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1. Introduction

It is a general belief in mycology that fungi growing on substrates with low water activity
display a general xerophylic phenotype (Northolt et al., 1995), determined primarily by
the water potential of the medium rather than by the chemical nature of the solute
(Hocking, 1993; Pitt and Hocking, 1997). Therefore fungi are considered xerophilic if
they grow well at water activity (ay) of 0.85 or less, corresponding to 17% NaCl or 50%
glucose added to the growth medium. In contrast to obligate halophilic bacteria, only a
few species of food-borne fungi (Basipetospora halophila, Polypaecilum pisce and
Hortaea werneckii) were known to be stimulated by NaCl but without any obligate
requirement (Andrews and Pitt, 1987; Pitt and Hocking, 1997). Therefore Pitt and
Hocking (1997) concluded that there was no evidence of halophily in fungi. This
conviction remained unchallenged, until fungi as well as bacteria, able to adapt to a wide
range of salinites, were isolated from natural hypersaline environments (Gunde-
Cimerman et al., 2000; Oren, 2002) and the question how to define a halophile was
reopened.

Over the years, several definitions of halophily have been proposed. Kushner (1978)
divided microorganisms into four groups, based on the salt concentrations optimal for
their growth. Lanyi (1978) suggested the requirement for salt as the basis of halophily,
while Brock (1994) accommodated also marine microorganisms among halophiles, as
long as they required sodium ions. In his recent monograph, Oren (2002) included in his
list of halophilic microorganisms those which are able to grow above 100 g I"' salts, even
if their salinity optimum is lower.

Fungi display a halophilic behaviour different from that of the majority of halophilic
prokaryotes. Although halophilic fungi do not require salt for viability, they are able to
grow and adjust to the whole salinity range, from freshwater to almost saturated NaCl
solutions. This flexibility enables halophilic fungi to survive periods of extreme
environmental stress in a resting state. When conditions improve, they immediately
respond with increased metabolic activity, growth and propagation. Therefore Gunde-



Cimerman et al. (2000, 2005) considered fungi isolated from hypersaline environments
as halophilic if they were isolated with high frequency on selective saline media from
environments at salinities above 10% and able to grow in vitro with 17% NaCl. They
were regarded as halotolerant if they were isolated from water with lower salinities but
nevertheless able to grow in vitro with 17% NaCl.

Although halotolerance and halophily according to these definitions are uncommon
amongst fungi, truly halophilic species do exist. On the other hand, xerotolerance is
observed more frequently. Fungi able to grow with little available water are rare in lower
fungi, in the divisions Chytridiomycota and Zygomycota. For example, thraustochytrids
and labirinthulid non-filamentous fungi (Labirinthuloides minuta, Schizochytrium sp. and
Thraustocytrium sp.) have been isolated from a sandy beach of Great Salt Lake, Utah
(Amon, 1978). In the Zygomycota, Mucor hiemalis, M. racemosus, M. circinelloides,
Rhizopus nigricans, R. oryzae and R. stolonifer have occasionally been isolated from
saline soil and Mucor circinelloides and M. hiemalis from salterns (Abdel-Fattah et al.,
1977; Abdel-Hafez, 1982; Guiraud et al., 1995; Grishkan et al., 2003; Mahdy et al.,
1996; Steiman et al., 1995, 1997). In addition, Mucor circinelloides, M. racemosus, M.
spinulosus and Rhizopus stolonifer are known as food-borne fungi.

Halophily is scattered amongst the higher fungi and occurrs in several orders of the
Basidiomycota and Ascomycota (Fig. 1, Table 1). In any particular order, growth at
decreased water activity is in most cases limited to a few species or a single genus of an
order. In the orders Wallemiales, Eurotiales and Dothideales, however, halophily is
expressed in several groups of the same order that are not each others nearest
phylogenetic neighbours. This suggests that this otherwise rare property either is an
evolutionary ancient trait (plesiomorph) within these orders or that different species of
genera independently have adapted to halidic conditions. If its origin is evolutionary old,
there may be a general constitutional and physiological cellular mechanism underlying
this behaviour. In the following we will review how xerotolerance, halotolerance and
halophily is expressed in individual species.

Despite the known phylogenetic diversity of the xerotolerant fungi, we have made a
remarkable observation when we compared the distribution of xerotolerance in the fungal
kingdom with that of fungi able to invade warm-blooded animals. Table 1 compares the
occurrence of xerotolerance with opportunism in humans and animals in orders of 4sco-
and Basidiomycota. At present, a total of 106 orders of fungi are known (Kirk et al.,
2001). Tolerance of low water-activity is apparent in only ten of these (Table 2).
Pathogenicity and consistent opportunism (BioSafety Levels 2 or 3; de Hoog et al., 2000)
are also found in ten orders. A further twelve orders include species with low or
insignificant pathogenicity, shown in occasional infections and therefore regarded as
BSL-1 (de Hoog et al., 2000). Table 2 lists the orders with species proven to belong to
BSL-2 or 3. Both properties, i.e. consistent xerotolerance as well as consistent invasive
ability, are uncommon in the fungal kingdom. Nonetheless, the two lists show total
overlap: eight orders with xerotolerance also contain opportunistic fungi of BSL 2-3,
while the remaining three contain occasional opportunists (BSL-1). This strongly
suggests that the genetic backbone of each of these eight orders encodes properties that
are useful for both life strategies. Focusing on individual species, we notice, however, a
dual tendency. With only a few exceptions discussed below, species exhibiting
xerotolerance have no BSL attribution at all or belong to BSL-1 (Table 1). BSL-1
species have either never been encountered in medical mycology, or morbidity was



insignificant, coincidental or extremely rare). Thus, the eight orders of fungi including

xerotolerant and opportunistic species respectively strongly coincide.

However, the

individual species within these orders nearly always have only one of the two properties.
Thus, at the species level, xerotolerance and pathogenicity seem to be mutually

exclusive.
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Figure 1. Phylogenetic tree of the higher fungi (Basidiomycota and Ascomycota) based on
2229 near-complete SSU sequences, aligned with reference to Saccharomyces cerevisiae.
The tree was constructed with 1514 positions using the Neighbour Joining algorithm. Each
flag displays the number of sequences it contains. Arrows at the left indicate the presence
of Xy or Hr species, additional asterisks indicate the presence of Xp or Hp species. Arrows
at the right indicate the presence of species with BioSafety Levels 1-2, additional asterisks
indicate the presence of species with BSL-3. Saccharomycetales
Hemiascomycetes, Filobasidiales are under Heterobasidiomycetes, Polyporales are under
Hymenomycetes, and Sporidiales are under Teliomycetes.
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TABLE 2. Approximate overview of xerotolerant, xerophilic, halotolerant and halophilic

species in the fungal kingdom and their BSL.

Xero- BSL Xero- BSL
/halo- /halo-
tolerance tolerance
Wallemiales Eurotyales (continued)
Wallemia ichthyophaga Hp - \Penicillium corylophilum Xt 1
Wallemia muriae Xp - \Penicillium chrysogenum X1 1
Wallemia sebi Xr 1 \Penicillium citrinum Xr 1
\Penicillium crustosum Xr -
Filobasidiales \Penicillium cyclopium Xt -
Trichosporon mucoides Xr 2 Penicillium digitatum Xr -
Trichosporonoides nigrescens Xr - \Penicillium duclauxii Xr -
Trichosporonoides oedocephalis Xt - \Penicillium expansum Xt -
\Penicillium fagi X -
Sporidiales \Penicillium fellutanum Xr -
Rhodosporidium sphaerocarpum Xt 1 Penicillium flavigenum Xt -
Rhodotorula babjevae Xr - \Penicillium freii Xr -
Rhodotorula laryngis Xt - Penicillium frequentans Xt -
Penicillium funiculosum Xr -
Polyporales \Penicillium glabrum Xr -
Phanerochaete chrysosporium Xt 1 Penicillium herquei Xt -
Penicillium implicatum Xr -
Dothideales \Penicillium islandicum Xt -
Aureobasidium pullulans X 1 Penicillium janczewskii X -
Cladosporium sphaerospermum Xt 1 \Penicillium janthinellum Xt -
Cladosporium herbarum Xt 1 \Penicillium lanosum X1 -
Cladosporium cladosporioides Xt 1 \Penicillium manginii Xt -
Hortaea werneckii Hp 1 \Penicillium miczynskii Xt -
Phaeotheca triangularis Hp - \Penicillium melinii X -
Trimmatostroma salinum Hp - \Penicillium montanense Xt -
\Penicillium nordium X1 -
Eurotiales \Penicillium oxalicum Xr -
Aspergillus caespitosus Xt - \Penicillium polonicum Xt -
Aspergillus candidus Xt 1 \Penicillium purpurogenum Xt 1
Aspergillus carneus X 1 \Penicillium restrictum X -
Aspergillus caesiellus X 1 Penicillium rugulosum X 1
Aspergillus clavatus Xt 1 \Penicillium roqueforti Xt -
Aspergillus conicus Xt 1 \Penicillium simplicissimum Xt -
Aspergillus elegans Xt - \Penicillium sizovae Xt -
Aspergillus egyptiacus Xt - Penicillium steckii Xt -
Aspergillus flavipes X 1 \Penicillium solitum X -
Aspergillus flavus Xt 2 \Penicillium spinulosum Xt -
Aspergillus fumigatus X 2 Penicillium sumatrense X -
Aspergillus heteromorphus Xt - \Penicillium variabile Xt -
Aspergillus homomorphus Xt - \Penicillium verrucosum Xt -
Aspergillus melleus X1 - \Penicillium viridicatum X1 -
Aspergillus niger Xt 1 Penicillium waksmanii Xt -
Aspergillus niveus X 1 Penicillium westlingii X -
Aspergillus ochraceus Xt 1 \Polypaecilum pisce Hp -
Aspergillus oryzae Xt 1 Talaromyces flavus Xt -
Aspergillus parasiticus Xt - Talaromyces dupontii Xt -




Aspergillus penicillioides X - Talaromyces stipitatus X -
Aspergillus proliferans Xt - Talaromyces wortmanii Xt -
Aspergillus puniceus Xt - Weromyces bisporus Xp -
Aspergillus restrictus Xt 1

Aspergillus sclerotiorum Xt 1 Chaetothyriales

Aspergillus sydowii Xt 1 [Exophiala dermatitidis Xt 2
Aspergillus sulphureus Xt - \Exophiala pisciphila Xt 1
Aspergiluus tamarii Xt 1

Aspergillus terreus X 2 Microascales

Aspergillus tubingensis Xt - \Pseudallescheria boydii Xt 2
Aspergillus ustus Xt 1

Aspergillus versicolor Xt 1 Onygenales

Aspergillus wentii Xt - (Chrysosporium farinicola Xt -
Basipetospora halophila Hp - (Chrysosporium fastidium Xt -
Emericella nidulans X 1 (Chrysosporium inops X 1
Emericella purpurea X1 - Coccidioides immitis X1 3
Emericella rugulosa Xr - Coccidioides posadasii Xr 3
Emericella xerophila Xp - Gymnascella marismortui Hr -
Eremascus albus Xr -

Eremascus fertilis Xr - Pleosporales

Eupenicillium crustaceum Xt - lternaria mouchaccae X1 -
Eupenicillium egyptiacum Xt - \Dendryphiella salina Hr -
Eupenicillium sinaicum Xt - Ulocladium chlamydosporum Xt -
Eurotium amstelodami X 1

Eurotium chevalieri Xt 1 Saccharomycetales

FEurotium desertorum Xp - Candida famata Hp 1
Eurotium echinulatum X1 - Candida magnoliae X1 -
Eurotium halophilicum Xt - Candida parapsilosis Xt 1
Eurotium herbariorum X1 1 Candida scottii X1 -
Eurotium medium Xr - Candida versatilis Xr -
Eurotium minor Xt - Wetschnikowia bicuspidata X1 -
Eurotium intermedium Xr - \Pichia farinosa Xr -
Eurotium repens Xr 1 \Pichia membranifaciens Xr -
Eurotium rubrum X - \Pichia sorbitophila X -
Eurotium umbrosum Xr - \Pichia guilliermondii Xr 1
Penicillium adametzi X1 - ISchizosaccharomyces pombe X1 -
Penicillium albocoremium Xt - Vygosaccharomyces rouxii Xp -
Penicillium antarcticum Xt - Vygosaccharomyces lentis Xp -
Penicillium aurantiogriseum Xt 1 Yarrowia lipolytica Xt 1
Penicillium brevicompactum Xt 1

Penicillium charlesii X -

Xt = Xerotolerant; Xp = Xerophilic; Hr = Halotolerant; Hp = Halophilic. NB: most species
are attributed to any of these categories on the basis of their general ecology, as growth
curves at different levels of water activity / salinity have not been established.

2. Basidiomycota

2.1. FILOBASIDIALES, TREMELLALES, TRICHOSPORONALES

The small genus Trichosporonoides and its relative genus Moniliella comprise species
(de Hoog, 1979) associated with industrial production of lipids and acids (Dakin and




Stolk, 1968). Trichosporonoides contains one species inhabiting pollen (Haskins and
Spencer, 1967), and one from jelly (Hocking and Pitt, 1981). The genus was recently
revised by de Hoog and Smith (1998), but the exact phylogenetic relation between
Trichosporonoides and Moniliella has not yet been established. Members of the genus
Trichosporonoides are too rare, both in nature and in the human-dominated environment,
to speculate on any evolutionary tendencies. A relationship between these two genera
and Cryptococcus (Filobasidiales / Tremellales) may be surmised. In Cryptococcus
several species are known to occur in the osmotic environments of e.g. flower petioles
(Sriburee et al., 2004) and in seawater (Nagahama et al., 2003b). Several species of
Cryptococcus are known from the Antarctic (Vishniac and Onofri, 2003) and have been
isolated with high frequency from the ice of polythermal glaciers in the Arctic (Gunde-
Cimerman et al., 2003). Pathogenic potential is particularly found in the neurotropic
Cryptococcus neoformans complex, which has an environmental niche in, among others,
dried bird faeces (Gokulshankar et al., 2004).

TABLE 2. Correspondence of ability to tolerate low water activity* and invasive potential
in humans among the 106 currently recognized' orders of the fungal kingdom.

Halo- / xerotolerant: Minimum A,*:  Medically Highest BSL level®
significant:
Wallemiales 0.77 Wallemiales 1
Filobasidiales 0.90 Filobasidiales 2
Sporidiales 0.90 Sporidiales 1
Polyporales 0.90 Polyporales 1
Dothideales 0.80 Dothideales 1
Eurotiales 0.80 Eurotiales 3
Onygenales 0.90 Onygenales 3
Saccharomycetales 0.80 Saccharomycetales 2
Microascales ? Microascales 2
Chaetothyriales ? Chaetothyriales 3
Pleosporales ? Pleosporales 2
Sordariales ? Sordariales 2
Hypocreales ? Hypocreales 2
Ophiostomatales ? Ophiostomatales 2

*Most species are attributed to any of these categories on the basis of their general ecology,
as growth curves at different levels of water activity / salinity have not been established.
'According to Kirk et al. (2001).

*Estimate, adapted from Pitt and Hocking (1997).

*Adapted from de Hoog et al. (2000).

The arthroconidial yeast Trichosporon mucoides was frequently isolated from
hypersaline water of the salterns and the Dead sea (Butinar et al., 2005b). Trichosporon
was recently segregated from the Filobasidiales / Tremellales on the basis of 26S rRNA
gene phylogeny to be classified in the new separate order Trichosporonales (Scorzetti et
al., 2002). Trichosporon contains mainly soil-borne species and human opportunists.
Interestingly, several species are the exclusive agents of human white piedra, referring to



fungal colonization of mainly pubic and axillary hairs (Guého et al., 1992), which can be
regarded to be a low a,, environment due to drying transpiration.

2.2. POLYPORALES

This order contains the single xerotolerant species Sporotrichum pruinosum, previously
referred to as Chrysosporium xerophilum (Boekhout et al., 1989). The species is
occasionally found on foodstuffs (Kinderlerer, 1997). It is the anamorph of
Phanerochaete chrysosporium, which is one of the very few filamentous basidiomycetes
with some invasive potential in warm-blooded animals (de Hoog et al., 2000).

2.3. SPORIDIALES

Rhodosporidium, Leucosporidium and Sporidiobolus are teleomorphs of several species
of Rhodotorula and Sporobolomyces. Frequently isolated red yeast species are several
Rhodotorula species from the deep sea and marine sediments (Nagahama et al., 2003a).
The Rhodotorula glutinis and R. minuta species complexes are occasionally found in a
clinical setting, but their virulence is low (de Hoog et al., 2000). Rhodosporidium
sphaerocarpum, R. babjevae and Rhodotorula laryngis were repeatedly isolated from
hypersaline water of salterns (Butinar et al., 2004b). Leucosporidium is consistently
isolated from Antarctic marine waters (Fell et al., 1998).

2.4. WALLEMIALES

This order was recently introduced to accommodate the single genus Wallemia, a
phylogenetic maverick in the Basidiomycota (Zalar et al., 2005). The genus contains
only three species, all frequently involved in food spoilage. Members can be isolated
from sweet (fruits, jams, cakes, pure sugar), salty (fish, meat, peanuts), or dried food
(Samson et al., 2002). In nature they inhabit desiccated fruits and sea fish, and are
common in hypersaline evaporation ponds at the Mediterranean, the Caribbean, as well
as from the Dead sea (Wasser et al., 2003; Zalar et al., 2005). It is remarkable that the
entire genus Wallemia, and therefore the entire order Wallemiales, are xerophilic or
xerotolerant. Because of having their growth optimum in media with additional solutes
and showing no growth without them, two out of three Wallemia species are considered
to be xerophilic rather than xerotolerant. Wallemia ichthyophaga still shows growth at a
water activity of 0.77, equivalent to 32% NaCl. It grows better with salt than with other
solutes. Wallemia ichthyophaga is one of the most halophilic fungi known to date.

The combination of xerotolerance with human-opportunism is questionable in
Wallemiales. Wallemia sebi infection (= ‘hemisporiosis’, named after the synonymous
species Hemispora stellata), has only been reported in older literature, before the fifties
in the previous century. Infections were reported to be cutaneous or subcutaneous,
without specific clinial features. Indeed, the identity of one of these strains, CBS 196.56,
has never been verified as W. sebi (Zalar et al., 2005). It is remarkable, however, that no
modern case of any Wallemia infection has been reported after 1950. The cases all
occurred well before the emergence of immunocompromised patients. We therefore
doubt whether these cases were really caused by W. sebi as primary etiologic agent, and
prefer to omit the Wallemiales as an order with dual behaviour. The group is
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characteristic in its preference of environments with low water activity, but it is unlikely
to have an opportunistic potential.

3. Ascomycota
3.1. DOTHIDEALES

Remarkably, nearly all dothideaceous species growing at low water activity are
halotolerant or halophilic (Table 1), whereas outside the Dothideales this property is rare.
The natural habitat of the species concerned is the hypersaline coastal salterns worldwide
(Butinar et al., 2005¢). These fungi are practically unknown in non-natural environments
— not even on salted fish such as their halophilic counterparts in Eurotiales and
Wallemiales. Apparently the ecology of these fungi is not solely based on tolerance of
high salt concentrations, and this is further evidenced by the properties of Hortaea
werneckii (Petrovi¢ et al., 2002). This species is the dominant fungal halophile in
hypersaline evaporation ponds (Gunde-Cimerman et al., 2000; Zalar et al., 1999), and the
only one causing human tinea nigra, a characteristic type of colonization of human hands
(Severo et al., 1994). This disorder is caused by non-invasive colonization of the salty,
dead keratin-layers of the hands of hyperhydrotic individuals after prolonged desiccation
in the sun at the beach (Géttlich et al., 1995). These patients placed their exceptionally
salty hands in seawater and particularly the hypersaline evaporation ponds around the
world (Zalar et al., 1999). Hortaea werneckii seems to have taken accidental advantage
of the environment of the human skin which is very different from its natural habitat, but
resembles it in one essential regard, high salinity. This dependence of crucial factors
enables a fungus to make an enormous ecological leap which might be the starting point
for a process of sympatric speciation. However, the tinea strains do not show any further
transmission and thus this new niche is an evolutionary dead end. The fungus is easily
removed with ointments dissolving dead keratinous material (Rippon, 1988) and thus
should not be regarded as a clinical problem. Therefore, it has been recommended to
lower the biosafety level of this fungus to BSL-1 (de Hoog et al., 2000). Remarkably,
two related species of H. werneckii with very similar ecology, viz. Phaetotheca
triangularis and Trimmatostroma salinum, are not known as etiologic agents of human
tinea nigra. Perhaps H. werneckii is exceptionally versatile, as it is widely dispersed in
seawater-related environments and is also found on salty hands and in house-dust (Zalar
et al., 1999).

The order Dothideales has a xerotolerant tendency as it contains a large number of
extremotolerant species growing as epilithic or cryptoendolithic species at high
temperature, such as on Mediterranean marble (Wollenzien et al., 1996), at low
temperature in Antarctic sandstone (Selbmann et al., 2005) and Arctic glacier ice
(Gunde-Cimerman et al., 2003). Nearly all species are heavily melanized, have thick cell
walls, and frequently exhibit a meristematic, isodiametric type of thallus expansion,
leading to highly resistant cell clumps (Sterflinger, 1998). Aureobasidium pullulans is an
ubiquitous xerotolerant fungus on honeydew, and at lower environmental salinities in
saltern evaporation ponds. It is common as well in the artificial environment on low-
nutrient, moist surfaces such as glass where it exhibits its xerotolerant, meristematic
ecotype (Schabereiter-Gurtner et al., 2001). Aureobasidium pullulans is a typical
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opportunist in causing insignificant, cutaneous infections after trauma in otherwise
healthy patients. It very rarely shows systemic dissemination and only if the patient is
severely immunocompromised (de Hoog et al., 2000). This species occurs commonly on
damp inert surfaces such as stone, glass and metal including medical instruments.

Most members of the genus Cladosporium (section Cladosporium; David, 1997)
have a cosmopolitan distribution as ubiquitous decomposers of dead plant material
(David, 1997), therefore they are commonly found in indoor and outdoor air. Contrary to
the ubiquitous distribution of saprobic Cladosporia, some species were consistently
isolated from specific, extreme environments of salterns and salty lakes worldwide and
they represented the most common and frequent fungal taxa in various hypersaline
environments (1000-3600 CFU 1" for hypersaline saltern water) (Gunde-Cimerman et al.,
2000). Cladosporia were reported from wood immersed in hypersaline water of Great
Salt Lake in Utah, they were isolated from saline soils and salt marshes, the phylloplane
of Mediterranean plants and the rhizosphere of halophytic plants (references after Gunde-
Cimerman et al., 2004). The halotolerant Cladosporium saltern community was found to
be composed of mainly two round-spored species, C. sphaerospermum, and a possibly
new, yet undescribed species (Zalar et al., 2001). Common, frequently air-borne
saprobic species, such as C. herbarum and C. cladosporioides were also detected, but
showed only mild halotolerance, expressed as an ability to grow in the presence of 5%
additional NaCl. Human Cladosporium infections are extremely rare, and all species
reported from clinical cases are listed as BSL-1.

3.2. EUROTIALES

Tolerance for high salt concentrations is a property found in many members of
Eurotiales. When a survey was made of the NaCl tolerance of 975 species of terrestrial
fungi selected from the major taxonomic classes, species of Penicillium and Aspergillus
were notably the most resistant, with the majority of their species able to grow in the
presence of 20% or more of NaCl. Over 70% of the Penicillia could tolerate 20% NaCl
and more than half survived at 25% or greater concentrations. The aspergilli appeared to
be somewhat less tolerant; nevertheless, about 70% could tolerate 20% NaCl and nearly
half survived at 25% (Tresner and Hayes, 1971). The teleomorphs in Emericella,
Eupenicillium, Eurotium and Talaromyces were all represented in saline soil, arid areas
and salt marshes, in the ectorhizosphere-rhizoplane zone of different halophytic plants
(El-Morsy, 1999).

In the Eurotiales xero- and halotolerance are recurrent phenomena (Table 1). To
date, eleven species are known to be xerotolerant, three xerophilic, and two show better
growth with salt than with any other solute (Butinar et al., in press). The species listed
are located in remote clades within the order. Thus it is likely that growth and survival of
low levels of water activity is a main, plesiomorphic trait shared by the entire order.
Indeed, although the natural ecology has not been established for every individual
species, we note that numerous taxa originate from desert soil, brines, desiccated fruits in
arid climates, dry bird and bat guano, and similar substrates. In the human-dominated
environment they are among the main spoilage organisms of food products (Pitt and
Hocking, 1997). Since, however, foodstuffs are basically derived from nature, despite
the addition of salts and sugars for presevation no dramatic shift in ecology is apparent.
But the Eurotiales are also among the predominant indoor fungi as highly successful
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colonizers of surfaces after slight moistening, and are able to inhabit a wide variety of
toxic compounds such as paint, tannins and industrial fluids. Under such conditions they
are frequently encountered as near-monocultures, underlining their successful occupation
of these new habitats. It thus can be stated that the human-dominated environment has
provided an enormous potential for growth and dispersal of such fungi. They have
emerged with clonal offshoots, while related species that still inhabit their original
stressed habitats mostly exhibit their teleomorphs (Grishkan et al., 2003).

The result of the introduction of new environments for rapid reproduction may
explain the repeated loss of teleomorphs in some groups of eurotialian fungi (LoBuglio et
al., 1993). The sudden preponderance of clonality has certainly led to natural selection
of genotypes that are more suitable for survival in the indoor environment. Therefore, in
Eurotiales accelerated evolution is expected in those species that are successful
colonizers of the indoor environment.

The genus Eurotium is the teleomorph genus for Aspergillus sections Aspergillus
and Restricti, that have a xero- and halophilic preponderance (Pitt and Hocking, 1997).
These species are common in a diversity of substrates with low water activity including
saline environments. Members of the genus have been reported to live in concentrated
salt or sugar solutions at a,, as low as 0.75 (Martin et al., 1998). The genus Eurotium has
been reported both in arid and saline soils. Six different species of the known
teleomorphic food-borne xerophilic genus Eurotium were repeatedly isolated in a
mycodiversity study of hypersaline waters. At salinities above 17% NaCl, E.
amstelodami was detected most consistently, followed by E. repens and E. herbariorum.
Spatiotemporal frequency of occurrence and in vitro determined adaptive ability of
propagules to survive a prolonged exposure to hypersaline conditions indicate that E.
amstelodami, E. herbariorum, and E. repens contribute to the indigenous fungal
community in hypersaline water environments (Butinar et al., 2005a).

The genus Aspergillus and its teleomorphs currently contains 254 accepted species
(Pitt et al., 2000). It can be divided into three main groups (Peterson, 2000b). The first
group contains species that are particularly xerotolerant and associated to the
teleomorphic genera FEurotium, Chaetosartorya, Petromyces, Neopetromyces and
Fennellia. Species in Chaetosartorya are also highly xerotolerant, but it is only the
anamorphic taxon Aspergillus wentii that has been repeatedly reported from low water
activity environments. The second group comprises the ascomycete genera Emericella
and Sclerocleista and the third contains species associated to the ascomycete genera
Neosartorya and Neocarpenteles.

Species in the genera Petromyces (anamorph Aspergillus section Flavi),
Neopetromyces (anamorph Aspergillus section Circumdati or formerly the Aspergillus
ochraceus group) (Frisvad and Samson, 2000) and Aspergillus section Nigri are all
common at low water activity conditions, especially in warmer climates. Species
associated with the genus Fennellia (anamorphs Aspergillus sections Flavipedes, Terrei,
Candidi and Cervini) are less frequent in dry habitats, but species such as A. flavipes, A.
terreus and A. candidus are quite common in haline environments.

Species in Emericella and its anamorphs Aspergillus sections Nidulantes,
Versicolores and Usti are common in marine environments and in dry foods and other
low water activity environments. Emericella nidulans, A. versicolor and A. sydowii are
particularly common in salterns. The thermophilic genus Neosartorya with the
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anamorph Aspergillus section Fumigati is common in self-heated plant waste and also in
desert soil. 4. fumigatus is found repeatedly in salterns (Tep$ic et al., 1997).

The genus Penicillium is associated to two teleomorph genera, Fupenicillum and
Talaromyces. Eupenicillium is rather closely related to Aspergillus in a phylogenetic
sense, while Talaromyces with its associated anamorphs in Penicillium subgenus
Biverticillium may be a distinct genus closer to Byssochlamys and Thermoascus
(Peterson, 2000a; Pitt, 1979; Stolk and Samson, 1972). Eupenicillium is uncommon in
saline environments, but its Penicillium anamorphs are frequently food-borne (Frisvad et
al., 2000) and soil-borne (Christensen et al., 2000). Many species in subgenus
Penicillium grow well in salted foods, especially species in series Chrysogena, Olsonii,
Viridicata, Verrucosa, Camemberti, Expansa, Solita and Urticicola (Frisvad and
Samson, 2004). Many members of the soil-borne Penicillium subgenus Furcatum are
also recovered from saline environments.

Species in the teleomorph genus Talaromyces in general thrive at higher water
activities than Fupenicillium (Andersen and Frisvad, 2002; Pitt and Hocking, 1997).
However, some species that have been recovered from haline environments are classified
in Talaromyces and associated Biverticillia: T. flavus, P. funiculosum, P. islandicum, P.
purpurogenum and P. variabile.

The Eurotiales is also one of the most significant orders with respect to
pathogenicity to humans. It contains the biverticillate species Penicillium marneffei,
which is a BSL-3 pathogen emerging at very high frequency in the AIDS-patients of
Southeast-Asia (Ukarapol et al., 1998). It produces a unique pathogenic phase, with
arthroconidia actively reproducing within phagocytes and subsequent dormancy in
healthy bamboo rats (Chariyalertsak et al., 1996). The infection kinetics of P. marneffei,
with endogenous reactivation at the moment of impairment of acquired cellular
immunity, is identical to that of established systemic pathogens such as Coccidioides
immitis and Histoplasma capsulatum (Schaffner, 1989). Its natural environmental niche
is hitherto unknown with certainty, because all attempts to isolate the fungus from
directly soil or air have failed, although PCR-based tests are positive (Vanittanakom et
al., 2002). Penicillium subgenus Biverticillium contains a large number of thermophilic
species from dry, heated soil. Outside P. marneffei more species are encountered that
have a pathogenic potential for humans and animal (G.S. de Hoog and R.A. Samson,
unpublished data). The origin of AIDS-association in Biverticillium is hitherto not
understood. In the second main group of potential human-invaders, the Aspergillus
section Fumigatii with its Neosartorya teleomorphs, a compromised innate immune
system is a necessary condition for infection. Hence, such species are associated with
e.g. leukemic patients and transplant recipients, and are rarely observed in AIDS patients
(de Hoog et al., 2000). In contrary A. fumigatus is extremely common during self-heated
phases of composting of plant material (Géttlich, 1995) and is ubiquitous in outside air.
In susceptible humans it causes a typical inhalation mycosis, whereby colonization and
invasion are usually accompanied by an allergic response from the host. P. marneffei
and A. fumigatus / A. flavus thus are ecologically fundamentally different.

3.3. CHAETOTHYRIALES

This small order of black yeast-like fungi and their teleomorphs (genus Capronia) is
exceptional in the fungal kingdom in comprising a wide diversity of opportunistic human
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pathogens. Slight xerotolerance is expressed in the fact that particularly the species with
capsulate yeast cells (Exophiala dermatitidis and E. spinifera) are regularly encountered
on sweet surfaces of fruits and flowers (G.S. de Hoog, unpublished data), and thus
exhibit a dual tendency as observed in Cryptococcus above. Numerous species are
oligotrophic, living e.g. in drinking water, while some are particularly found in sea water
and are opportunists of fish. FExophiala dermatitidis is associated with human cystic
fibrosis (Haase et al., 1991; Horr¢ et al., 2004), a genetic disorder in the transmembrane
conductance regulator gene (CFTR) leading to a high degree of salt excretion in lungs,
intestines and on the skin. The mucous lungs of a significant percentage of CF patients is
asymptomatically colonized with this otherwise uncommon fungus. Its natural niche
probably is in association with tropical frugivorous birds and bats, while the fungus goes
through a habitat shift in the human environment by occurrence in a high frequency in
human bathing facilities (Matos et al., 2002). The frequencies of two main genotypes in
natural and artificial environments are different (M. Sudhadham and G.S. de Hoog,
unpublished data). CF patients probably acquire their infection from this pre-selected set
of strains in the steam bath or ordinary bathrooms. Humans are colonized by a genotype
that is rarely encountered in nature. This selection must be based on strains being
differentially predisposed to survival in the human environment, and thus may be
accompanied by changes in infectious ability. The trigger for this speciation process may
be linked to the species’ halotolerance.

3.4. MICROASCALES

The order contains a single species exhibiting halotolerance, Pseudallescheria boydii. In
vitro it tolerates 5% additional NaCl (de Hoog et al., 1994). This property enables the
fungus to reside in somewhat osmotic environments such as dry bat facces (Ajello et al.,
1977) and bird guano at their roosting sites (Brandsberg et al., 1969). It occurs in
brackish and salt water, such as submerged wood in estuaria (Kirk, 1967), tide-washed
areas and marine soil (Dabrowna et al., 1964; Pawar et al., 1963). This natural ecology
predisposes the fungus for colonization of the mucous lungs of patients with cystic
fibrosis (Cimon et al., 2000), very similar to the black yeast Exophiala dermatitidis
mentioned above. Also P. boydii passes through a selective step during the transition
from nature to the human-dominated environment, which is agricultural soil and polluted
ponds (de Hoog et al., 1994). It is presently one of the important opportunistic,
potentially fatal agents in the immonocompromised patients. It causes death with a
frequency of 1:1000 in transplant recipients (Nucci, 2003) and 4:1000 in patients with
hematological malignancies (Pagano et al., 2001). Its invasive potential is not emerging
with this recent hospitalized patient population, but the fungus always has been a major
cause of traumatic infection in otherwise healthy hosts, e.g. in mycetoma (Kemper, 2000)
and arthritis (Ginter et al., 1995).

3.5. ONYGENALES

Several Chrysosporium species grow on dry foodstuffs, particularly C. farinicola having
an optimum near a,, 0.93. They grow poorly on media in which the controlling solute is
something else than sugars. Species of the genus Gymnascella, such as G. dankaliensis
and G. hyalospora naturally inhabit dung and soil including saline and desert soil
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(Deshmukh, 2002). G. marismortui is found in water of the Dead Sea and was never
recorded on other localities. It grows optimally at NaCl concentration between 3 and
10% NaCl (Buchalo et al., 1998).

The order Onygenales comprises the the main families of human-pathogenic fungi:
viz. the Arthrodermataceae with the dermatophytes on humans and other mammals, and
the Onygenaceae with the systemic pathogens such as Histoplasma and Coccidioides.
Most species, cutaneous as well as systemic, are viewed upon as true pathogens, since
they are poorly affected by the intact innate immune system but are typically controlled
by acquired cellular immunity (de Hoog et al., 2000). The systemic species show
endogenous reactivation when the acquired immune system is impaired, such as in the
case of AIDS (Schaffner, 1989). The systemic species have a double life cycle,
involving an invasive phase in an animal vector, and an environmental phase. The
xerotolerant environmental phase resides in habitats that are hostile to most fungi,
namely dried bat dung and guano in the case of Histoplasma (Lyon et al., 2004) and
salty, alkaline desert soil in the case of Coccidioides (Maddy, 1957). Both presently
recognized Coccidioides species tolerate 8% NaCl (Fisher et al., 2002).

3.6. PLEOSPORALES

Xero- and halotolerance in this order is moderate. Dendryphiella salina is a marine
hyphomycete (Genilloud et al., 1994), although it was also recovered on driftwood
immersed in hypersaline water of the Adriatic salterns, but failed to grow at
concentrations higher than 17% NaCl in the medium (N. Gunde-Cimerman, unpublished
data). It can utilize different nitrogen compounds, has a broad pH growth range,
particularly at alkaline values and a broad temperature profile (Clipson et al., 1989, 1990;
Galpin et al., 1977). Several species of Alternaria and Ulocladium are specialized to live
in salt marsh soils in arid deserts (Ranzoni, 1968; Simmons, 1981), all having a
preponderantly meristematic phenotype.

The pathogenic potential of the Pleosporales is also moderate. Two saprophytic
Alternaria species, A. alternata and A. infectoria, are frequent cutaneous opportunists in
immunocompromised humans (de Hoog and Horré, 2002). Several species causing the
subcutaneous disorder mycetoma are also members of the Pleosporales (de Hoog et al.,
2004).

3.7. SACCHAROMYCETALES

This order of ascomycetous yeasts contains numerous species associated with sugary
plant saps and exudates. Osmotolerant yeast taxa are found mainly in the families
Saccharomycetaceae and Metschnikowiaceae. They are known from honey, pollens,
molasses, fresh and dried fruit (Prada and Pagnocca, 1997), and are associated with
sugary plant saps and exudates (Hocking and Pitt, 1997). Tolerance to high
concentrations of sugars is found in Zygosaccharomyces rouxii, Z. bailii and
Schizosaccharomyces pombe. Osmophilic Z. rouxii and Candida versatilis are used for
soya sauce fermentation. Yeasts preferring reduced a, for growth, described as
osmophilic, were known primarily as contaminants in the food industry, but they
remained largely unknown in natural low water activity habitats. Yeasts isolated from
hypersaline waters, having hemiascomycetous affinities, belong to the genera Candida,
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Debaryomyces, Metschnikowia and Pichia. Different species of the genus Pichia are
frequent saline aquatic isolates, with P. membranifaciens being the most common
(Soares et al., 1997).

Candida famata is a halotolerant food-borne yeast and a model organisms for fungal
halotolerant adaptation (Prista et al., 1997) has been found mainly in cold sea water
(Norkrans, 1966) and recently in natural hypersaline habitats, particularly salterns at the
Namibian Skeleton coast and Great Salt Lake, both exposed to low seasonal
temperatures. Xerotolerant strains usually belong to the variety famata, which is a
common contaminant of foodstuffs (Butinar et al., 2005b). The variety flareri is more
thermotolerant and known as an opportunistic pathogen on humans (de Hoog et al.,
2000).

In the waters of the Dead Sea diverse opportunistic pathogenic species of the genus
Candida were found. These included C. glabrata, C. tropicalis, C. parapsilosis and C.
krusei, occasionally known from the more polluted intertidal estuarine water and
sediments (Soares et al., 1997), but isolated for the first time from hypersaline water of
the Dead Sea (Butinar et al., 2005b). Among these only C. parapsilosis was known
previously as a food-borne.

In the waters of the Dead Sea diverse opportunistic pathogenic species of the genus
Candida were found. These included C. glabrata, C. tropicalis, C. parapsilosis and C.
krusei, occasionally known from the more polluted intertidal estuarine water and
sediments (Soares et al., 1997), but isolated for the first time from hypersaline water of
the Dead Sea (Butinar et al., 2005b). Among these only C. parapsilosis was known
previously as a food-borne halotolerant yeast, while others were not known for their
halotolerance. C. parapsilosis is frequently introduced into hospitalized,
immunocompromised patients due to biofilm formation inside catheters and on prosthetic
materials (Branchini et al., 1994; Levin et al., 1998). Candida albicans and C.
dubliniensis, which are among the main mycotic agents of disease in
immunocompromised patients, do not have an appreciable xerotolerance.

4. Discussion

The main purpose of this review is to reveal a possible link of xerotolerance with other
ecophenotypes in the evolutionary history of fungi. This idea was motivated by the
observation that xerotolerance and the ability to cause infection in humans — either
having impaired immunity or otherwise healthy — show a similar distribution at the
ordinal level in the fungal tree of life. Thus all orders including xerophilic species also
comprised human pathogens and vice versa, despite the fact that each trait is fairly rare
amongst fungal species and orders. Remarkably, however, at the species level the two
properties seem to be nearly mutually exclusive. Pronounced xerotolerance thus does not
seem to be directly associated or beneficial for pathogenicity, while lower levels of
xerotolerance are promotive. We conclude that a moderate degree of xerostress-
tolerance is likely be a plesiomorphic (ancestral) character in the orders with dual
behaviour. Better survival of environmental stress resulting from the development of
mechanisms for xerotolerance may have enhanced evolutionary fitness of environmental
pathogens with low competitive ability such as Coccidioides. Cellular mechanisms put
in action by xerotolerance are also helpful to overcome various other hostile conditions.
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Also survival from phagocytosis and subsequent killing by oxygen-radicals of the innate
immune system, cytotoxic activity from complement and killer cells, low pH, and iron
deprivation may be promoted by the dramatic response by a complex gene expression
underlying osmotic shock (Crespo et al., 2001; Gash et al., 2000). The few fungal orders
where appreciable xerotolerance is encountered share other types of stress tolerance that
are equally uncommon elsewhere in the fungal kingdom, suggesting that a general type
of stress-response underlies both types of ecology.

Immediate responses to an increase in osmolarity involves shrinking of the cell, a
loss of cell polarity, disassembly of the actin cytoskeleton, changes in the permeability of
the plasma membrane, accumulation of polyols and a temporal arrest of the synthesis of
the cell wall (Hernandez-Saavedra et al., 1995). As a consequence, shrinkage of the
cytoplasm and local redistribution of periplasmic and/or matrix cell wall material takes
place, while osmotic stress does not affect the synthesis of cell wall constituents. Cells
become more isodiametric in shape. Similar processes take place in the human-invasive
forms of Coccidioides, Exophiala and Fonsecaea as they establish themselves in the
mammal host (Kurappayil and Szaniszlo, 1997; Sun et al., 1986), triggering a change
from longitudinal to isodiametric cellular expansion. Their invasive forms consist of
isodiametrically expanding spherules and muriform cells, respectively.

A key factor in stress in clinical fungi is the ability to grow at elevated temperatures.
This property is enhanced by mechanisms such as regulation of membrane fluidity which
are also involved in xerotolerance. Changes in membrane composition and its properties
represent an important factor in the adaptation to high salinity (Russell, 1989). It seems
that salt-tolerant fungi show a broad spectrum of alterations in lipid composition as the
response to increased external salinity. Sterols and phospholipids are the two major lipid
constituents of eukaryotic membranes. Overall changes in phospholipid to sterol ratio,
changes in the degree of unsaturation of fatty acids, changes in phospholipids as well as
in membrane fluidity, have been demonstrated in salt-tolerant yeasts when exposed to
higher salinities and compared to salt-sensitive Saccharomyces cerevisiae (Turk et al.,
2004). At elevated salinities an increase in unsaturation of phospholipid-esterified fatty
acids was shown in halotolerant black yeast Aureobasidium pullulans, although changes
in the membrane fluidity over the tested salinity range resembled to that of salt-sensitive
S. cerevisiae. In both cases the membrane fluidity decreased with the rise in NaCl
concentration, while in halophilic fungi, such as Hortaea werneckii, fluidity is
maintained over increasing salt levels. Therefore it was concluded that higher membrane
fluidity is of crucial importance for halophily (Turk et al., 2004). On the other hand it
seems that at elevated temperatures changes in the membrane composition have an
oposite affect, by primarily decreasing the membrane fluidity, although very few studies
have been performed (Hazel and Williams, 1990).

Extracellular glycoproteins have been isolated from many fungi grown in media
containing elevated concentrations of salt. Glycoproteins produced under salt stress can
differ (Breierova et al., 1997a). These glycoproteins are known to be associated with the
ability of binding water and protection of water regime in the cell (Breierova et al.,
1997b).  Capsular polysaccharides of Crypfococcus delay drying processes in
environments with extremely low humidity (Aksenov et al., 1973). Extracellular
polysaccharides (EPS) of Cryptococcus have also been proven to be a major virulence
factor using animal experiments (Chang and Kwon-Chung, 1994).  Capsular
glucuronoxylomannan (GXM) down-regulates cell-mediated protective immune response
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by reducing the production of pro-inflammatory cytokines (Andrade et al., 2002). In the
black yeast genus Exophiala, the two most pathogenic species are the capsulate ones, E.
dermatitidis and E. spinifera (Yurlova and de Hoog, 2002). Remarkably, both genera
Exophiala and Cryptococcus exhibit an association with occurrence on fruits and flowers
as well as with dry bird and bat guano (Lopez-Martinez and Castanon-Olivares, 1995;
Matos et al., 2002), the common factor being decreased water activity.

Melanin is a further, additive virulence factor, in that melanin-deficient mutants are
less virulent in Cryptococcus (Noverr et al., 2004) as well as in Exophiala (Dixon et al.,
1992; Peltroche-Llacsahuanga et al., 2003). Members of the Dothideales enhance their
stress-tolerance with increased melanization (Figueras et al., 1996) combined with thick
cell walls and meristematic growth. Ultrastructural studies of the halophilic black yeasts
Hortaea werneckii, Phaeotheca triangularis and Trimmatostroma salinum cell walls
showed that the organisation of melanin granules is dependent on the concentration of
salt in the medium (Kogej et al., 2001; Ravishankar et al., 1995). The granules in the
outer part of the cell walls were loosely organised in medium without salt, but became
more densely packed as the salt concentration in the medium increased. This kind of
granular reorganisation at increased salinity was absent in xerotolerant A. pullulans.
These results suggest a potential osmoprotective role of melanin in the cell wall of
halophilic black yeasts, and a higher degree of specialization of the halophilic compared
to xerotolerant species.

The EPS-producing black yeast Aureobasidium pullulans is very common in indoor
and human-made environments, while the natural habitat predominantly is found on plant
surfaces covered with honeydew. Similarly, many Penicillium species have shifted from
natural to indoor environments and thus have made a considerable ecological leap.
Exophiala dermatitidis is rarely found in nature but has a striking prevalence in hot
steam baths (Matos et al., 2002). In all these fungi a high degree of fitness is reached in
the new environment, and transmission is efficient. This shift is likely to be
accompanied by a step of natural selection, as not all genotypes may be equally suited for
growth and dispersal in the new environment.

The phenomenon of habitat-shift is pronounced in Exophiala dermatitidis and
Pseudallescheria boydii. These species combine a (low) degree of halotolerance with an
obvious clinical potential. In E. dermatitidis a jump from frugivorous animal faeces in
the tropical rain forest to human-made steam baths is supposed (M. Sudhadham and G.S.
de Hoog, unpublished data); in P. boydii the leap possibly concerns estuarine brackish
muds to agricultural effluents (de Hoog et al., 1994). The two species have a marked
association with the salty mucus of patients with cystic fibrosis (Haase et al., 1991; Horré
et al., 2004). Accelerated evolution through an enforced process of natural selection may
be expected in these species, but the direction of evolution is unpredictable. The
selective processes take place in the human-made environment rather than in the human
host. Changes in virulence of the organism, either up or down, will be coincidental. The
result of the process may nevertheless lead to an organism that is better equipped to
infect the human host. If selection for temperature tolerance takes place, an increase in
virulence may be expected.

Fungi growing indoors have an increased probability to be traumatically introduced
into humans. However, since there is no further transmission, human infections are
evolutionary dead ends and are unlikely to have any impact on the evolution of the
fungus. The selective process apparently has led to a preponderance of genotypes that
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are coincidentally more predisposed to cause human infection, e.g. by more pronounced
thermotolerance, but that are not adaptive.

In this connection Candida famata is particularly interesting because the species
comprises two varieties, var. famata and var. flareri, that show a predilection for dry
foodstuffs and for human patients, respectively. It is tempting to speculate that in this
species two evolutionary sympatric lines have developed by either a selection in dry
environments, or in warm environments and thus leading to an entity that is better suited
for human infection.

It seems that the truly halophilic / xerophilic species, such as Trimmatostroma
salinum and Wallemia muriae are already too specialized for life in extreme ecological
niches to be able to successfully survive an ecological shift, as described above for
xerotolerant taxa. They seem to have adapted well to the special stress provided by their
highly osmotic environmental niches. Species tolerating very low-water activities (Xp
and Hp; Table 2) are consistent in their ecology, both in natural and in artificial
environments. They are unflexible from an evolutionary perspective.

Habitat-shifts can be dramatic when an environment is accidentally colonized that is
very different from the natural habitat — provided that further transmission takes place
and fitness is not impaired. The evolutionary processes accompanying sudden leaps in
ecology are conveniently monitored in artificial, human-made environments, such as
indoor environments, because these are non-existent in nature. Any fungus that is
overabundant in a fragmented artificial environment is subjected to dramatic natural
selection leading to accelerated evolution (Vandergast et al., 2004). Species with less
pronounced xero- or halotolerance (Xt and Hr; Table 2) may be more prone to evolution
in other directions.

Many X and Hrp species, particularly members of Furotiales, are found on
foodstuffs, such as dry food, dry meat or sea fish. These habitats basically consists of
materials that occur as well in nature, the main difference being that it is now being
treated for preservion and subsequently eaten by humans. The occurrence of pronounced
natural selection is thus less likely in food-borne fungi. Accelerated evolution thus is
more likely to happen as a result of natural selection after an environmntal shift. In the
case of the systemic Onygenales such as Coccidioides the shift was accompanied by a
plesiomorphic pathogenic potential, and thus has led to a process of adaptive, sympatric
evolution, whereas the possibly enhanced virulence of black yeast-like fungi is more
likely to be coincidental. The systemic Onygenales seem to have reached a high degree
of adaptation, with an eleborate ecological strategy using rodents as vectors for dispersal,
whereas the process of natural selection in indoor fungi has just begun after the
introduction of suitable habitats by humans.

5. Conclusion

If xerotolerance is regarded as a general condition to cope with general stress, presence
of properties underlying this ability provides the fungus with an armament to survive
types of stressful conditions other than decreased water activity. Low degrees of
xerotolerance therefore may mark different starting points of subsequent evolution, either
into a direction of an even higher degree of stress tolerance (e.g., Wallemia muriae), or in
another direction, leading to disruptive selection (e.g., Exophiala dermatitidis) or to
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adaptive sympatric speciation (e.g., Coccidioides immitis). A diagrammatic
representation of these evolutionary options is given in Fig. 2. Thus, xerotolerance is
likely to be the closest evolutionary origin of dual capacities observed in the fungal
orders of Table 2.

Ancestral condition: Derived condition:
Ecology: Degree of evoldionan change:
Modierate Considerabie
Herotolerance ———w Mo shift » erophily
Herotolerance #+ Shift » Matural selecton———» |n progress
Herotolerance - Shift » Sympatric adaptation

Figure 2. Diagram of hypothetical evolutionary options, with xerotolerance as a starting
point.
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