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Abstract

Our planet offers many opportunities for life on the edge: high and low temper-

atures, high salt concentrations, acidic and basic conditions and toxic environ-

ments, to name but a few extremes. Recent studies have revealed the diversity of

fungi that can occur in stressful environments that are hostile to most eukaryotes.

We review these studies here, with the additional purpose of proposing some

mechanisms that would allow for the evolutionary adaptation of eukaryotic

microbial life under extreme conditions. We focus, in particular, on life in ice and

life at high salt concentrations, as there is a surprising similarity between the fungal

populations in these two kinds of environments, both of which are characterized

by low water activity. We propose steps of evolution of generalist species towards

the development of specialists in extreme habitats. We argue that traits present in

some fungal groups, such as asexuality, synthesis of melanin-like pigments and a

flexible morphology, are preadaptations that facilitate persistence and eventual

adaptation to conditions on the ecological edge, as well as biotope switches. These

processes are important for understanding the evolution of extremophiles; more-

over, they have implications for the emergence of novel fungal pathogens.

Introduction

Environments with extreme physicochemical parameters were

thought of as being hostile until microbiologists discovered

that they are actually inhabited by a wide diversity of micro-

organisms. Organisms that survive and thrive under condi-

tions that are detrimental to the majority of other species have

become a focus of increasing scientific attention over the last

few years, with some groundbreaking discoveries of stress-

tolerating mechanisms. Extremophiles are promising models

to further our understanding of the functional evolution

of stress adaptation. Their biology widens our views on the

diversity of terrestrial life and it has come as a surprise that not

only prokaryotes but also eukaryotes have a great capacity to

adapt to extreme conditions. Particularly successful examples

can be found in the fungal kingdom. Thus, specialized fungi

have been discovered in extreme cold, dry, salty, acidic and

deep-sea habitats. How did this capacity evolve?

Comparative results of evolutionary studies have helped

us to better understand the adaptability of extremophiles.

Shared patterns in morphology, phylogeny and population

characteristics have been seen in studies of fungi from

extremely cold or salty environments. In particular, the

importance of small populations at the geographical or

ecological periphery is now better appreciated, as these can

shelter unique adaptations (Alleaume-Benharira et al., 2006;

Johannesson & Andre, 2006). In this review, we summarize

the current knowledge of the evolution of fungi that inhabit

extreme habitats. We also develop a hypothesis that can

explain this evolution of extremotolerance in fungi. In doing

so, we focus on glacial and hypersaline environments,

although we also include examples of emerging pathogenic

fungi in stress-tolerant phylogenetic lineages.

Glacial habitats

Ice in nature has long been considered as only enclosing

microorganisms that have been randomly deposited on its

surface (Ma et al., 2000). However, it is now known that

different types of ice provide environments that can support

active microbial growth and reproduction, such as for snow,

glacial ice and sea ice (Christner et al., 2000; Price & Sowers,

2004; Rohde & Price, 2007; Price, 2009). In particular,

several fungal species have been isolated in considerable

numbers from subglacial ice of polythermal glaciers (Gunde-

Cimerman et al., 2003; Butinar et al., unpublished data).
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Among these, there are cosmopolitan species belonging to

common mould genera that do not, at first glance, look

much different from isolates from elsewhere. However, a

study that included molecular analyses of Penicillium crus-

tosum populations isolated from glaciers on the island of

Spitsbergen (Svalbard, Norway) demonstrated that the

majority of these Arctic isolates cluster into two main

groups that are distinct from strains isolated in other parts

of the World (Sonjak et al., 2009). One of these groups

cannot use creatine as the sole carbon source and produces a

secondary metabolite, andrastin A, two properties never

found previously in this species (Sonjak et al., 2007a).

Another Penicillium species is closely related to the primarily

temperate Penicillium piscarium and Penicillium simplicissi-

mum, and it differs in the production of secondary metabo-

lites and in the morphology of its conidia and penicilli; it has

been named Penicillium svalbardense (Sonjak et al., 2007b).

Other potentially new Penicillium species that have also been

found in the same environment still await description

(unpublished data).

Aureobasidium pullulans is an osmotolerant black yeast

(Kogej et al., 2005) that has biotechnological importance

due to its production of pullulan (Leathers, 2003; Singh

et al., 2008). Its hyphae and yeast cells can adhere to moist

surfaces and thrive in a wide range of habitats (Webb et al.,

1999), including the phyllosphere (Andrews et al., 2002),

polluted water (Vadkertiova & Slavikova, 1995) and solar

salterns (Gunde-Cimerman et al., 2000). Recently, A. pullu-

lans has also been isolated from Arctic glaciers and from sea

water in Kongsfjorden, on Spitsbergen, Svalbard, Norway

(Zalar et al., 2008b). Aureobasidium pullulans has a relatively

broad amplitude of ecological tolerance, and it can survive

hypersaline (Gunde-Cimerman et al., 2000), acidic and

basic (Ranta, 1990; Shiomi et al., 2004) conditions, and low

temperatures and nutrient concentrations (Onofri, 1999).

Adaptations of A. pullulans to extreme environments have

been described at the molecular level (Kogej et al., 2005, 2006;

Turk et al., 2007; Gostinčar et al., 2008). Environmental stress

is mitigated by rapid dimorphic switching from small colour-

less yeast cells to thick-walled, heavily melanized, meristematic

forms (Bermejo et al., 1981). Dry cells are easily distributed in

the air (Colakoglu, 2003; Lugauskas et al., 2003). Wet cells

have a water-soluble coat of extracellular polysaccharides (Kim

et al., 2000). A multilocus phylogenetic comparison of A.

pullulans-like isolates from Arctic glaciers and their immediate

surroundings that included a worldwide selection of strains

has revealed that the globally distributed strains of A. pullulans

belong mainly to two multilocus genotypes, for which two

older varieties (var. pullulans and var. melanogenum) have

been restored (Zalar et al., 2008b). The pullulans variety was

found mostly in mildly osmotic environments, while the

melanogenum variety was isolated mainly from oligotrophic

watery habitats. Both of these varieties have also been found in

Arctic habitats. Sequence data of five molecular markers

revealed an additional genotype that was only isolated from

the subglacial ice of the Kongsvegen glacier and its immediate

surroundings. This genotype was described as A. pullulans var.

subglaciale (Zalar et al., 2008b). The existence of these three

distinct varieties is supported by considerable genealogical

congruence among the gene loci. These patterns suggest a

strictly asexual life style and reproductive isolation.

Species of the genus Thelebolus tend to be psychrophilic

(Wicklow & Malloch, 1971). Thelebolus microsporus occurs

globally in boreal climate zones, while in the extreme climate

of the Antarctic, it has evolved into two endemic genotypes;

these have a strongly reduced morphology and cannot

undergo sexual interactions. These two genotypes were

described as novel species: Thelebolus ellipsoideus and Thele-

bolus globosus (de Hoog et al., 2005a). This segregation was

explained by a loss of a bird vector and the subsequent life

under perennial ice, as follows: Thelebolus species are con-

sistently dung- or guano-associated, and thus they have an

ecological advantage as they remain close to mammal or

bird vectors for their dispersal. For this, they form sticky

ascospores that are forcibly discharged to reach the body of

the host. Conidia are not needed; they are absent from all of

these vectored species. The Antarctic species mentioned

above, however, are believed to have become trapped under

near-perennial ice in an environment without birds or

mammals. Hence, their asci degenerated and can no longer

undergo forcible spore discharge. Instead, conidia were

produced for water-borne dispersal. These dramatic me-

chanistic and morphologic changes developed over a very

short time frame, as the multilocus sequence data studied

hardly show variability (de Hoog et al., 2005a).

Saline habitats

Fungal survival and proliferation have been regarded as

improbable in hypersaline environments such as water in

evaporation ponds of solar salterns. However, studies of fungal

populations in natural hypersaline environments on several

continents have revealed the abundant and consistent occur-

rence of several specialized fungal species (Gunde-Cimerman

et al., 2000). These species are characterized by extensive and

complex molecular adaptations to low water activities and

high concentrations of toxic ions (for reviews, see e.g. Gunde-

Cimerman et al., 2005a, b; Plemenitaš et al., 2008).

Strains identified as Cladosporium sphaerospermum have

been consistently isolated from hypersaline environments

around the globe (Zalar et al., 2007). Cladosporium sphaero-

spermum is one of the most common air-borne, cosmopo-

litan Cladosporium species, and it has been frequently

isolated from indoor and outdoor air (Park et al., 2004)

and dwellings (Aihara et al., 2001), and occasionally from

humans (Badillet et al., 1982) and plants (Pereira et al.,
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2002). Although this species has also been reported from

osmotically nonstressed niches, strains that were morpholo-

gically identified as C. sphaerospermum can grow at a very

low water activity (contrary to other cladosporia; Hocking

et al., 1994). Molecular analysis has shown that C. sphaero-

spermum-like isolates were actually a complex of species.

Cladosporium sphaerospermum was thus redefined, and

seven new species from hypersaline environments have been

described. Some of these have, to date, been found exclu-

sively in hypersaline waters of solar salterns (Zalar et al.,

2007). Similarly, several new species taken exclusively from

hypersaline environments have been described for the gen-

era Eurotium (Butinar et al., 2005b), Trimmatostroma (Zalar

et al., 1999a), Emericella (Zalar et al., 2008a) and Phaeotheca

(Zalar et al., 1999b).

The black yeast-like fungus Hortaea werneckii is one of the

most halotolerant fungi, with a broad growth optimum from

1.0 to 3.0 M NaCl (Gunde-Cimerman et al., 2000), and it can

grow in nearly saturated salt solutions, as well as without

sodium chloride. Hypersaline waters appear to be its primary

ecological niche in nature, such as those found in salterns

(Gunde-Cimerman et al., 2000; Butinar et al., 2005a). Despite

the ability of H. werneckii to grow without salt, it has been

isolated only occasionally in NaCl concentrations o 1.0 M,

while at 3.0–4.5 M NaCl, this species can represent as much as

85–90% of all of the fungal isolates from salterns. Hortaea

werneckii is well adapted to environments with low water

activities through several of its traits: plasma membrane

composition, enzymes involved in fatty acid modifications

(Turk et al., 2004, 2007; Gostinčar et al., 2009), osmolyte

composition and accumulation of ions (Petrovič et al., 2002;

Kogej et al., 2005, 2006), melanization of the cell wall (Kogej

et al., 2004), differences in the high osmolarity glycerol

signalling pathway (Turk & Plemenitaš, 2002) and differential

gene expression (Petrovič et al., 2002; Vaupotič & Plemenitaš,

2007b). The only other species known to be a part of this genus

is the acid-tolerant Hortaea acidophila (Hölker et al., 2004).

All fungi described to date can grow well in media

without salt, with one known exception. Wallemia ichthyo-

phaga is the most halophilic eukaryote known and it cannot

grow in media with NaCl concentrations o 1.5 M. As only

two other species belong to the same genus, Wallemia sebi

and Wallemia muriae, this genus is extremely distinct from

all fungi known to date, and it forms an isolated lineage at

the base of the Basidiomycota tree (Matheny et al., 2006).

These three species have now been grouped into their

own class: Wallemiomycetes. Wallemia ichthyophaga has

been isolated only four times, twice from hypersaline water

and twice from salted meat. This species is phylogenetically

quite distant from W. sebi and W. muriae (Zalar et al.,

2005; Matheny et al., 2006), as these others do not show any

strong preference for NaCl; instead, they prefer high-sugar

environments (Zalar et al., 2005).

Ecological species types

According to their abilities to inhabit extreme environ-

ments, fungal species can be classified into three ecological

groups (Fig. 1):

Mesophiles do not tolerate extreme conditions (Fig. 1, a1).

Instead, they proliferate in environments with moderate

physicochemical parameters (Fig. 1, a2). Mesophilic species

are not always homogenous and they can include strains that

tolerate moderate stress (Kvitek et al., 2008), although in

nature they predominantly inhabit nonstressed environments.

Generalists tolerate a variety of stressful environments,

but not the most extreme conditions. In laboratory cultures,

generalists usually grow best under moderate conditions

(Fig. 1, b1), although in nature they are often more success-

ful in somewhat stressful environments, due to limited

competition with mesophiles (Fig. 1, b2). An example is

the above-mentioned A. pullulans, although its varieties

pullulans and melanogenum show that even generalist

species sometimes adapt by structuring their populations

into groups that are better adapted to certain types of

environments (Zalar et al., 2008b).

Specialists include species that are moderately to extre-

mely tolerant or even extremophilic (Fig. 1c). Examples here

are H. werneckii, which grows both under extreme salt

conditions and without salt, and W. ichthyophaga, which

cannot grow without salt, even under laboratory conditions.

We can therefore distinguish adaptive extremophiles with a

broad ecological amplitude (e.g. H. werneckii) and obligate

extremophiles with a narrow ecological amplitude (e.g. W.

ichthyophaga). Although it is easier to envisage that fungi

adapt to a narrow range of ecological conditions, similar to

prokaryotic halophiles (Oren, 1999), the narrow-amplitude

strategy is much rarer in halophilic fungi. However, despite

these differences, both H. werneckii and W. ichthyophaga are

found in hypersaline environments and characterized by

growth optima at extreme salinity. The ability of H. werneckii

to grow without salt is hardly used under natural conditions.

A similar pattern of adaptation to a broad amplitude of an

ecological factor occurs with respect to temperatures. As

with salinity, the growth optimum can be different from that

realized in natural habitats. For instance, rock-inhabiting

meristematic black fungi from the Antarctic show optimal

growth at temperatures significantly higher than those to

which they are usually exposed to in their natural environ-

ment (Selbmann et al., 2005).

Evolutionary specialization to
extreme habitats

We propose the following steps as the evolutionary progres-

sion to extremotolerance and extremophily (schematically

represented in Fig. 2):
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Fig. 1. Schematic representation of three different types of response to an environmental gradient of a specific physicochemical parameter (e.g. water

activity). Darker shading represents a greater ability of the organism to thrive at a specific value of the environmental gradient. (a1, b1, c1a, b) Responses

to the gradient under laboratory conditions (pure culture). (a2, b2, c2) Responses to the gradient for the range in which the organism is most successful

in nature. For simplicity, only two environmental gradients are presented. The proposed classification is as follows: (a1, a2) Mesophilic organisms

proliferate in environments with moderate physicochemical parameters. (b1) Generalists tolerate a variety of stressful environments and have a growth

optimum under moderate conditions. (b2) In nature they are often predominantly found in moderately stressful conditions, due to limited competition

with mesophiles and their inability to survive the most extreme conditions. (c1) Specialists are extremotolerant or even extremophilic species with their

growth optimum shifted towards extreme values. They are either unable to compete with species in more moderate environments (adaptive specialists,

c1a) or simply unable to survive moderate conditions (obligate specialists, c1b) and predominantly inhabit extreme habitats (c2).

Fig. 2. Schematic representation of the proposed stages in the evolution of extremophilic species: 1, Persistence: Generalistic species serve as a genetic

reservoir of potential candidates for the evolution of extremophiles. Through their tolerance to stress, the distributional limits of generalist fungal species

are usually in extreme environments. Individual organisms react within the limits of their phenotypic plasticity. 2, Adaptive radiation: When the

conditions at the ecological periphery are stable, genetic fixation of the traits that are beneficial for survival in a certain environment can follow, possibly

accelerated by fragmentation of the peripheral habitats (and the consequent bottleneck effects and genetic drift), and even through the accelerated

mutation rates. 3, Specialization: Further specialization by purification selection can shift growth optima from the ancestral ecological amplitude

towards the extremes of the ancestral ranges. In the evolutionary course, the ancestral species can become extinct or diverge too much to be still

recognized as being closely related to the specialist species.
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Persistence

Generalist species appear to serve as a genetic reservoir

of potential candidates for the evolution of extremophiles.

In vitro studies have shown that generalists are much more

likely to diversify than specialists (Buckling et al., 2003).

This is possibly aided by the so-called ‘robust genotypes’, as

defined by Agosta & Klemens (2008), which allow persis-

tence across varied environments without obligate adapta-

tion to local conditions.

Apart from the role in persistence of robust genotypes,

dispersal efficiency is probably an important determinant for

the further separation of individual populations in different

habitats. Dispersal efficiency can be species specific. A study

of Saccharomyces paradoxus showed increasing genetic diver-

gence with geographical distance at different spatial scales

(Koufopanou et al., 2006), whereas this was not seen for

Saccharomyces cerevisiae (Katz Ezov et al., 2006). Generally, we

still have limited information on the biogeographical patterns

of genetic variation in extremophilic fungi.

Through their tolerance to stress, the distributional limits

of generalist fungal species are usually in extreme environ-

ments. Fragmentation of permissive habitats at the ecologi-

cal edge can create small bottleneck populations (Bridle &

Vines, 2007) that are exposed to severe selection pressures

due to extreme physicochemical parameters. In addition,

associated organisms can contribute to selective constraints

in fungal habitats (e.g. bacteria; de Boer et al., 2008).

Without sexuality and/or gene flow, progressing genetic

drift will rapidly fix alleles in small populations that have

managed to adapt to extreme habitats. Indeed, many

extremophilic fungal species have a mainly mitotic life style.

An example is seen in the asexual A. pullulans, although even

in species with sexual cycles, small isolated populations can

diversify independently (e.g. Eurotium and Emericella spe-

cies; Butinar et al., 2005b; Zalar et al., 2008a). Phenotypic

plasticity is probably of key importance in adaptation to

new environments, as argued by West-Eberhard (2005). This

corresponds to the concept of ‘ecological fitting’, as was

recently put forward by Agosta & Klemens (2008). Persistent

ecotypes are subject to selection for genetic adaptations

(West-Eberhard, 2005), and consequently, evolutionary

radiation can take place (Agosta & Klemens, 2008).

Dothidealean black yeast-like fungi are a good example of

a group that has large phenotypic plasticity: they have thick

cell walls that include melanin, which protects them from

UV and hyperosmolar stress (Kogej et al., 2007). They are

often capable of slow meristematic growth, which possibly

enhances their ability to survive in the presence of various

stress factors (reviewed in Selbmann et al., 2005). Some of

these species produce extracellular polysaccharides that also

confer stress tolerance (Selbmann et al., 2005). Species from

this group that is characterized by tolerance to extremely

cold and salty environments also tolerate one or more of the

following: extreme temperatures (Sterflinger, 1998), desicca-

tion (Gorbushina et al., 2008), low pH (Hölker et al., 2004)

and radiation (Dadachova et al., 2007).

By fixation of the meristematic growth of small popula-

tions, these can recurrently separate from the ancestral,

phenotypically plastic, generalist species. The asexual Exophia-

la dermatitidis, for example, can transform into a meristematic

form at ultralow pH (de Hoog et al., 1994). However, several

stress-tolerant strains of this species are known to irreversibly

maintain their slowly expanding, meristematic morphology.

The same has been noted even more frequently for the related

species Exophiala phaeomuriformis (Matsumoto et al., 1986).

Meristematic and yeast-like strains do not differ in variable

loci of their rDNA (Matos et al., 2003). In other comparable

cases, some sequence divergence has been seen, which possibly

indicates incipient speciation (reviewed in Selbmann et al.,

2005). This genetic fixation and possible subsequent specia-

tion occur in geographical sympatry. However, this type of

speciation is seen repeatedly in only a few fungal orders, such

as Capnodiales, suggesting that drift leads to specific adapta-

tion only if some extremotolerance is already present (Selb-

mann et al., 2005).

The remarkable plasticity of some groups of species can be

partially attributed to cryptic genetic variation that is not

detected by sequence analysis of typical marker genes

(Schlichting, 2008). Genetic variation can remain undetected

in unstudied regulatory parts of analysed genes, and it is likely

to be expressed when an organism encounters a rare or a

novel environment (Schlichting, 2008). Furthermore, gene

copy number variations in populations appear to contribute

to the ecological fitting of fungi (Corradi & Sanders, 2006).

Fixation of gene copy numbers can then lead to ecological

specialization of lineages. These variations can leave corre-

sponding signatures in the genomes. Soanes et al. (2008)

recently showed that plant pathogenic fungi have character-

istic gene–family expansions. These interesting findings of

comparative genome analysis suggest that certain ecological

signatures can be found in the genomes of ecologically

distinct fungi. This particularly appears to affect genes that

are involved in stress response. Wapinski et al. (2007) have

shown that stress-related genes have many duplications and

losses, whereas growth-related genes show selection against

such changes. Interestingly, almost every stress-responsive

gene analysed in the extremely halotolerant H. werneckii is

present in at least two copies (Gorjan & Plemenitas, 2006;

Lenassi & Plemenitaš, 2007; Vaupotič & Plemenitaš, 2007a;

Vaupotič et al., 2007; Gostinčar et al., 2009).

Examples of the roles of isolated populations in the first

stage of adaptation have been discovered in glacial popula-

tions of P. crustosum (Sonjak et al., 2007a) and A. pullulans

(Zalar et al., 2008b), as described above. The characteristic

of a strong founder effect has been seen in both cases: the
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glacial populations were genetically homogenous and dif-

fered from populations in more moderate environments at

the molecular as well as at the morphological/physiological

level. Genetic divergence in P. crustosum was limited and

founder populations did not form distinct lineages. In

contrast, A. pullulans populations displayed significant

differences and a concordant variation at various loci. The

low divergence of P. crustosum in the few studied loci,

nevertheless, does not imply low diversification at a genomic

scale or at physiological level. One of the glacial populations

of P. crustosum showed an unusual inability to grow on

creatine as the sole source of carbon, a trait that is strikingly

similar to antagonistic pleiotropy. This latter phenomenon

was also recognized in an experimental evolution approach

as an inability to grow on a wide range of carbon sources

(MacLean, 2005). In initial growth phases, the colonies of

glacial A. pullulans are more translucent, with slow-growing

cells that are smaller than in isolates from other sources.

These characteristics easily revert after several plate transfers,

indicating a plastic response to the glacial environment with

considerable maintenance over generations (unpublished

data). Epigenetic phenomena that have been described recently

as a form of stress response in plants might be responsible for

this phenomenon (Molinier et al., 2006), but have not yet been

described in fungi.

As the environment at the ecological extremes is stressful by

definition, an increase in mutation rates as a stress response

can play a fundamental role in adaptation to new conditions.

This response has been seen in a variety of organisms, in the

laboratory as well as in the wild strains of, for example,

Escherichia coli (Rosenberg et al., 1998; Bjedov et al., 2003;

Hastings et al., 2004), S. cerevisiae (Heidenreich et al., 2003)

and Caenorhabditis elegans (Rosenberg & Hastings, 2004).

Freezing can increase the mutation rates of mtDNA in

S. cerevisiae (Stoycheva et al., 2007), and even activate retro-

transposons (Stamenova et al., 2008). The inherited sponta-

neous mutation rates in Penicillium lanosum and Aspergillus

niger correlate to the levels of stress in the environment they

were isolated from (Lamb et al., 2008). These data suggest that

the mutation rate is an important and adaptable feature.

Adaptive radiation

If conditions at the ecological periphery of a species are

stable, the above processes will potentially lead to genetic

divergence of their respective populations. It is therefore

interesting that most extremotolerant fungi do not produce

fertile, meiotic structures and can diverge as asexuals. Thus,

divergence is enforced by the cessation of gene flow from

other subpopulations.

This speciation might have occurred in the genus Thelebo-

lus, as described above (de Hoog et al., 2005a). In hypersaline

environments, no less than seven new C. sphaerospermum-like

species have been found (Zalar et al., 2007), among several

other new species (Zalar et al., 1999a, b, 2008a; Butinar et al.,

2005b). The abundance of emerging and specialized species in

stress-tolerant groups might be the result of colonization and

pronounced persistence in the isolated peripheral environ-

ments, until the dispersal of genetically adapted strains

becomes effective. Divergence of species is characteristic of the

initial phase of adaptive radiation (Gavrilets & Losos, 2009).

We think that diversification at this stage is significant even

when the fungus only maintains asexual propagation. Mitotic

recombination in asexual species can accelerate adaptation and

drive diversification, as shown by Schoustra et al. (2007). Some

models, however, show that small peripheral populations can

indeed benefit from a moderate gene influx, as it opposes the

detrimental effects of genetic drift and increases the probability

of the introduction of fit alleles from the core population

(Alleaume-Benharira et al., 2006). Several studies have revealed

strong positive correlations of diversity and stress under

conditions near the edge of life, and it has been suggested that

increases in the mutation rate, recombination and gene con-

version ensure higher levels of genetic diversity, providing

greater potential for genetic adaptation (Nevo, 2001; Kis-Papo

et al., 2003). However, at the extreme limits of life, genotypic

diversity declines (Kis-Papo et al., 2003).

Specialization

Further specialization by purifying selection can shift growth

optima from the ancestral ecological amplitude towards the

extremes of the ancestral ranges. In the evolutionary course,

the ancestral species can become extinct or can accumulate

enough differences such that it is not regarded as being closely

related anymore.

The evolutionary fate of specialists is not clear. Emerging

empirical evidence suggests that specialist species of plants

and animals are declining throughout the World, due to

habitat loss (reviewed in Devictor et al., 2008). Specialists

are expected to be negatively affected by landscape distur-

bance, as natural selection has favoured their development

in stable environments. To date, no such data exist at the

level of microorganisms. However, it is possible that they

escape the detrimental conditions more easily than organ-

isms with a more complex organization (such as plants) by

switching their biotopes (e.g. substrates or hosts) to main-

tain physicochemically similar microecological situations.

This recalls the law of relative habitat constancy, originally

described in plant ecology (Walter & Walter, 1953). For

example, diverse black fungi commonly colonize lichens in

dry habitats (Harutyunyan et al., 2008). Also, veins of liquid

water that perforate glacial ice can contain significant

concentrations of ions expelled during ice formation (Price,

2000), while the freezing itself reduces the water activity

(Price, 2009), thus making glacier veins, in this way, similar
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to hypersaline environments. Indeed, studies have shown

significant overlap of fungal diversity between both environ-

ments (Gunde-Cimerman et al., 2003). One of the species

that inhabits both salterns and glaciers is Cladosporium

halotolerans (Zalar et al., 2007), which is also found in

osmotically similarly stressful habitats in bathrooms (un-

published data). Associated extremophilic bacterial com-

munities as a selective force could also affect the phenotype

of fungi (e.g. Schroeckh et al., 2009). These biotope switches

are perhaps of great, and so far poorly explored, importance

in the evolution of microorganisms. We might discover new

close relatives of apparently isolated and specialized micro-

organisms by screening uncommon habitats. This might

well be the case for the very distinct lineage of the enigmatic

and fundamentally extremophilic W. ichthyophaga. Imagi-

native environmental sampling should shed additional light

on the evolution of extremotolerant fungi.

Other possible examples of biotope switching and habitat

constancy could be envisioned in the context of the emerging

pathogens. The role of unexpected reservoirs of opportunistic

human pathogens among bacteria has been highlighted

recently (Berg et al., 2005). Although we rarely think about it

as such, the warm-blooded animal body and skin represent an

extreme environment for microorganisms, with elevated

temperatures and salt levels, as well as mechanic stress. A

pathogen must also successfully counteract the host immune

responses, as well as other defence strategies. It has already

been proposed that the human pathogenicity of fungi is

associated with moderate osmotolerance at the order level

(de Hoog et al., 2005b). Generalistic fungal groups with

suitable preadaptation or exaptation might therefore represent

a pool of potential medically important fungi, which might

readily switch from environmental niches to human bodies

(e.g. Badali et al., 2008; Li et al., 2008).

Conclusions

We have proposed an order of events that can explain the

adaptive processes that allow life in environments hostile to

most organisms. Understanding the evolution of microor-

ganisms in extreme environments will increase our basic

knowledge of evolutionary processes and allow a better

evaluation of the potential ecological consequences of

environmental changes and human health.

If, as we believe, extreme environments are important for

evolutionary processes, human activities may influence

biodiversity even more than previously thought. Peripheral

environments, from Arctic glaciers to deserts, are those that

are most influenced by climate changes. Their populations

are more vulnerable, due to their small size and fragmenta-

tion. After millennia of microbial evolution, the stability of

these fragile environments is threatened. The consequences

of this disruption are still unpredictable.
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