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Fungi are increasingly recognized as the cause of not
only superficial infections, which affect many people
but are relatively easy to treat, but also invasive and
disseminated infections. Difficulties in diagnosing fun-
gal infections and the limited number of antifungal
drugs available contribute to the high mortality rates
observed in these infections. Furthermore, severe fun-
gal infections mainly occur in immunosuppressed indi-
viduals, for example, patients undergoing solid organ or
stem cell transplantations, a group that has been
increasing with the advancements of modern medicine
resulting in increased numbers of severe fungal infec-
tions [1]. Immunosuppression as a risk factor high-
lights the important role of the immune system in
controlling opportunistic fungal pathogens; it also sug-
gests supporting the host immune functions or target-
ing interactions between the host immune system and
fungi as alternative therapeutic strategies that could be
combined with antifungal treatment [2]. For such
approaches, however, a thorough understanding of
host–pathogen interactions is necessary.

Human fungal pathogens are phylogenetically very
diverse and belong to different phyla within the kingdom.
The majority of severe infections, for example, are caused
bymembers of the generaCandida andAspergillus, belong-
ing to the Ascomycota, and Cryptococcus, a basidiomycete.
More rare, but very severe, are infections caused by various
species belonging to the phylum Mucoromycotina. This
suggests that pathogenicity evolved independently across
the fungal kingdom several times and raises two main
questions: (i) in which context did pathogenicity evolve,
and (ii) are there common and specific virulence traits in
phylogenetically diverse fungal pathogens [3].

A common feature of dermatophytes is the ability to
utilize keratin as a nutrient source. Keratins as struc-
tural proteins of hair, nails, and epidermal layers of the
skin are found not only on animal and human hosts
but also in the environment, as keratinous structures
are constantly shed as part of the bodies’ renewal

process. Dermatophyte species are classified as geophi-
lic, zoophilic and anthropophilic, depending on their
preferred niche; interestingly, clinical infection tends to
be more severe, driven by both fungus-driven host
tissue destruction and overt inflammation, if dermato-
phytes colonize a human or animal theyare not adapted
to [4]. An example is the occurrence of certain zoophi-
lic dermatophytes, such as Microsporium canis and
Trichophytum benhamiae, on asymptomatic animal
hosts, while the same strains cause inflammatory reac-
tions in humans [5]. This suggests that specific adapta-
tion of these fungi to natural host species is resulting in
commensal behaviour while in untypical hosts the
immune response and possibly altered fungal behaviour
are driving inflammation resulting in clinical disease.
Although dermatophyte infections are the most com-
mon superficial fungal infection in animals and
humans, genetic features of dermatophytes and factors
that drive pathogenesis are, however, not well under-
stood yet, and the mechanisms underlying host adapta-
tion remain to be elucidated.

One explanation why deeply invasive or dissemi-
nated infections by dermatophytes are very rare is
their limited tolerance to body core temperature,
usually around 37.5°C in mammals. In contrast, other
saprophytic environmental fungi, such as some
Aspergillus species and several mucormycetes, are tem-
perature-tolerant. This is likely the result of adaptation
of the elevated temperatures found in decaying organic
matter, such as compost heaps, which also represents
the natural habitat of these fungi. Many Aspergillus and
mucormycete species are found ubiquitously in the
environment and have a versatile metabolism that
allows them to thrive on various types of organic mate-
rial. This Special Focus issue includes the paper of
Lackner et al.[6] who investigated the correlation of
temperature tolerance, resistance to oxidative stress,
and growth rates of cryptic Aspergillus species of sec-
tion Terrei for virulence in a wax moth larvae model.
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Using 73 isolates of six clinically relevant species they
show that different strains of all species were well
adapted to growth in this insect host and that virulence
mainly correlated with growth rates at 37°C. Their data
furthermore suggest that in this group of fungi viru-
lence is a strain – rather than a species-specific feature.

In the environment, fungi however not only have to
compete with other fungi, bacteria, and protozoa for
nutrients but are also facing predators such as nema-
todes and amoeba. In their ability to take up and
digest microorganisms, amoebas resemble mammalian
phagocytes, and some of the mechanisms mediating
prey recognition and killing by amoeba are also found
in phagocytes. It thus appears likely that counterstra-
tegies evolved in fungi in response to amoeba also
enable them to prevent recognition or killing by mam-
malian phagocytes, and thus promote virulence,
a concept also called “amoeboid predator-fungal ani-
mal virulence hypothesis” [7].

Not surprisingly, the fungal cell surface plays a key
role in recognition by amoeba and phagocytes alike; on
Aspergillus fumigatus spores, specific proteins (rodlets)
and pigmentation convey protection from environmen-
tal stresses such as UV, but also hamper recognition by
phagocytes [8,9]. Germination and growth of vegetative
hyphae, however, results in the production or exposure
of cell wall components such as galactosaminogalactan
(GAG) and β-1,3-glucan [10]. In this special focus issue,
Speth et al. review the impact of GAG on Aspergillus
pathogenesis [11]. GAG is a heteropolysaccharide
secreted by actively growing hyphae and binding to the
surface of these hyphae. It mediates interaction with host
factors, such as surfactant D, shields the underlying β-1,3
glucan from recognition by immune cells, interferes with
neutrophil activity against A. fumigatus, and modulates
cytokine and cell responses. Overall, GAG mediates
immunosuppressive effects, which has led to an interest
in the use of soluble GAG in the treatment of inflam-
matory diseases [11]. In contrast to GAG, β-1,3 glucan is
a well-known ligand of Dectin-1, a C-type lectin pattern
recognition receptor (PRR) known to be involved in
antifungal immunity [12]. While the role of PRRs in
antifungal defense has been extensively studied, the
role of opsonization by complement is less well under-
stood. This topic has been addressed by Steger et al. in
work included in this Special Focus issue [13]. They
demonstrate that complement deposition enhances
recognition and phagocytosis of A. fumigatus conidia
by dendritic cells. Not only melanin, the pigment con-
tributing to immune evasion of A. fumigatus spores,
interferes with complement deposition but also β-1,3
glucan, highlighting the complexity of interactions of
the immune system with the fungal cell wall [13].

Pigmentation is also an important feature of
Cryptococcus neoformans and Cryptococcus gattii,
dimorphic basidiomycetes that grow as filaments in
the environment but switch to yeast growth in warm-
blooded hosts. Like Aspergillus and molds, Cryptococcus
likely acquired its virulence traits in the environment as
a mean to withstand adverse environmental conditions
and predators [14]. It has not only become the fungal
pathogen causing the highest number of severe human
infections as a result of the HIV pandemic but is also
known to infect a wide range of animals. In a review in
this Special Focus issue, Oscar Zaragoza summarizes
the principles of Cryptococcus virulence which, in addi-
tion to general adaptation to the host environment and
melanin production, includes the production of
a capsule and specific types of polysaccharides [15].
Another interesting feature of Cryptococcus is the for-
mation of giant yeast cells, termed Titan cells that due
to their size cannot be phagocytosed, and are more
resistant to stressors [16]. Further examples presented
in this Special Focus issue of opportunistic environ-
mental fungal pathogens which produce pigments are
Exophiala dermatitidis, reviewed by Kirchhoff et al.[17],
and Coccidioides. E. dermatitidis is a black yeast, a term
originating from the dark pigmentation of this group of
fungi. It can cause phaeohyphomycosis in immunosup-
pressed patients, but also fatal infections in healthy
patients. It is also regularly isolated from cystic fibrosis
patients, but its role in disease in this patient group is
unclear. Besides pigmentation, the secretion of extra-
cellular polysaccharides (acid mucopolysaccharides),
adherence and biofilm formation, and the ability to
form invasive filaments contribute to virulence of this
fungus [17]. Interestingly, E. dermatitidis is most com-
monly isolated from indoor man-made habitats, and
although it is considered a ubiquitous fungus, isolation
from the environment is rare. Its main environmental
habitat is assumed to be tropical rainforests, but little is
known about the natural habitat and the transmission
routes. One can thus only speculate on the context in
which the virulence traits of E. dermatitidis evolved, but
it is likely the environmental niche, rather than an
occasional association with humans. This is also the
case for Coccidioides immitis and C. posadasii, the cau-
sative agents of coccidioidomycosis, a disease com-
monly known as valley fever [18].

Kollath et al. review our current understanding of
both the disease and the pathogens’ biology which
remains largely enigmatic to date [19]. Coccidioides
infects immunocompetent mammals including humans,
and although infection is commonly asymptomatic or
results only in mild, self-limiting pneumonia, dissemi-
nated infections occur that require medical intervention.
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Like Cryptococcus, Coccidioides is dimorphic with fila-
mentous growth in the environment while in the host
spherules that produce endospores are formed.
C. immitis and C. posadasii are endemic to areas with
arid to semi-arid alkaline thermic soils throughout wes-
tern North America and into Central and South
America, and it appears that sufficiently high soil tem-
peratures in combination with low water-holding capa-
city are required for these fungi. Although Coccidioides
has been thought to be a saprotrophic soil-dwelling
fungi, the exact conditions required for growth and
maturation in the environment are unknown [19].
Recent evidence suggests that its natural life requires
close association with small desert mammals such as
rodents, and utilization of animal-derived substrates.
Coccidioides was isolated from deer mice, pocket mice,
ground squirrels, grasshopper mice, kangaroo rats, and
pack rats; it thus appears possible that virulence in these
fungi not only evolved in the environment as
a consequence of encounters with predators like amoeba,
but as a result of adaptation to rodents, with the close
proximity facilitating infections [13].

From the examples described above, it appears that
pigmentation is a common feature of environmental
opportunistic fungal pathogens, mediating both protec-
tion in the environment and immune evasion in the host.
Human pathogenic fungi of the genus Candida, however,
do not produce any pigments. Furthermore, while some
Candida species are found in the environment, such as
C. tropicalis and C. krusei, others like C. glabrata and
C. albicans have been isolated only or predominantly
from skin or mucosal surfaces of warm-blooded animals,
including humans. It thus appears that these fungi are
evolutionarily adapted to a commensal lifestyle [20], albeit
this is challenged by recent whole-genome analyses [21].
Adaptation to a host however clearly occurred in
Pneumocystis, a group of fungi that are extremely difficult
to grow outside a warm-blooded host and have evolved to
host-specific species [22]. Humans are probably infected
with Pneumocystis early in life, but clinical infections
usually occur only if the host is severely immunocompro-
mised [23].

Virulence of C. albicans is associated not only with
metabolic adaptation and resistance to potential stressors
in the host [24,25] but also the ability to switch between
yeast and invasive filamentous growth forms associated
with production of the peptide toxinCandidalysin [26,27].
The “classical” fitness properties and virulence factors of
Candida have been reviewed extensively elsewhere
[26,28,29]; in this Special Focus, we included a review by
Chakraborty et al. on a topic less studied: Eicosanoid
production by pathogenic yeasts [30]. Eicosanoids are
bioactive lipid mediators generated in many mammalian

cells from the oxidation of arachidonic acid and regulate
various physiological functions, including cellular homo-
eostasis and modulation of immune responses. Various
human pathogenic fungi are also able to produce eicosa-
noids, to some extent even the very same molecules as
their mammalian hosts [30]. There is some evidence that
fungi-derived lipid mediators affect the host immune
response and thereby pathogenesis, albeit the exact func-
tion is yet to be unravelled. As eicosanoids are not only
found in fungi associated with mammals but also envir-
onmental fungi and plant pathogens, it is likely that they
did not primarily evolve as virulence traits but rather serve
yet to be discovered functions in fungi themselves.

For Candida species occurring as commensals, it
appears essential that virulence factors are regulated as
damage associated with virulence factors might trigger the
immune system and subsequent elimination of the fungus
[31]. In plant pathogenic fungi factors have been identi-
fied that trigger a hypersensitive immune response in the
infected plant, which promotes plant resistance and ren-
ders the pathogen avirulent [32]. Such factors have been
termed “antivirulence factors” and the respective genes
“avirulence genes” [32,33]. In the final paper of this
Special Focus, Siskar-Lewin et al. discuss how this concept
could be transferred to human pathogenic fungi and
extend our understanding of host-fungal interaction [34].
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