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Abstract: The observation that some aspects of amoeba-fungal interactions resemble animal
phagocytic cell-fungal interactions, together with the finding that amoeba passage can enhance the
virulence of some pathogenic fungi, has stimulated interest in the amoeba as a model system for the
study of fungal virulence. Amoeba provide a relatively easy and cheap model system where multiple
variables can be controlled for the study of fungi-protozoal (amoeba) interactions. Consequently,
there have been significant efforts to study fungal-amoeba interactions in the laboratory, which have
already provided new insights into the origin of fungal virulence as well as suggested new avenues
for experimentation. In this essay we review the available literature, which highlights the varied
nature of amoeba-fungal interactions and suggests some unsolved questions that are potential areas
for future investigation. Overall, results from multiple independent groups support the ‘amoeboid
predator-fungal animal virulence hypothesis’, which posits that fungal cell predation by amoeba
can select for traits that also function during animal infection to promote their survival and thus
contribute to virulence.
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1. Introduction

Fungi are major pathogens of plants, insects and ectothermic vertebrates but there are relatively
few that are able to cause disease in mammals. The remarkable resistance of mammals to fungal
diseases is attributed to a combination of endothermy, which creates a thermal restriction zone for
survival of most fungal species and adaptive immunity [1-3]. However, that still leaves unresolved the
question of how the capacity for virulence emerged in soil microbes that have no need for an animal
host for survival or replication. This question is particularly relevant since for most pathogenic fungi
there is no human-to-human transmission and thus it is unlikely that their virulence traits emerged
from animal selection [4]. In 2001 a comparative analysis of the replication of Cryptococcus neoformans
in macrophages and the free-living amoeba Acanthamoeba castellani revealed remarkable similarities
leading to the proposal that its capacity for virulence emerged accidentally from selection by amoeboid
predators in soils [5]. Subsequent work extended this concept to other pathogenic fungal species such
as Aspergillus spp., Histoplasma capsulatum, Blastomyces dermatitides, Sporothrix schenkii, Cryptococcus
gattii and entomogenous fungi [6-9]. Amoeba have putative mannose receptors that allow them to
recognize this sugar in fungal surfaces [10,11].

In the past two decades, the concept that amoeba serve as selection mechanism leading to the
emergence of virulence in different microbes has gained credence [12-14] and amoeba have emerged
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as a major model system for the study of the evolution of virulence in many types of microorganisms,
including fungi [15]. The nature of amoeba, which includes food acquisition by phagocytosis and
the fact that the fungi spend most of their life cycle in soil corroborates this hypothesis. Besides,
macrophages and amoeba have similar mechanisms of phagocytosis and prey inactivation [16]. In fact,
the connection between food acquisition by phagocytic cells and host defense may be ancient and
it has been proposed that the digestive and immune systems of Metazoa share a common origin in
deep time [17]. In this essay, we review the literature on interactions between fungal virulence and
amoeba and discuss the state of the hypothesis that amoeboid predators select for the capacity of
animal virulence in soil fungi. For readers interested in this subject, we note other recent reviews on
the topic [18-20].

2. Early Studies on the Interaction of Fungi and Amoeba

The interaction of amoeba with animal pathogenic fungi has been studied for decades. In 1931,
Castellani reported an amoeba growing in cultures of a Cryptococcus spp. [21], providing an early report
of fungal-amoeba interactions whereby the amoeba appear to lyse the yeast cells. In 1955, A. castellanii
was shown to feed on C. neoformans [22] and subsequently demonstrated to feed on cultures of
Torula famata and Candida parapsilosis [23]. Interestingly, this early study reported that growth on the
yeast C. parapsilosis was much faster than growth on the filamentous T. famata since the protozoa had
difficulty ingesting hyphae [23]. Beginning in the late 1970s, Bulmer and colleagues carried out studies
of the interaction of C. neoformans with amoeba and established that the protozoa preyed and devoured
encapsulated cells with the emergence of hyphal cells as resistant forms, which were hypovirulent in
mice [24,25]. Furthermore, this group with their colleagues reported that amoeba were biotic control
factors for C. neoformans in the environment [26], establishing an ecological correlate of relevance
for laboratory observations involving fungal and protozoal cells. In other studies, A. castellanii was
shown to rapidly kill cultures of S. cerevisige, reducing more than half of the fungal cells after 90 min of
co-incubation [27].

The focus of this review is on animal pathogenic fungi with particular emphasis on those that
cause disease in mammals, but we note that other investigators have also explored the interaction of
soil amoeba with other groups of soil fungi, including yeast and filamentous fungi acting in nature
as saprophytes, entomopathogens and even as phytopathogens [28-32]. Although the observations
also reveal a great number of different outcomes for those interactions, in general yeast cells were
more prone to be ingested and killed by soil amoeba in comparison to hyphae. Esser and colleagues
reported that pigmented conidia of plant pathogens Alternaria, Curvularia, Helminthosporium were
internalized by Thecamoeba spp. and later egested in a viable condition, in a closer resemblance of
nonlytic exocytosis [29]. Despite that, there are groups of amoebae, such as giant amoebae from
the Vampyrellid family that have developed efficient strategies to attack and kill fungal spores by
perforation [31]. The early studies established that amoeba could prey on animal pathogenic fungi, that
there were differences in the fungal resistance to amoeba predation, and that different morphological
forms of certain fungal species manifested differences in their resistance to protozoal ingestion.

3. Correspondence of Virulence Factors for Animals and Amoeba

3.1. C. neoformans

Among the animal pathogenic fungus C. neoformans is the most extensively studied species
with regards to interactions with protozoa (Figures 1 and 2). C. neoformans has several well defined
virulence factors for animals that have been evaluated for their need in fungal survival against amoeba
predation. The capsule, melanin synthesis and phospholipase have each been shown to be important
for C. neoformans to resist predation by A. castellanii [5]. These virulence factors appear to have
similar functions in protecting C. neoformans against both host defense mechanisms and amoeba
predation. For example, the polysaccharide capsule interferes with phagocytosis by both macrophage
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and A. castellanii [33]. However, not every virulence determinant is relevant in both animals and
protozoa. C. neoformans alpha mating locus strains are more virulent in mice than congenic ‘a’ mating
locus strains but there was no difference in the survival of fungal cells of different mating types
when confronted by amoeba [34]. Similarly, urease has been shown to be important for C. neoformans
virulence in mice [35] but comparison of urease positive and deficient strains revealed no difference for
survival with amoeba [36]. Mannitol production by C. neoformans is associated with pleiotropic effects
on virulence but how this relates to its role in the environment is unknown [37-39]. The absence of
one-to-one correspondence with regards to virulence factor importance in protozoa and Animalia is not
surprising given that the phenomenon of virulence in metazoan hosts is much more complicated by the
existence of organ systems and immune systems that can impart host damage when they respond to
infection. For example, the major role for urease in the environment appears to be nutrient acquisition,
but in the mammalian host this enzyme affects brain invasion [40,41], as well as the macrophage
response to infection by virtue of its ability to alkaline the local environment through the generation
of ammonia [36]. There is also increasing evidence that host damage in animal cryptococcosis is the
result of immune-mediated damage [42—44], which implies that antigens irrelevant to surviving in the
environment could contribute to virulence simply by eliciting malevolent immune responses.

Figure 1. Interaction of C. neoformans (blue) with Acanthamoeba castellanii. The amoeba are much larger
than the fungal cells and readily ingest them. The amoeba in the top middle center has ingested
a fungal cell. For details of the conditions in this experiment see [45]. Briefly, A. castellanii and
C. neoformans cells were incubated in a 8-well-chambered cover glass. Fungal cells appear blue because
theys were stained with 0.01% Uvitex 2B prior to co-incubation. Images were taken using a DAPI
(4’ 6-diamidino-2-phenylindole) filter-equipped Zeiss Axiovert 200M inverted microscope with 20x
phase objective.
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Figure 2. Scheme of known and possible interactions of C. neoformans with amoeba based on the
experience with Acanthamoeba castellanii. The outcome of the interaction is highly variable and
determined by such variables as the nutritional state of amoeba and the presence of metal cations in
the media [45,46]. Question marks are added to processes for which there is uncertainty and/or that
have not been demonstrated experimentally.

In addition to the correspondence between animal and amoeba survival for selected fungal
cells expressing certain virulence factors, there are also remarkable similarities in several cellular
processes. C. neoformans responds to both amoeba and macrophages by enlarging its polysaccharide
capsule, in what appears to be a protective stress response [47]. The capsular response is triggered
by phospholipids that are presumably released from amoeba and macrophages by the action of
cryptococcal enzymes, including phospholipase B [47]. The process for this mechanism envisions
the release of enzymes by C. neoformans into its immediate environment that damage macrophage
or protozoal cell membranes, producing polar phospholipids that are sensed by the fungal cell [47].
Hence, enzyme release followed by phospholipid sensing may be an early warning system in the
environment that alerts the fungal cell that an amoeboid predator is in the environment. The occurrence
of a similar process during infection would explain why residence in any particular host is associated
with capsular enlargement, which in turn would protect against macrophage phagocytosis and
killing. Incidentally, the process of phospholipid-mediated capsular enlargement can trigger the
phenomena of giant (Titan) cell formation, with the emergence of enormous fungal cells [47], incapable
of being engulfed. The phenomenon of C. neoformans non-lytic exocytosis (vomocytosis), a process
discovered in macrophages [48,49], was subsequently observed to also occur with A. castellanii [50]
and D. discoideum [51], providing another parallel between mammalian and protozoal cells that
could represents an escape mechanism to exit predatory cells. At the cellular level exocytosis from
both macrophages and slime mold cells have been shown to rely on actin polymerization driven by
similar cellular machinery [52]. Another interesting parallel involves the release of fungal extracellular
vesicles [53], which have been shown to affect macrophage function [54] and to interfere with amoeba
metabolism [55]. C. neoformans cells produce 3-hydroxy fatty acids, which inhibit amoeba phagocytosis
and could have a similar role during infection for macrophages [56].

More direct evidence for the ability of amoeba to affect C. neoformans virulence comes from passage
experiments of an attenuated cryptococcal strain with D. discoideum, which showed a rapid increase
in virulence [57]. This work also illustrated how the phenomenon of increased microbial virulence
in setting of impaired hosts applied at the cellular level, since a D. discoideum mutant defective
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in myosin VII synthesis was susceptible to a highly attenuated acapsular C. neoformans strain [57].
Another protozoa that can prey on C. neoformans are Paramecium spp, which readily ingested and killed
cryptococcal cells [58].

3.2. Aspergillus spp.

Like C. neoformans, there is circumstantial evidence that amoeba and Aspergillus spp. interact in
the environment. Analysis of the environmental microflora in moisture-damaged buildings revealed
the co-habitation of molds and amoeba [59]. Laboratory studies of amoeba and molds isolated from
moisture-damaged buildings suggested that Aspergillus spp. benefitted from the presence of the
protozoa while amoeba were indifferent to the presence of molds [60]. In parallel to the experience
with C. neoformans, the interaction of Aspergillus fumigatus conidia with A. castellanii was found to
have remarkable similarities to their interactions with avian macrophages [8]. In addition to that, the
interaction of A. fumigatus with another amoeba, Vermamoeba (Hartmannella) vermiformis, promoted
fungal filamentation and growth of and the major reduction of amoeba viability, while in the same
conditions the interaction of this fungus with A. castellanii had no influence in fungal growth [61].
The authors also found that amoeba supernatants were able to increase germination and fungal
growth. According to them the release of amoeba metabolites that can be used as nutrients by
fungal cells might contribute to fungal persistence. Analysis of the interaction of A. fumigatus with
the social amoeba D. discoideum revealed concordance between virulence factors for animals and
those needed for fungal survival and killing of amoeba [62]. Specifically, gliotoxin was found to be
important for killing D. discoideum thus linking the production of mycotoxins to predator control
and fungal environmental survival [62]. Another mycotoxin fumagillin was shown to inhibit the
growth of Entamoeba histolytica [63], and on the other hand, contribute to epithelial cell damage by
allowing fungal invasion [64]. Substances from spores of Aspergillus spp. have been shown to have
toxic effects on Naegleria gruberi and to mediate anti-phagocytic effects on human neutrophils and
macrophages [65,66]. Aspergillus spp. DHN melanin, which inhibits phagolysosomal acidification also
in macrophages interferes with phagocytosis by amoeba, suggesting that this virulence determinant
has different functions for fungal cell survival with confronted by animal and protozoal phagocytic
cells [67].

3.3. Candida spp.

Relatively little work has been done to explore amoeba-Candida spp. interactions. Although
commensal Candida spp. limited to mammalian hosts would not be expected to be under predation by
ameba in soils, there are some body sites that are co-inhabited by fungal and protozoal cells where they
could potentially interact. For example, amoeba are present in the human oral cavity [68] where Candida
spp. are also commonly found in a commensal state. Steenbergen et al. reported that A. castellanii
preyed on C. albicans and efficiently reduced colony-forming units consistent with fungal killing [5].
In another work, the free soil amoeba V. vermiformis was shown to be able to internalize yeast cells of
C. albicans, C. glabrata and C. parapsilosis and promote their proliferation in tap water with or without
saliva traces [69]. Recently the interaction of Candida spp. and S. cerevisiae with D. discoideum and
other non-axenic social amoeba was studied, including mutant strains of both the fungal and protozoal
spp. [70]. This study reported that the outcome of the fungal-amoeba interaction could be altered by
mutations in either party providing a system for the studying the effect of fungal and amoeba genes in
determining which eukaryotic cells maintain ascendancy in the confrontation [70].

3.4. Other Pathogenic Fungi

One study has investigated the interaction of B. dermatitides, H. capsulatum and S. schenkii
(Figure 3) with A. castellanii and reported that each of these fungal species was able to grow in the
presence of the amoeba [6]. The interaction of Fusarium spp. with amoeba is of interest given that
both are involved in corneal infections. Amoeba have been proposed to be major biotic control factors



J. Fungi 2019, 5, 10 6 of 14

for Fusarium oxysporum in soils [71]. Given that amoeba could be important contaminants of contact
lens cleaning solutions, there could be situations when these two organisms interact in vivo [72,73].
Incubation of Fusarium with two different types of amoeba, A. castellanii and V. vermiformis, showed
that although fungal cells were ingested the interaction resulted in enhanced fungal growth [74].
Moreover, there is evidence that the interaction of Fusarium spp. with A. castellanii can enhance the
virulence of both organisms [73]. Indeed, severe keratitis caused by dual infection with Fusarium spp.
and A. castellanii has been reported with the suggestion that this condition should be suspected in
situations of refractory infection [75].

Figure 3. Acanthamoeba castellanii interaction with yeasts of Sporothrix brasiliensis. The white arrows

depict the acanthapodes as projections from the A. castellanii surface in close contact with the fungal
cell wall outer layer.

4. Amoeba and Fungal Dimorphism

An emerging theme in amoeba-fungal studies is that hyphal forms are more resistant to protozoal
predation than yeast forms. This was noted as early as 1964 when Nero et al. reported that a mold was
more resistant to amoeba than Candida parapsilosis [23]. Similarly, Bulmer et al. noted amoeba predation
of C. neoformans lawns resulted in the emergence of pseudohyphal forms, which were resistant to
amoeba but less virulent in mice [25]. Analysis of pseudohyphal strains showed a hypermutation
locus in the RAM signaling pathway [76], suggesting that emergence of such forms in experiments
involving amoeba predation could reflect mutations in this pathway. Incubation of B. dermatitides,
H. capsulatum and S. schenkii yeast cells with A. castellani at 37 °C led to the rapid emergence of
filamentous forms for each fungal species even at a temperature where the yeast form is preferred [6].
Recently, incubation of A. fumigatus conidia with the free living amoeba V. vermiformis was reported to
promote fungal filamentation and growth [61]. C. albicans forms hyphae inside or outside D. discoideum,
but no hyphae formation without amoeba [70]. Comparison of phagocytosis of C. neoformans hyphae,
pseudohyphae and yeast forms showed that the elongated forms were resistant to phagocytosis by
both macrophages and amoeba [77]. However, C. neoformans cells with hyphal and pseudohyphal
morphology were much less virulent in mice and moths, indicating that resistance to one host may
be associated with vulnerability in another [76]. The differences in susceptibility between yeast and
hyphal forms raises the question of whether amoeba predation has been a contributing factor in the
evolutionary emergence of fungal dimorphism. In this regard, the emergence of hyphal forms of
C. neoformans during amoeba predation of cryptococcal lawns in agar was considered an ‘escape hatch’
for the survival of some cells [78].
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5. Considerations, Caveats and Unsolved Questions

5.1. Insights Drawn Primarily from a Few Amoeba and Fungal Species

Most of the studies of fungal-amoeba interactions have been conducted with A. castellanii grown
in axenic media. Amoeba that have been selected in laboratory conditions to grow in axenic conditions
may exhibit very different physiology than wild amoeba. In general, amoeba recovered from the
environment do not grow in culture conditions and thus are difficult to use for fungal-amoeba
interaction studies. Given the tremendous variety of amoeba in the environment, the reliance on
A. castellanii in laboratory studies raises the concern that insights gained with this protozoal species
may not be representative of most fungal-amoeba interactions in nature. Similarly, the relatively
few studies of fungal interactions with D. discoideum have also been done with laboratory strains.
Hence, the limitations of current systems and the paucity of amoeba strains that have been examined
suggest caution in extrapolating laboratory results from environmental conditions. One potential
resource to overcome this problem could be the studies of fungal pathogens with mycophagous
amoeba. Both A. castellanii and D. discoideum have been shown to be more adapted to have bacterial
cells as food sources. Although we can find a few studies about the interaction of amoeba species
that in nature feed primarily on fungal cells, there is a general lack of knowledge of the interaction of
mycophagous amoeba with animal fungal pathogens [79,80]. One line of fungal-amoeba interaction
still neglected is the potential of amoeba working as Trojan horses for animal fungal infections, as may
occur with other intracellular pathogens. Considering the number of fungal species that are able to not
only survive but also replicate inside soil amoeba, there is the possibility of these soil organisms work
as vectors for some fungal infections.

5.2. Ascendancy in Fungal-Amoeba Interactions

Which entity prevails in fungal-amoeba confrontations is highly dependent on the experimental
parameters. As evident from the review of the available literature, fungi prevailed in some studies while
amoeba were ascendant in others. Clearly, there are major differences in the ability of individual fungal
species to resist amoeba predation, a finding that dates to early studies [23]. In this regard, C. neoformans
and other pathogenic fungi with environmental habitats were reported to be more resistant to
A. castellanii than C. albicans or laboratory adapted S. cerevisiae strains [5,6]. There are also differences
between amoeba species in their predatory capacity. Hence, who wins in fungal-amoeba confrontations
is highly dependent on the identity of the players involved. There is also evidence that the experimental
conditions can benefit either the fungi or amoeba. For example, confrontations of C. neoformans with
A. castellanii in phosphate buffered saline result in fungal growth while confrontations in amoeba media
result in fungal predation with reduction of cryptococcal colony-forming units [46]. Although this
result was initially interpreted as implying that amoeba in a better nutritional state would be stronger
predators for C. neoformans, recent findings suggest that the enhanced protozoal activity could have
resulted from divalent cations amoeba media. In this regard, the presence of Ca?* and Mg?* have
strong effects in potentiating A. castellanii antifungal activity [45], suggesting that differences in soil
cation concentrations could affect the relative predatory activity abundance of fungi and amoeba.

5.3. Animal Pathogenic Fungi—Amoeba Interactions in Context

Although from our anthropomorphic vantage point we tend to focus on animal and human
pathogenic fungi, it is important to note that this is a minute part of fungal interactions with other
hosts ranging from those with Protista, Plantae and Animalia. Indirect evidence for the longstanding
nature of amoeba-fungal interactions comes from the finding that higher fungi synthesize lectins that
are toxic to amoeba, a finding consistent with the development of inducible fungal anti-protozoal
defense mechanism [81]. There is a large number of fungal species that parasitize amoeba known
as amoebophagous fungi, which are poorly understood because it is difficult to study them outside
of the parasitic lifestyle [82]. The impact of such amoebophagous fungi on Protista evolution and
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their consequences for interactions of amoeba with other fungi are unclear. Similarly, interactions
of amoeba with the mycorrhizosphere represent very different ecological spaces for the selection of
amoeba and fungal traits to survive their interactions [83]. The point here is that conclusions drawn
from observations made in controlled interactions of fungi and amoeba in the laboratory need to
acknowledge the limitations inherent in their simplicity relative to vast complexity of protozoal-fungal
interactions in the biosphere.

5.4. Fungal-Amoeba Interaction and Susceptibility to Antifungals

Due to the enormous genetic variety of the community of microorganisms in the soil, each
possesses a unique combination of characteristics and distinct attributes to avoid the action of
phagocytic predators, such as chemical defenses, including the expression of capsule in Cryptococcus
sp. and mechanisms for iron acquisition and biofilm formation in Candida spp. Once adapted to
the intracellular environment of amoebas, these pathogens could also be protected from the action
of biocides and environmentally harsh conditions, making their survival and dissemination more
effective. Therefore, the expression of these fungal virulence traits should be also considered in the
extent to which amoeba predation could influence susceptibility to antifungal drugs. In this regard,
passage of fungi from sites inhabited by birds in amoeba reduced their susceptibility to amphotericin
B [84]. Although the mechanism for this effect is uncertain it is possible that adaptation to amoeba is
associated with metabolic changes that reduce susceptibility to polyenes, highlighting how tangential
interactions in the environment can reverberate into findings of medical importance. For example,
the antibody binding to the capsule of C. neoformans triggers transcriptional changes to lipid genes
that affect the susceptibility to antifungal agents [85]. In a similar vein, the reduced susceptibility to
amphotericin b following interactions with amoeba can be an incidental result of a new metabolic state
triggered by protozoa-fungal interactions.

6. A Restatement of the Amoeboid Predator—Animal Virulence Hypothesis

The idea that animal pathogenic fungi acquired many of their characteristics for virulence
from interactions with soil protozoal is almost two decades old [5]. The origin of virulence for
the entomopathogenic fungi Metarhizium anisopliae and Beauveria bassiana has also been proposed to
involve interactions with soil amoeba selected for traits that allow survival in insect hemophytes,
which are host phagocytic defensive cells [9]. Despite its increasing acceptance and application to
other pathogenic fungi, this hypothesis has not been named. Here we propose to call the process the
‘amoeboid predator-animal virulence” hypothesis in a phrase that captures the basics of this idea.

The amoeboid predator-animal virulence hypothesis posits that constant amoeboid predation
over eons selected for fungal traits that also facilitate survival in certain animal hosts and thus confer
on those fungal species the capacity for virulence. According to this view such virulence factors in
C. neoformans as the polysaccharide capsule, melanin synthesis and phospholipase production have
protective roles in the environment that are equally adapted to protection against macrophages during
animal infection [5] (Figure 4). For Aspergillus spp., melanin and mycotoxins tripacidin, gliotoxin
and fumagillin serve similar functions during its interaction with amoeba and macrophages [18].
Although one cannot expect on-to-one correspondence in function for virulence factors with host cells
that diverged eons ago what is most salient is the overall similarities for the survival and cytotoxic
processes involved in these fungal cell-amoeba interactions.
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Figure 4. Summary of described virulence factors for three major fungal pathogens, in the context of
their importance in the interaction with macrophage (pink), amoeba (yellow) or both (orange). For both
Cryptococcus and Aspergillus spp. Several attributes have described that are important for both fungal
cell survival in both amoeba and macrophages (orange box, center). For C. albicans comparable studies
in amoeba have not been undertaken. Question marks denote uncertainty about traits specific to either
macrophages or amoeba.

A central feature of the amoeboid predator-animal virulence hypothesis is that it posits that
the capacity for virulence can emerge independent of the final host. The phenomenon was termed
“accidental virulence” in prior essays [86]. The notion that interactions with amoeba select for traits that
enhance resistance against host defense cells has now been extended to several pathogenic microbes
including mycobacteria [87] and numerous other microorganisms [12,20,88,89]. One question that
emerges from the amoeboid predator-animal virulence hypothesis is why only a small minority of soil
microbes have the capacity for animal virulence when all are presumably being selected by amoeboid
predators. One possible answer is that the capacity for virulence is a complex phenotype that requires
more traits than are needed for survival in soils and, as such, is found only in a rare microbial species.
This view was put forth as a metaphorical situation where microbes each had some ‘cards’ that
in certain combinations conferred the capacity for virulence in some situations but not others [90].
For example, the ability to cause disease in warm-blooded hosts would require thermotolerance, the
capacity to survive at higher temperatures. Another explanation could include the notion that among
the soil survival strategies available, some are more suitable for conferring the capacity of virulence
for animal hosts. In this regard a comparison of the anti-phagocytic ability of Cryptococcus spp., each
of which have capsules, found that the capsule of C. neoformans was the most effective in protecting
fungal cells against macrophages [91]. Alternatively, for some microbes the strategies used for defense
against environmental predators may be totally different from those needed to survive in animal hosts,
which may cause a fitness trade-off and result in a decrease in pathogenicity. We also need to consider
that mammals comprise only a small fraction of any environmental niche and that a focus on traits
that promote survival in mammals could miss many other attributes of virulence that were selected by
fungal interaction with soil predators that are more suitable to interact with many other potential hosts.
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