichiellaceae. Mating 
type genes are represented in each corresponding assembled scaffold. Accession numbers are displayed to each 
gene.
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Figure 11 - Mating type locus organization of heterothallic species from bantiana-clade, Herpotrichiellaceae. 
Mating type genes are represented in each corresponding assembled scaffold. Accession numbers are displayed 
to each gene.
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The loss of a functional α-box domain suggests that the truncated MAT gene might have diverged under 
low selective pressure after unequal recombination, or was silenced due to interference if both HMG 
and α-box domains were present. The COX13 gene appears not to be conserved among Chaetothyriales 
in the flanking regions of the MAT locus as usually observed in Eurotiomycetes (COPPIN et al. 1997, 
DEBUCHY et al. 2010, LEE et al. 2010).
The Cyphellophoraceae species Cyphellophora europaea and Phialophora attae presented a rather 
conserved MAT locus structure compared to other Eurotiomycetes. The right MAT flanking domain 
harbouring the genes SLA2, APC5, and SAICAR5 appeared to be conserved, and at the opposite side in 
the left flanking area of both species the APN2 and other hypothetical proteins were organized in synteny 
(Figure 7). Gene content within the MAT locus diverges in the Cyphellophoraceae: Cyphellophora 
europaea has MAT1-1 and MAT1-5 configuration, while Phialophora attae harbours the MAT1-2 gene. 
The structure of the MAT locus of Herpotrichiellaceae deviates from that of most other members of 
Eurotiomycetes. We observed an expansion or collapse of the canonical MAT structure compared to 
model species in, for example, Aspergillus. The flanking site of the MAT genes of some BY was inflated 
with the accumulation of novel genes or was even unrelated to the MAT locus in other ascomycetes, 
which suggests a low selective pressure in this important genomic region within the family (Figure 
7). Exophiala aquamarina in the salmonis-clade had a heterothallic MAT locus structure with the 
MAT1-1 gene, as well as flanking genes SLA2, VPS13, and APN2 conserved in synteny with other 
Eurotiomycetes. The heterothallic MAT locus structure of E. mesophila lacked this structure. The right 
flanking area of E. mesophila showed homology and structural conservation with SLA2 and VPS13 
genes of E. aquamarina, but lacked synteny in the left flanking region of the MAT locus (Figure 7). 
No homology at the left flank of the MAT locus was detected between the two species. In addition, the 
APN2 gene was located in another scaffold of E. mesophila, unrelated to the MAT locus. Within the 
dermatitidis-clade we detected an expansion of the MAT locus, which followed a speciation process of 

Figure 12 - Distribution of heterokaryon (het) containing genes in 23 black yeast-like fungi and related Ascomycota. (A) Total 
counts of het containing genes (IPR010730 domain) for each species. (B) Pairwise similarity graphs generated by clustering 
analysis of 1439 het-containing proteins from Chaetothyriales and related species.



Exploring the genomic diversity of black yeasts and relatives (Chaetothyriales, Ascomycota)

49

2

the three members of this clade. Exophiala dermatitidis is placed as the basal taxon of the dermatitidis-
clade and presents a well-conserved, heterothallic MAT structure with other Eurotiomycetes (Figure 
8). On the other hand, we detected a chromosomal expansion at the right flanking site of both Capronia 
homothallic MAT loci, which was followed by gene inflation at this locus. This locus has some peculiar 
features. First, we identified a novel MAT gene that is found within the MAT locus only in those 
three species (HMPREF1120_08861 / A1O3_06090 / A1O1_07968). Second, within the canonical 
SLA2-APN2 MAT locus structure, unique genes were detected within each of the three species, with 
the highest frequency in Ca. epimyces, since this has a larger SLA2-APN2 genomic range. We also 
detected an expansion of the MAT locus that is followed by a speciation process with acquisition and 
inflation of genes in the Exophiala species of the jeanselmei-clade, E. xenobiotica, E. spinifera, and E. 
oligosperma (Figure 9). Frequent appearance of new and family-specific genes is observed throughout 
the Herpotrichiellaceae along the mating type genes, which might be a source of adaptive novelties of 
mating regulators.
Exophiala sideris is the most basal species in the jeanselmei-clade and its MAT locus structure 
followed the classical SLA2-APN2 configuration. However, we detected a fused MAT1-1/MAT1-2 
gene configuration in this specie (Figure S11). Protein classification analysis revealed that both α-box 
and HMG domains are present within a single mating regulator gene, leading us to hypothesize this 
as an unusual gene fusion event potentially giving a homothallic status to this species. The protein 
was blasted against the Conserved Domain Database (CDD) (MARCHLER-BAUER et al. 2011) in order 
to achieve MAT gene configuration common to fungi, as found e.g. in the homothallic ascomycetes 
Curvularia homomorpha, Bipolaris luttrellii, and Penicillium rubens (Figure S11). The disposition of 
both α-box and HMG domains varies across the species panel analysed, either being separated along 
the gene or fused, where mostly HMG binding sites are found within the α-box domain (Figure S11). 
The latter case led us to speculate that HMG insertions could be an atavism from an ancient homothallic 
state, since the majority of the gene sequence is related to MAT1-1, or it could be a product of gene 
fusion and unequal crossing over of two opposite mating type strains. This last scenario confirms 
earlier reports where cryptic homothallism was proven to occur in Curvularia homomorpha and 
Bipolaris luttrellii (YUN et al. 1999). Possibly the fused MAT1-1/MAT1-2 also plays a role in cryptic 
homothallism of our species under study. Homothallism as an ancestral state was demonstrated in 
the carrionii-clade, which differed from what was observed in the jeanselmei- and dermatitidis-clades 
(Figure 10): Capronia semiimmersa harbours both MAT1-1 and MAT1-2 genes in a single haploid 
genome. In addition, these species exhibits an apparent expansion of the MAT locus in that the classical 
SLA2-APN2 configuration was not found, while new genes were detected down/upstream the MAT 
genes (Figure 10). On the other hand, the heterothallic species Cl. carrionii and Cl. yegresii displayed 
the SLA2-APN2 structure, and new carrionii-clade-specific genes were detected along with the MAT 
genes. In addition, we detected a Cl. carrionii-specific gene acquisition within the MAT locus as 
represented by the yellow boxes in Figure 10. 
The most degenerated MAT locus structure within the Herpotrichiellaceae was found within the 
bantiana-clade. Cladophialophora bantiana (MAT1-1) and Cl. psammophila (MAT1-2) shared a large 
degree of synteny at the left side of the MAT genes extending to the SLA2 gene (Figure 11). We also 
detected unique and shared genes between this specific Herpotrichiellaceae clade, represented by yellow 
boxes in Figure 11. At the right flank of the MAT genes, APN2 are poorly conserved between these two 
species. The APN2 gene is assembled in a scaffold different from that of the MAT genes. The remaining 
species of the bantiana-clade, Fonsecaea pedrosoi, F. multimorphosa, and Cladophialophora immunda 
did not share any synteny at the flanking regions of the MAT genes. 
Overall, we detected a low selective pressure within the MAT locus structure of Chaetothyriales, 
compared to other Eurotiomycetes (COPPIN et al. 1997, DEBUCHY et al. 2010, LEE et al. 2010, 
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BURMESTER et al. 2011). The species-specific, non-characterised genes and gene duplications near 
the MAT genes are unique to Chaetothyriales. Despite the presence of components of the mating/
pheromone-response pathway and their respective domains among Chaetothyriales, we hypothesize 
that due to the low selection of the MAT locus, those domains could represent an alternative system 
for generating diversity via parasexuality. The parasexual cycle has not been explored or characterised 
in any species of Chaetothyriales. Parasexuality is a process triggered by cell-cell fusion and ploidy 
reduction through random chromosome loss and has been reported in various filamentous fungi including 
Aspergillus nidulans, Neurospora crassa, and Podospora anserina (PONTECORVO 1956, DE SERRES 
1962, LABARERE and BERNET 1977). Undifferentiated vegetative cells undergo haploid cell fusion and 
produce heterokaryons, as with aberrant ploidy due to mitotic crossing-over (TOLMSOFF 1983). Cell 
compatibility is dependent on a combination of loci known as heterokaryon (het) incompatibility loci 
(allorecognition loci) (SAUPE and GLASS 1997, ZHAO et al. 2015). When incompatible, the vegetative 
cells undergo genetically programmed cell death (GLASS et al. 2000). There is strong evidence that 
recombination can be triggered by a parasexual cycle in some of the consistently asexual BYs: (1) Based 
on gene family evolution analysis of BY, we identified a dramatic increase of het-containing proteins 
in most BY genomes. (2) The expansion of het proteins in BYs exceeds the number of allorecognition 
loci in N. crassa or Aspergillus species (Table S12). (3) Random gene duplication across BY genomes, 
which could be linked to impaired mitotic chromosomal reduction via aneuploidy. 
With few exceptions, het-containing proteins are expanded in most BY genomes (Table S12). While 
species of Eurotiales harbour 2‒12 het-containing proteins, in the Chaetothyriales the numbers range 
from a single copy in E. dermatitidis and Cyphellophora europaea to 134 copies in Cl. psammophila. 
Clustering analysis via CLANS of het-containing proteins (PF06985/IPR010730 - Pfam/InterPro) of 
23 black yeasts, Onygenales, Eurotiales, and N. crassa did not show any significant sub-cluster within 
PF06985/IPR010730 containing genes. Alignment of the 1439 het-containing proteins in order to access 
the phylogenetic distribution did not return well-conserved alignment blocks due to high sequence 
dissimilarity. In the attraction graphs of the PF06985/IPR010730 family (Figure 12), four clusters 
within het-containing proteins were visually defined in order to narrow down alignment discrepancies. 
We extracted the sequences related to each of the four identified groups and protein alignment was 
performed for phylogenetic analysis. All predicted het containing proteins of N. crassa (ZHAO et al. 
2015) were included, among which were three het loci, viz. tol, het-6, and pin-c. Phylogenetic analysis 
shows that most het-expanded BY harbour orthologs of well characterised Neurospora tol, het-6, and 
pin-c (Figure S12). We also identified a cluster of proteins that were related to the HET-E/D/R loci in 
Podospora anserina (Figure S12). Beyond the het domain, this particular group of proteins display a 
GTP binding site followed by WD40 repeats, which play an important role in specificity of vegetative 
incompatibility in the P. anserina parasexual cycle (ESPAGNE et al. 2002). BY genomes display a 
vast repertoire of heterokaryon incompatibility proteins and mechanisms of sexual or parasexual 
recombination, which needs further investigation.

Discussion
Black yeasts and similar fungi in the order Chaetothyriales are known for their morphological plasticity, 
asexual diversity, and divergent habitat choice. To date (01-01-2016), 23 species of the order have had 
their genomes sequenced (Figure 1). The order contains four or five families according to RÉBLOVÁ et 
al. (2013) who upgraded the “europaea-clade” to family level (Figure 1). Figure 2 shows a phylogenetic 
tree of all available species based on LSU-sequences, which is as yet the only parameter alignable over 
the entire order. Two ecological, highly speciose groups affiliated to the Chaetothyriales have recently 
been detected but as yet have not been formally named: asexual species with ant-associated ecology 
and those parasitizing on lichens (MUGGIA et al. 2013, 2016). In addition, many described Capronia 
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species (BARR 1972, APTROOT et al. 1997, ETAYO et al. 2013) have not been genotyped. Some of 
the lichen-pathogens produce well-recognisable sexual morphs with single, small setose cleistothecia 
with pale to brown, septate ascospores resembling Capronia or Trichomerium, underlining that the 
sexual morphs in the order, quite in contrast to the asexual morphs, show little variation. Judging 
from the above, the Chaetothyriales in the phylogenetic tree of Figure 2 show severe defects in taxon 
sampling. Therefore it is difficult to reconstruct a reliable phylogeny with ancestral and derived 
families in the correct position. Phylogenomic data are thus far available for Herpotrichiellaceae and 
Cyphellophoraceae only.
Species of Chaetothyriales can be found on phanerogam leaf litter and plant debris, but in contrast to 
common litter fungi such as Alternaria and Cladosporium, decomposed, tannin-rich material is mostly 
preferred. Species selectively grow with the presence of aromates and etheric oils, e.g., on babassu 
coconut shells, which contain a remarkable diversity of black yeasts (NASCIMENTO et al. 2016b). 
Many species even seem to prefer artificial, human-made habitats, such as gasoline tanks (ISOLA et al. 
2013) and toxic mine waste rich in heavy metals (SEYEDMOUSAVI et al. 2011). Several studies have 
indicated that herpotrichiellaceous black yeasts and their filamentous counterparts are potent degraders 
of toxic monoaromates and are frequently found inhabiting industrial bio-filters (MIDDELHOVEN et 
al. 1989, MIDDELHOVEN 1993, COX et al. 1997, PRENAFETA-BOLDÚ et al. 2006). This property is 
observed in members of nearly all clades (WOERTZ et al. 2001, DE HOOG et al. 2006, BADALI et al. 
2011, SEYEDMOUSAVI et al. 2011). Phenolic and indolic compounds are substrate units for melanin 
formation, and the production of this pigment ultimately results from their oxidative polymerization 
(JACOBSON 2000, PLONKA and GRABACKA 2006, VAVRICKA et al. 2010). Numerous additional studies 
have reported the presence of clinical and non-clinical species in oil-related environments (PHILLIPS 
et al. 1998, PRENAFETA-BOLDÚ et al. 2001, 2006, STERFLINGER and PRILLINGER 2001), and noted 
preference of creosoted wood over untreated wood (SEYEDMOUSAVI et al. 2011, DÖĞEN et al. 2013a,b, 
GÜMRAL et al. 2014). The fungi become nearly the sole colonizers when the material contains toxic 
hydrocarbons, e.g., on creosoted telephone poles and railway sleepers (GÜMRAl et al. 2014).
Several possible routes of aromatic hydrocarbon metabolism have become known in black yeast-like 
fungi (COX et al. 1996). Among these the degradation of benzene derivatives via phenylacetate and 
homogentisate seems to be one of the most important pathways in the family Herpotrichiellaceae 
(GUNSCH et al. 2005). Overexpression of the genes 2-hydroxy phenylacetate (PHA) and homogentisate 
1,2-dioxygenase (HGD) when the fungus is grown in the presence of ethylbenzene, supports the 
involvement of these enzymes in organic compound degradation (GUNSCH et al. 2005). It has also 
been demonstrated that genes of catabolic pathways, which may enhance survival under different 
environmental conditions, are physically clustered preserving gene order and orientation (KELLER and 
HOHN 1997). This organization might favour the co-inheritance and the co-expression of multiple 
enzymes, which handle toxic intermediate compounds (TAKOS and ROOK 2012, MCGARY et al. 2013) 
and suggests an essential role for this ability in Herpotrichiellaceae. Regarding the phenolic compound 
catabolism, homologs of the styrene pathway were found present in the species studied, except in 
Capronia coronata: this species lacks the genes coding to 4-hydroxyphenylpyruvate dioxygenase 
and maleylacetoacetate isomerase. This suggests that across the analysed black yeasts, only Capronia 
coronata would not be able to synthetize pyomelanin via the accumulation of homogentisate.
Remarkably, the same species described above can also be found in clear water environments that are 
very poor in nutrients. For example, Exophiala dermatitidis on the one hand occurs on creosoted wood 
(DÖĞEN et al. 2013b) and in gasoline (ISOLA et al. 2013), but it is also common in steambath facilities 
(MATOS et al. 2002), hot springs (SUDHADHAM et al. 2008) and dishwashers (ZALAR et al. 2011). 
This strongly suggests that the natural competitive abilities of these fungi are very low, so that they 
evade confrontation with other mircoorganisms and escape in hostile environments (DE HOOG 1993). 



Chapter 2

52

GOSTINCAR et al. (2012) classified E. dermatitidis as a polyextremotolerant fungus.
The above description holds true for the derived family of Chaetothyriales, the Herpotrichiellaceae. 
The origin of this ecology might be found in the life style of members of ancestral families, 
Chaetothyriaceae, Epibryaceae, and Trichomeriaceae. In the general phylogeny of Figure 1, numerous 
members are epiphytic on plants, occurring as sooty moulds (CHOMNUNTI et al. 2012b) or as rock-
inhabiting fungi (ISOLA et al. 2016). These habitats require similar abilities as described above to 
cope with conditions that suppress most competitors, e.g., lack of nutrients, dryness, or extreme and 
changing temperatures (MIDDELHOVEN 1993, VICENTE et al. 2008, ZHAO et al. 2010a). A number of 
species have been isolated from green plants and have been regarded as host-specific plant pathogens, 
e.g., Cladophialophora hostae (CROUS et al. 2007), Exophiala eucalyptorum (CROUS et al. 2007), or 
Metulocladosporiella musae (CROUS et al. 2006). CAZyme families, involved in the degradation of 
plant material, do not seem to play a major role in the black yeast-like fungi, as most of them lack the 
pectinases PL1, PL3, PL4, PL7, PL9, and PL10 (Table S10). Comparable depletions have been reported 
in species of Onygenales, which contain numerous obligate pathogens of humans and other vertebrates, 
while they are present in Eurotiales, with e.g. Aspergillus fumigatus essentially being a degrader of plant 
debris. Only the Epibryaceae, which have recently been associated with Chaetothyriales (GUEIDAN et 
al. 2014) after they had been regarded as members of Dothideomycetidae for decades (STENROOS et al. 
2010), are known biotrophs. However, ancestral clades in Chaetothyriales including Epibryaceae show 
long branches (Figure 2) and their affiliation with the order may be due to incomplete taxon sampling. 
VOGLMAYR et al. (2011) isolated a large number of undescribed black fungi from ant domatia and 
cartons which appeared to be closely related to the Chaetothyriales. Ants and fungi have close symbiont 
relationships. The ecological roles of chaetothyrialean symbionts appear to be different between domatia 
and carton associations (VOGLMAYR et al. 2011). In the domatia they play important roles such as in 
recycling ant waste, and there is also evidence that the ants feed on the fungi, contributing to rapid 
recycling of nitrogen in the tripartite symbiosis of ant, plant and fungus (LITTLE and CURRIE 2008, 
DEFOSSEZ et al. 2011, BLATRIX et al. 2012). In the carton association, ant tunnels or nests are largely 
made of black fungal material. It has been hypothesized that the fungus serves as building material 
(LAUTH et al. 2011) and that the fungal layer on the carton walls could act as mechanical protection 
against radiation, humidity and microbial decomposition (MAYER and VOGLMAYR 2009, ZAKHAROVA 
et al. 2013), enhancing the durability. Commonly several black species co-occur on the same carton, 
forming complex associations, which rely on constant maintenance and care by the ants. Most carton 
species lack conidiation. In domatia a rather specific association with the host may be observed, the 
fungi producing a dense mat inside the domatium. These species are hyaline to light brown and show 
conidiation. Ants possess a great arsenal of exocrine glands (MOGLICH et al. 1974, ATTYGALLE et al. 
1989, POULSEN et al. 2002, FERNANDEZ-MARIN et al. 2006) secreting organic compounds that are 
effective against fungi and bacteria (SCHLÜNS and CROZIER 2009). Some species of leaf-cutting ants 
exude antimicrobial flavonoid and tannin-like compounds and communicate by aliphatic hydrocarbons 
(BRANDT et al. 2009). Chaetothyriales have been shown to use toxic compounds such as aromatic 
hydrocarbons as unique nutritional carbon sources (PRENAFETA-BOLDÚ et al. 2006, ZHAO et al. 
2010a), which thus act as key selective agents promoting the dominance of Chaetothyriales in ant 
nests. The evolutionary origin of Formicinae dates back to Cretaceous times, around 100 MYA. Given 
the large extant diversity of Formicinae, as well as of associated Chaetothyriales, it seems possible that 
ants and black yeast-like fungi have diversified in concert. We estimated that the common ancestor of 
Herpotrichiellaceae-Cyphellophoraceae emerged around 75−50 MYA, shortly after the Cretaceous-
Paleogene (K-Pg) extinction event. In a similar study, GUEIDAN et al. (2011) calculated the ancestral 
groups of Chaetothyriales with a rock-inhabiting life-style and lichenised Verrucariales around 250 
MYA. Verrucariales might have been the first to colonise barren rock after the meteor impact that 
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marked the transition from Perm to Trias. Early Chaetothyriales were thought to be hyperparasites on 
lichens (GOSTINCAR et al. 2012) lacking an algal component. Lichens produce large amounts of toxic 
metabolites, and thus the pathogens must have been able to cope with harsh climatic conditions as well 
as with life in toxic habitats. This may have been the period where early Chaetothyriales developed 
stress tolerance, nutritional oligotrophism, and physiological versatility to survive the wide array of 
toxic secondary metabolites produced by the lichens (GOSTINCAR et al. 2010).
With these ecological and evolutionary speculations, two factors are of particular interest: melanin and 
action of the cytochrome p450 enzymes. The presence of eumelanin produced via the DHN and DOPA 
pathways, and pyomelanins via L-tyrosine degradation pathway (ALVIANO et al. 1991, SUN et al. 2011, 
EISENMAN and CASADEVALL 2012, LI et al. 2016) are fundamental to the obligatory melanisation of 
the cell wall to enhance stress tolerance. Melanised fungi are resistant to environmental challenges 
found particularly in extreme habitats, including irradiation, nutrient depletions, and high temperature 
(ROSAS and CASADEVALL 1997); this matches well with the conditions of a rock-inhabiting lifestyle. 
The melanised fungi are even able to survive in radioactive environments. Fungi growing on surfaces 
with direct sunlight exposure are highly adapted to cope with ionizing radiation via the constitutive 
presence of melanin, which acts as energy transduction molecules (DADACHOVA and CASADEVALL 
2008). Melanised Exophiala dermatitidis cells exposed to ionizing radiation grow faster than non-
exposed cells, suggesting a critical role of irradiated melanin and its conversion as a source of energy 
in herpotrichiellaceous fungi (DADACHOVA et al. 2007). Their energy transduction is multifunctional, 
also playing an essential role in resistance to oxidative burst of vertebrate phagocytes (HENSON et al. 
1999, JACOBSON 2000, EISENMAN and CASADEVALL 2012). 
Melanins can also act as scavengers of free and oxidative radicals, are cross-linked to fungal cell 
wall carbohydrates, and also interact with surrounding molecules. These black pigments may therefore 
have a protective function against natural predators, such as amoebae (NOSANCHUK and CASADEVALL 
2003, DE ALMEIDA-PAES et al. 2012). In the most derived family, the Herpotrichiellaceae, the amoebic 
counterpart may have become the mammalian host’s innate immune phagocyte, conferring protection 
against free radicals of host immune cell oxidative burst (LITTLE and CURRIE 2008, DEFOSSEZ et 
al. 2011, BLATRIX et al. 2012). Melanins thus have become a potential virulence factor. Indeed, we 
witness the largest number of systemic opportunistic species on humans and cold-blooded animals in 
the Herpotrichiellaceae, while this behaviour is nearly absent from other families, with Arthrocladium 
fulminantes in the Trichomeriaceae as the only exception (NASCIMENTO et al. 2016a).
Very little is known about the cell wall organization in BY and its dynamic composition. Loss of cell 
wall alpha-glucan synthase appears to be specific to Exophiala dermatitidis and the two outgroups 
Verruconis gallopava and Coniosporium apollinis. Other enzymes involved in 1,3-alpha-glucan 
processing are missing from remaining black yeast species studied. In contrast, the presence of the 
α-amylases, believed to be involved in the formation and/or modification of α-glucans (VAN DER KAAIJ 
et al. 2007), suggests that BY carry a cell wall that deviates from that of other filamentous fungi. 
Importantly, some recent studies have shown that the chronicity observed in chromoblastomycosis 
is due to a failure of pattern recognition receptor (PRR) costimulation (VAN DER KAAIJ et al. 2007). 
For example, innate recognition of F. pedrosoi is mediated by C-type lectin receptors (CLRs), but 
not by Toll-like receptors (TLRs), triggering an inadequate protective inflammatory response and 
leading to chronic infection (VAN DER KAAIJ et al. 2007). TLRs can recognize pathogen-associated 
molecular patterns (PAMPs), such as α-glucans in fungi (TAKEDA et al. 2003). We therefore speculate 
that BY genetic variation associated with cell wall composition, the main source of PAMPS, might 
affect the pattern of recognition of invading pathogens by the host. Indeed, enzymatic treatment to 
modify α-glucans from the conidial surface has been reported to decrease the phagocytic index in other 
ascomycetes (BITTENCOURT et al. 2006). Further studies will provide a better understanding of the 
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role of α-glucans in the induction of innate immune response as well as its structural organization in 
black yeasts. No specific virulence differences were found between closely related, pathogenic versus 
environmental siblings, e.g. between Cladophialophora bantiana / Cl. psammophila, and between 
Cladophialophora carrionii / Cl. yegresii. It may be concluded that pathogenicity of black fungi is 
primarily of opportunistic nature, enhanced by the combination of extremotolerance and assimilative 
abilities of aromatic compounds, similar to pathogenicity in Cryptococcus. 
Genetic diversity plays an important role in the adaptation of fungal populations to changing 
environments (MILGROOM 1996, HEITMAN 2006, GIRAUD et al. 2010). Increased genotypic variation 
allows some individuals in a given population to inherit variations of alleles that are more suitable 
for a specific condition such as virulence (ENGERING et al. 2013). Genetic diversity is favoured by 
recombination that positively eliminates deleterious alleles that have accumulated during clonal 
development (HEITMAN 2006, BARTON 2010). The two main sources of recombination in ascomycetes 
are sexual and parasexual reproduction (CALO et al. 2013). Sexual reproduction in those fungi is 
orchestrated by the mating type locus (MAT1-1 and/or MAT1-2), which codify for transcription factors 
(α-box and HMG, respectively) that regulate genes required for mating and meiosis (COPPIN et al. 
1997). Two mating recognition systems are well described in Ascomycota: homothallic (self-fertile) 
species carry both mating-type alleles (MAT1-1 / MAT1-2 genes) in a single haploid genome, and 
sexual reproduction takes place in a single individual. Heterothallic (self-sterile) fungi are species 
that carry a single allele (MAT1-1 or MAT1-2) per haploid genome and need an opposite mating-
type for sexual reproduction (DEBUCHY et al. 2010, LEE et al. 2010, NI et al. 2011). The other main 
source of recombination in fungi is the parasexual cycle, where meiosis and development of sexual 
structures remain absent (PONTECORVO 1956). This non-sexual mechanism is governed and controlled 
by the het locus (heterokaryon incompatibility) that confers vegetative recognition of some filamentous 
ascomycetes (GLASS et al. 2000). This process is initiated by cytoplasmic fusion in which different 
nuclei and cytoplasmic organelles co-occupy the same cellular space. Nuclear fusion takes place 
producing a diploid nucleus (karyogamy), which is, however, unstable and produces segregants by 
recombination, evoking the mitotic crossing-over followed by haploidisation.
There are two direct indications that recombination takes place in BY. First, the Capronia sexual 
morph is a homothallic (self-fertile) genus and is polyphyletic, distributed over Herpotrichiellaceae and 
Cyphellophoraceae (UNTEREINER 1995, UNTEREINER and NAVEAU 1999), and the Trichomeriaceae 
have, morphologically, a very similar sexual morph in Trichomerium (CHOMNUNTI et al. 2012a). 
Second, by in silico methods, recombination has been reported to occur in Cladophialophora carrionii 
(DENG et al. 2015). However, as most species of Chaetothyriales lack a known sexual morph, only 
asexual morphs have been recognised. This leads us to hypothesize the following options: (1) species 
may lack a genomic apparatus for sexual reproduction, (2) species may be purely heterothallic but with 
cryptic sex taking place under specific conditions, or (3) species may have genomic signatures for a 
parasexual cycle under het locus control. In addition, we have identified a potential fused MAT1-1/
MAT1-2 gene configuration in Exophiala sideris disposing both α-box and HMG domains (Figure 9, 
Figure S11). Cryptic homothallism was proven to occur in Curvularia homomorpha and Bipolaris 
luttrellii, which are ascomycete species presenting similar configurations as herein reported for 
Exophiala sideris (Figure S11). Another remarkable finding was the occurrence of a mating regulator 
that codifies for a transcription factor carrying a DNA binding homeodomain motif in V. gallopava 
(Figure 7). This domain is largely found in yeasts in Ascomycota and Basidiomycota (MARTIN et al. 
2010) and, according to (LEE et al. 2010) this domain was lost during speciation of Pezizomycotina. 
We herein hypothesize that the HD domain is a potential mating regulator in Venturiales (Figure 7) and 
suggest this domain was maintained more recently in Eurotiomycetes speciation.
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Footnotes
Supplementary data related to this article can be found at http://dx.doi.org/10.1016/j.simyco.2017.01.001.
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Abstract

The black yeast Phialophora attae was isolated from the cuticle of tropical ant gynes. The 
ant-fungus association is sustained due to symbiotic evolutionary adaptations that allow fungal 
assimilation and tolerance of toxic compounds produced by the ant. The genome sequence of 
the first ant-associated fungus, P. attae, is presented here.
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Genome announcement
Black yeast-like fungi, which are members of the order Chaetothyriales, are commonly 
found to colonize hostile environments. They have a competitive advantage in habitats with 
a scarcity of nutrients or that are contaminated with toxic hydrocarbons (PRENAFETA-BOLDU 
et al. 2006); adaptations enhancing the tolerance of extreme conditions allow these fungi to 
thrive in habitats where eutrophic saprobes are not regularly present (VICENTE et al. 2008). For 
example, black yeasts have been isolated from deserted mine shafts, from industrial biofilters, 
and repeatedly from ant nests or their exoskeletons (PAGNOCCA et al. 2008; VOGLMAYR et al. 
2011). Aromatic compounds produced by ants are toxic for most life forms and have antifungal 
and antibacterial properties (SCHLÜNS and CROZIER 2009). Cuticular lipids are involved in 
chemical communication and colony-mate recognition (LAHAV et al. 1999). The ant-fungus 
symbiosis probably originated 50 million years ago (CHAPELA et al. 1994; MUELLER et al. 
1998). Interestingly, isolates of black yeasts similar to Phialophora located in basal and derived 
ant genera suggest this association might have been started early in the evolutionary history of 
this symbiosis (LITTLE and CURRIE 2007). Phialophora attae CBS 131958 was isolated from 
the cuticle of gynes of Atta capiguara (ATTILI-ANGELIS et al. 2014). Phylogenetic analyses 
showed this ant-associated species is affiliated to the europaea clade (Cyphellophoraceae), 
which comprises members involved in human cutaneous and superficial infections and plant 
debris-inhabiting species (DE HOOG et al. 2011). The strain P. attae CBS 131958 was cultured 
in malt extract broth (MEB), with shaking at 150 rpm at 25° for 7 days. DNA was extracted via 
a cetyltrimethylammonium bromide (CTAB)-based method and phenol-chloroform/isoamyl 
alcohol. Total DNA was purified with the DNeasy blood and tissue kit (Qiagen). Two hundred-
base-read libraries were constructed using NEBNext fast DNA fragmentation and library prep 
kit for Ion Torrent (Thermo Fisher Scientific). Genomic sequence reads were generated on the 
Ion Torrent PGM platform (Template OT2 200 kit, Ion Sequencing 200 kit, and Ion Chip kit 318 
V2; Thermo Fisher Scientific). The reads were assembled de novo using SPAdes version 3.5.0 
(BANKEVICH et al. 2012) and Newbler version 2.6 (Roche). The draft comprises 139 contigs, 
with an N50 of 959,784 bp. The genome size was estimated to be 30.4 Mb, with a G+C content 
of 53.56%. Repetitive elements were identified in the assembly using RepeatMasker (http://
www.repeatmasker.org) and RepeatModeler (http://www.repeatmasker.org/RepeatModeler.
html). Protein-coding genes were predicted with GeneMark-ES (TER-HOVHANNISYAN et al. 
2008). Gene product names for 11,853 predicted genes were assigned based on top blast hits 
against the UniProt Knowledgebase (UNIPROT 2015) and InterProScan (QUEVILLON et al. 
2005) searches. The genome contains 53 tRNAs identified using tRNAscan-SE (LOWE  and 
EDDY 1997). The prediction of 15 secondary metabolite gene clusters were carried out by 
means of the antiSMASH Web server (http://antismash.secondarymetabolites.org/). P. attae 
is the first ant-associated fully sequenced black yeast member. Information about its genome 
sequence might provide a better understanding of the genomic adaptations made to colonize 
environments rich in aromatic hydrocarbons.
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Abstract

The black yeast-like fungus Arthrocladium fulminans is known from strains that cause severe, 
eventually fatal disseminated infections in human patients with a genetic immune disorder. 
Given the dramatic outcome of this clinical case, it is essential to understand the virulence 
potential of this species. The fungus is a member of the family Trichomeriaceae, at some 
phylogenetic distance from the Herpotrichiellaceae where most infectious fungi in the order 
Chaetothyriales are located. Main ecological preferences among Trichomeriaceae include 
colonization of exposed inert surfaces. Currently, black yeasts genomes that are available in 
public databases cover members of the families Herpotrichiellaceae and Cyphellophoraceae. In 
the present report, we sequenced the genome of the first member and only clinical representative 
of the family Trichomeriaceae.

Key words: Black yeast, Chaetothyriales, Trichomeriaceae, whole-genome sequencing
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Introduction
Arthrocladium fulminans is a member of the fungal order Chaetothyriales that covers black 
yeasts and relatives, known for their potential to cause severe and mutilating infections 
in immunocompromised as well as in healthy humans. The order comprises five families: 
Chaetothyriaceae, Cyphellophoraceae, Epibryaceae, Herpotrichiellaceae, and Trichomeriaceae 
(REBLOVA et al. 2013). In general, black yeast-like fungi are believed to possess limited 
competitive abilities towards adjacent microbes (DE HOOG 1993), as is judged from their frequent 
colonization of extreme habitats, where interactions between organisms is limited. A remarkably 
large number of these species have been reported from human infections (DE HOOG et al. 
1993). For example, chromoblastomycosis that affects skin and subcutaneous tissue is caused 
by clusters of species in the family Herpotrichiellaceae, and cerebral phaeohyphomycosis is 
mainly caused Cladophialophora bantaina, Fonsecaea monophora, Rhinocladiella mackenziei 
and Exophiala dermatitidis from the same family (LI and DE HOOG 2009; QUEIROZ-TELLES 
et al. 2017). The few cases of human infection reported outside Herpotrichiellaceae concern 
superficial skin diseases by members of Cyphellophoraceae (REBLOVA et al. 2013). 
The family Trichomeriaceae comprises mainly rock-inhabiting and epiphytic species 
(CHOMNUNTI et al. 2012). Phylogenetic analyses have demonstrated that rock-inhabiting 
fungi often form early diverging groups within the order Chaetothyriales. The non-virulent 
Trichomeriaceae may be ancestral to the opportunists in Herpotrichiellaceae (GUEIDAN et al. 
2011). In contrast to most genera of Trichomeriaceae having a consistent ecology Arthrocladium 
includes very rare species with divergent ecological preferences. For example, Arthrocladium 
tropicale and A. tardum were isolated from ant domatia in Leonardoxa africana (NASCIMENTO et 
al. 2016), and A. caudatum from leaf litter of Acacia karroo (PAPENDORF 1969). Arthrocladium 
fulminans (PAPENDORF 1969; NASCIMENTO et al. 2016; DIALLO et al. 2017; EGENLAUF et al. 
2018). The single strain known of the latter species caused a fatal disseminated infection in a 
patient with a GATA-2 disorder, a rare genetic immunodeficiency syndrome (EGENLAUF et al. 
2018). In addition, A. fulminans was reported causing septic arthritis and osteomyelitis in an 
immunocompetent patient (DIALLO et al. 2017). 
Currently, only genomes of two derived families of Chaetothyriales, i.e. Cyphellophoraceae and 
Herpotrichiellaceae have been sequenced and included in comparative genomic analyses. In 
order to determine the genomic composition of a basal linage of Chaetothyriales, we sequenced 
the genome of A. fulminans and functionally annotated their predicted proteins. Comparative 
analysis was done identifying orthologous clusters shared with other 23 black yeast species. 
Information about the genome of A. fulminans and members of other families will help to 
elucidate the origin of opportunism in Herpotrichiellaceae. 
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Material And Methods

Strain and sequencing
To extract the genomic DNA, the fungus Arthrocladium fulminans (CBS 136243) was cultured 
in malt extract broth (MEB), with shaking at 150 r.p.m. at 25 °C for 7 days. DNA was extracted 
via a cetyltrimethylammonium bromide (CTAB)-based method involving phenol-chloroform/
isoamyl alcohol. For genome sequencing, libraries were constructed and sequenced on Illumina 
HiSeq 2500 to generate 100 base paired-end reads. 

Assembly, annotation and comparative analysis
Prior to assembly of the genome, the quality of the raw data was assessed by FASTQC v. 
0.11.7 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc). High quality reads were 
assembled using SPAdes genome assembler v3.10.0 (BANKEVICH et al. 2012). To find de-novo 
repeats, the contig sequences were screened using RepeatModeler v1.0.8. To identify additional 
copies of de novo repeats across the genome assembly, the library produced by RepeatModeler 
was used as input for RepeatMasker v4.0.7. Genes were predicted by producing a training 
set using Genemark-ES v4.30 (LOMSADZE et al. 2005). Subsequently Augustus (STANKE and 
WAACK 2003) was used to make ab initio gene models. We generated functional annotations 
with InterProScan v5.27-66.0 (QUEVILLON et al. 2005) and BLAST against UniProt SwissProt 
database. Carbohydrate-active enzymes (CAZymes) were classified using the dbCAN2 meta 
server (YIN et al. 2012). 
Cytochromes P450 genes (CYPs) were annotated by identification of proteins carrying the 
PFAM domain PF00067 and performing BlastP searches against the CYP database available at 
www.blackyeasthub.com. Putative CYP450 genes were organized into families and subfamilies 
as recommended by the International P450 Nomenclature Committee (NELSON 2006). The 
Mating Type locus (MAT) of A. fulminans CBS 136243 was characterized by homology to 
the MAT1-1 and MAT1-2 gene reference sequences previously described in related species of 
Herpotrichiellaceae (TEIXEIRA et al. 2017).
Orthologous groups were identified by comparing the protein sequences of Arthrocladium 
fulminans to those of 23 previously sequenced black yeasts (TEIXEIRA et al. 2017) using 
OrthoMCL pipeline (LI et al. 2003) with a Markov inflation index of 1.5 and a maximum 
e-value of 1 × 10−5. 

Results and discussion

Characteristics of the A. fulminans genome
The genome assembly of Arthrocladium fulminans (CBS 136243) was 27.22 Mb in size. 
Comparable sizes are found in species belonging to the ‘dermatitidis-clade’ (DE HOOG et 
al. 2011), a group of species with somewhat smaller genomes in Herpotrichiellaceae, where 
genomes vary between 25.81 Mb to 28.89 Mb in Capronia coronata and in Capronia epimyces, 
respectively (Figure 1). The genome assembly of A. fulminans consists of 27 contigs with GC 
content of 51.82 %, which is slightly above the average of 51.7 % in black yeasts. The repetitive 
portion of the genome comprises 426.983 bp (1.57 %). Low repetitive contents are consistent 
across chaetothyrialean black yeasts, where repetitive elements are in the range of 0.03 % to 2 
%.
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Figure 1 - Genomic landscape of 23 black yeasts belonging to the order Chaetothyriales and the newly sequenced 
fungus A. fulminans. The species Coniosporium apollinis and Verruconis gallopava were used as outgroup for 
comparative genomic analyses. 
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Genome annotation
The genome of A. fulminans contains 315 genes coding for putative Carbohydrate-Active 
Enzymes (CAZymes), families of enzymes playing an essential role in the breakdown, 
biosynthesis and/or modification of a wide range of carbohydrates. This is the lowest reported 
number of CAZymes in Chaetothyriales, where they range between 339 genes in the opportunistic 
species Exophiala dermatitidis and 506 genes in the hydrocarbon-associated species Exophiala 
xenobiotica. This data suggests that the increased abundance and diversification of CAZymes 
in black yeasts is a recent evolutionary event in Herpotrichiellaceae. Similar to other species 
in the order Chaetothyriales, the Glycoside hydrolases (GH) superfamily is the most abundant 
class of CAZymes in A. fulminans with enlarged families being GH3 (β-glucosidase), GH31 
(α-glucosidase), GH16 (xyloglucan: xyloglucosyltransferase), GH13-subfamily 40 (α-amylase) 
and GH18 (chitinase). 
We identified 72 genes likely coding for CYPs in the genome of A. fulminans. This class 
of enzymes plays an essential role in primary and secondary metabolic pathways as well as 
in detoxification of xenobiotics. This repertoire of CYPs is comparable to that previously 
described in species of the ‘dermatitidis-clade’ (DE HOOG et al. 2011). Overall, the CYPs were 
classified into 38 families and 49 subfamilies. Eleven CYPs could not be assigned to any family 
or subfamily and were considered unique among black yeasts. Among these genes, g5394.
t1 and g7723.t1 seem to encode an isoform of the CYP51A and CYP51B highly conserved 
among Eurotiomycetes but absent in the order Chaetothyriales. The gene g8445.t1 seems to be 
a P450nor, a unusual P450 reported in Fusarium oxysporum and responsible for reducing NO 
to N2O rather than catalyzing the monooxygenation reaction (SHIRO et al. 1995). 
The MAT locus of A. fulminans CBS 136243 is composed by a single copy of the MAT1-2 
gene (g6626.t1), which contains the high mobility group box (HMG-box) domain (PF00505). 
This finding suggests a heterothallic (self-sterility) mating system. In this fungus, the flanking 
structure of the MAT locus resembles that of usually observed in Eurotiomycetes and includes, 
in its upstream region, the genes APN2 (g6625.t1), COX13 (g6624.t1) and APC5 (g6623.t1). A 
similar MAT structure containing the COX13 gene has been only found in unrelated melanized 
fungi, such as Verruconis gallopava (Venturiales) and Coniosporium apollinis (incertae sedis); 
possibly COX13 was lost in derived Chaetothyriales species. The gene SLA2, commonly found 
in the flanking region of the MAT locus in several Eurotiomycetes was found in a distinct 
genomic region. 

Comparative analysis
A substantial proportion of the predicted genes (4456) have homologs in other chaetothyrialean 
black yeast-like species. Two clusters of orthologs were specific to the ‘bantiana-clade’ and A. 
fulminans. These clusters correspond to a Carboxylesterase type B (IPR019819) and a Pectin lyase 
fold (IPR011050). Orthologs exclusively shared with the neurotropic species Rhinocladiella 
mackenziei include the amino acid transporter/polyamine (IPR002293), the Oxoglutarate/iron-
dependent dioxygenase (IPR005123), metalloenzymes (IPR029068), Alcohol acetyltransferase/
N-acetyltransferase (IPR010828), HNH nuclease (IPR003615), Short-chain dehydrogenase/
reductase SDR (IPR002347) and the Aspartic peptidase (IPR021109) with multiple paralogs in 
A. fulminans and in R. mackenziei. Seven orthologous clusters are shared between in A. fulminans 
and members of the family Cyphellophoraceae, i.e. Phialophora europaea and Phialophora 
attae, including Carboxylesterase, type B (IPR002018) and Cytochrome P450 (IPR001128). 
Few orthologous clusters were found specifically among A. fulminans and the ‘salmonis-‘ and 
‘carrionii-clades’, however most of them without a known biological function. None specific 
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orthologous clusters were found shared by A. fulminans and the ‘jeanselmei-clade’.

Characteristics of the A. fulminans mitochondrial genome
The mitochondrial genome was assembled in a separate 24.5-kb contig with GC content of 27.3 
%. This sequence contains 25 tRNAs coding for all 20 standard amino acids, 14 polypeptide-
encoding genes and two rRNA-encoding genes. The large variable region, a portion of the 
mitochondrial genome between the genes rnl and nad2, contains an open reading frame (ORF) 
with unknown function. The presence of a hypothetical protein in the large variable region has 
been reported from several other fungi, for instance in all Fusarium species except F. oxysporum, 
and it has been suggested to be obtained via horizontal gene transfer (BRANKOVICS et al. 2017).

Conclusions
The whole genome sequence of the opportunistic, ancestral black yeast-like fungus 
Arthrocladium fulminans was determined and compared with closely related species. Gene 
models were predicted and functionally annotated in order to identify gene families that likely 
led to the adaptation of extreme habitats by the black yeasts, such as CYPs and CAZymes. Our 
findings suggested that contrary to what was previously thought, gene family expansion took 
place later in the evolution of the black yeasts and the repertory of genes associated to resistance 
and nutrient uptake was reduced, but not absent, in basal linages of black yeasts. 
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Abstract

Rhinocladiella mackenziei accounts for the majority of fungal brain infections in the Middle 
East and is restricted to the arid climate zone between Saudi Arabia and Pakistan. Neurotropic 
dissemination caused by this fungus has been reported in immunocompromised, but also 
immunocompetent individuals. If untreated, the infection is fatal. Outside of humans, the 
environmental niche of R. mackenziei is unknown, and the fungus has been only cultured from 
brain biopsies. In this paper we describe the whole genome re-sequencing of two Rhinocladiella 
mackenziei strains from patients in Saudi Arabia and Qatar. We assessed intra-species variation 
and genetic signatures to uncover the genomic basis of the pathogenesis and potential niche 
adaptations. We found that the duplicated genes (paralogs) are more susceptible to accumulate 
significant mutations. Comparative genomics with other filamentous ascomycetes revealed a 
diverse arsenal of genes likely engaged in pathogenicity, such as the degradation of aromatic 
compounds and iron acquisition. In addition, intracellular accumulation of trehalose and choline 
suggest possible adaptations to the conditions of arid climate region. Specifically protein family 
contractions were found, including short-chain dehydrogenase/reductase SDR, the cytochrome 
P450 (E-class) and the G-protein beta WD-40 repeat. Gene composition and metabolic potential 
indicate extremotolerance and hydrocarbon assimilation, suggesting a possible environmental 
habitat of oil-polluted desert soil.

Key words: Black yeast, Comparative genomics, Chaetothyriales, Cerebral phaeohyphomycosis.
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Introduction
Rhinocladiella is a polyphyletic genus residing in the fungal family Herpotrichiellaceae (order 
Chaetothyriales) comprising a number of opportunistic pathogens on humans (ARZANLOU et al. 
2007) and having phylogenetic affinity to the so-called black yeasts. Rhinocladiella mackenziei 
is unique within the genus by causing primary central nervous system infection in humans, 
with the brain as yet being the only known habitat of the fungus. Other species such as R. 
aquaspersa and R. basitona may cause opportunistic skin infections, however there is no report 
of extracutaneous dissemination. Rhinocladiella mackenziei is confined to the Middle East and 
adjacent desert zones, and is especially frequent in Saudi Arabia, Pakistan and Kuwait (Figure 
1, Table S1). Cases reported outside the endemic area, e.g. in Europe or the U.S.A., invariably 
concerned immigrants from countries in the Middle East (CRISTINI et al. 2010).

The pathogen probably invades the brain via the blood-brain barrier, presumably after inhalation, 
but the portal of entry has not been established with certainty (DE HOOG et al. 2000). The 
infection mostly affects immunocompromised patients, but occasionally immunocompetent 
individuals are affected, and despite antifungal therapy combined with surgical intervention 
a case fatality rate of up to 70% is observed (LI and DE HOOG 2009; BADALI et al. 2010). 
Neurotropism, defined as the affinity of a pathogen for the central nervous system, is recurrent 
in the Herpotrichiellaceae, specifically in members of the bantiana and dermatitidis-clades 
(TEIXEIRA et al. 2017). Similar to the neurotropic species Cladophialophora bantiana, 
Fonsecaea monophora and Exophiala dermatitidis, brain infection by R. mackenziei is primary, 
i.e. the first symptoms of the disease are of neurological nature (HORRÉ and DE HOOG 1999). 
In this respect the infection deviates from classical rhinocerebral infection by Mucorales and 
from orbital skull-base infection by Aspergillus, where the brain infection is secondary having 
a portal of entry in the sinus and later enters the brain grey matter. Pathogenicity of members 
of Herpotrichiellaceae is partially explained by general virulence factors such as cell wall 
melanin (PAOLO et al. 2006; SEYEDMOUSAVI et al. 2014) and thermotolerance, which are 
shared by numerous black fungi, while the assimilation of alkylbenzene hydrocarbons, which 

Figure 1 - Approximate distribution of 27 cases of cerebral phaeohyphomycosis caused by R. mackenziei from 
1983-2015. Locations were obtained from literature and are based on the origin of the patient (red circles) and 
first-admission hospital (yellow circles).
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are structurally similar to neurotransmitters, has been suggested to be specific to this family 
(PRENAFETA-BOLDÚ et al. 2006). Although the exact mechanism in which melanin can enhance 
the virulence in pathogenic fungi remains unclear, recent literature argues that the pigmentation 
of the cell wall might play a protective role in fungal cells against free radicals, enzymatic or 
microbial lysis and extreme temperatures (JACOBSON 2000).
Since R. mackenziei thus far has not been isolated from any environmental source, its natural 
reservoir and route of infection remain unclear. Nevertheless, the presence of genes that could 
confer tolerance against environmental stressors has been reported in R. mackenziei (TEIXEIRA 
et al. 2017), indicating that this fungus might reside under conditions of heat and dryness of arid 
climates. Genome content determination and comparative genomics with closely related species 
may further our understanding of metabolic adaptations in R. mackenziei with clues to its potential 
natural habitat. Black yeasts in general display remarkably diverse lifestyles with a predilection 
for extreme and toxic environments such as those rich in aromatic compounds or heavy metals, 
or with high temperatures, increased salinity, and scarcity of nutrients (PAOLO et al. 2006; 
PRENAFETA-BOLDÚ et al. 2006; ZHAO et al. 2010). A recent comparative genomic analysis of 
23 black yeast species (TEIXEIRA et al. 2017), including the type strain of R. mackenziei, CBS 
650.93, revealed a wide diversity of mechanisms associated with nutrient acquisition. These 
oligotrophic fungi exhibit specific gene family expansions, including alcohol and aldehyde 
dehydrogenases, membrane transport proteins and a diverse ensemble of cytochromes P450 
(CYP) which are believed to be essential for extremotolerance and survival of environmental 
stress conditions (TEIXEIRA et al. 2017). On the other hand, gene family contractions have 
not been reported in black yeasts (CHEN et al. 2014b). The R. mackenziei genome harbors a 
large number of gene clusters involved in secondary metabolite production, genes encoding 
proteolytic and carbohydrate-active enzymes and a wide set of proteins involved in melanin 
production through distinctive pathways (TEIXEIRA et al. 2017). 
In the present study, we performed the whole-genome re-sequencing of two additional R. 
mackenziei strains isolated from brain biopsies of patients from Saudi Arabia and Qatar. 
Subsequent variant calling analysis provided a catalogue of sequence variations and their putative 
biological consequences. In addition, we compared the R. mackenziei genomes to other closely 
related fungi in order to determine genetic signatures such as species-specific genes. Using 
Fisher’s exact test combined with q-value correction, we confirmed gene family expansions, 
but also noted gene family contractions shared by R. mackenziei and other neurotropic fungi. 
GO enrichment analyses were used to predict gene functions of species-specific genes, paralogs 
and genes shared with other neurotropic black yeasts. A survey of potential pathogenicity-
related genes present in R. mackenziei was carried out comparing its proteome against a curated 
database. 

Materials and methods

Strains and DNA extraction
To extract genome DNA, fungal mycelia of the R. mackenziei strains IHM 22877 and dH24460 
were harvested from fresh cultures on Sabouraud’s Glucose Agar (SGA), washed using sterile 
Tris-EDTA buffer (TE), pH 8.0 in 2 mL screw-capped tubes and then re-suspended in 500 
µL TE buffer. Fungal cell wall was disrupted using 0.5 mm glass beads in BioSpec Mini-
Beadbeater-16 (BioSpec, U.S.A.) for 5 min and cooled on ice for an additional 5 min. DNA 
solutions were separated using two phenol/chloroform (1:24, pH 8.0) extractions. DNA was 
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then precipitated by iso-propanol, washed with 70% ethanol, dried at room temperature and 
re-suspended in 35 µL TE buffer, pH 8.0. DNA quantity and quality were determined using 
Qubit® (Invitrogen, Applied BioSystems, U.S.A.), and Agilent Bio Analyzer 2100 using 1000 
DNA Chip (Agilent, U.S.A.). 

Genome sequencing and de novo assembling
For genome sequencing, the libraries were constructed using Illumina NexteraXT Library 
Preparation Kit and samples were barcoded using NexteraXT Index Kit (Illumina Inc., 
U.S.A.). The libraries were validated and quantified without bead normalization using Agilent 
Bio Analyzer 2100 1000 DNA Chip (Agilent). The dH24460 and IHM 22877 genomes were 
sequenced on the Illumina MiSeq platform using pair-ends protocol and version-3 600 cycles 
kit. Quality control was performed using FastQC v0.11.3 (http://www.bioinformatics.bbsrc.
ac.uk/projects/fastqc) and low-quality sequences were removed by Trimmomatic (Leading: 3, 
Trailing: 3, Slidingwindow: 4:15) (BOLGER et al. 2014). High quality reads were assembled de 
novo using SPAdes v3.6.2 (BANKEVICH et al. 2012).

Read mapping and SNP calling
For SNP calling, high quality reads were mapped against the reference genome of the type 
strain Rhinocladiella mackenziei CBS 650.93 (accession JYBU00000000) by using Burrows 
Wheeler Aligner (BWA) v0.7.5 mem (LI and DURBIN 2009). The reference genome 
assembly consisted of 32.47 Mb with a GC content of 50.42% and was organized in 130 
contigs linked by paired-end reads into 17 scaffolds. Alignments were improved by GATK 
RealignerTargetCreator and IndelRealigner realigning reads around insertion/deletion (indels) 
in order to minimize bases mismatching the reference (GATK v. 3.4-46) (VAN DER AUWERA 
et al. 2013). Variants were identified with GATK haplotypecaller v. 3.4-46. Hard filters were 
applied using the GATK VariantFiltration according to GATK best-practices v.3 guidelines 
(QD<2.0, MQ<40.0, FS>60.0, HaplotypeScore > (average value + 2*standard deviation), 
MQRankSum<−12.5, ReadPosRankSum<−8.0). In addition, SNPs and indels were called with 
Pilon version 1.4 (WALKER et al. 2014) using default settings. Predictions were combined 
using the tools SelectVariants and CombineVariants (https://software.broadinstitute.org/gatk/). 
SNP annotation was performed by VCFannotator (http://vcfannotator.sourceforge.net/) to 
assess whether the SNP was found within an untranslated region (UTR), intron, or coding exon. 
Mutations were classified into synonymous (SYN), non-synonymous (NSY), read-thru (RTH), 
and nonsense (STP). We used the alignment-based method PROVEAN to predict the effect 
of non-synonymous SNPs on protein function (CHOI et al. 2012). For this purpose, proteins 
carrying single amino acid substitutions, were compared to their homologues in the NCBI non-
redundant protein database and the substitution frequency, as well as the chemical properties of 
the changed amino acids, were taken into account to estimate a score that was used to measure 
the effect of the variation (CHOI et al. 2012). 

Structural variation identification
To detect genomic structural variations (SV) from high-throughput sequencing data, the R. 
mackenziei strains IHM 22877 and dH24460 were analyzed combining two different methods. 
First we ran Breakdancer (CHEN et al. 2009) for predicting SV based on paired-end read 
mapping (default parameters). To increase the sensitivity and specificity of the call, we used the 
output of Breakdancer as input for Pindel (YE et al. 2009), which employ split-read alignments 
to detect SV, setting the options –b and –M 10 as described elsewhere (GHONEIM et al. 2014).
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Protein annotation of strains IHM 22877 and dH24460
To determine the protein sequences corresponding to the newly sequenced strains, 11,382 proteins 
of the type strain R. mackenziei CBS 650.93 (JYBU00000000) were aligned to the genome of 
the strains IHM 22877 and dH24460 using the homology-based predictor Exonerate v. 2.2.0 
(SLATER and BIRNEY 2005) with the parameters --model protein2genome and --percentage 90. 
Pathway and KOG prediction were assessed using KAAS (bi-directional best hit) (MORIYA et 
al. 2007). Putative secreted proteins were identified using SignalP 4.1 (PETERSEN et al. 2011) 
and WoLF PSORT 0.2 (HORTON et al. 2007). Secreted proteins were assessed for the presence 
of transmembrane helices by Phobius (KALL et al. 2007) and THMMH 2.0 (SONNHAMMER et al. 
1998). CYPs were predicted as described elsewhere (TEIXEIRA et al. 2017). CYP proteins that 
could not be assigned to families or subfamilies based on the International P450 Nomenclature 
Committee were aligned and subjected to phylogenetic analyses as described elsewhere (CHEN 
et al. 2014a). Pathogenicity-related genes were identified by means of BLASTP searches 
(identity > 50%) against the curated PHI-database version 4.0 (WINNENBURG et al. 2006).

Ortholog detection 
Orthology data set was generated clustering the R. mackenziei proteins with 20 previously 
sequenced black yeast species (Exophiala xenobiotica CBS 118157, E. aquamarina CBS 
119918, E. mesophila CBS 402.95, E. spinifera CBS 899.68, E. oligosperma CBS 725.88, E. 
sideris CBS 121828, E. dermatitidis NIH 8656, Capronia epimyces CBS 606.96, Ca. coronata 
CBS 617.96, Ca. semiimmersa CBS 27337, Cladophialophora carrionii CBS 160.54, Cl. 
immunda CBS 834.96, Cl. bantiana CBS 173.52, Cl. psammophila CBS 110553, Cl. yegresii 
CBS 114405, Fonsecaea pedrosoi CBS 271.37, F. multimorphosa CBS 102226, Phialophora 
europaea CBS 101466, P. attae CBS 131958, Coniosporium apollinis CBS 100218, Verruconis 
gallopava CBS 437.64). Orthologs and paralogs were determined by means of OrthoMCL (LI 
et al. 2003) with a Markov inflation of 1.5, and a maximum e-value of 10-5. Species-specific 
proteins were extracted using a custom Bash script.

Mitochondrial genome assembly and annotation
Mitochondrial genome sequences of the strains were assembled using GRAbB (BRANKOVICS 
B 2016) (https://github.com/b-brankovics/grabb) from the raw sequencing data. The bait 
used for the GRAbB assembly was the mitochondrial genome of Exophiala dermatitidis 
(NW_008751656). Initial mitochondrial genome annotations were done using MFannot (http://
megasun.bch.umontreal.ca/cgi-bin/mfannot/mfannotInterface.pl) and manually adjusted. 
Annotation of tRNA genes was improved using tRNAscan-SE (PAVESI et al. 1994). Annotation 
of protein coding genes was corrected by aligning intron-less homologs to the genome.

Data Availability 
The sequencing data from this study have been submitted to the GenBank, accession numbers: 
GCA_001723215 (strain IHM 22877) and GCA_001723235 (strain dH24460). Raw sequence 
data can be accessed through the NCBI Sequence Read Archive (SRA), accession number 
SRP128022. Table S1 summarizes the distribution of 27 cases of cerebral phaeohyphomycosis 
caused by R. mackenziei. Table S2 contains genes with significant mutations according 
PROVEAN. Tables S3 and S4 show the expanded GO categories between the neurotropic 
species. Table S5 contains the expanded GO categories in paralog genes of R. mackenziei. Table 
S6 contains the singleton proteins found in R. mackenziei. Table S7 contains the R. mackenziei 
secretome. Table S8 contains the CYP P450 in R. mackenziei. Table S9 shows the gene family 
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expansions and contractions observed in R. mackenziei. Table S10 contains the pathogenicity 
related genes. Figure S1 shows the frequency and size of indels in coding and non-coding 
regions.

Results

Sequencing and mapping
To characterize variants of two R. mackenziei strains from Qatar and Saudi Arabia compared to 
the reference genome, each strain was deeply sequenced using Illumina MiSeq. After filtering, 
a total of 12,996,368 and 10,131,024 high-quality reads were generated for the strains dH24460 
and IHM 22877, respectively. Among these reads, 11,542,511 and 9,568,960 reads were mapped 
to the R. mackenziei CBS 650.93 reference genome (Figure 2).
Sequencing of both dH24460 and IHM 22877 strains did not produce reads corresponding to the 
region of scaffold 15 in the reference genome. This scaffold was 4,775 bp long and contained 
two protein-coding genes (Z518_11416 and Z518_11417) annotated as hypothetical proteins, 
holding PFAM functional domains associated with LTR retrotransposons (PF03732)/zinc finger 
domain (PF00098) and manipulation of chromatin (PF00385). In order to further investigate the 
genomic composition of scaffold 15, we used TransposonPSI (http://transposonpsi.sourceforge.
net) to identify potential transposable elements. The scaffold harbored three putative LTR 
retroelements, one classified as Ty1/Copia and two classified as gypsy.

Variant calling
The total number of genomic variations relative to the reference genome was detected in the 
re-sequenced R. mackenziei strains using two methods. The intersection of the two SNP calling 
analyses is represented in Figure 3-A and calls made by both programs were used for further 
analyses.
Genome-wide variation identification revealed that the strains IHM 22877 and dH24460 contain 
65,333 and 77,999 SNPs, respectively compared to the reference. The highest concentration of 
SNPs was found in scaffold 11 with, on average, an SNP every 294 bp for IHM 22877 and one 
every 342 bp for strain dH24460. The lowest density of SNPs was found in scaffold 13 (one 
every 426 bp on average) for strain dH24460 and in scaffold 3 (one every 484 bp on average) 
for strain IHM 22877. The distribution of SNPs along the genomes is shown in Figure 2 E and 
G. Regions of high SNP density were located near ends of the scaffolds 1, 4, 6, 7, 8, 9, 10 and 
11, suggesting that these regions might correspond to subtelomeres, shown to be hypervariable 
regions in other studies, potentially undergoing higher rates of mutation (CUOMO et al. 2007). 
In order to obtain a comprehensive variant annotation, VCFannotator (see methods) was used 
to classify the mutations into four distinctive categories: synonymous (SYN), non-synonymous 
(NSY), read-through/nonsense suppression (RTH), and nonsense (STP). Variant annotation 
showed that 78,041 SNPs (54.4%) were located in intergenic regions (dH24460: 42,249; IHM 
22877: 35,792) while 65,291 SNPs (45.6%) were located in intronic (dH24460: 3,757; IHM 
22877: 3,080) and exonic (dH24460: 31,993; IHM 22877: 26,461) regions. Of the total SNPs 
localized in coding region, 31,409 were synonymous (dH24460: 17,117; IHM 22877: 14,292), 
26,700 were non-synonymous (dH24460: 14,679; IHM 22877: 12,021), 86 were read-through 
suppression (dH24460: 44; IHM 22877: 42), and 394 were nonsense (dH24460: 220; IHM 
22877: 174) (Figure 3-b). 
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Figure 2 -  Overview of the 13 largest scaffolds of R. mackenziei strains dH24460 and IHM 22877: From outside 
to inside ring: A - read coverage strain dH24460, B - read coverage strain dH24460, C -, SNP density for the strain 
dH24460, D - difference in the SNP density between the two strains compared to the reference , E - SNP density 
for the strain IHM 22877, F - distribution of potential inversions along the genomes of dH24460 (red) and IHM 
22877 (blue).
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Leveraging published genomes, we identified 2,468 single-copy orthologs (SCOs) that were 
common to 22 black yeasts (see methods). Among this gene set, 325 and 422 intronic SNPs 
and 5,287 (3,258 synonymous and 2,024 non-synonymous) and 6,547 (2,577 synonymous and 
3,964 non-synonymous) exonic SNPs were identified in the strains IHM 22877 and dH24460, 
respectively. SNPs within SCO exons included only 4 nonsense mutations (1%) and 7 read-
through of stop codons (8%) (Table 1). Nonsense mutation promotes early translational 
termination of messenger RNAs resulting in truncated proteins and with possible deleterious 
effect on the protein function. As expected, the low frequency of mutations in SCO genes 
confirms the high level of conservation of this gene set in black yeasts.

Figure 3 - A - Intersection of the two SNP calling analyses. B – Total number of SNPs in different categories 
according to VCFannotator and the number of proteins impacted by NSY mutations on the biological function 
assessed using the tool PROVEAN. 

Strain Gene ID Annotation Mutation Category
IHM 22877 Z518_03085 Protein kinase-like codon: Gaa -> Taa nonsense mutation 
IHM 22878 Z518_11082 Protein of unknown function codon: taT -> taG nonsense mutation 
IHM 22879 Z518_05460 Protein of unknown function codon: tGg -> tAg nonsense mutation 
IHM 22880 Z518_01487 Protein of unknown function codon: taT -> taG read-through suppression 
IHM 22881 Z518_05409 Ribonuclease codon: Tag -> Gag read-through suppression 
dH24460 Z518_11082 Protein of unknown function codon: taT -> taG nonsense mutation 
dH24460 Z518_10302 Protein of unknown function codon: Tga -> Cga read-through suppression 
dH24460 Z518_06350 Histidine phosphatase super-

family 
codon: Tga -> Cga read-through suppression 

dH24461 Z518_09833 GTP cyclohydrolase codon: Tga -> Cga read-through suppression 
dH24462 Z518_04886 Protein of unknown function codon: Tga -> Cga read-through suppression 
dH24463 Z518_03836 Protein of unknown function codon: Tga -> Cga read-through suppression 

Table 1. SCO genes containing nonsense and read-through suppression mutations.
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Functional effect of SNPs on proteins
Among the non-synonymous SNPs, 1,266 (8.5%) and 1,011 (8.3%) mutations in strains 
dH24460 and IHM 22877, respectively, were considered to have significant effect on protein 
function (Table S2). The proteins carrying these mutations, in both strains, were enriched 
for GO categories involved in oxidoreductase activity (Table 2) including several proteins 
annotated as cytochrome P450s (PF00067), alcohol dehydrogenases (PF08240) and aldehyde 
dehydrogenases (PF00171). Furthermore, we found that paralogous genes, including several 
cytochrome P450s, are enriched for such mutations that can affect their properties (P < 2.2 × 
10-16), which may contribute to diversification of these functions. Among the 872 putative 
paralogous genes predicted in R. mackenziei, 186 carry at least one severe mutation. 

Insertion/deletion (indel) variation
We identified 26,754 potential indels (dH24460: 14,837; IHM 22877: 11,917). Overall, 7.7% 
of these mutations were found in coding regions with a mean length of 7.3 bp and 8.4 bp 
for insertions and 14.9 bp and 16.6 bp for deletions in the strains dH24460 and IHM 22877, 
respectively (Figure 3). Indels that are multiples of three bp, and thus cannot cause frameshifts, 
account for 42% of the coding indels in dH24460 and 38% in IHM 22877 (Figure S1). Intronic 
regions comprise 5.8% of the indels (dH24460: 845; IHM 22877: 722). Rates of SNPs and 
Indels were more frequent in Rhinocladiella mackenziei dH24460 revealing that this is more 
highly diverged from the reference isolate.
Overall, R. mackenziei strain dH24460 possessed 95 potential inversions with a mean length 
of 136,002 bp and strain IHM 22877 harbored 287 potential inversions with a mean length of 
45,324 bp (Figure 2 H). The three longest inversions were identified in scaffold 3 corresponding 
to 64.5% and 60.3% of the total length of inversions in strains IHM 22877 and dH24460, 
respectively. The highest density of inversions was found in scaffold 1 in both strains of R. 
mackenziei (Figure 2). 
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Table 2: GO categories enriched among genes with non-synonymous SNPs and scored by PROVEAN as severe 
mutations.
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Protein-coding gene annotation and general features 
Protein-coding genes were predicted based on alignments of proteins of R. mackenziei 
CBS 650.93 against the genome of the strains IHM 22877 (GenBank assembly accession: 
GCA_001723215) and dH24460 (GenBank assembly accession: GCA_001723235). The 
reference protein set contained 11,382 proteins. In total, 11,148 genes were predicted in strain 
IHM 22877 and 11,191 genes in dH24460, covering 97.9% and 98.2% of the gene content of the 
type strain, respectively. Using the reference protein set, a total of 6,349 proteins (55.8%) were 
assigned to GO terms, and 8,836 proteins (77.5%) contained a protein family domain (PFAM). 
The top five most abundant PFAM domains included WD40 repeat PF00400, membrane 
transport proteins MFS PF07690, fungal transcription factor PF04082, transcription factor type 
Zn2Cys6 PF00172 and Cytochrome P450 PF00067. Comparative analyses with other black 
yeasts showed that the R. mackenziei genomes contained a large number of highly conserved 
homologs. Best-hits BLASTP (cut-off identity > 90%) were found against the saprobic species 
Exophiala xenobiotica (10.3%), Fonsecaea multimorphosa (9.7%) and Cladophialophora 
immunda (8.6%) followed by two neurotropic fungi, Exophiala dermatitidis (8.4%) and 
Cladophialophora bantiana (8.0%). Lowest similarities were found with Phialophora attae 
(0.5%) and P. europaea (0.4%), members of black yeast family Cyphellophoraceae. Interestingly, 
highly conserved homologs shared between the neurotropic fungi R. mackenziei, Cl. bantiana 
and E. dermatitidis, spanned across several GO categories (Table S3 and S4), including 
organonitrogen compound biosynthetic/metabolic process (GO:1901566, GO:1901564), amide 
biosynthetic process (GO:0043604) and peptide metabolic process (GO:0006518). 
Orthology analysis using Orthomcl determined the protein families conserved in R. mackenziei 
and other 22 black yeast species. This analysis indicated the presence of 872 putative paralogs 
in R. mackenziei. These genes belong to the same GO categories described above. Additional 
mechanisms involved transmembrane transport, mainly nitrogen, were found overrepresented 
in R. mackenziei, such as nitrogen transport (GO:0071705), amino acid transport (GO:0006865, 
GO:0003333, GO:0015171), peptide transport (GO:0015833), amide transport (GO:0042886) 
and amino sugar and aminoglycan biosynthetic process (GO:0046349) (Table S5). These 
findings raise new questions regarding the potential involvement of nitrogen-containing 
compounds and neurotropism observed in some black yeast species.

Singleton proteins
Rhinocladiella mackenziei possesses 755 orphan proteins, that are unique among the black 
yeasts according to Orthomcl (see methods), and therefore were not included in any group of 
homologs (Table S6). InterProScan searches performed on this data set showed that 241 proteins 
possess conserved functional domains. The top 5 most frequent Interpro domains in orphan 
proteins include IPR020683 (Ankyrin repeat-containing domain), IPR001128 (Cytochrome 
P450), IPR011701 (MFS transporters), IPR010730 (Heterokaryon incompatibility) and 
IPR002347 (Short-chain dehydrogenase/reductase). Despite the low sequence conservation of 
these proteins among black yeasts, BlastP analysis against the NCBI database revealed that 
many of these enzymes are often found in plant-associated fungi (Table S6), for example the 
putative glutathione s-transferase protein Z518_06694 (86% identity with Eutypa lata), the 
nitrilase Z518_09980 (66% identity with Botrytis cinerea), the CYP Z518_01777 (93% identity 
with Oidiodendron maius), the putative siderophore iron transporter Z518_06150 (identity 77% 
with Phaeomoniella chlamydospora) and the myo-inositol transporter Z518_03615 (74% with 
Oidiodendron maius). Other enzymes involved in the iron transport, such as the siderophore iron 
transporters Z518_10557 and Z518_10557, were similar to the saprobic fungus Purpureocillium 
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lilacinum.

R. mackenziei secretome
In R. mackenziei, the pool of secreted proteins (secretome) includes several virulence factors, 
such as proteases and chitinases. Analyses of secretion signal peptide, the N-terminal region 
that control the entry of proteins to the secretory pathway, revealed the presence of 216 putative 
secretory proteins in this fungus. Among these enzymes, 20 peptidases, 46 carbohydrate-active 
enzymes (CAZY), four laccases and one cytochrome P450 were identified (Table S7). The signal 
peptide was also found in three out of four tyrosinases reported in R. mackenziei. Interestingly, 
extracellular tyrosinases and laccases are involved in oxidation and scavenging of phenolic 
compounds as well as in the melanin biosynthesis (VAN GELDER et al. 1997; LI et al. 2016).

Cytochrome P450s (CYPs)
CYPs are involved in primary, secondary, and xenobiotic metabolism playing a diverse role 
in fungal pathogenicity and detoxification/degradation of toxic exogenous compounds. These 
enzymes may allow the fungus to grow under different stressful conditions or adapt to polluted 
environments (CRESNAR and PETRIC 2011). Black yeasts possess one of the highest rates of 
CYP genes in Ascomycota reported to date (TEIXEIRA et al. 2017). These include families 
of CYPs thought to be involved in the metabolism of phenolic compounds and aromatic 
hydrocarbons, such as CYP530, CYP682, CYP504, and CYP52 (TEIXEIRA et al. 2017). In this 
study, we analyzed 50 CYPs previously reported in R. mackenziei in which their precise families 
or subfamilies could not be assigned based on the fungal P450 CYPs database (NELSON 2009) 
(http://blast.uthsc.edu) and following the International P450 Nomenclature Committee rule 
which suggests that proteins with >40% identity and >55% identity may be clustered under the 
same family and subfamily, respectively. For that, we used phylogenetic analysis including 645 
CYP protein sequences from the black yeasts Cladophialophora bantiana, Cl. psammophila, 
Exophiala dermatitidis, E. xenobiotica, and Rhinocladiella mackenziei (TEIXEIRA et al. 2017). 
CYPs within the same family/subfamily clustered together in the tree, indicating that their 
annotation based on the BLASTP identity was correct. Among the 50 unannotated P450s, 33 
were accommodated in 18 families with CYPs of other black yeasts, possibly with overlapping 
functions (Table S8). Three CYPs belonged to the CYP52 family, which is involved in alkane-
assimilation and fatty acid metabolism in yeasts (SEGHEZZI et al. 1992; OHKUMA et al. 1995). 
Consistent with other studies (PEDRINI et al. 2013), on the phylogenetic tree, the CYP52 family 
is very close to CYP584 family indicating that these CYP derived from a single ancestor. 
Seventeen CYPs were not assigned to any family and may consist of new P450s, specific to 
R. mackenziei, that their accurate nomenclature remains unclear. We identified seven Clans 
(Figure 4), a higher level of P450 classification comprising evolutionarily related families 
probably with common functions (NELSON 1998). Clan1 was the most populated, although the 
majority of unannotated CYPs in R. mackenziei belonged to Clan 2. 
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Metabolism of fatty acids and two-carbon compounds
Rhinocladiella mackenziei harbored genes for the glyoxylate cycle which allows the assimilation 
of fatty acids and two-carbon compounds, such as acetate and ethanol to produce glucose 
(KORNBERG 1966). This pathway has been associated with fungal virulence, once it permits 
energy production in environments that are poor in complex carbon compounds (LORENZ and 
FINK 2001). Two enzymes are considered key in the glyoxylate cycle and were identified in R. 
mackenziei: isocitrate lyase (Z518_04722 and Z518_01820) and malate synthase (Z518_01715). 
Similarly to other black yeast species, R. mackenziei possessed a paralog copy for isocitrate 
lyase (Figure S1).

Figure 4 - Phylogenetic analysis of CYPs P450 in black yeasts. The phylogenetic tree was built using 645 P450 
protein sequences from Cladophialophora bantiana, Cl. psammophila, Exophiala dermatitidis, E. xenobiotica, 
and Rhinocladiella mackenziei. The 50 CYPs used in this study are represented by circles at the ends of the 
branches.
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Metabolism of aromatic compounds
The genome of Rhinocladiella mackenziei CBS 650.93 was assessed in order to identify genes 
linked to the degradation of aromatic compounds, such as benzene, toluene, ethylbenzene, 
xylene, and styrene (BTEX), important pollutants from petrochemical and chemical industries. 
Toluene is initially oxidized to benzyl alcohol by a membrane-bound CYP in toluene-growing 
cells of the closely related Cladophialophora saturnica CBS 114326, previously confused 
with Cladosporium sphaerospermum (LUYKX et al. 2003). Comparative analysis against the 
aromatic hydrocarbon-degrading fungus Cladophialophora immunda revealed the presence of 
orthologs that resemble the published fungal toluene degradation pathway via protocatechuate 
(PARALES et al. 2008; BLASI et al. 2017). R. mackenziei possess five highly conserved homologs 
of CYP P450 that were overexpressed when Cl. immunda was grown in the presence of toluene 
(Figure 5) (BLASI et al. 2017). Among them, the CYP (Z518_09427) belongs to the cytochrome 
family CYP53, a benzoate para-hydroxylases that is associated with the detoxification of 
xenobiotic compounds in other ascomycetes (FABER et al. 2001; JAWALLAPERSAND et al. 
2014). Furthermore, CYP 53 has been proposed as a novel alternative anti-fungal drug target 
(PODOBNIK et al. 2008). Benzyl alcohol is converted to protocatechuate through a multistep 
reaction involving four enzymes (Figure 5: enzymes 2-5). Contrary to Cl. immunda where 
protocatechuate can be converted to catechol, in R. mackenziei the only route for the processing 
of this compound seems to be via the beta-ketoadipate pathway (Figure 5). R. mackenziei also 
possesses enzymes of the styrene and the phenylalanine degradation pathways. Accordingly, 
styrene might be degraded via phenylacetic acid, that is converted to homogentisate, by a 
phenylacetate 2-hydroxylase (Z518_00050, Z518_05387, Z518_05992 and Z518_07177), 
a CYP belonging to the family CYP504. Homogentisate is oxidized to 4-maleylacetoacetate 
by the homogentisate 1,2-dioxygenase (Z518_05388, Z518_05995, Z518_06895 and 
Z518_09726) which is converted to fumarylacetoacetate and to fumarate/acetoacetate 
by the enzymes maleylacetoacetate isomerase (Z518_00072) and fumarylacetoacetase 
(Z518_00072), respectively. This data suggests that the catabolism of aromatic amino acids, 
such as phenylalanine, can occur via oxidation to phenylacetate. Previously studies suggested 
that a cytochrome P450, family CYP504, is involved in the catabolism of both phenylacetate 
and 2-hydroxyphenylacetate acid, which is then oxidized to homogentisate and degraded to 
fumarate and acetoacetate (RODRIGUEZ-SAIZ et al. 2001). These pathways may be important to 
allow this fungus to thrive on environmental contaminants conferring both metabolic versatility 
and defense against toxic chemicals.

Iron acquisition strategies
Different strategies for iron acquisition were also present in R. mackenziei allowing the uptake and 
storage of iron from the host during infection. The enzymes that are required for the production 
of siderophores (iron-specific chelators) in E. dermatitidis were also found in R. mackenziei. In 
contrast to other neurotropic fungi (CHEN et al. 2014b), the SidD and SidF genes (Z518_02441 and 
Z518_02442, respectively) are adjacent in R. mackenziei. The SidA and SidC genes (Z518_09385 
and Z518_09384, respectively) are adjacent in both R. mackenziei and E. dermatitidis. The 
cluster containing the high-affinity iron permease FtrA and the ferroxidase FetC are duplicated 
in R. mackenziei (Z518_02600- Z518_06281 and Z518_02599-Z518_06280) as well as in the 
neurotropic black fungi E. dermatitidis (HMPREF1120_01590-HMPREF1120_04510 and 
HMPREF1120_01589-HMPREF1120_04509) and Cl. bantiana (Z519_09337- Z519_11106 
and Z519_09338-Z519_1110).
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Mechanisms of osmotolerance
Rhinocladiella mackenziei possesses distinctive mechanisms to survive under extreme 
environmental conditions, such as the heat and the dryness of the desert where the environmental 
phase of the fungus is thought to reside. To avoid dehydration of cells, some fungi are able 
to accumulate neutral and low-molecular-weight compounds intracellularly, for example the 
disaccharide trehalose and the quaternary ammonium compound choline (NIKAWA et al. 
1990; BLOMBERG and ADLER 1992; PARK and GANDER 1998). Rhinocladiella mackenziei 
possesses a putative choline permease (Z518_09106, TCDB family 2.A.3.4.1) that may be 
involved in extracellular choline uptake, which is subsequently converted to the osmoprotectant 
glycine betaine by the enzymes choline dehydrogenase (Z518_00519) and betaine-aldehyde 
dehydrogenase (Z518_07684). Among the black yeasts, homologs of choline permease are 
only found in the hydrocarbon-degrading fungus Exophiala oligosperma (PV06_02302) and 
in the plant-associated fungus Capronia epimyces (A1O3_02156). In addition, we found that 
R. mackenziei harbors duplicated enzymes that catalyze the biosynthesis of trehalose through 
the processing of α-D-glucose-1P: the trehalose 6-phosphate synthase (Z518_04836 and 
Z518_10013) and the trehalose 6-phosphate phosphatase (Z518_02299 and Z518_05120). 

Gene family expansions and contractions
To investigate gain and loss of protein families, we compared the repertoire of Interpro 
protein functional domains (IPR) of R. mackenziei against closely related black yeast species 
(Cladophialophora carrionii, Cl. bantiana, Cl. psammophila, Exophiala dermatitidis, E. 
xenobiotica) and members of the orders Eurotiales (Aspergillus fumigatus, A. nidulans) and 
Onygenales (Paracoccidioides brasiliensis, Trichophyton rubrum, Coccidioides immitis). 
We confirmed the expansion of alcohol dehydrogenase related domains (IPR013149 and 
IPR013154), cytochrome P450 domain (IPR001128) and trichothecene efflux pump domain 
(IPR010573) previously determined using a stochastic model of gene birth and death to estimate 
evolution of gene family size (TEIXEIRA et al. 2017). Additionally, the following domains were 
significantly more common in R. mackenziei and in other black yeasts: major facilitator type 

Figure 5 - Proposed pathway for toluene metabolism in R. mackenziei. Adapted from Parales et 
al. 2008. 
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(MFS) transporters (IPR011701 and IPR020846) and sugar associated transporters (IPR003663 
and IPR005829), polyketide synthase (IPR020843), fungal transcription factor (IPR007219) 
and protein phosphorylation related domains (Table S9). 
The list of contractions in R. mackenziei includes the glucose/ribitol dehydrogenase (IPR002347), 
the cytochrome P450 - E-class (IPR002401) and the G-protein beta WD-40 repeat (IPR020472) 
(Table S9).

Pathogenicity-related genes
In total, 520 pathogenicity related genes were found in R. mackenziei. In general the species 
shared many potential virulence-associated homologs with the neurotropic fungus Cryptococcus 
neoformans (Table S10). Sequence analyses revealed that gene Z518_10204, with equivalent 
copies found in all three R. mackenziei strains examined, corresponded to the DEAD-box RNA 
helicase (VAD1) (PANEPINTO et al. 2005). Protein Z518_10204 in R. mackenziei possessed 
the Interpro protein domains related to Vad1 protein IPR001650, IPR014001, IPR014014, 
IPR027417 and IPR011545, supporting the functional annotation. Vad1 protein is believed to 
be involved in transcriptional regulation as well as in RNA stability and plays an essential role 
in stress response, salt tolerance and regulation of the virulence factor laccase (PANEPINTO et 
al. 2005). This protein is present in Cryptococcus neoformans (75% identity to Z518_10204) 
and expressed during infection of human brain (PANEPINTO et al. 2005). Other pathogenic 
species belonging to the order Onygenales, such as Coccidioides immitis (83% identity) and 
Trichophyton rubrum (83% identity), possessed homologs to Z518_10204. Additionally, gene 
Z518_03960, which encodes a phosphoenolpyruvate carboxykinase (PCK1) and is a virulence 
factor dependent on Vad1, was found conserved in R. mackenziei compared with Cryptococcus 
neoformans (64% identity).
Urease is another interesting factor shared by R. mackenziei and C. neoformans. This protein has 
been postulated as an important pathogenicity-related gene facilitating fungal central nervous 
system invasion (OLSZEWSKI et al. 2004; SINGH et al. 2013). In general, black yeasts carry 
a single gene copy coding for urease, except Cladophialophora immunda, which possesses 
two urease copies. Despite the presence of Interpro conserved domains specific to the urease 
accessory proteins (UreF, UreD, UreG and NIC1), their amino-acid sequences are poorly 
conserved compared to C. neoformans. In contrast, Z518_09873, the R. mackenziei homolog of 
URE1, shares 62% of BLASTP identity with URE1 in C. neoformans. Accessory proteins are 
responsible for activating the urease apoenzyme and are thought to be involved in human brain 
infection (SINGH et al. 2013). 
Rhinocladiella mackenziei also harbors candidate pathogenicity orthologs in species of 
Eurotiales. The glucosamine-fructose-6-phosphate aminotransferase (GFA1) in R. mackenziei 
shares 88% of BLASTP identity with that in Aspergillus fumigatus. Gfa1 protein catalyzes the 
first step in the chitin biosynthesis pathway and is believed to be essential and a potential drug 
target enzyme in A. fumigatus (HU et al. 2007).

Mitochondrial genomes
Contrary to nuclear DNA, the circular mitochondrial genome of R. mackenziei is AT-rich (~26% 
G+C). It contains 14 conserved protein coding genes, two rRNA genes and 25 tRNA genes, 
which code for all 20 amino acids (Figure 6). All genes are located on the same strand and more 
than 88% of the mitochondrial genome is coding sequence. Strain dH24460 contains three 
introns inside protein coding genes (cob, cox1, cox3) while IHM 22877 contains no introns. 
The introns are Group I and contain homing endonuclease genes; two of them belong to the 
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LAGLIDADG family and one to the GIY-YIG family (cob). Besides the intron difference 
there are minor (0.3%) sequence differences between the two strains. In total 66 positions are 
variable, 24 of which are in intergenic and 42 are in coding sequences. The tRNA genes contain 
no variation, the rRNA genes contain 14 variable positions and the protein-coding genes 28, but 
only five of them result in amino acid substitutions.
The intron inside cob has a closest hit with an intron at the same position inside the cob gene 
of Fusarium oxysporum with 37% query coverage, 8e-98 E-value and 75% sequence identity. 
BLAST search of the NCBI database returned no results for the other two introns.

Figure 6 - Mitochondrial genomes of Rhinocladiella mackenziei strains. IHM 22877 (inner circle) and dH24460 
(outer circle). Blue arrows represent genes and yellow arrows are protein coding sequences. Red arrows indicate 
rRNA or tRNA coding sequences.
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Discussion
Our study catalogues the mutations present in two strains of the neurotropic fungus Rhinocladiella 
mackenziei. Additionally, structural variations were assessed revealing an unexpected amount of 
large inversions. Hypervariable sections were seen in the ends of scaffolds probably indicating 
telomeric regions, composed by repetitive nucleotides, which are subject to higher levels of 
mutations in other fungi (CUOMO et al. 2007) (Figure 2). Repetitive DNA prediction supported 
the high incidence of these elements in each end of scaffolds. As demonstrated by SNPs and 
indels, genomic variation was more frequent in R. mackenziei strain dH24460 than in strain 
IHM 22877 (Figure 3). This finding suggests that this strain is more genetically divergent from 
the reference strain. In contrast, structural variation from the reference, such as long inversions, 
was greater in strain IHM22877. 
Expanded protein families in R. mackenziei, such as the CYPs, alcohol dehydrogenases (ADH) 
and aldehyde dehydrogenases (ALDHs) are more susceptible to accumulate significant mutations 
that can be important for the emergence of evolutionary novelties or with possible deleterious 
effect (Table S2). The notorious abundance of CYP, ADH and ALDH in the genome of black 
yeasts is partially explained by gene duplication events, occurring in the common ancestor of 
these organisms, by which new genes, with similar functions, were copied (TEIXEIRA et al. 
2017). Redundantly, we showed that there are significant mutations found in the paralogous 
gene sets.. Taking the results together, we propose two scenarios to explain the accumulation of 
significant mutations in genes originated by duplication in R. mackenziei. First, the redundant 
copy became a nonfunctional pseudogene due to deleterious mutations; second, these enzymes 
could be under positive selection driving niche-specific adaptation via neofunctionalization, 
although no evidence of functional divergence via neofunctionalization has ever been 
experimentally detected in black yeasts. Further analyses are required to determine whether 
gene duplication is a major force in the evolution of black yeasts.
Sequence comparisons with the best studied neurotropic fungus, Cryptococcus neoformans, 
provided important insights into genes and possible mechanisms involved in brain infection. 
Although pathologies caused by R. mackenziei (brain abscess) and C. neoformans and C. gattii 
(meningoencephalitis and propensity of C. gattii to form cryptococcomas (SORRELL 2001)), 
differ significantly, genes conserved in both species might explain common strategies to invade 
the host. For instance, the presence of urease, an enzyme used to scavenge for nitrogen in the 
environment that is, however, often associated with fungal central nervous system invasion 
(OLSZEWSKI et al. 2004; SINGH et al. 2013).
Rhinocladiella mackenziei possesses a large amount of proteins that are highly conserved 
across black yeasts. It is worth mentioning that the majority of these homologs are shared with 
recognized alkylbenzene-growing fungi, such as E. xenobiotica and Cl. immunda (DE HOOG 
et al. 2006; ZHAO et al. 2010), as well as with the neurotropic black fungi Cl. bantiana and E. 
dermatitidis. Indeed, a link between hydrocarbon assimilation and fungal neurotropism has been 
suggested (PRENAFETA-BOLDÚ et al. 2006). We see an overlap between pathways used to obtain 
nutrients and confer fungal resistance to extreme environmental conditions and the potential 
usage of them in the host, such as the phenylalanine degradation pathway via phenylacetate 
and homogentisate found in R. mackenziei. Noteworthy, phenylalanine is a precursor of 
tyrosine, which in turn is used for the biosynthesis of the monoamine neurotransmitters 
dopamine, norepinephrine (noradrenaline), and epinephrine (adrenaline) in addition to the 
formation of melanin and neuromelanin (a brain protective dark pigment synthesized from 
L-dopa). Phenylacetate is also derived from environmental contaminants such as styrene 
and ethylbenzene (TEUFEL et al. 2010; FUCHS et al. 2011).  We also demonstrated that R. 
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mackenziei possess genes that might encode for all enzymes involved in the toluene and styrene 
degradation pathways. The intermediate compounds produced during the toluene assimilation, 
for instance the protocatechuic acid (along with other structurally related compounds) are also 
abundant in the mammalian central nervous system and might serve as an important carbon 
source for R. mackenziei (SWARTZ et al. 1990).
Despite the fact that the environmental habitat of R. mackenziei is unknown, the genomic 
similarities with species isolated from habitats contaminated with aromatic hydrocarbons, 
especially with the relatively mobile and bioavailable alkylbenzenes like toluene, ethylbenzene, 
xylene and styrene, suggests that oil-polluted desert soil might be a potential reservoir of R. 
mackenziei. Toluene is a common chemical in oil and particularly in gasoline distillates, where 
it correspond up to 7% of the gasoline mass (FRYSINGER et al. 1999). Hydrocarbon-impacted 
soils provide a complex environment with diverse substrates, including short- and long-chain 
alkanes, monoaromatic and polycyclic aromatic hydrocarbons, etc. in which relatively few 
resistant organisms are able to thrive. Such environment might give R. mackenziei a competitive 
advantage under prevailing climatic conditions of the arid, oil-rich countries of the Middle 
East. In this study, three new members of the CYP52 family were identified. CYP52 genes 
are involved in fatty acid metabolism in the yeasts Candida maltosa and Candida tropicalis 
(SEGHEZZI et al. 1992; OHKUMA et al. 1995). In addition the CYP52 family is a key enzyme for 
the primary hydroxylation of n-alkanes (HUANG et al. 2014), an acyclic saturated hydrocarbon 
widely found in petroleum (crude oil). 
The role of assimilation of toxic monoaromatic hydrocarbons by black yeasts as an evolutionary 
adaptation has been a subject of debate. Many Exophiala species are considered to be 
extremotolerant because of their selective advantage in environments that are enriched for 
hydrocarbon pollutants and heavy metals. Opportunistic pathogenicity of these fungi may be 
enhanced by extremetolerance (ZHAO et al. 2010; ISOLA et al. 2013). On the other hand, the 
importance and the potential function of nitrogen-containing compounds have not yet been 
assessed in this group of fungi. Our analyses suggest that gene duplication events could be an 
important strategy in R. mackenziei to increase gene dosage along with diversification of gene 
function involved in uptake and metabolism of nitrogenous compounds. These findings suggest 
that R. mackenziei, in the absence of easily degradable sources, may have adapted to tolerate 
and co-assimilate a wide range of toxic nitrogen-containing compounds as an alternative source 
of nutrients. Genes associated with different mechanisms of osmotic stress adaptation were 
found in R. mackenziei, including those involved in the storage of neutral and low-molecular-
weight compounds, such as trehalose and choline. Interestingly, the acetylated derivative of 
choline, the acetylcholine, is an indispensable neurotransmitter in higher animals widely found 
in the central and peripheral nervous systems (PICCIOTTO et al. 2012). 
Analysis of the secretome of R. mackenziei revealed the presence of 216 proteins that might 
be secreted via the classical endoplasmic reticulum (ER)/Golgi-dependent secretion pathway. 
Secretory proteins comprise a variety of enzymes involved in fungal pathogenicity and 
nutrient acquisition such as peptidases, laccases, tyrosinases, carbohydrate-active enzymes 
(CAZY) and monooxygenases. Despite the high abundance of CYP genes in the genome of R. 
mackenziei, only CYP567 seems to be secreted. Indeed, P450s are intracellular or membrane-
bound monooxygenases rarely been reported in outside the cell (MATSUZAKI and WARIISHI 
2004; ULLRICH and HOFRICHTER 2007). The amount of secretory laccases in R. mackenziei is 
consistent with what was recently described for black yeasts of the genus Fonsecaea (MORENO 
et al. 2017). Laccases may catalyze the oxidation of phenolic compounds and aromatic amines 
(PENG et al. 2015). The most abundant secreted peptidases belong to the S10 family, according 
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to MEROPS (proteolytic enzyme database), which contains a variable set of carboxypeptidases. 
Carboxypeptidase S10 was earlier described in the dermatophyte Trichophyton rubrum and 
was considered as a virulence factor (ZAUGG et al. 2008). Moreover, peptidases of the families 
A01 (pepsin), S09 (serine-dependent peptidases) and S33 (exopeptidases) were found in 
multiple copies in the repertory of proteins with secreted proteolytic activity (Table 2). Thus, 
we speculate that these secreted proteases are important for the virulence of R. mackenziei 
allowing this fungus to grow on the nitrogenous substrates during infection. 
Evolution of true mammal pathogens, such as members of the order Onygenales (SHARPTON 
et al. 2009), is often associated with gene family loss leading to pathways lacking enzymes. 
Conversely, R. mackenziei possesses a wide arsenal of genes encoding enzymes for nutrient 
acquisition and primary metabolism (e.g., nitrogen metabolism, carbohydrate metabolism, 
fatty acid metabolism). Overall, the pathway collection in this fungus resembles that of black 
yeast that are able to assimilate alkylbenzene hydrocarbons. These results confirm that unlike 
other true pathogens, R. mackenziei is a versatile fungus, holding several pathways to sequester 
carbon from a wide range of nutrient substrates from the environment, possibly suggesting an 
oligotrophic lifestyle. In this respect, the fungus differs from true pathogens which need to 
extract nutrients from their hosts. Opportunism may be explained by the occurrence of virulence 
factors which have other roles in the natural life cycle of the fungus, such as the presence 
of a glyoxylate cycle pathway, different strategies for acquiring iron, toxin neutralization 
and secondary metabolism (TEIXEIRA et al. 2017). Key enzymes of the glyoxylate cycle are 
highly expressed during infection, possibly in response to conditions of starvation e.g. in the 
phagolysosome during phagocytosis (LORENZ and FINK 2001). However, recent publications 
suggest that the glyoxylate cycle might not be required for virulence in Cryptococcus neoformans 
(RUDE et al. 2002) and other fungi (SCHOBEL et al. 2007), which opens a debate on its clinical 
significance. Utilization of C2 compounds via the glyoxylate shunt might also be a nutritional 
strategy adopted by oligotrophic black yeasts to survive under a nutrient depleted environment, 
avoiding loss of carbons as CO2 due to the decarboxylation steps in the tricarboxylic acid 
(TCA) cycle. 
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Abstract

Species of melanized (‘black yeast-like’) fungi in the order Chaetothyriales live in symbiotic 
association with ants inhabiting plant cavities (domatia) or with ants that use carton-like material 
for the construction of nests and tunnels. To investigate the genetic basis and evolution of this life 
style, genomes of a lineage of four chaetothyrialean strains were sequenced and annotated. While 
many members of Chaetothyriales have a large ensemble of enzymes enhancing tolerance of 
extreme or toxic environmental conditions, members of the domatia symbiont clade experienced 
significant gene family contractions. This includes enzymes involved in detoxification processes 
such as cytochrome P450s, transporters and alcohol dehydrogenases. Overall, the genomes of 
domatia-associated species are relatively small compared to other Chaetothyriales, with low 
numbers of protein-coding genes and with a high content of repetitive elements. Biosynthetic 
clusters involved in the production of secondary metabolites and with potential antimicrobial 
activities are overrepresented in the genomes of these fungi. We speculate that, despite the 
reduction of several protein families, members of the domatia-associated clade might tolerate, 
and perhaps even metabolize, toxic compounds produced  from exocrine glands of the ants as 
defense against microbes. In addition, in this symbiotic association, the plant and the ants could 
benefit from the production of secondary metabolites by the Chaetothyriales that participate 
in this tripartite association. We consider a new ecological classification for Chaetothyriales 
based on genomic features: I) derivate species with high abundance of paralogs colonizing 
polyaromatic rich habitats; II) potential producers of secondary metabolites with antimicrobial 
activities, beneficial for symbiotic interactions, occupying specific micro-habitats such as ant 
domatia.

Key words: Black yeast, melanized fungi, domatia fungi, ant ecology Chaetothyriales, 
phylogeny, genomics
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Introduction
Black yeast-like fungi in the order Chaetothyriales are known for their preference for toxic 
(SEYEDMOUSAVI et al. 2014) or hostile climatic (SELBMANN et al. 2015) conditions – life 
styles that may have enhanced their remarkable ability to cause infection in human hosts 
(MORENO et al. 2018d). Most members of Chaetothyriales are generalists in extreme habitats, 
colonizing a wide range of hostile environments. Some of the black yeast-like fungi living 
in symbiotic association with ants, however, seem to occupy restricted ecological niches and 
might be specialists (Figure 1) (VOGLMAYR et al. 2011; VASSE et al. 2017).

Figure 1 - Chaetothyrialean domatia symbionts of the Barteria fistulosa / Tetraponera aethiops (A–E) and 
Cecropia obtusifolia / Azteca constructor (F, G) ant/plant symbioses. A Opened stem of Barteria fistulosa with 
Tetraponera aethiops; black patch containing chaetothyrialean symbiont fungi. B, C Strain CBS 134920 on 2 % 
MEA showing conidiophores with unicellular pyriform conidia (B) and surface mycelium from the colony centre 
with yellow granular contents (C). D, E Strain CBS 135597 on 2 % MEA showing conidiophores with bicellular 
cyclindrical conidia. F Opened stem of Cecropia obtusifolia with small Azteca constructor workers and ring 
shaped fungal patches. G Strain CBS 132003, showing conidiophores and unicellular clavate conidia. Bar: B–E 
and G: 10 µm; F 2 cm.
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Ant-associated Chaetothyriales can be classified in three ecological categories based on the 
nature of the fungal-ant interaction: (a) living in ant-occupied domatia in plants, (b) colonizing 
ant-made carton structures, and (c) living as parts of fungus-gardens of leaf-cutter ants (VASSE 
et al. 2017). Each type of ant-plant symbiosis seems to be associated with a particular (series 
of) chaetothyrialean species. Domatia are mostly inhabited by only a single, or rarely up to 
three species (VOGLMAYR et al. 2011; NEPEL et al. 2016). As hundreds of ant species are 
known to live in symbiosis with plants (CHOMICKI and RENNER 2015), and as the ant species 
investigated thus far often live with black yeast-like fungi (MAYER et al. 2014), many new ant-
plant associated Chaetothyriales remain to be discovered. In general, the domatia-associated 
Chaetothyriales are slow-growing and mesophilic. A recent phylogenetic classification revealed 
that many of the melanized ant-fungi cluster in a single clade, but some species are scattered 
across the phylogeny of the Chaetothyriales (VOGLMAYR et al. 2011, VASSE et al. 2017). Some 
of the generalist extremotolerant species, such as a fungus close to (99.4% ITS similarity) 
the hydrocarbon degrader Exophiala oligosperma, have been also found colonizing ant-plant 
domatia (VASSE et al. 2017), suggesting that hydrocarbon degradation may be an essential 
factor in symbiosis with ants. 
Fungi of all three categories of ant-association described above experience pronounced 
environmental challenges. One of these is mechanical stress due to chewing by the ants, and 
another is the presence of toxic exhaust to keep the nests free of pathogens (DEFOSSEZ et al. 
2009). On the other hand, plant domatia may confer a certain degree of protection against 
abiotic stress,  preventing fungi from dehydration, UV radiation exposure and temperature 
variation. The presence of aromatic acids, mostly having antimicrobial activity, could be a 
main intrinsic characteristic of this habitat. Ants possess numerous exocrine glands producing 
a large diversity of compounds (HÖLLDOBLER and WILSON 1990), and this characteristic has 
been proposed as a key selective agent responsible for dominance of Chaetothyriales in domatia 
(VOGLMAYR et al. 2011). Interestingly, the major class of chemicals in the metapleural gland 
secretion of some attine ants is phenylacetic acid (PAA). Some Chaetothyriales are able to 
metabolize this chemical during the breakdown of xenobiotics, via homogentisic acid, possibly 
as an alternative nutrient source (COX et al. 1993; COX et al. 1996; PRENAFETA-BOLDU et al. 
2006; RUSTLER et al. 2008; MORENO et al. 2018a).  
In this context, determination of genome and gene content of Chaetothyriales living in association 
with ants may help to unravel the functional capacities of these fungi and how they emerged 
during the evolution of fungal symbiosis with ants. To address this question, we sequenced the 
whole genome of a selected number of domatia-inhabiting members of the order. Their genomic 
landscape was compared with 24 previously sequenced black yeasts of the chaetothyrialean 
families Herpotrichiellaceae, Cyphellophoraceae and Trichomeriaceae. We analyzed key gene 
families (cytochrome P450, transporters, alcohol dehydrogenase, CAZymes) thought to be 
essential for the success of these organisms in colonizing extreme and toxic habitats, and which 
might also play a role in recurrent opportunism in the most derived family, Herpotrichiellaceae.

Materials and methods

Strains, growth conditions and DNA extraction
For extracting the genomic DNA, four strains (CBS 134916, CBS 135597, CBS 132003, 
CBS 134920; Table 1) were obtained from the reference collection of Centraalbureau voor 
Schimmelcultures housed at Westerdijk Fungal Biodiversity Centre and cultivated in Malt 
Extract Broth (MEB) for 7 days, with shaking at 150 rpm at 25 °C. The mycelia were separated 
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using 0.2 μm filter and frozen by liquid nitrogen followed by grinding with a mortar and pestle. 
DNA extraction was performed from the fine frozen powder via a cetyltrimethylammonium 
bromide (CTAB)-based method followed by phenol-chloroform/isoamyl alcohol purification 
(MOLLER et al. 1992).

Genome sequencing, assembly and repetitive element identification
Library construction (180 bases-insert library) and genome sequencing (Illumina HiSeq 
platform) were performed at Eurofins Genomics (Ebersberg, Germany). The quality of the 101-
bp Illumina reads was assessed using FastQC v0.11.3 (http://www.bioinformatics.bbsrc.ac.uk/
projects/fastqc) and low-quality sequences were removed by Trimmomatic (BOLGER et al. 
2014) and adaptors were removed by BBDuk from the BBMap package (https://sourceforge.net/
projects/bbmap/). High quality reads were assembled using SPAdes genome assembler v3.10.0 
(BANKEVICH et al. 2012) with default parameters for Illumina paired-end reads. Repeated 
elements were identified and masked using RepeatMasker (http://www.repeatmasker.org) and 
to identify copies of de novo repeats identified by RepeatModeler (http://www.repeatmasker.
org/RepeatModeler.html). The completeness of the genome assemblies was accessed by 
quantifying the presence of the Core Eukaryotic Genes (CEGs) via CEGMA (PARRA et al. 
2007).

Gene prediction 
For gene prediction, the software Augustus (STANKE and WAACK 2003) was initially used 
for generating training gene sets and therefore used as input the models of each organism 
produced for Genemark-ES v4.30 (LOMSADZE et al. 2005). The trained models were used 
again by Augustus (STANKE and WAACK 2003) for the gene prediction in the masked genomic 
sequences. In addition to protein-coding genes, tRNAs were predicted by tRNAscan-SE v1.23 
(LOWE and EDDY 1997). The protein sequences were functionally annotated by InterProScan 
(database version 5.27-66.0) and BLAST against Swiss-Prot database. 

Functional annotation
To predicate CYP450s, we identified proteins carrying the PFAM domain PF00067 and 
compared, by using BLAST, their sequences against the CYP database available at www.
blackyeasthub.com. Putative CYP450 genes were classified into families and subfamilies 
as recommended by the International P450 Nomenclature Committee (NELSON 2006) using 
the BLAST identity cut-off of 35% for families and 55 % for subfamilies. CYP proteins that 
could not be assigned to families or subfamilies based on the International P450 Nomenclature 
Committee were aligned and subjected to phylogenetic analyses, as described elsewhere (CHEN 
et al. 2014a).
Carbohydrate-Active Enzymes (CAZymes) were identified using the dbCAN2 web server 
(ZHANG et al. 2018). For comparative studies, we repeated the same analyses using the 24 
previously sequenced black yeasts (TEIXEIRA et al. 2017).  
Protein sequences corresponding to the MAT1-1 or MAT1-2 genes, as well as the flaking genes 
APN2, SLA2, APC5, and COX13, commonly found conserved among Eurotiomycetes, were 
obtained from Teixeira et al. (2017) and compared by BLAST searches against the newly 
sequenced genomes. 
In order to compare the protein content among the black yeasts, we built clusters of orthologs 
using the OrthoMCL pipeline v1.4 with a Markov index of 1.5 and maximum e-value of 1 × 
10−5. The protein sequences of 24 black yeasts included in this analysis were downloaded from 
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the black yeast database (www.blackyeasthub.com).
To assess the phylogenetic relationship of the newly sequenced species, the aminoacid 
sequences of each single-copy orthologs (SCO) were aligned with MUSCLE (EDGAR 2004) 
and poorly aligned regions were automatically removed using TRIMAL v1.2 (CAPELLA-
GUTIERREZ et al. 2009) by setting the “-automated1” option. The alignments were concatenated 
with FASCONCAT v1.0 (KUCK and MEUSEMANN 2010) and the specie tree was inferred 
by maximum likelihood via RAxML (STAMATAKIS 2014) on the CIPRES Science Gateway 
web portal (http://www.phylo.org/sub_sections/portal/) employing the aminoacid substitution 
model PROTCATWAG (MILLER et al. 2010).
To identify and classify clusters of genes involved in the production of secondary metabolites, 
the genomes of the domatia-associated species were mined by the antiSMASH web server 
(WEBER et al. 2015); fungal version 4.1.0 (https://fungismash.secondarymetabolites.org/).
Membrane transport proteins were identified and classified as described elsewhere (TEIXEIRA 
et al. 2017). Briefly, proteins sequences were compared BLASTP (E-value threshold 1e−05) 
against the transporter sequences available at Transporter Classification Database (TCDB) 
(SAIER et al. 2014).
To predict changes in size of protein families, functional domains were counted and compiled 
for 21 Herpotrichiellaceae and in the domatia-associated species. Significant contractions of 
specific InterPro domain were determined by Fisher’s exact test using the Python library SciPy. 

Mitochondrial genome extraction and annotation
Mitochondrial genomes were extracted by aligning the contigs generated from the whole 
genome assembly against the reference mitochondrial genome of Exophiala dermatitidis NIH/
UT8656 (Genbank: NW_008751656) using NUCmer (default parameters) (KURTZ et al. 2004). 
Mitochondrial genome annotations were done using MFannot (http://megasun.bch.umontreal.
ca/cgi-bin/mfannot/mfannotInterface.pl) and manually adjusted. Annotation of tRNA genes 
was improved using tRNAscan-SE (LOWE and EDDY 1997).

Code availability
Custom codes used in this paper, as well as raw data produced by the prediction of CAZy and 
InterProScan are available in http://www.github.com/ leandrofmoreno/ant-associated_black_
yeasts.

Results
Sequencing, assembly and annotation
Genome sequences of four Chaetothyriales colonizing ant domatia were determined by Illumina 
high-throughput sequencing and de novo assembled. Assembly size varied from 20.6 Mbp, in the 
fungal species isolated from plant-ant domatium of Barteria fistulosa - Tetraponera aethiops, 
to 26.3 Mbp in the species associated with Saraca thaipingensis - Cladomyrma petalae (Table 
1, Figure 2).



Chapter 6

116

Figure 2 - Genomic landscape of the order Chaetothyriales. Phylogenomic tree was built based on the aminoacid 
sequences of 679 single-copy orthologs shared by all the studied species. Arrows in the node of the phylogenetic 
tree represent gene family expansion (green) and contraction (red) events that occurred during evolution of black 
yeasts. The abundance of protein domains corresponding to the Major Facilitator superfamily (MFS), Alcohol 
dehydrogenase (ADH), Cytochrome P450 (P450) and Transcription factor (TRP) are represented in each species 
by bars colored in light purple, dark purple, light orange and dark orange, respectively. Segments that are not 
clustered in the MAT locus are indicated by double slash.
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The GC content ranged from 50.55 % to 54 %, being consistent with other black yeast species 
(TEIXEIRA et al. 2017). The content of repetitive elements was considered high and unique 
among the order Chaetothyriales, varying from 4.09 % to 16.32 %. The majority of the 
transposons found in these species belonged to the subclasses of retrotransposons LINE and 
LTR. We assessed the completeness and evaluated our assemblies quantifying the presence of 
the Core Eukaryotic Genes (CEGs). This analysis revealed that the genomes sequenced in this 
study are highly complete including at least 93 % of 248 CEGs (Table 1).
The protein-coding gene composition was determined by ab-initio gene prediction method 
(without experimental evidence). We observed a phylogenetic correlation between genome 
size and total gene number across the order Chaetothyriales (Figure 2). Highest counts of genes 
were found in the isolate CBS 134916 (6719 gene modes), although this number is lower than 
any other Chaetothyriales sequenced so far (TEIXEIRA et al. 2017). Even more extreme values 
were found in the isolates CBS 134920, CBS 132003 and CBS 135597 (Table 1), in which 
compact proteomes containing less than 6000 proteins were estimated. It is worth noting that 
the genome assembly of CBS 134916 was more fragmented which could lead to an increase in 
the number of gene counts caused by coding regions being split.
We compared 323,280 protein sequences from 21 Herpotrichiellaceae, 2 Cyphellophoraceae 
and 1 Trichomeriaceae in order to group protein homologs into clusters. We obtained 29,551 
orthologous clusters being 679 clusters composed by single-copy orthologues (one copy of gene 
from each species). Maximum likelihood tree was constructed using concatenated alignments of 
all the single-copy orthologous identified (Figure 2), revealing that the ant domatia-associated 
black fungi are placed at an intermediated position to Cyphellophoraceae and Trichomeriaceae.
Mitochondrial genomes of the four sequenced species were assembled into single contigs and are 
AT-rich with G+C content ranging between 23.8 % in CBS 134916 to 26.4 % in CBS 134920. 
These results are consistent with the mitochondrial genomes of Rhinocladiella mackenziei and 
Exophiala dermatitidis available on the Black Yeast HUB (www.blackyeasthub.com). The 
sizes of the mitochondrial genomes vary from 40,056 Mbp to 66,938 Mbp in CBS 132033 and 
CBS 134920, respectively. Genome size variation between the different species is correlated 
to the variable number of introns. All species analyzed in this study possess introns in the 
following protein-coding genes: cob, nad5 and cox1. Additionally, the linages CBS 134920 and 
CBS 134916 own intron positions in the gene cox13. 

 CBS 134916 CBS 132003 CBS 134920 CBS 135597 
Source Domatium Domatium Domatium Domatium
Ant host Cladomyrma petalae Azteca constructor Tetraponera aethiops Tetraponera aethiops
Plant host Saraca thaipingensis Cecropia obtusifolia Barteria fistulosa Barteria fistulosa
Continent Asia America Africa Africa
Genome size (Mb) 26.3 22.8 20.6 20.6
% Completeness 96 94 93 95
Contig N50 60287 312613 164768 570188
# Contigs 1226 118 408 134
# ORFs 6719 5812 5988 5689
%G+C content 50.55 54.00 53.82 52.73
Repetitive elements 16.32 % 4.09 %  8.67 % 8.43 %
tRNAs 37 43 76 60

GenBank ID QQXO00000000  QRBJ00000000 QQSL00000000 QQXN00000000

Table 1. Assembly and annotation statistics for domatia-associated species sequenced in this study.
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Gene family expansions and contractions
By comparing the content of protein functional domains identified in the Chaetothyriales 
colonizing ant domatia against the family Herpotrichiellaceae, we verified 23 significant 
(Fisher’s exact test, q-value < 0.05) gene family contractions (Table 2).

Such contractions are unique among the Chaetothyriales and provide specific genomic 
signatures of black domatia-associated fungi. Several contracted families belong to classes of 
enzymes thought to confer the metabolic plasticity previously described in Herpotrichiellaceae, 
including cytochrome P450s, transcription factors, alcohol dehydrogenases and membrane 
transporters of the superfamily major facilitator, such as sugar transporter-like (Table 2). 
Protein domains associated with the metabolism of volatile organic compounds (VOC), such 
as the S-hydroxymethylglutathione (IPR006913), as well as Flavin monooxygenase-like 
(IPR020946), which constitute a family of xenobiotic-metabolising enzymes, were also found 
depleted, but not absent, in this group of fungi.

Cytochrome P450s (CYPs)
The plethora of CYPs was assessed and revealed that the domatia-associated species possess 

InterPro ID Functional domain
Depletion: domatia 
associated Chaetothyriales x 
Herpotrichiellaceae (p-value)

IPR001138 Zn(2)-C6 fungal-type DNA-binding 4.37E+01
IPR007219 Transcription factor domain, fungi 6.38E+01
IPR021858 Fungal transcription factor 7.08E+01
IPR005828 Major facilitator, sugar transporter-like 1.01E+02
IPR006913 Glutathione-dependent formaldehyde-activating enzyme 1.01E+01
IPR010573 Siderophore iron transporter 1/trichothecene efflux pump 1.06E+00
IPR002938 FAD-binding domain 1.38E+02
IPR002347 Short-chain dehydrogenase/reductase SDR 1.38E+02
IPR022124 Protein of unknown function DUF3659 1.42E+00
IPR020946 Flavin monooxygenase-like 1.53E+02
IPR005123 Oxoglutarate/iron-dependent dioxygenase 1.58E+02
IPR001128 Cytochrome P450 1.58E+02
IPR026992 Non-haem dioxygenase N-terminal domain 1.58E+02
IPR010730 Heterokaryon incompatibility 1.58E+02
IPR011234 Fumarylacetoacetase-like, C-terminal 1.62E+02
IPR013154 Alcohol dehydrogenase, N-terminal 1.65E+02
IPR004360 Glyoxalase/fosfomycin resistance/dioxygenase domain 1.67E+02
IPR011701 Major facilitator superfamily 1.69E+02
IPR000073 Alpha/beta hydrolase fold-1 1.74E+02
IPR013149 Alcohol dehydrogenase, C-terminal 1.77E+02
IPR001509 NAD-dependent epimerase/dehydratase 1.93E+02
IPR002018 Carboxylesterase, type B 2.36E+02
IPR025110 AMP-binding enzyme, C-terminal domain 2.43E+02

Table 2. Protein domains depleted in black yeasts colonizing ant domatia. InterPro domain counts were compared 
against members of the family Herpotrichiellaceae and significant contraction in gene families were calculated by 
Fisher’s exact test.
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the smallest CYP repertory among the Chaetothyriales analyzed so far, ranging from 36 to 46 
genes in CBS 134926 and CBS 135597, respectively. The entire repertoire of CYPs of the four 
sequenced species contains 115 CYPs classified into 24 families and 36 subfamilies (Table 
S1). In addition, several CYPs are found in the domatia-colonizing species, with homologs in 
nonrelated fungi, but not other Chaetothyriales (Table S1). Four CYPs could not be assigned to 
any already defined CYP family or subfamily following the International P450 Nomenclature 
Committee. Non-classified CYPs were considered as species-specific CYPs (Table S1). Seven 
CYP families are shared by all four analyzed fungi: CYP617, CYP532, CYP505, CYP545, 
CYP504 (phenylacetate 2-hydroxylase), CYP628, and CYP53 (benzoate 4-hydroxylase).

Carbohydrate-Active Enzymes (CAZymes)
The composition of CAZymes found in the analyzed species suggests that our domatia-
associated black fungi are unlikely to be efficient polysaccharide decomposers; this contrasts 
with the classic view of mutualistic fungus-ant relationship, where the fungal partner degrades 
plant material incorporated by the ants (DE FINE LICHT et al. 2010). The number of CAZyme 
families is also low compared to Chaetothyriales in other families, with the exception of the 
dermatitidis-clade (Figure 3).
Species associated with the ant host Tetraponera aethiops (CBS 134920 and CBS 135597) possess 
the pectate lyase subfamilies 4 (PL1_4), g2833.t1 and g3705.t1, respectively, responsible for 
degradation and modification of plant-derived polysaccharides. The presence of pectate lyase 
in the order Chaetothyriales is exceptional, thus far having been reported in members of the 
family Cyphellophoraceae and in Capronia coronata only (TEIXEIRA et al. 2017). Comparative 
analysis with unrelated ascomycetes showed that highly conserved homologs of pectate lyase 
are shared with some important fungal plant pathogens, such as Diaporthe helianthi and 
Grosmannia clavigera (Figure 3).
Our analyses confirmed that other polysaccharide lyase families, such as PL3, PL4, PL7, PL9, 
and PL10, have been lost completely in our fungi. Enzymes linked to degradation of cellulose, 
the most abundant polymeric constituent in plant material, such as the glycoside hydrolase 
subfamilies GH5_5 and GH5_22, were completely absent in the domatia-associated species. 
Such enzymes were previously found among other black yeast-like fungi, but as yet their 
activity has not been tested (Table S2) (TEIXEIRA et al. 2017). Similarly, enzymes involved 
in the breakdown of many polysaccharides are absent, such as the polymerics xylan (GH10, 
GH11, GH62, GH67, GH115, CE1 and CE15), galactomannan (GH5_7, GH26, GH27, GH36 
and GH134) and xyloglucan (GH12, GH29, GH74 and GH95). While an apparent reduction was 
noted of enzymes related to the degradation of cellulose, the abundance of enzymes in chitin 
catabolism (chitinases and N-acetylglucosaminidases) was consistent across black yeasts, with 
CAZy families GH18 (chitinases), GH20 (N-acetylglucosaminidases), GH75 (chitosanases), 
GH2 (glucosaminidase) and CE4 (chitin deacetylases) (Table S2).
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Figure 3 - Composition of CAZymes in Chaetothyriales. A Heatmap representing the abundance of CAZymes 
across the order Chaetothyriales. B Alignment of pectate lyase found in CBS 134920 and CBS 135597 with fungal 
plant pathogens. The functional domain PF00544 corresponding to pectate lyase is represented by a blue line.
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Secondary metabolism
The genomes were screened for the prediction of clusters of genes involved in the production 
of secondary metabolites. On average, the species possess 19 biosynthetic clusters, with type I 
PKS (t1pks) being the most prevalent cluster type ranging from 10 copies in CBS 134916 to 14 
copies in CBS 132003 (Table S3). Several of these genes were homologous with enzymes for 
the production of antimicrobial compounds (Table 3).

Type III PKS cluster (t3pks), previously reported in Herpotrichiellaceae, Cyphellophoraceae 
and Trichomeriaceae, was not observed in the domatia-associated species. The hybrid cluster 
III PKS / I PKS was found only in CBS 135597 and CBS 134920 that both lived in symbiotic 
relationship with the ant host Tetraponera aethiops and the plant host Barteria fistulosa (Table 
S3).

Membrane transport proteins
Membrane transport proteins were identified by comparing the protein sequences of the domatia-
associated lineages against the Transporter Classification Database (TCDB). We identified 
3622 proteins of the transporters superfamily in all 4 strains. Possessing 926 transporters, CBS 
134916 contains the highest number of this protein family, followed by CBS 132003, CBS 
134920 and CBS 135597, containing 909, 900 and 887 transporters, respectively. Striking 
contractions in the transporter content among black yeasts were observed in the gene families 
nicotinate permease (2.A.1.14.11), trichothecene efflux pump (2.A.1.3.47), MFS transport 
(2.A.1.2.33), peroxisomal isopenicillin N importer (2.A.1.2.86) and multidrug resistance 
transporter (2.A.1.3.73) (Figure 4).

# homologs Avg. similarity [%ID / %cov]
Secondary metabolite Biosynthetic cluster 

ID
Species

Emericellin BGC0001271_c1 CBS 134920 3 / 14 54 / 96
CBS 135597 3 / 14 60 / 73
CBS 132003 5 / 14 63 / 84

Viridicatumtoxin BGC0000168_c1 CBS 134920 8 / 22 66 / 86
CBS 135597 10 / 22 66 / 90

Acetylaranotin BGC0000022_c1 CBS 135597 2 / 10 51 / 97
Asperfuranone BGC0000121_c1 CBS 135597 6 / 11 57 / 69

CBS 132003 3 / 11 51 / 86
Pestheic acid BGC0000121_c1 CBS 134916 2 / 20 58 / 97

CBS 132003 2 / 20 50 / 73
Yanuthone D BGC0000170_c1 CBS 132003 6 / 10 59 / 79
Monacolin BGC0000098_c1 CBS 134916 2 / 9 56 / 69
Brefeldin BGC0001141_c1 CBS 134920 2 / 10 47 / 80

Table 3. Clusters of secondary metabolite biosynthesis with antimicrobial activities in domatia associated black 
fungi.
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Asexual and sexual reproduction
The sexual identity of the sequenced strains was investigated by homology with the mating-
type locus (MAT) structure previously described in Chaetothyriales. Strains proved to be 
heterothallic, since either MAT1-1 or MAT1-2 genes were found in a single scaffold, in addition 
to the flaking genes SLA2-APN2-COX13. CBS 134916 and CBS 134920 had MAT1-1 genes, 
while CBS 135597 and CBS 12003 harbored MAT1-2 (Figure 2). In CBS 134920 and CBS 
132003 the SLA2 gene was located within the MAT locus, while in CBS 134916 and CBS 
135597 this gene was not clustered but was found in a separate scaffold. Regarding protein 
family domains associated with the parasexual cycle, the heterokaryon incompatibility protein 
(HET - PF06985) ranged from 10 domains in the fungus CBS 134920 to 31 domains in CBS 
134916 (Table S4). 
Overall, our findings suggest that Chaetothyriales living in domatia together with ants possess 
more compact genomes, and despite their lower diversity of enzymes involved in the metabolism 
of toxic compounds, this lineage is expected to tolerate and eventually utilize xenobiotics as 
carbon source.

Figure 4 - Balloon plot showing the distribution of common membrane protein transporters in melanized Chae-
tothyriales. The families represented according to the TCDB database classification: Nicotinate permease = 
2.A.1.14.11, Trichothecene efflux pump = 2.A.1.3.47, MFS transport = 2.A.1.2.33, Peroxisomal isopenicillin N 
importer = 2.A.1.2.86, Multidrug resistance transporter = 2.A.1.3.73.
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Discussion
We fully sequenced the genome of four ant domatia-associated strains that represent as yet 
undescribed species, using high-throughput genome sequencing. We observed that the content 
of repetitive elements is inversely proportional to the genome size of these species, which have 
the smallest genomes reported in Chaetothyriales so far (TEIXEIRA et al. 2017). Despite their 
reduced genome size, these organisms possess the highest repetitive element content in the 
order Chaetothyriales (Table 1) (MORENO et al. 2015; TEIXEIRA et al. 2017; VICENTE et al. 
2017; MORENO et al. 2018c).
We compared the protein domains of the four black yeasts colonizing ant domatia against 
members of Herpotrichiellaceae, a derived family in Chaetothyriales, to examine differences 
in functional content, using Hypergeometric test. We observed that the domatia-associated 
species underwent contraction in gene families previously described to be expanded in other 
Chaetothyriales (CHEN et al. 2014b; TEIXEIRA et al. 2017; VICENTE et al. 2017; MORENO 
et al. 2018a). At a gross level, the reduced genome size of these species might be explained 
by a large number of gene family contractions (Figure 2). Depletion of gene families in this 
group of fungi seems to be an extremely rare evolutionary event, having been described in the 
fungus Rhinocladiella mackenziei only (CHEN et al. 2014b; TEIXEIRA et al. 2017; VICENTE 
et al. 2017; MORENO et al. 2018a). Among the significantly contracted functional domains, 
CYPs, transporters, and alcohol dehydrogenases are thought to play an important role for the 
survival of black yeasts under hostile conditions, conferring e.g. tolerance to toxic xenobiotics. 
Expansion/contraction of transcription factors in Chaetothyriales has not yet been discussed in 
detail, although these are essential regulators of gene expression. Their expansion correlates 
with the number of protein-coding genes and seems to be linked to gene duplication (SHELEST 
2017). This suggests that the increased number of duplicated genes in derived Chaetothyriales 
are still functional and under fine-tuned regulation. The expansion of gene families has been 
associated with the success of free-living black yeasts in colonizing extreme habitats. Although 
the environment of the domatium occupied by black yeasts can be harsh and toxic because of the 
antimicrobial chemicals produced by ants (FERNÁNDEZ-MARÍN et al. 2006, 2015; PENICK et al. 
2018), the chemical stress induced is predictable and the number of compounds relatively low. 
This could explain the lower number of isoforms for specific gene families in Chaetothyriales 
specialized in colonizing ant-occupied domatia. As the nature of chemical compounds produced 
by ants is species-specific (ATTYGALLE and MORGAN 1984; HÖLLDOBLER and WILSON 
1990), we may expect that gene family contraction is correlated with ant-host specialization 
of Chaetothyriales. Further studies determining the exact chemical nature and content of 
antimicrobial chemicals within domatia will shed light upon the origin of resistance to toxic 
compounds in black yeasts.
Due to the abundance and high diversity of CYPs in Chaetothyriales (TEIXEIRA et al. 2017; 
VICENTE et al. 2017), this family of enzymes has been suggested to play an essential role in 
the adaptation to extreme environments. For example, in the hydrocarbon degrading fungus 
Cladophialora immunda, CYPs are among the most overrepresented protein domains and are 
upregulated when the fungus was grown in the presence of toluene (BLASI et al. 2017). Indeed, 
recent studies have concluded that some families of CYPs are associated with the initial oxidation 
of the methyl-group of toluene being one of the key reactions for the degradation of pollutants 
(LUYKX et al. 2003; BLASI et al. 2017). CYPs are essential for the metabolism of polycyclic 
aromatic hydrocarbons from multiple anthropogenic sources, such as oil spills and incomplete 
combustion of organic materials (e.g. coal, oil, petrol, and wood) (ABDEL-SHAFY and MANSOUR 
2016). It is noteworthy that, despite the observed reductions, frequent CYP families, involved 
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in the degradation of xenobiotics, were found in all analyzed genomes, from ant-associated 
fungi to human opportunists in Herpotrichiellaceae. A remarkable example is CYP504 (coding 
for phenylacetate 2-hydroxylase), which is highly duplicated across the black yeasts (TEIXEIRA 
et al. 2017) but was found as a single copy in the domatia-associated species. This enzyme is 
overexpressed in fungi when it is grown in the presence of phenylacetic acid (PAA) and it is 
responsible for the conversion of this chemical into 2-hydroxyphenylacetate (HARRIS et al. 
2009). Moreover, PAA is the most abundant active compound secreted by the metapleural 
gland of attine ants to avoid pathogens entering the fungus gardens (DO NASCIMENTO et al. 
1996; FERNANDEZ-MARIN et al. 2015). The presence of CYP504 in ant-associated species and 
its conservation during evolution of the black yeasts suggests that the breakdown of chemicals 
via PAA by phenylacetate 2-hydroxylase may represent one of the ancient mechanisms for 
degrading xenobiotics in this group of fungi. 
We have mined the genomes of the black yeasts living in symbiotic association with ants in 
order to identify clusters of genes coding for enzymes related to the production of secondary 
metabolites. Remarkably, these species harbor the highest number of biosynthetic clusters 
predicted in Chaetothyriales so far (Table S3). While the average of clusters in the families 
Herpotrichiellaceae and Cyphellophoraceae was predicted to be 11 and 9, respectively (TEIXEIRA 
et al. 2017), domatia-associated species possess on average 19 clusters. In particular, the I PKS 
cluster is well represented in all strains isolated from domatia. The gene composition of the I 
PKS clusters identified in these species have homology with other biosynthetic pathways already 
described in several microorganisms, for example the antibiotic/antiviral viridicatumtoxin/
brefeldin biosynthetic gene cluster, identified in CBS 134920 and CBS 135597, and the 
pestheic acid biosynthetic gene cluster found in CBS 134916 and CBS 132003. We speculate 
that, in addition to the production of compounds with antimicrobial activity by the ants (DO 
NASCIMENTO et al. 1996; VOGLMAYR et al. 2011), the antibiotic-producing black yeasts have 
an important role in keeping the domatia free of pathogens. Therefore, black yeasts colonizing 
ant domatia might benefit from the abundance of aromatic hydrocarbons produced by the ants, 
which could be used as carbon source via PAA degradation, while helping in the protection of 
the ant nests by producing antibiotics. 
The composition of CAZyme families in fungi seems to be responsible, to some extent, for 
increased metabolic plasticity with respect to carbon utilization (BENOIT et al. 2015). For 
example, the generalist life style of some fungi is linked with the ability of degrading a diversity 
of polysaccharides, particularly those present in plant material. Therefore, species possessing 
a large arsenal of these enzymes seems to be more capable of thriving in a wide range of 
substrates, being not restricted to a specific ecological niche (DE VRIES et al. 2017). Comparative 
genomic analyses revealed that the black yeasts and relatives own a complex set of CAZymes, 
but experienced important gene losses in the families associated with the breakdown of pectin. 
The absence of such enzymes in the genome of Chaetothyriales suggests that these organisms, 
including the domatia-colonizing species, might have limited ability to obtain nutrients from 
plant material. 
Upregulation of membrane transporters and increased gene dosage of this family of proteins 
are well-known mechanisms to acquire resistance against a variety of stressors (SANGLARD 
et al. 2009; MORSCHHAUSER 2010; YEW et al. 2016). In the genome of fungi colonizing 
ant domatia the number of membrane proteins is reduced compared to other Chaetothyriales 
(BLASI et al. 2017; TEIXEIRA et al. 2017). This finding is consistent with the contraction of the 
Major facilitator, sugar transporter-like domain IPR005828 represented in Figure 2. Despite 
this reduction, members of the investigated lineage have most of the conserved transporters 
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reported previously in the order Chaetothyriales; these are likely involved in niche adaptation to 
hostile environments, although with limited gene dosage. For example, the toxin efflux pumps 
of the class trichothecene (TC 2.A.1.3.47) is highly abundant in most of the Chaetothyriales 
(i.e. 65 genes copies in Cladophialophora immunda) (BLASI et al. 2017; TEIXEIRA et al. 2017), 
while the domatia-associated lineages harbor 9 to 10 gene copies coding for this transporter. 
These data suggest that, similar to CYPs and ADHs, transporters are vastly duplicated in the 
derived Chaetothyriales which are not associated with ant domatia; this may be related to their 
life style in environments where nutrient access requires complex metabolic plasticity, such as 
soil polluted with benzene, toluene, ethylbenzene, and xylene (BTEX) and shells of the babassu 
coconut palm tree containing a rich diversity of terpenoids and fatty acids (BADALI et al. 2011; 
NASCIMENTO et al. 2017).
By assessing the MAT locus of the sequenced strains, we propose heterothallism as prevalent 
reproductive mode, because a single mating type idiomorph (either MAT1-1 or MAT1-2) was 
found per haploid genome. In contrast to the MAT locus in the family Herpotrichiellaceae, 
in the ant-associated Chaetothyriales the syntenic flaking genes are organized in way that 
resembles that of black fungi in the families Cyphellophoraceae and Trichomeriaceae, and 
of other Eurotiomycetes: APC5-COX13-APN2 (Figure 2) (COPPIN et al. 1997; FRASER et al. 
2007; TEIXEIRA et al. 2017; MORENO et al. 2018b). An interesting pattern within the genomes 
of several previously sequenced black yeasts was the high abundance of hypothetical protein 
coding genes and HET protein domains (TEIXEIRA et al. 2017), which was not observed in CBS 
134916, CBS 134920, CBS 135597 and CBS 12003. The parasexual cycle is an important source 
of genetic diversity in fungi, in which the HET locus confers non-self discrimination during 
vegetative growth, and has been proposed to function as defense systems against competitors 
and pathogens (GLASS and DEMENTHON 2006). Another incompatibility system characterized 
in fungi includes the participation of the WD-repeat domain (ESPAGNE et al. 2002; PAOLETTI 
and SAUPE 2009). Contrary to the abundance of HET domains that vary considerably across 
the black yeasts, the number of WD-repeat domains seems to be constant in Chaetothyriales. 
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Abstract

The genus Fonsecaea comprises black yeast-like fungi of clinical relevance, including etiologic 
agents of chromoblastomycosis and cerebral phaeohyphomycosis. Presence of melanin and 
assimilation of monoaromatic hydrocarbons and alkylbenzenes have been proposed as virulence 
factors. Multicopper oxidase (MCO) is a family of enzymes including laccases, ferroxidases 
and ascorbate oxidases which are able to catalyze the oxidation of various aromatic organic 
compounds with the reduction of molecular oxygen to water. Additionally, laccases are required 
for the production of fungal melanins, a cell-wall black pigment recognized as a key polymer for 
pathogenicity and extremotolerance in black yeast-like fungi. Although the activity of laccase 
enzymes has previously been reported in many wood-rotting fungi, the diversity of laccase 
genes in Fonsecaea has not yet been assessed. In this study, we identified and characterized 
laccase-coding genes and determined their genomic location in five clinical and environmental 
Fonsecaea species. The identification of laccases sensu stricto will provide insights into carbon 
acquisition strategies as well as melanin production in Fonsecaea.

Key words: laccase, multicopper oxidase, melanin, Fonsecaea, chromoblastomycosis, 
phenotype-genotype link
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Introduction
Fonsecaea is a melanized fungal genus defined by sympodial conidiogenesis with conidia 
arranged in short chains, and in absence of budding cells. The genus affiliates to the ascomycetes 
order Chaetothyriales, comprising proven causative agents of human chromoblastomycosis and 
cerebral phaeohyphomycosis (DE HOOG et al. 2004). Among the Fonsecaea species, F. pedrosoi 
(DE HOOG et al. 2004), F. monophora (DE HOOG et al. 2004; SURASH et al. 2005), and F. 
nubica (NAJAFZADEH et al. 2010; YANAGIHARA et al. 2015) are the prevalent etiologic agents 
of chromoblastomycosis. Besides that, cerebral infection has been associated with the species 
F. monophora (SURASH et al. 2005; TAKEI et al. 2007; KOO et al. 2010), F. multimorphosa, 
and F. pugnacius (DE AZEVEDO et al. 2015). In addition to clinically highly significant species, 
Fonsecaea harbors a number of environmental sibling taxa (VICENTE et al. 2014). Fonsecaea 
erecta and F. minima are commonly found in plant debris, while F. brasiliensis is involved 
in infection of cold-blooded animals (VICENTE et al. 2012). The black yeast-like fungi are 
oligotrophic, particularly occurring in dead plants material and in low-nutrient or hydrocarbon-
polluted habitats. However, the environmental niches of these fungi and the source of fungal 
infection of human hosts remain unclear and have not been resolved (VICENTE et al. 2014). 
Virulence factors related to pathogenicity are similarly not fully understood, although the 
presence of melanin and assimilation of monoaromatic hydrocarbons and alkylbenzenes has 
been regarded to be significant (PRENAFETA-BOLDU et al. 2006). In other pathogenic fungi, 
such as in Cryptococcus neoformans and in Cryptococcus gattii, melanin pigments and their synthesis 
from various substrates have been implicated in pathogenesis characterizing an important 
fungal defense against the human immune system (EISENMAN et al. 2007; KWON-CHUNG et al. 
2014). Similarly, Schnitzler et. al. (1999) showed that the fungal production of melanins and 
carotenoids can prevent the pathogen Exophiala dermatitidis, another black yeast of the order 
Chaetothyriales, from being killed in the phagolysosome by human neutrophils (SCHNITZLER 
et al. 1999). Fonsecaea species are able to produce secreted and cell-wall associated melanin 
which may interact with host immune cells. Melanin is believed to enhance survival in hostile 
environments, providing protection against UV radiation, heat, cold and against heavy metals 
(NOSANCHUK and CASADEVALL 2003). 
Laccases (EC1.10.3.2) are benzenediol oxygen oxidoreductases belonging to the blue multicopper 
oxidase (MCO) family (WHEELER and BELL 1988),  which also includes ferroxidases, ascorbate 
oxidases and ceruloplasmin. Laccases catalyze the oxidation of a wide variety of phenolic 
compounds and aromatic amines with the concomitant reduction of molecular oxygen to water. 
The enzymes are widely distributed in nature, particularly in higher plants and fungi, and are 
involved in an extensive range of physiological functions depending on their biochemical and 
structural features. In fungi, laccases are responsible for pigment production, lignin degradation, 
sporulation, and degradation of several xenobiotics, i.e., phenols, diamines, benzenothiols and 
similar compounds. Fungal laccases enable the synthesis of dihydroxynaphthalene (DOPA) 
melanin through the oxidative polymerization of phenolic compounds leading to the production 
of extracellular pigments (WHEELER and BELL 1988). In addition, laccases have often been 
associated with infection of plant and animal hosts. 
In general, most fungi possess multiple copies of genes encoding laccases and producing 
several laccase isoenzymes, which imply that these enzymes perform a variety of physiological 
functions. Studies on whole genome sequencing of Exophiala dermatitidis (CHEN et al. 
2014) and on transcriptomics of F. monophora (LI et al. 2016b) confirmed the abundance of 
laccases in black yeast-like fungi and their expression under conditions of stress. However, 
characterization of laccase families in these fungi requires attention in order to elucidate their 
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exact functional relationships. The increasing availability of genomes of black yeast-like fungi 
has boosted research efforts in this area, and functional or comparative genomics of black-
yeasts in general (TEIXEIRA et al. 2017). The present study pursues a phylogenomic analysis 
of five Fonsecaea species: F. erecta, F. monophora, F. multimorphosa, F. nubica and F. 
pedrosoi, in order to assess the diversity of Fonsecaea related laccases sensu stricto genes. 
Intraspecies variation was evaluated in two F. multimorphosa strains isolated from plant and 
cat respectively. Redundancy of chosen Fonsecaea laccases was evaluated, and their molecular 
characteristics, putative functions and homology models assessed. The results of this study 
increase our understanding of structure and diversity Fonsecaea laccases, and enables precise 
phenotype-genotype experimental approaches to better understand their physiological roles.

Materials and methods
Data acquisition and identification of MCOs and laccases 
In total, 26 genomes and respective protein sets of black yeast-like fungi were downloaded 
from GenBank and used to identify laccase-coding genes (Table 1).

Species Strain number NCBI accession number Source
Capronia coronata CBS 617.96 AMWN01000000 Decorticated wood
Capronia epimyces CBS 606.96 AMGY01000000 Pinus wood
Capronia semiimmersa CBS 273.37 JYCC01000000 Clinical chromoblastomycosis
Cladophialophora bantiana CBS 173.52 JYBT01000000 Human brain abscess
Cladophialophora carrionii CBS 160.54 AOFF01000000 Human chromoblastomycosis
Cladophialophora immunda CBS 834.96 JYBZ01000000 Subcutaneous ulcer
Cladophialophora psammophila CBS 110553 AMGX01000000 Gasolin-polluted soil
Cladophialophora yegresii CBS 114405 AMGW01000000 Cactus (Stenocereus griseus)
Coniosporium apollinis CBS 100218 AJKL01000000 Pentelic marble
Exophiala aquamarina CBS 119918 AMGV01000000 Phyllopteryx taeniolatus
Exophiala dermatitidis CBS 525.76 AFPA01000000 Human sputum
Exophiala mesophila CBS 402.95 JYBW01000000 Silicone seal 
Exophiala oligosperma CBS 725.88 JYCA01000000 Human cerebral 

phaeohyphomycosis
Exophiala sideris CBS 121828 JYBR01000000 Oak railway tie
Exophiala spinifera CBS 89968 JYBY01000000 Human nasal granuloma
Exophiala xenobiotica CBS 118157 JYCB01000000 Oil sludge
Fonsecaea erecta CBS 125763 LVYI00000000 Japecanga  plant
Fonsecaea monophora CBS 269.37 LVKK00000000 Human chromoblastomycosis
Fonsecaea multimorphosa A CBS 980.96 LVCI00000000 Cat brain abscess 
Fonsecaea multimorphosa B CBS 102226 JYBV01000000 Decaying palm trunk
Fonsecaea nubica CBS 269.64 LVCJ00000000 Human chromoblastomycosis
Fonsecaea pedrosoi CBS 271.37 JYBS01000000 Human chromoblastomycosis
Ochroconis gallopava CBS 437.64 JYBX01000000 Turkey brain abscess
Phialophora attae CBS 131958 LFJN01000000 Cuticle of tropical ant gynes
Phialophora europaea CBS 101466 AOBU01000000 Human cutaneous infection
Rhinocladiella mackenziei CBS 650.93 JYBU01000000 Cerebral phaeohyphomycosis

Table 1. Twenty-six black yeast-like fungi used in this study to identify laccase-coding genes.
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Phylogenetic assessment was carried out for 14 black yeast fungal strains deposited at the CBS-
KNAW Fungal Biodiversity Centre (CBS), Utrecht, The Netherlands (Table 2).

The pipeline for identification of genes belonging to the MCO family and annotation of 
laccases consisted of three steps: 1) Proteomes of 26 black yeast-like isolates were searched 
using Interproscan (JONES et al. 2014) (last accessed December, 2015) for proteins carrying 
the Prosite multicopper oxidase signatures PS00079 and PS00080 as well as the Cu-oxidase 
PFAM domains PF00394, PF07731, and PF07732; 2) Protein sequences containing at least 
two MCO-associated domains were aligned with plant and basidiomycete laccases and laccase, 
ferroxidase, and ascorbate oxidase previously identified in the fungus Aspergillus niger ATCC 
1015 (RAMOS et al. 2011); a neighbor joining phylogenetic tree was determined using Clustal 
Omega  (http://www.ebi.ac.uk/Tools/msa/clustalo/ );  3) Putative laccases were extracted from 
the phylogenetic tree and compared to the Laccase Engineering Database (SIRIM et al. 2011) 
(LccED, http://www.lcced.uni-stuttgart.de ) using BlastP e-value cutoff 1e-10. Positive hits for 
putative laccases found in Fonsecaea species were subjected to downstream analysis.

Annotation and manual curation of laccase coding genes
Proteins carrying the MCO signatures were rendered monophyletic with reference laccase 
sequences, previously identified in A. niger ATCC 1015, were searched for conserved motifs 
believed to be present in all laccases sensu stricto of ascomycetes. Initially, we assessed the 
composition of  four specific regions composed by ungapped sequences of 8–24 amino acids, 
considered to be  characteristic for the L1, L2, L3 and L4 domains (KUMAR et al. 2003), and 
responsible for coordinating the copper atoms in the different nuclear centers of this enzyme 
(KWIATOS et al. 2015). In addition, we investigated the presence of the conserved sequence 
DSG [LIV] on the C-terminus region (HAKULINEN et al. 2002; KWIATOS et al. 2015) and two 
serines and one arginine in the SDS-gate (HAKULINEN et al. 2008), a channel responsible for 
proton transfer. 

Structural characteristics of protein sequences
The structural characteristics of Fonsecaea laccases were analyzed using the programs available 

Name Strain no. GenBank accession no.
Cladophialophora arxii CBS 306.94 NR_111280
Cladophialophora carrionii CBS 108.97 EU137306
Cladophialophora devriesii CBS 147.84 NR_111279
Cladophialophora emmonsii CBS 979.96 NR_111281 
Cladophialophora immunda CBS 834.96 NR_111283
Cladophialophora minourae CBS 556.83 FJ225734
Cladophialophora psammophila CBS 110553 NR_111183
Cladophialophora saturnica CBS 118724 NR_111278 
Cladophialophora yegresii CBS 114405 NR_111284
Fonsecaea brasiliensis CBS 119710 JN173784
Fonsecaea erecta CBS 125762 KC886413
Fonsecaea minima CBS 125760 KC886416
Fonsecaea multimorphosa CBS 980.96 NR_111612
Fonsecaea pedrosoi CBS 271.37 NR_130652 

Table 2. Isolates used in this study and their GenBank accession numbers.
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on the webserver Center for Biological Sequence Analysis (CBS) (http://www.cbs.dtu.dk/
services/ ). Secreted proteins were identified using the programs SignalP Version 4.1(http://
www.cbs.dtu.dk/services/SignalP/) and PrediSi (http://www.predisi.de/ ) for the identification 
of signal peptide for secretion and the putative cleavage sites. Proteins classified as intracellular 
were further analyzed for their subcellular location using TargetP Version 1.1(http://www.cbs.
dtu.dk/services/TargetP/ ), iPSORT (http://ipsort.hgc.jp ) and MitoProt (https://ihg.gsf.de/ihg/
mitoprot.html ). Isoelectric points and molecular weights were determined by ExPASy Compute 
pI/Mw Tool (http://web.expasy.org/compute_pi/ ). Putative glycosylation sites were identified 
using NetNGlyc 1.0 server (http://www.cbs.dtu.dk/services/NetNGlyc/ ). 

Results 
Identification of laccase genes 
In order to determine the number of laccase genes in the five Fonsecaea species, we conducted 
a phylogenomic study using the protein set of 26 black yeasts-like fungi (Table 1). Using 
Interproscan searches (JONES et al. 2014), we identified 329 proteins that possessed at least 
two out of five MCO associated domains: the ProSite multicopper oxidase signatures PS00079 
/ PS00080 and the Cu-oxidase PFAM domains PF00394, PF07731, and PF07732. Fonsecaea 
species contain different numbers of MCO genes, i.e. 14 in F. monophora, and F. nubica and 13 
in the two F. multimorphosa isolates, in F. pedrosoi and in F. erecta (Figure 1 and S1 Table).
This number of MCO genes is similar with that of A. niger ATCC 1015, having 16 MCOs 
(RAMOS et al. 2011). A Neighbor-joining phylogenetic tree was inferred using alignments of 
358 MCOs protein sequences, including those 329 identified in black yeast-like fungi and 16 
previously described in A. niger ATCC 1015 (RAMOS et al. 2011) and 2 in Hortaea acidophila 
(TETSCH et al. 2005), in addition to plant and basidiomycete MCOs (Table 3).
Based on the phylogeny, seven monophyla were identified, with laccases arranged in a single 
group (Figure 1, C) distinct from other MCO enzymes. The A. niger ATCC 1015 MCOs McoD, 
McoF, McoG, McoI, McoJ and McoM, together with the A. niger CBS 513.88 McoN (58% 
identical to McoI), were in the cluster that affiliates to the ascomycetes laccases [20]. All 
four laccase genes previously identified in the black yeast E. dermatitidis (CHEN et al. 2014) 
were found to cluster in the fungal laccase clade (Figure 1). In contrast, the laccase previously 
identified in F. monophora (LI et al. 2016b) corresponded to a ferroxidase (97% identity with 
Z517_00275) and thus appeared not to be a true fungal laccase. Thirty-nine protein sequences 
belonging to Fonsecaea species were extracted from the laccase cluster and compared to 
the LccED database, which confirmed their similarities with fungal laccases of the family B 
Ascomycete MCO – HFAM 4 (SIRIM et al. 2011). Another cluster (Figure 1, E), distinct from 
other MCOs, was also compared to the LccED database and revealed that the members are 
closely related to the Family A, Basidomycete Laccase – HFAM, which includes laccases from 
basidiomycetes.
To determine which of the 39 putative Fonsecaea laccase genes encode laccases sensu stricto, 
we accessed the presence of L1-L4 signatures, SDS-gate, C-terminus and the axial coordination, 
which were previously reported (GIARDINA et al. 2010; KWIATOS et al. 2015) as evidence of 
functional laccases based on comparative analysis and crystallographic data (Table 3). The 
C-terminal region of the laccase AYO21_07092 in F. monophora was found missing and its 
corresponding genomic region was re-annotated by FGENESH 2.6 (http://www.softberry.com/) 
using the genomic-specific parameters available for the genus Cladophialophora. According to 
this analysis, the re-annotated protein has 591 amino, including the ProSite signature PS00080. 
The re-annotated AYO21_07092 is highly conserved with the laccase AYO20_08105 in F. 
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nubica (98% BlastP identity).

Figure 1 -  Distribution of MCOs in 26 black yeast-like fungi. Black species are indicated in different colors. The 
reference MCOs from Aspergillus niger are represented by stars and were used to identify the fungal laccase (red), 
ferroxidase (blue) and ascorbate oxidase (yellow) clades. The outer ring (blue) shows the variation in amino acid 
sequence lengths. The image was generated using the GraPhlAn package (https://huttenhower.sph.harvard.edu/
graphlan ).
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Organism Protein name NCBI accession number
fungal MCOs

Aspergillus niger McoK - fungal ferroxidases CAK97337.1
Aspergillus niger McoE - fungal ferroxidases CAK44017.1
Aspergillus niger McoH - fungal ferroxidases CAK37140.1
Aspergillus niger BrnA - fungal ferroxidases CAK42098.1
Aspergillus niger McoA - fungal pigment CAK37405.1
Aspergillus niger McoB - fungal pigment CAK37372.1
Aspergillus niger McoC - fungal pigment CAK47814.1
Aspergillus niger McoP - fungal pigment CAK44915.1
Aspergillus niger McoO - fungal pigment CAK44820.1
Aspergillus niger McoJ – laccase CAK46289.1
Aspergillus niger McoM – laccase CAL00426.1
Aspergillus niger McoG – laccase CAK40046.1
Aspergillus niger McoD – laccase CAK48347.1
Aspergillus niger McoF – laccase CAK44895.1
Aspergillus niger McoI – laccase CAK48652.1
Aspergillus niger McoN – laccase CAK43464.1
Hortaea acidophila laccase I AAY33970.1
Hortaea acidophila laccase II AAY33971.2

basidiomycete laccases
Pleurotus ostreatus Laccase CAC69853.1
Pleurotus pulmonarius Laccase AAX40732.1
Pleurotus sapidus Laccase CAJ00406.1
Agaricus bisporus Laccase ADA82243.1
Hypsizygus marmoreus Laccase ABY78033.1
Lentinus sajor Laccase CAD45379.1

plant laccases
Sorghum bicolor Laccase EES05524.1
Sorghum bicolor Laccase EES05876.1
Sorghum bicolor Laccase EES05877.1
Hordeum vulgare Laccase BAJ98799.1
Zea mays Laccase CAJ30499.1

Table 3. Protein reference sequences of ascomycete, basidiomycete and plant MCOs.
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Table 4. Accession numbers and structural characteristics of laccases found in Fonsecaea spp. Putative laccase 
sensu stricto are marked with a star.
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We identified 26 genes possessing all characteristics of laccases including the four copper 
binding motifs, the L1-L4 signatures and characteristic composition of SDS-gate and the 
C-terminus distinctive to genes with laccase activities (Table 4 and S1 Table). These genes were 
classified as laccases sensu stricto and considered in further analyses. In both F. multimorphosa 
strains, a total of 5 laccases sensu stricto were identified and in F. pedrosoi, F. monophora, F. 
nubica and F. erecta 4 laccases sensu stricto were predicted.  The number of laccase genes is 
known to vary among fungi in general; basidiomycetes tend to have larger numbers of laccase 
genes than ascomycetes. In our study, the number of laccases in Fonsecaea species is similar to 
that found in other ascomycetes. For example, Fusarium oxysporum contains 5 laccase-coding 
genes, A. niger has 6 genes (RAMOS et al. 2011), H. acidophila has 2 laccases genes (TETSCH 
et al. 2005), and Trichoderma species have 1 to 3 genes (CAZARES-GARCIA et al. 2013). 
In contrast to laccase gene clusters found in basidiomycetes (WAHLEITHNER et al. 1996; 
KILARU et al. 2006; COURTY et al. 2009), Fonsecaea laccase genes were randomly dispersed 
across the genomes (Table 4). Similar distributions have been reported in other ascomycetes, 
e.g. in F. oxysporum and in Trichoderma genomes (CAZARES-GARCIA et al. 2013; KWIATOS 
et al. 2015).  

Characteristics of Fonsecaea laccases sensu stricto
Lengths of Fonsecaea laccases varied between 591 to 799 amino acids, and the calculated 
molecular mass for the protein sequences ranges from 65.61 to 83.95 kDa with acidic isoelectric 
points (pI) around pH 5.2 (Table 4). These results are atypical for fungal laccases since the majority 
of these enzymes in fungi, with several exceptions, are 500-600 amino acid proteins ranging 
from 60 to 70 kDa in weight (BALDRIAN 2006). However, our results with predicted isoelectric 
points are in agreement with what has previously been reported for laccases of Trichoderma 
and Fusarium species that vary between pH 4.32-6.51 and pH 5.32-6.19 (CAZARES-GARCIA et 
al. 2013; KWIATOS et al. 2015) respectively. The G+C content of the nucleotide sequences of 
Fonsecaea laccases was considered high, ranging from 53.1% to 60.7% (Table 4), compared 
with an average of 53.2% of G+C content found in genes of black yeast-like fungi (TEIXEIRA 
et al. 2017). High G+C contents have also been reported in Trichoderma species (CAZARES-
GARCIA et al. 2013). A high G+C content is typical for enzymes from thermophiles and is 
thought to enhance stable secondary RNA structures that interfere with translation (BULTER et 
al. 2003). 
The composition of L1-L4 motifs in Fonsecaea is more variable than those in other fungi. For 
instance, in L1 8/24aa (37%) are conserved, in L2 8/22 (36%), in L3 6/9 (66%), and in L4 9/22 
(40%) (Figure 2).
In F. oxyxporum the signatures L1-L4 are conserved for 25%, 90%, 77% and 68%, respectively 
(KWIATOS et al. 2015). These signatures are important amino acid residues of laccases due 
to their function in establishing the copper ion as a chelator in the center of the enzyme. The 
Fonsecaea laccase sequences contained conserved histidines as those of laccase consensus, 
though the conserved cysteine of the motif L2, which are regarded as classical laccases (KUMAR 
et al. 2003), were replaced by residues of threonine, glycine or alanine (Figure 2). Moreover, in 
the same segment, changes in the consensus QYCDGL were observed: Tyr was replaced by Phe, 
and Leu by Val/Ile. Similar shifts have been reported in laccases of F. oxysporum (KWIATOS 
et al. 2015) and in other parts of the L2 motifs found in ascomycete fungi. For example, in the 
L2 of Trichoderma Tyr is replaced by Ala, Cys by Ser/Ala/Trp, Asp by Gly/Glu, and Leu by 
Val (CAZARES-GARCIA et al. 2013). Taken together, these results suggest that the L2 region 
of ascomycete laccases may vary considerably, while it is suggested to be highly conserved in 
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basidiomycetes (LETTERA et al. 2010). We therefore hypothesize that Fonsecaea laccases have 
adopted various strategies to facilitate the transfer of the chelator metal ion to the trinuclear 
site, thus modifying its catalytic activity. In addition, other segments of the L1-L4 motifs were 
found altered by residues of amino acids with propensities towards similar conformations or 
similar hydropathic indices. For example, in segment L4, the amino acid located 10 residues 
downstream from the preserved Cys correspond to the axial position of copper T1. This 
residue is usually a Met in other MCOs; however, in the Fonsecaea laccases, only F. pedrosoi 
Z517_06970, F. monophora AYO21_07092 and F. nubica AYO20_08105 have maintained the 
Met residue, while in other species they are replaced by Leu (Figure 2). Note that F. pedrosoi, 
F. monophora and F. nubica are closely related agents of human chromoblastomycosis, while 
F. erecta and F. multimorphosa are mostly saprobes at some phylogenetic distance (Figure 3). 

Figure 2 - Logo sequences of L1-L4 signatures for the laccases sensu stricto identified in Fonsecaea species. 
Logos were generated using WebLogo (http://weblogo.berkeley.edu/).
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Axial coordination has an important role in redox potential (E0) of laccases (KUMAR et al. 
2003; MATE and ALCALDE 2015). It has been suggested that laccase with high E0 (700-800 
mV) has Leu or Phe around tenth position downstream of the conserved Cys residue in L4, 
whereas laccase with a Met residue has lower E0 (500 mV). Based on the axial coordination 
relative residue, laccases are classified in Lac1 (Met), Lac2 (Leu), and Lac3 (Phe). According 
to this characteristic, the putative Fonsecaea laccases should be classified in Lac1 and Lac2, 
while none of them belong to Lac3.
Three cupredoxin domains are present in the Fonsecaea laccases (S1 Table). The residues of 
amino acids that bind to copper to the center T1 were located in domain I, whereas the residues 
that coordinated coppers to the centers T2/T3 were distributed between domains I and III. The 
first domain from N-terminus is Cu-odidase3, then Cu-oxidase and the closest to C-terminus 
is Cu-oxidase2, which is a characteristic of ascomycete laccases (KWIATOS et al. 2015). The 
catalysis of laccases occurs in T1, and the electrons are transferred to the T2/T3 center, where 
the reduction of molecular oxygen takes place. The reduction of a dioxygen molecule to two 
water molecules requires four electrons and four protons. The electron transfer pathway to 
the trinuclear center corresponds to the preserved motif Hys-Cys-Hys located at L4, which is 
present in Fonsecaea laccases (Figures 2 and 4).

Figure 3 - Multilocus tree of the bantiana clade based on aligned ITS and partial BT2 sequences constructed with 
maximum likelihood implemented in MEGA 6.0 using the K2+G model. Bootstrap values of >70% from 1,000 
resampled data sets are shown with branches. Cladophialophora yegresii and C. carrionii were used as outgroup. 
Boxes indicate environmental (green) and clinical (red) strains.
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Figure 4 - Alignment of Fonsecaea laccase sensu stricto by MAFFT. Laccase signatures are shaded in different 
color: L1, blue; L2, green; L3, red; and L4, violet. The residues forming the SDS gate are shaded in yellow, and the 
amino acid shaded in dark blue classified the laccases as class 1 (Met) and class 2 (Leu). The conserved C-termini 
are in orange.
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The proton transfer is assisted by the SDS-gate, which is formed by two residues of Ser and one 
of Asp. It is suggested that SDS-gate amino acids are conserved in ascomycete laccases, while 
they are absent from basidiomycete laccases. Multiple alignment with Thielavia arenaria lac-
cases TaLcc1 (KALLIO et al. 2011) identified the SDS-gate in Fonsecaea laccases. With some 
exceptions, most of the Fonsecaea laccases show a conserved SDS-gate (Figure 4). The amino 
acid corresponding to Ser143 in TaLcc1is replaced by Leu or Phe, while the one correspond-
ing to Ser511 is replaced by Glu, Asp or Gly and the amino acid corresponding to Asp561 is 
replaced by Val, Glu or Gln. Further experiments are required, to establish if these results imply 
that Fonsecaea laccases could adopt various strategies to facilitate transfer of protons to the 
trinuclear site, thus modifying their catalytic activity.
The C-terminus of laccase has an important role in enzyme activity. It may act as a plug that 
obdurate the trinuclear (T2/T3) channel, which prevents oxygen to enter the channel and water 
to exit. Most of the ascomycetes laccases share a conserved motif DSG [LIV] as C-terminus, 
which has not yet been described in basidiomycetes. It was suggested that incorrect processing 
of the C-terminus leads to lack of enzyme activity. The deletion of DSG[LIV] in Melanocar-
pus albomyces laccase lead to inactivation of the enzyme and lower thermostability, turnover 
number, and structural changes in the T2 centre (BLEVE et al. 2013; BLEVE et al. 2014). The 
conserved motif DSG[LIV] was observed in Fonsecaea laccases sensu stricto, those possess-
ing EAG[L/I] and DD[S/A]L were regarded as false laccases (data not shown). The residue 
Asp in part of the Fonsecaea species were replaced by Val and Glu, presenting the amino acid 
sequences VSGV and QSGL, respectively, with or without C-termius extension, which is post-
translationally removed (Figure 4). In this study, we used A. niger as model to identify the six 
laccases in Fonsecaea as sensu stricto. The A. niger laccases designated as Mco G, Mco J and 
Mco M lack a C-terminus DSGL motif. It was found that the catalytic properties of the three 
Mco G/J/M were hampered with limit number of oxidizing substrates compare with the others 
with conserved C-terminus. 
Glycosylation of fungal laccases influences enzyme secretion and was suggested to plays some 
role in the protection of laccases from proteolytic degradation. Glycosylation is also important 
for catalytic center stabilization, protection against hydrolysis, copper retention, and laccase 
thermal stability (VITE-VALLEJO et al. 2009). All Fonsecaea laccases possess between 1 and 9 
putative N-glycosylation sites, together with Asn-X-Ser/Thr sequons (Table 4). 

Phylogeny and intron position 
The number and the position of introns in laccase encoding genes in fungi have been used 
for classifying laccases into subfamilies, as well as for identification (KILARU et al. 2006) of 
their distinct functions within species. For instance, seventeen laccase genes in the genome of 
Coprinopsis cinerea could be divided into two subfamilies based on intron positions (KILARU 
et al. 2006). In Fonsecaea, the density of introns in laccase sensu stricto genes were used 
to identify three distinct subfamilies present in all species analyzed (one gene per species): 
subfamily I with zero introns, subfamily II with 2 introns and subfamily III containing 6 introns. 
Two other subfamilies, which had genes with 1 or 3 introns, were restricted to F. multimorphosa 
and F. erecta (1 intron, subfamily IV) and F. pedrosoi, F. monophora and F. multimorphosa (3 
introns, subfamily V) (Figure 5). 
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These introns were found distributed similarly within subfamilies. Interestingly, we observed a 
prevalence of gain or loss of introns in the internal region of enzymes belonging to subfamilies 
II and III (Figure 5). Internal regions of all laccases studied of these subfamilies contained 
the functional domain IPR001117 corresponding to Multicopper oxidase type 1. It has been 
suggested that in fungal laccases a typical substrate oxidation takes place primarily at the 
type 1 (T1) copper site, by abstraction of four separate electrons. Electrons are subsequently 
transferred to the highly conserved centers type-2 (T2) and two type-3 (T3) copper, where the 
reduction of molecular oxygen to water takes place (GIANFREDAA et al. 1999). Therefore we 
speculate that the intron–exon architecture in Fonsecaea laccase genes, particularly in the T1 
region, could increase the diversity of this enzyme impacting its oxidative ability. 

Prediction of cellular location and possible physiological functions
The cellular location of laccases is associated with their physiological function and determines 
the range of substrates available for interacting with the enzyme. Most of the known fungal 
laccases are extracellular, although intracellular laccases have also been reported. Extracellular 
laccases participate in the breakdown of lignin, which is without exception true for ligninolytic 

Figure 5 - Classifications of laccases sensu strico based on phylogenetic analysis (left side) and abundance of 
introns (right side). The complete tree from 26 protein laccase sequences was built with maximum likelihood im-
plemented in MEGA 6.0 using the K2+G model.
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peroxidases of white-rot fungi (YANG et al. 2013). Furthermore, extracellular laccases also 
play an important role in the reduction of oxidative stress, recycling of organic material, 
and pathogenesis towards plants and animals (BALDRIAN 2006; GIARDINA et al. 2010). 
The pathogenic Fonsecaea species, F. pedrosoi, F. monophora and F. nubica, agents of 
chromoblastomycosis each have two extracellular and two intracellular laccases, while the 
saprobic species F. erecta has three extracellular and one intracellular laccases and both F. 
multimorphosa strains three extracellular and two intracellular laccases (Table 4). The putative 
signal peptide of the extracellular laccases corresponds to the first 17-20 residues and presents 
the hydrophobic region as Ala residues in position -1 and Val residues in position -3, which 
is relative to the cleavage site. Interestingly, all intracellular laccases contain more than three 
introns, while most of the extracellular laccases contain less than two introns, with the exception 
of Z520_07825 in F. multimorphosa CBS 102226 which lacks the signal peptide (Figure 5 and 
Table 4). Despite conservation of laccase sensu stricto motifs, similar intron positions, and 
phylogenetic analysis, different subcellular locations within F. multimorphosa indicates that the 
corresponding proteins are functionally distinct. 
Unlike extracellular laccases, little is known about the activity of intracellular laccases. These 
isoenzymes are probably participating in the transformation of phenolic compounds in the 
cell, while the cell wall and spore-associated laccases are linked to the possible formation of 
protective cell wall compounds. Laccases associated with conidia are linked to the synthesis of 
pigments and other substances that protect the cell from stress factors, such as enzymatic lysis, 
temperature and UV light. In the human pathogenic fungus Cryptococcus neoformans, laccase 
activity is found to be involved in the membrane pigmentation and its expression constitutes 
a virulence factor, probably due to increase resistance to host defenses as has been proposed 
for other pathogenic fungi, such as Paracoccidioides brasiliensis (DA SILVA et al. 2006) and 
Exophiala dermatitidis (SCHNITZLER et al. 1999). Similarly, the phytopathogenic fungus F. 
oxysporum possesses two intracellular laccases which may be involved in the protection of the 
fungus against oxidative stress and toxic compounds (CANERO and RONCERO 2008). In these 
fungi, the laccases constitute part of the DOPA pathway, used to produce melanin that can 
confer environmental and host resistance serving as a scavenger of the free radicals produced by 
the oxidative system (e.g. during phagocytosis). A recent publication described the presence of 
three distinctive pathways in black yeasts that might allow the synthesis of melanin from various 
substrates (TEIXEIRA et al. 2017). The DOPA-melanin pathway, including several laccase 
homologs, was identified in 22 human associated-pathogens, for instance in the neurotropic 
species Cladophialophora bantiana and Rhinocladiella mackenziei. The production of melanin 
using the DOPA pathway had previously been identified in Fonsecaea monophora and seems 
to represent an important strategy for melanogenesis in black yeast (LI et al. 2016a). These 
data and other studies (POLACHECK et al. 1982; ZHU and WILLIAMSON 2004) suggest that 
the substrates used to produce pigments in many important human pathogenic fungi could be 
obtained from the mammalian host, including the neurotransmitters, which partially explain 
the tropism for the central nervous system observed in some black yeasts, for instance in 
Fonsecaea monophora and in Fonsecaea pugnacious. Similar mechanism has been proposed for 
Cryptococcus neoformans (POLACHECK et al. 1990). It is possible that Fonsecaea intracellular 
laccases are related to any of the processes described above; however further experimental 
work is needed to confirm a more distinct relation between genotype and the related phenotype 
exhibiting metabolic features that may explain any of these functions, i.e. as described for 
ascomycetes yeasts in Riley et al 2016 (RILEY et al. 2016).
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Conclusions
Twenty-six genes were extracted in in silico analysis in five clinical and environmental 
Fonsecaea species. Those genes possess features used as evidence of functional laccases, such 
as the multicopper oxidases functional domains, L1–L4 signatures, characteristic SDS-gate and 
conserved C-terminus and were assigned as laccases sensu stricto. A plenty of other proteins 
carrying the MCO domains revealed to belong to different families of copper-containing 
enzymes including the ascorbate oxidases and the ferroxidases. Laccases sensu stricto should 
be further investigated in order to get more insights about their possible role in fungal virulence 
and their biological involvement in the degradation of aromatic compounds. The identification 
of laccases sensu stricto in Fonsecaea species provides, to some extent, fundamental knowledge 
for the generation of deletion mutants for all laccase genes in studies to confirm the role of this 
enzyme in fungal pathogenicity, pigment production and degradation of several xenobiotics.
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General discussion 

Part of the general discussion is adapted from:
Medical Mycology. 2018 Apr 1;56:32-41.
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Species of the order Chaetothyriales, better known under their popular descriptor ‘black 
yeasts and filamentous relatives’ (‘BY’), display a wide diversity of lifestyles. In contrast to 
frequent statements in the literature, they are not commonly found in soil and plants, but their 
habitats always share a certain degree of hostility: hot, dry (SELBMANN et al. 2005), toxic 
aromatic hydrocarbons (ZHAO et al. 2010), poor in nutrients (LIAN and DE HOOG 2010), or 
exposed to irradiation (DADACHOVA et al. 2007; DADACHOVA and CASADEVALL 2008). For 
this ecology the term ‘polyextremotolerance’ was introduced (GOSTINCAR et al. 2012). An 
ecological explanation for this behavior was an assumption of low competitive ability with the 
multitude of microbes in more permissive environments (VICENTE et al. 2008). Melanization 
and tolerance of reactive oxygen would allow these fungi to survive phagocytosis in case they 
would accidentally be introduced into animal tissue, but the human body is not the prime niche 
of most of these fungi. In addition, the melanized cell wall confers protection against a broad 
range of environmental stressors, including resistance against UV irradiation, enzymatic lysis 
and, in some instances, extremes of temperatures (JACOBSON 2000; LANGFELDER et al. 2003). 
Once they have entered the host they may cause recalcitrant infections, in immunocompromised 
as well as in immunocompetent individuals. But they seem to lack mechanisms to enter the 
host, as is exemplified by the ubiquitous occurrence of e.g. Exophiala dermatitidis in wet cells 
of the indoor environment combined with its rarity of infection in otherwise healthy patients 
(SUDHADHAM et al. 2008). This character determines the black yeasts as classical opportunists: 
able to cause infection, but infection does not contribute to their fitness. Agents of human disease 
such as chromoblastomycosis and phaeohyphomycosis are probably unable to escape from 
their host and therefore infection must be considered as accidental from the fungal perspective. 
In all chapters of this thesis, we showed genomic evidences to support opportunistic lifestyle in 
black yeasts from an ecological point of view. Potential adaptations to such behaviour includes 
a striking metabolic plasticity, which could sustain these organisms from a number of different 
nutrient sources, osmotolerance via mechanisns that allow the accumulation of neutral and 
low-molecular-weight compounds intracellularly, for example trehalose and choline, resistence 
to toxic aromatic substrates by the expansion of key gene families, such as transmembrane 
transporters and alcohol dehydrogenase, along with others. 

Next-generation sequencing (Ngs)
The application of high-throughput sequencing technologies to elucidate the genetic bases 
of pathogenicity and niche adaptation in black yeasts started in 2011 when the first whole-
genome sequence belonging to a chaetothyrialean fungus, Exophiala dermatitidis, was released 
as a part of the Broad Institute Fungal Genome Initiative (http://www.broadinstitute.org/
annotation/genome/Black_Yeasts/MultiHome.html) and published by Chen et al. 2014. Since 
that publication, efforts have led to sequencing and analysis of an additional 44 genomes and 
transcriptomes, producing an avalanche of data for comparative genomics (Figure 1, Table 1). 
In the present thesis, we described the whole genome sequence and analysis of 30 black yeasts. 
We reviewed various aspects of the impact of genomics, transcriptomics and proteomics on 
black yeast studies. In addition, we discussed recent key findings achieved by the use of these 
technologies, and further directions for medical mycology in this area.
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Figure 1 - Overview of black yeast genome studies between 2014 and 2018. The time line shows important land-
marks of black yeast genome sequencing projects.
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Species Collection number Instrument Sequencing Center Reference
Arthrocladium fulminans CBS136243 Illumina - HiSeq 2500 Westerdijk Institute Moreno et al.
Chaetothyriales sp. CBS132003 Illumina - HiSeq 2500 Westerdijk Institute Moreno et al.
Chaetothyriales sp. CBS135597 Illumina - HiSeq 2500 Westerdijk Institute Moreno et al.
Chaetothyriales sp. CBS134926 Illumina - HiSeq 2500 Westerdijk Institute Moreno et al.
Chaetothyriales sp. CBS134920 Illumina - HiSeq 2500 Westerdijk Institute Moreno et al.

Capronia coronate CBS 617.96 Illumina - HiSeq 2000 Broad Institute Teixeira et al.25
Capronia epimyces CBS 606.96 Illumina - HiSeq 2000 Broad Institute Teixeira et al.25
Capronia semiimmersa CBS 27337 Illumina - HiSeq 2000 Broad Institute Teixeira et al.25
Cladophialophora bantiana CBS 173.52 Illumina - HiSeq 2000 Broad Institute Teixeira et al.25
Cladophialophora bantiana UM 956 Illumina - HiSeq 2000 University Malaya Kuan et al.53
Cladophialophora carrionii dH 23894 454 LNCC Teixeira et al.25
Cladophialophora carrionii CBS 160.54 Illumina - HiSeq 2000 Broad Institute Teixeira et al.25
Cladophialophora immunda CBS 834.96 Illumina - HiSeq 2000 Broad Institute Teixeira et al.25
Cladophialophora immunda CBS 110551 ION Proton 

Technology
University of Natural 
Resources and Life 
Sciences

Sterflinger et 
al.69

Cladophialophora 
psammophila

CBS 110553 Illumina - HiSeq 2000 Broad Institute Teixeira et al.25

Cladophialophora yegresii CBS 114405 Illumina - HiSeq 2000 Broad Institute Teixeira et al.25
Coniosporium apollinis CBS 100218 Illumina - HiSeq 2000 Broad Institute Teixeira et al.25
Exophiala alcalophila JCM 1751 Illumina - HiSeq 2500 RIKEN Center for Life 

Science Technologies
N/A

Exophiala aquamarina CBS 119918 Illumina - HiSeq 2000 Broad Institute Teixeira et al.25
Exophiala calicioides JCM 6030 Illumina - HiSeq 2500 RIKEN Center for Life 

Science Technologies
N/A

Exophiala dermatitidis NIH/UT8656 Illumina - HiSeq 2000 Broad Institute Chen et al.42
Exophiala mesophila CBS 120910 ION Proton 

Technology
University of Natural 
Resources and Life 
Sciences

Tafer et al.70

Exophiala mesophila CBS 402.95 Illumina - HiSeq 2000 Broad Institute Teixeira et al.25
Exophiala oligosperma CBS 725.88 Illumina - HiSeq 2000 Broad Institute Teixeira et al.25
Exophiala sideris CBS121828 Illumina - HiSeq 2000 Broad Institute Teixeira et al.25
Exophiala spinifera CBS 899.68 Illumina - HiSeq 2000 Broad Institute Teixeira et al.25
Exophiala spinifera JCM 15939 Illumina - HiSeq 2500 RIKEN Center for Life 

Science Technologies
N/A

Exophiala xenobiotica CBS 118157 Illumina - HiSeq 
2000/ION Proton 
Technology

Broad Institute Teixeira et al.25

Exophiala xenobiotica CBS 102455 ION Proton 
Technology

University of Natural 
Resources and Life 
Sciences

N/A

Fonsecaea erecta CBS 125763 Illumina - HiSeq 2000 Federal University of 
Paraná

Vicente et al.54

Fonsecaea monophora CBS 269.37 Illumina - MiSeq/ION 
Proton Technology

Federal University of 
Paraná

Bombassaro et 
al.71

Fonsecaea multimorphosa CBS 102226 Illumina - HiSeq 2000 Broad Institute Teixeira et al.25
Fonsecaea multimorphosa CBS 980.96 Illumina - MiSeq Federal University of 

Paraná
Leao et al.72
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Fonsecaea nubica CBS 269.64 Illumina - MiSeq/ION 
Proton Technology

Federal University of 
Paraná

Costa et al.73

Fonsecaea pedrosoi CBS 271.37 Illumina - HiSeq 2000 Broad Institute Teixeira et al.25
Knufia petricola MA5789 ION Proton 

Technology
University of Natural 
Resources and Life 
Sciences

Tesei et al.

Knufia petricola MA5790 ION Proton 
Technology

University of Natural 
Resources and Life 
Sciences

Tesei et al.

Ochroconis mirabilis UM 578 Illumina - HiSeq 2000 University Malaya Yew et al.74
Phialophora attae CBS 131958 ION Proton 

Technology
Westerdijk Institute Moreno et al.75

Phialophora europaea CBS 101466 Illumina - HiSeq 2000 Broad Institute Teixeira et al.25
Rhinocladiella mackenziei IHM 22877 Illumina - MiSeq Westerdijk Institute Moreno et al.30
Rhinocladiella mackenziei dH 24460 Illumina - MiSeq Westerdijk Institute Moreno et al.30
Rhinocladiella mackenziei CBS 650.93 Illumina - HiSeq 2000 Broad Institute Teixeira et al.25
Verruconis gallopava CBS 437.64 Illumina - HiSeq 2000 Broad Institute Teixeira et al.25

In Chapter 2 and Chapter 3, we showed that the black yeasts genomes have been determined 
using short-read approaches, based on the Illumina, Ion Torrent and/or 454 instruments (Table 
1). These NGS sequencing technologies rely on cyclic reversible termination, single nucleotide 
addition and pyrosequencing, respectively. In addition, Chapter 2 described our analysis, at the 
transcription level, adopted in eight transcriptome studies (TEIXEIRA et al. 2017), which turned 
out to be the leading protocol for RNA-sequencing of black yeast species.

Genomic patterns in black yeasts and allies
With the whole-genome sequence of 34 distinctive species already published, the Chaetothyriales 
is currently the seventh most sequenced order of the division Pezizomycotina. The ensemble 
of available genomes comprises species that display a wide diversity of lifestyles, including 
the human opportunists involved in disseminated and neurotropic infections Cladophialophora 
bantiana, Fonsecaea monophora, Exophiala dermatitidis and Rhinocladiella mackenziei; the 
etiologic agents of chromoblastomycosis Cladophialophora carrionii and Fonsecaea pedrosoi 
and their environmental counterparts Cl. yegresii and F. erecta, respectively; the species 
associated with the degradation of toxic hydrocarbons Exophiala oligosperma, E. xenobiotica, 
E. spinifera, Cl. immunda and Cl. psammophila; the ant-associated Phialophora attae; and 
several saprobic species occasionally reported causing mild infections. As demonstrated in the 
Chapter 6, with few exceptions, the largest black yeast genomes belong to the members of 
the bantiana-clade, and smaller genomes are found in species living in association with ants. 
In general, black yeast genomes ranges from 20.6 Mb in some species isolated from plant-ant 
domatia to 43 Mb in Cladophialophora immunda CBS 834.96 and a typical genomic feature 
seems to be the exceptionally high GC content (49%–54.3%), with comparable values only 
having been reported in Sporothrix. 
In addition, Chapter 6 suggests an interestingly association between genome size and ecological 
preferences. A potential explanation for the larger genomes in many species of the bantiana-
clade is the striking abundance of the protein families, including short chain dehydrogenase, 
CYP P450, aldehyde dehydrogenase, sugar transporters and membrane transporter proteins 

Table 1. Whole-genome sequencing of black yeast and relative deposited in the NCBI database (http://www.
ncbi.nlm.nih.gov/genome). 
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(GRIGORIEV et al. 2014). It is not a surprise for black yeasts to contain expanded protein families 
associated to acquisition of nutrients, transporters and environmental stresses, since these 
families tend to be overrepresented in extremely tolerant fungi such as the halophile Hortaea 
werneckii (LENASSI et al. 2013). Protein family expansion as the result of gene duplication 
might have generated raw genetic material and consequently enhanced the metabolic plasticity 
and increased the fitness of black yeasts during the colonization of hostile ecological niches. On 
the other hand, less generalist black yeasts, for example those occupying microhabitats such as 
plant-ant domatia, presented more compacted genomes with several gene family contractions.
Another interesting feature is the presence of physically linked genes, forming metabolic 
clusters, as patterns of selections for reduced accumulation of toxic intermediate compounds 
(ICs). The order and orientation of genes participating in metabolic pathways has been proposed 
as an important genomic adaptation against the accumulation of ICs in fungi (MCGARY et al. 
2013). For example, in Chapter 5, we proposed that in Rhinocladiella mackenziei the pathway 
involved in the conversion of choline to the osmoprotectant glycine betaine produce the toxic IC 
betaine aldehyde (MORENO et al. 2017). In this fungus, the enzymes choline dehydrogenase and 
betaine-aldehyde dehydrogenase are adjacent pairs. Such gene organization may synchronize 
their activity by means of co-expression or prevent independent gene loss that could lead to 
disturbance in the metabolic cluster (PAL AND HURST 2003). The physical linkage of choline 
metabolism genes has also been described in other fungi (MCGARY et al. 2013). Numerous other 
metabolic gene clusters have been described in Chaetothyriales, many of which are involved in 
the degradation of xenobiotics, such as toluene and in secondary metabolite biosynthesis (BLASI 
et al. 2017; TEIXEIRA et al. 2017). In contrast to unrelated fungi such as Alternaria brassicicola 
and Cladosporium sphaerospermum (YEW et al. 2016), black yeasts genes are not organized in 
clusters in any of the three pathways for the production of melanin as demonstrated in Chapter 
7. Melanin is the pigment responsible for the dark coloration of black yeast cells; it is produced 
by the oxidation of tyrosine in a multistep reaction involving enzymes that are often organized 
into supergenes or clusters in most fungi. 

Evolutionary genomics 
Orthologs and paralogs represent subcategories of homologous genes, which evolved, 
respectively, by vertical descent (speciation) from a single gene in the last common ancestor, or 
by gene duplication (FITCH 1970). Although the biological function of these groups of genes, 
and their products, is not necessarily maintained after such evolutionary processes, ortholog and 
paralog classification has widely been used to make inferences about the relationship between 
genes (GALPERIN et al. 2015). For example, analysis of inparalogs, a subtype of paralogs 
originated by gene duplication after a speciation event, is important for detecting lineage-
specific adaptations and emergence of functional novelties (SONNHAMMER and KOONIN 
2002). Chapter 2 reported extensive gene duplication processes in several protein families 
in 23 black yeast genomes. Among the expanded families, cytochromes p450 (CYP), drug 
efflux pumps, alcohol dehydrogenase (ADH) and aldehyde dehydrogenase (ALDHs) seem to 
be broadly distributed across black yeasts, and their substrate promiscuity suggests that they 
have played critical roles in niche adaptation. Such gene family expanssions were not observed 
in the genomes of black yeasts living in plant-ant-domatia, as showed in Chapter 6. Gene 
duplication of these families might have provided raw material for new open reading frames 
(ORFs), often with different selective pressures, which could be used to enhance flexibility in 
acquisition and protection against stressful environments. The duplicated genes could increase 
fitness in an environment where gene dosage is important. Interestingly, in many opportunistic 
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fungi, such as in Aspergillus fumigatus (FEDOROVA et al. 2008) and Candida albicans (DE LAS 
PENAS et al. 2003), paralogous genes implicated in infection appear to be located in telomere-
proximal regions or even in mobile pathogenicity chromosomes, as verified in the plant pathogen 
Fusarium oxysporum (MA et al. 2010). The location of duplicated genes in black yeasts has not 
yet been assessed. Similarly, the identification of fast-evolving genes, which are most likely to 
play a role in host-pathogen interaction, has not yet been addressed in black yeast. In Chapter 5 
we reported that in the neurotrope Rhinocladiella mackenziei the paralogous genes accumulate 
more important mutations, i.e. with probably severe impact on their biological function, than 
orthologous genes. 

Ant-association lifestyle and the origin of the polyextremotolerance
Phylogenomic studies, in combination with classical phylogenies based on taxon-rich data 
matrices, have shed light onto the history of life and evolutionary patterns in fungi (GARGAS et 
al. 1995). Phylogenies have been extensively used to explain biological interactions, such as the 
mutualistic association between fungi and ants (MUELLER et al. 2001). These insects are able 
to produce natural substances with antimicrobial activities that are used to protect their colonies 
from disease. In many ant species, phenylacetic acid seems to be a major active component 
against pathogens (DO NASCIMENTO et al. 1996). The list of secreted toxins produced by ants 
also includes indole-3-acetic acid, 3-hydroxydecanoic acid and 3-hydroxy acids, in addition 
of plenty of phenol derivates, such as 3-propylphenol, 3-pentylphenol, 5-propylresorcinol, 
5-pentylresorcinol (SCHILDKNECHT and KOOB 1970; SCHILDKNECHT and KOOB 1971). As 
a consequence, only a small number of fungi adapted to tolerate such toxins are able to live 
in association with these insects. An updated phylogeny, recently published by (VASSE et al. 
2017) revealed that ant-associated black yeasts are extremely frequent and scattered through 
the phylogeny of the order Chaetothyriales. This interaction was previously reported by 
(VOGLMAYR et al. 2011) and (NEPEL et al. 2014), who uncovered at least three distinct clades 
that accommodated BY from ant-cartons or -domatia.
A speculative scenario proposed in Chapter 6 tries to explain the mechanisns behind the 
symbiosis between Chaetothyriales and ants living in plant domatia. We identified a putative 
route for the catabolism of phenolic compounds produced by the ants via phenylacetic acid 
and homogentisate, and reported that despite several gene family contractions, transmembrane 
transporters and cytochromes p450 potentially involved in detoxification processes are still 
present in these group of fungi. Because none of the comparative analysis studies thus far 
identified striking differences between clinical species and saprobes, we hypothesize here that 
the entire order has maintained similar ecological preferences, which were acquired during 
ancestral ant-interactions; species virulence is based on secondary characters, such as ability to 
survive phagocytosis or to be carried by blood.

Black yeasts in the Post-genomic era 
Describing the sequence of a wide variety of black yeast genomes is only a first step to shed 
light on adaptive processes, including shifts to pathogenicity. The next stage of research is 
the so-called post-genomic era, which already started for black yeasts, translating knowledge 
from DNA to transcriptome and proteome analyses. Attempts have been made to elucidate 
the transcriptional response of black yeasts to stressors such as temperature, pH, radiation 
and toxicity (ROBERTSON et al. 2012; CHEN et al. 2014; BLASI et al. 2015; BLASI et al. 
2017). The first black yeast with an assessed transcriptome was Exophiala dermatitidis, often 
considered as a model for melanized agents of disease (SZANISZLO et al. 1993; ROBERTSON 
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et al. 2012). ROBERTSON et al. (2012) analyzed gene expression in responses to low-dose 
ionizing radiation and discussed the importance of the cell wall pigmentation for tolerance; 
melanin was associated with overexpression of ribosomal biogenesis and transporter genes. 
Several other studies using black yeasts have underlined the overproduction of melanin as a key 
response to stress. CHEN et al. (2014) compared messenger RNA expression in E. dermatitidis 
upon alteration of the pH of the growth medium. Three pathways for melanin production were 
detected: via 1,8-dihydroxynaphthalen (DHN), via 3,4-dihydroxyphenylalanine (DOPA), and 
via l-tyrosine degradation, and all were activated during pH-stress. Similar results were obtained 
when Cladophialophora immunda was grown in the presence of toluene as sole carbon and 
energy source (BLASI et al. 2017). Overall, these results demonstrate the importance of cell 
wall pigmentation for extremotolerance, providing a barrier against oxidative damage. A role 
of melanin in skin infection was assessed by POYNTNER et al. (2016), identifying genes that 
were transcriptionally altered during the artificial infection of an ex-vivo skin model by E. 
dermatitidis. The transcriptome of an albino strain of Fonsecaea monophora was compared 
with its melanized parent by LI et al. (2016) who identified 2,283 differentially expressed genes 
between the genotypes. Extensive down-regulation of key genes in the DHN pathway was 
shown in the albino mutant, which was also more susceptible to low pH, high UV radiation, 
and oxidative stress (SUN et al. 2011). Downregulation of melanin-associated genes was also 
verified in E. dermatitidis under conditions of low temperature (1 °C for 1 week), indicating that 
melanin production changes in response to temperature variation (BLASI et al. 2015).
Not only transcriptional studies have been used to better understand the extremophilic character 
of black yeasts. At proteomic level, TESEI et al. (2015) analyzed the repertoire and abundance 
of proteins of E. dermatitidis under temperature stress and reported striking changes in its 
proteome. Long-term exposure to the cold (1 °C) reduced metabolic activities of carbon and 
pyruvate metabolism, but high temperature (45 °C) seemed not to induce any stress response, 
likely reflecting the high level of adaptation of E. dermatitidis to thrive at elevated temperature. 
Down-regulation of genes involved in metabolic processes, including metabolism of amino 
acids, carbohydrates and glycolysis, are consistent with and complementary to earlier reports 
in E. dermatitidis transcriptomics (ROBERTSON et al. 2012). In addition, the assessment of the 
proteins is an important tool to construct phylogenies using a large number of proteins shared 
by all sequenced black yeasts. As consequence, geological time-calibrated trees, in addition to 
specific protein family expansions, provided important insights into the genomic pre-adaptations 
that might have driven the ecological preferences observed nowadays. Interestingly, species 
phylogenies based on amino acid sequences, corresponding to multiple single copy orthologous 
genes, produced similar topologies compared to the previously published phylogenetic trees 
(RÉBLOVÁ et al. 2013; GUEIDAN et al. 2014). 

Future directions
The employment of ‘omics’ technology, such as genomics, transcriptomics and proteomics, to 
assess the genetic information of black yeasts, is now a reality and an enormous amount of data 
has already been generated. In addition, the application of other omics technologies, including 
metagenomics and metabolomics, offers a unique opportunity to interrogate the diversity of 
this group of fungi and will certainly be soon incorporated into high-throughput analysis using 
black yeast like-fungi (Figure 2). 
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A crucial step to keep these projects running is the development of a repository to provide 
access to this information for comprehensive curated analyses. Similar initiatives have been 
set up for other fungi, such as Candida (ARNAUD et al. 2005) and Aspergillus (ARNAUD et al. 
2010). In black yeasts a collaborative effort has been made with the launch of a beta-version 
of a database: the Black Yeast HUB (www.blackyeasthub.com) was developed using GMOD 
(PAPANICOLAOU and HECKEL 2010) and Tripal (FICKLIN et al. 2011), a combination of database 
and interactive web pages for manipulating and displaying genome annotations. The current 
version of the Black Yeast HUB provides the complete genomes of 37 strains and 35 protein 
sets of chaetothyrialean fungi from the families Herpotrichiellaceae and Cyphellophoraceae. 
Additional information about gene structure, gene products, phylogenetic analyses, metabolic 
pathways, gene families and groups of orthologous genes is available for the 35 strains where 
gene annotations were previously performed.
With declining costs of next-generation sequencing and the availability of high standard reference 
genomes, one can expect that in the coming years members belonging to the Trichomeriaceae, 
Chaetothyriaceae and Epibryaceae, considered as ‘ancestral’ families of Chaetothyriales, 
will be sequenced. Inclusion of ancestral species will considerably improve molecular dating 
of the ordinal tree and possibly confirm raised hypotheses on ant association and aromatic 
hydrocarbon degradation. The application of post-genomic transcriptomics and proteomics 
has raised our understanding of stress response in black yeasts to a new level. Although the 
molecular machinery of pathogenicity is far from being elucidated, important indications have 
been obtained (POYNTNER et al. 2016). Other initiatives, such as the use of in vivo models for 
mimicking the state of infection must be encouraged.
The combination of omics approaches cannot only be used to elucidate the origin of pathogenicity, 
it might also be applied as a diagnostic tool. For instance, cerebral phaeohyphomycosis has 
only been diagnosed based on conventional histopathology and culturing from brain biopsy, 
which delays the treatment and results in high mortality.  Therefore, the discovery of specific 
biomarkers from omics data is of high importance, from which rapid and efficient detection 
methods, such as in situ hybridization, can be developed. In addition, the assessment of the 

Figure 2 - Potential applications of “omics” technology in black yeast research. Abbreviations: qPCR, quantitative 
PCR; MS, mass spectrometry; HPLC, high performance liquid chromatography; TLC, thin-layer chromatography; 
ESI-MS electrospray ionisation mass spectrometry; SNP, single nucleotide polymorphism. 
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substances or fungal exoantigens released by these organisms into the host, for example via 
metabolomic studies, can speed up pathogen detection and consequently perform adequate 
treatment.
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Nederlandse Samenvatting

Het rijk van de fungi bevat een enorme diversiteit aan organismen die op allerlei substraten 
kunnen groeien, zoals in de bodem, in levend plantaardig of dierlijk weefsel, in water, en op 
dood materiaal. Naast generalisten en kosmopolitische soorten zijn er specialistische fungi die 
slechts in enkele milieus en op specifieke plaatsen voorkomen. De zgn. zwarte gisten in de 
orde Chaetothyriales (Pezizomycotina, Ascomycetes) bevatten soorten die aan zeer bepaalde, 
ongewone habitats zijn aangepast; vaak zijn dat micro-niches met extreme omstandigheden. 
Zwarte gisten komen vooral voor in menselijke, urbane milieus, zoals op eikenhouten, met 
creosoot behandelde spoorbielzen, in vaatwassers en in sauna’s. Ze leven onder condities van 
permanente stress van gif, zuur, alkali, hitte, droogte, geringe beschikbaarheid van voedsel, of 
onder osmotische of mechanische stress. In de natuur komen bepaalde soorten voor in symbiose 
met mieren, terwijl andere het best gedijen op kale rotsen, of juist in rottende materialen vol 
lipiden en vluchtige organische stoffen. Daarnaast zijn sommige soorten in staat humane 
infecties te veroorzaken, vooral chromoblastomycose, mycetoom en verschillende typen 
phaeohyphomycose – ziektebeelden die worden onderscheiden aan de hand van de invasieve 
vorm van de veroorzaker.

Chromoblastomycose is een gelokaliseerde, cutane of subcutane infectie die wordt 
gekenmerkt door de aanwezigheid van muriform (sclerotische) cellen in het weefsel van de 
gastheer. Zonder uitzondering zijn de veroorzakers van dit type infectie fylogenetisch verwant 
met de Chaetothyriales, maar binnen deze orde worden ze geclassificeerd in verschillende 
genera: Cladophialophora, Exophiala, Fonsecaea, Phialophora, en Rhinocladiella. 
Cladophialophora carrionii, Fonseca pedrosoi en Fonsecaea monophora zijn de belangrijkste 
soorten. Deze fylogenetische specificiteit verschilt van de overkoepelende ziekte-aanduiding 
phaeohyphomycose, welke een scala aan infectiebeelden omvat waarbij de schimmel 
voorkomt met gemelaniseerde gistcellen of (pseudo)hyfe-achtige elementen in het weefsel. 
Verschillende soorten in de Chaetothyriales veroorzaken cutane phaeohyphomycosen, vooral 
Exophiala species: E. spinifera, E. jeanselmei, E. moniliae en E. dermatitidis. Rhinocladiella 
mackenziei, Fonsecaea monophora en vooral Cladophialophora bantiana zijn bekend van 
cerebrale phaeohyphomycose. Als de schimmel diep in de huid compacte hyfen-korrels vormt, 
welke een heftige immuun-reactie oproepen, spreken we van een mycetoom. Slechts enkele 
Chaetothyriales zijn bekend van dit ziektebeeld, voornamelijk Phialophora verrucosa, P. 
oxyspora, Exophiala oligosperma en Cladophialophora mycetomatis.
Het doel van dit proefschrift is om de genetische mechanismen die ten grondslag liggen aan 
de aanpassing van zwarte gisten aan stressvolle milieus te begrijpen, en daarmee inzicht 
te krijgen in hun infectieuze potentie. Voor dit doel bepaalden we de DNA-sequenties van 
het totale genoom en transcriptoom van ruim 30 klinisch belangrijke soorten en hun strikt 
apathogene tegenhangers. Met vergelijkend genoom-onderzoek konden we belangrijke genen 
en metabolische cycli herkennen, welke de zwarte gisten mogelijk een groot voordeel geven 
om zich te handhaven in extreme milieus, waaronder ook het menselijk lichaam kan worden 
gerekend. We hebben data verzameld over fylogenomische relaties, transposable elements, 
bij de sexualiteit betrokken genen, de evolutie van gen-families, genen betrokken bij eiwit-
afbraak, enzymen met een rol in afbraak van koolwaterstoffen, bij melanine synthese en bij 
het secundaire metabolisme (Hoofdstukken 2, 3, 4 en 7). We stelden vast dat deze fungi 
opportunisten zijn in ecologische zin, en ondanks het voorkomen van systemische infecties geen 
primaire pathogenen. Mogelijke aanpassingen die hun infectieuze potentie bevorderen zijn hun 
opmerkelijke metabolische flexibiliteit, welke van belang is voor het organisme bij het wisselen 
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van voedingsbron, osmotolerantie door middel van mechanismen die werken via intracellulaire 
ophoping van neutrale, laag-moleculaire stoffen (Hoofdstuk 5) zoals trehalose en choline, en 
resistentie tegen giftige aromaten door middel van expansie van relevante gen-families zoals 
transmembraan transporters en alcohol dehydrogenases (Hoofdstukken 2 en 5). We hebben ook 
de intraspecifieke variatie geanalyseerd, met de neurotrope fungus Rhinocladiella mackenziei 
als model organisme, om het effect van genetische variatie (single nucleotide polymorphisms 
– SNPs; small insertions and deletions - INDELs) te kunnen inschatten. We zagen dat genen 
die ontstonden door duplicatie (paralogen) extra vatbaar waren voor accumulatie van mutaties 
welke van invloed zijn op de biologische functie van eiwitten. Gezien de voorkeur van de 
schimmel voor het zenuwstelsel, vergeleken we het genoom van R. mackenziei met soorten die 
bv. Op met creosoot behandeld hout voorkomen. Er werden vergelijkbare metabolische routes 
vastgesteld die worden gebruikt voor de afbraak van aromatische koolwaterstoffen. Sommige 
van deze stoffen in de natuur lijken structureel op stoffen die voorkomen in dierlijk weefsel 
(Hoofdstuk 5). Rhinocladiella mackenziei deelt zeer geconserveerde afbraakroutes van tolueen, 
styreen en fenylalanine met creosoot-fungi. Deze cycli spelen ook een rol in de vorming van 
de monoamine neurotransmitters dopamine, norepinephrine (noradrenaline), en epinephrine 
(adrenaline). Om de oorsprong van extremotolerantie en associatie met koolwaterstoffen in 
zwarte gisten beter te begrijpen zijn de genomen in een afstammingslijn van vier voorouderlijke, 
mier-geassocieerde zwarte gisten geanalyseerd (Hoofdstuk 6). Een belangrijke ontdekking met 
relevantie voor de evolutie van zwarte gistachtige fungi was de contractie van enkele ecologisch 
relevante gen-families in evolutionair recentere groepen van Chaetothyriales. We concluderen 
dat verlies van genen, zoals we dit zien in de met mieren geassocieerde zwarte gisten, een 
belangrijke rol heeft gespeeld in de evolutie, zoals de ontwikkeling van compacte genomen 
in deze organismen. Tevens lijkt de abundantie van biosynthetische clusters van secundaire 
metabolieten een belangrijke rol te spelen in de symbiotiosche associatie tussen zwarte gisten, 
mieren, en hun waardplanten (Hoofdstuk 6).
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Resumo em Português
O reino dos fungos abrange organismos que são capazes de colonizar uma grande variedade de 
substratos, como por exemplo solo, tecidos de animais e plantas, ambientes aquáticos e material 
em decomposição.  Ao contrário das espécies consideradas generalistas e/ou cosmopolitas, 
muitos fungos são classificados como especialistas e apenas conseguem prosperar em 
substratos ou habitats restritos. As leveduras negras, pertencentes a ordem Chaetothyriales 
(Pezizomycotina, Ascomicetos), compreendem espécies que são adaptadas para sobreviver 
em micro-nichos ecológicos consideradas hostis e caracterizados por condições extremas. 
As leveduras negras tem sido isoladas principalmente de ambientes transformados/criados 
pela ação humana, incluindo dormentes de trilho de trem, máquina de lavar louça e saunas. 
Esse ambientes são constantemente afetados por condições severas, por exemplo variação 
extrema de pH, presença de altas temperaturas, baixa disponibilidade de nutrientes e estresse 
osmótico e mecânico. Na natureza, as leveduras negras são encontradas vivendo em simbiose 
com formigas, colonizando superfícies de rochas ou substratos ricos em lipídios e compostos 
orgânicos voláteis. Ocasionalmente esse organismos podem causar infecção em humanos, tais 
como cromoblastomicose, micetoma e diversos tipos de feohifomicose, dependendo do formato 
assumido pelos agentes etiológicos observado no local da lesão.
A cromoblastomicose é caracterizada pela presença de células muriformes no local da lesão 
e afeta tecidos cutâneos e subcutâneos, causando infecções crônicas e localizadas. Sem 
nenhuma exceção, os agentes de cromoblastomicose são filogeneticamente acomodados na 
ordem Chaetothyriales e classificados em diferentes gêneros: Cladophialophora, Exophiala, 
Fonsecaea, Phialophora, e Rhinocladiella. Diferencialmente da cromoblastomicose, o termo 
feohifomicose abrange diversas infecções que se caracterizam pela presença de hifa septada de 
coloração preta. Diferentes membros da ordem Chaetothyriales são conhecidos por causarem 
feohifomicose, particularmente espécies do gênero Exophiala: E. spinifera, E. jeanselmei, 
E. moniliae, E. dermatitidis entre outros. Rhinocladiella mackenziei, Fonsecaea monophora 
e particularmente Cladophialophora bantiana estao relacionados infecções cerebrais. Se o 
fungo for encontrado na região subcutânea da lesão na forma de grãos compactos, a infecção 
pode ser classificada como micetoma. Poucas leveduras negras da ordem Chaetothyriales estão 
associadas a essa forma da doença, como por exemplo Phialophora verrucosa, P. oxyspora, 
Exophiala oligosperma e Cladophialophora mycetomatis. 
O objetivo desta dissertação é ampliar o conhecimento sobre os mecanismos genéticos 
envolvidos na adaptação das leveduras negras em ambientes hostis e as implicações para 
as diferentes classes de infecção. Para isso, nós sequenciamos o genoma e o transcriptoma 
de mais de 30  leveduras negras isoladas do meio ambiente ou de pacientes infectados por 
esse organismos. Usando genômica comparativa, nos identificamos diversos genes e vias 
metabólicas que poderiam fornecer vantagem adaptativa para esses organismos, facilitando 
a colonização de ambientes extremos, incluindo o corpo humano. Especificamente, eu 
foquei nas relações filogenéticas desses fungos, no conteúdo de elementos repetitivos, em 
genes associados à reprodução sexual e em genes relacionadas a degradação de proteínas, 
carboidratos, síntese de melanina e produção de metabólitos secundários (Capítulos 2, 3, 4 e 
7). Nessa dissertação, eu discuto e forneço evidências para suportar o estilo de vida oportunista 
das leveduras negras, visto a partir de um ponto de vista ecológico. Potenciais adaptações 
incluem a grande plasticidade metabólico observada nesses organismos, o que justifica o 
sucesso dessas espécies em utilizar diferentes fontes de nutrientes, a osmotolerância através do 
acúmulo intracelular de compostos com baixo peso molecular (trealose e colina), a resistência 
em sobreviver na presença de compostos aromáticos tóxicos através da expansão de família de 
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genes chave (transportadores de membrana e álcool desidrogenase) entre outros (Capítulos 
2 e 5). Adicionalmente, eu avaliei e quantifiquei a variação intra-específica, usando  como 
organismo modelo o fungo Rhinocladiella mackenziei, com o objetivo de conhecer os efeitos 
da variação genética (SNP - polimorfismo de nucleotídeo simples e INDELs – Inserções e 
deleções) entre diferentes linhagens. Eu observei que genes originados por duplicação gênica 
(parálogos) estão mais suscetíveis a acumular mutações que impactam biologicamente na função 
das proteínas codificadas. Devido a preferência pelo tecido do sistema nervoso, eu também 
analisei o genoma do fungo R. mackenziei para desenhar um paralelo entre as vias metabólicas 
que poderiam ser utilizadas para a degradação de compostos aromáticos presentes na natureza 
e neurotransmissores (Capítulo 5). Nessa dissertação, eu discuto que o fungo R. mackenziei 
possui genes homólogos altamente conservados que assemelham-se aos genes presentes nas 
vias metabólicas responsáveis pela degradação de tolueno, estireno e fenilalanina. Essas vias 
metabólicos poderiam ser utilizadas para assimilar compostos com estruturas química similares, 
como por exemplo os neurotransmissores dopamina, noradrenalina e epinefrina (adrenalina). 
Para melhor entender a origem da extrematolerância nas leveduras negras, os genomas de 
quatro linhagens basais, encontradas vivendo em associação com formigas (Hymenoptera: 
Formicidae), foram sequenciados e anotados (Capítulo 6). Eu encontrei que a evolução de 
diversas famílias de genes associadas com a adaptação a ambientes extremos estão contraídas 
nesses organismo. Eu discuto que a perda de genes que foi observada pode ter sido responsável 
pelo genoma reduzido encontrado nessas espécies. Adicionalmente, a abundância de clusters 
de genes associados com a síntese de metabolitos secundários constituem uma importante 
assinatura genética encontrada apenas em leveduras associadas à formiga (Capítulo 6). 
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