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Abstract

Fungi play irreplaceable roles for ecosystem functioning. They may adopt different lifestyles, for
example saprotrophs, symbionts or parasites: some species are cosmopolitan with a wide
distribution and others, thanks to their ecological plasticity, may adapt to harsh environments
precluded to most of life forms. In stressing conditions, their role is even more crucial for the
recycling of organic matter or favoring nutrients uptake. When the conditions become really
extreme and competition is low, fungi focus on extremotolerance and evolve peculiar competences
to exploit natural or xenobiotic resources in the particular constrains imposed by the environment.
This paper focuses on three different cases of fungal life in the extremes: hydrocarbon-polluted
sites, extremely acidic substrates, and littoral dunes, aiming to give few but significant examples of
the role of these fascinating organisms in peculiar habitats and the valuable biotechnological
potentialities of the abilities they have evolved in response to such constrains.
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example saprotrophs, symbionts or parasites: some species are cosmopolitan with a wide
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precluded to most of life forms. In stressing conditions, their role is even more crucial for the
recycling of organic matter or favoring nutrients uptake. When the conditions become really
extreme and competition is low, fungi focus on extremotolerance and evolve peculiar competences
to exploit natural or xenobiotic resources in the particular constrains imposed by the environment.
This paper focuses on three different cases of fungal life in the extremes: hydrocarbon-polluted
sites, extremely acidic substrates, and littoral dunes, aiming to give few but significant examples of
the role of these fascinating organisms in peculiar habitats and the valuable biotechnological
potentialities of the abilities they have evolved in response to such constrains.
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There is no general consensus on the definition for an extreme environment. From an
anthropocentric point of view, conditions deviating from the physicochemical parameters
supporting mammalian life are considered as extreme. However, what is “extreme” and what is
“normal” for microbes remains debatable, and the concept “extreme” may not be appropriate for
microorganisms (Gorbushina & Krumbein 1999). Search for life in extreme environments focused
for long time almost exclusively on prokaryotes, although, more recently, many eukaryotes have
been found to do extremely well under different stressing conditions. Fungi are particularly skilled
in colonizing and they persist in novel environments, use novel resources, or form novel
associations, taking advantage of the suites of traits that they carry at the time of encountering the
new condition. This process, known as ecological fitting (Agosta & Klemens 2008), works very
well with fungi due to their uncommon ecological, biological, and morphological plasticity. Fungi
may, for instance, promptly shift from one growth form to another according to the variation of
physic or chemical conditions. They adopt unicellular growth when immersed in rapidly
fermentable sugar or when they are in their infective phase, as for most human pathogens or during
vascular plant invasion; alternatively they may grow as filamentous, the “search for food” growth
form, allowing them to inspect the surroundings, or may shift to meristematic growth when exposed
to stressing conditions to optimize surface/volume ratio.

Therefore, fungi dwell in virtually all types of habitat including the extremes. They may thrive in
unusual environments (Onofri et al. 2011) which range from extremely dry and cold deserts in the
Antarctic and other very cold areas worldwide (Selbmann et al. 2005; Maggi et al., this issue),
highest mountain peaks (Selbmann et al. 2008) to deep permafrost soils (Gilichinsky et al. 2007;
Zucconi et al. 2011), geothermal and humid soils in volcanic areas (Appoloni et al. 2008), acid mine
drainages with sulfuric acid (Baker et al. 2004; Selbmann et al. 2008), or in highly alkaline sites
(Nagai et al. 1998). Life is primarily determined by the presence of water, but some fungi can also
reproduce at high salt concentration (Gunde-Cimerman et al. 2000, 2009; Gostincar et al. 2010),
under extremely low water activity.

Fungi evolved in the extremes may even tolerate stresses, overcoming the conditions of their natural
environments: black meristematic fungi are the best example for stress tolerance among eukaryotes.
Even if psychrophiles, the growth of some black fungi of the Antarctic desert is not affected after

1 h exposure 90°C (Onofri et al. 2008). Some black fungi may also survive Ultra-Violet rays (UV-
B) exposure at lethal doses, for example yeasts (Selbmann et al. 2011) or even at space conditions
(Onofri et al. 2012).

Due to their uncommon adaptability, fungi may also easily colonize in new extreme and stressful
environments created by anthropogenic activities, such as those polluted with heavy metals (Ceci et



http://www.tandfonline.com/keyword/Acidophilic%20Fungi
http://www.tandfonline.com/keyword/Alkalophilic%20Fungi
http://www.tandfonline.com/keyword/Antioxidants
http://www.tandfonline.com/keyword/Polluted%20Sites
http://www.tandfonline.com/keyword/Sand%20Fungi
http://www.tandfonline.com/doi/full/10.1080/11263504.2012.753134#CIT0024
http://www.tandfonline.com/doi/full/10.1080/11263504.2012.753134#CIT0002
http://www.tandfonline.com/doi/full/10.1080/11263504.2012.753134#CIT0045
http://www.tandfonline.com/doi/full/10.1080/11263504.2012.753134#CIT0052
http://www.tandfonline.com/doi/full/10.1080/11263504.2012.753134#CIT0041
http://www.tandfonline.com/doi/full/10.1080/11263504.2012.753134#CIT0053
http://www.tandfonline.com/doi/full/10.1080/11263504.2012.753134#CIT0022
http://www.tandfonline.com/doi/full/10.1080/11263504.2012.753134#CIT0074
http://www.tandfonline.com/doi/full/10.1080/11263504.2012.753134#CIT0003
http://www.tandfonline.com/doi/full/10.1080/11263504.2012.753134#CIT0009
http://www.tandfonline.com/doi/full/10.1080/11263504.2012.753134#CIT0053
http://www.tandfonline.com/doi/full/10.1080/11263504.2012.753134#CIT0043
http://www.tandfonline.com/doi/full/10.1080/11263504.2012.753134#CIT0026
http://www.tandfonline.com/doi/full/10.1080/11263504.2012.753134#CIT0027
http://www.tandfonline.com/doi/full/10.1080/11263504.2012.753134#CIT0025
http://www.tandfonline.com/doi/full/10.1080/11263504.2012.753134#CIT0044
http://www.tandfonline.com/doi/full/10.1080/11263504.2012.753134#CIT0054
http://www.tandfonline.com/doi/full/10.1080/11263504.2012.753134#CIT0046

al. 2012), radionuclides, and high concentrations of toxic xenobiotic compounds. Dadachova et al.
(2007) stretched considerably our imagination and isolated fungi from the highly damaged
radioactive reactor at Chernobyl, feeding on radionuclides.

Therefore, fungi not simply tolerate and survive the extremes, but, by adopting different
mechanisms, they also actively reproduce.

The contributions here reported are remarkable examples of fungal adaptation to the extremes,
highlighting the uncommon ability of these fascinating organisms looking for and exploiting new
environments, thanks to their ecological plasticity. In the long run, this process leads to the selection
of extremotolerant/extremophilic strains. Fungi evolved in natural extreme environments or in
polluted sites may be of valuable biotechnological potential for the production of extremozymes,
specific metabolites, or for their exploitation in bioremediations programs, respectively.

Fungi from polluted environments: A rich source for
bioexploitation
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Polluted sites are very selective environments, characterized by extreme conditions often hostile to
life. There, autochthonous saprotrophic mycoflora is generally poor in terms of biodiversity, but
fungal strains isolated from these environments are strongly adapted to high toxicity and extreme
physical parameters (i.e. high salt concentration and high pH). These strains are potentially useful in
biotechnological applications such as biodegradation of the pollutants themselves (Gomes & Steiner
2004; Rustler et al. 2008; Varese et al. 2011), or they can be considered as sources of important
bioactive compounds, such as specific enzymes, biosurfactants, and antioxidants, useful for
applications in medicine or food, cosmetics, and chemical industry (Adrio & Demain 2003;
Hofrichter 2010). Sources of pollution have rapidly increased with urbanization and economic
development; municipal and industrial landfills, energy power plants, refineries, and deserted mines
are some significant examples. Mixtures of hydrocarbon compounds are known to possess a
measurable toxicity toward living systems depending on their composition, concentration, and on
environmental factors. In heavily polluted areas, there is an immediate detrimental effect on life
(Steinhart & Steinhart 1972; Sikkema et al. 1995).

The autochthonous mycofloras from different polluted sites were investigated and their potential
applications for bioremediation and for bioactive compounds exploitation were analyzed. Biological
material was isolated from two polluted substrata: Italian landfill leachate in methanogenic phase
(more than 10 years old) and a hydrocarbon-polluted site. The percolation of rainwater during the
decomposition of wastes generates leachates which are among the most polluting and difficult to
treat wastewaters. Their dark color in particular remains after treatment by biological oxidation in
traditional treatment plants (Stegmann et al. 2005). The autochthonous mycoflora from a sample of
crude leachate and from an effluent originating from the biological oxidation treatment of leachates
was isolated by filtration of 100 ml sample on sterile membrane (pore size of 0.45 um) and cultured
on Malt Extract Agar (MEA) with antibiotics in 10 replicates. Then, the fungal isolates were
identified and tested in the bioremediation of wastewaters, in the presence or absence of an
additional carbon source. The occurrence of fungal propagules of crude leachate was very low

(73 CFUs I" 1) and only 11 fungal taxa were isolated. The indigenous mycoflora increased both
quantitatively and qualitatively during the biological oxidation treatment, reaching 102 CFUs I,
which corresponded to 16 taxa. For each taxon, at least one fungal strain was isolated. In addition,
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all the undifferentiated colonies near a fast growing fungus were isolated before the overgrowth
occurred. A total of 51 strains were isolated. They were ascribable to 11 genera, some to
Agonomycetales and yeasts (Figure 1).

Figure 1 Relative abundance of different fungal taxa in leachate and effluent.
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Both samples were dominated by mitosporic fungi; they all are adaptive extremophiles. Many
extremophilic fungal species have a mainly mitotic lifestyle, although even in species with sexual
cycles, small isolated populations can diversify independently (i.e. Eurotium). This is partially due
to the progressing genetic drift that rapidly fixes alleles in small populations which have managed
to adapt to extreme habitats, thanks to the absence of sexuality and/or gene flow (Gostincar et al.
2010).

Some of the isolated fungal species were potentially pathogenic. The human pathogenicity of fungi
is associated with moderate osmotolerance at the order level (de Hoog et al. 2005). Actually, warm-
blooded animal body and skin represent an extreme environment for microorganisms, with elevated
temperatures and salt levels, as well as mechanic stress. Thus, fungi with suitable preadaptation, as
those characterizing leachates, might represent a pool of potential medically important fungi, which
might readily switch from environmental niches to human bodies (Gostincar et al. 2010). Prenafeta-
Boldu et al. (2006) referred to this preference of different habitats as “dual ecology”. Opportunistic
pathogenic fungi, such as Geomyces pannorum (Link) Sigler & J.W. Carmich., Candida spp. Cif. &
Redaelli, Cladophialophora spp. Borelli, Exophiala spp. J.W. Carmich., Geotrichum candidum
Link, Microsporum canis E. Bodin ex Guég., Scedosporium spp. Sacc. ex Castell. & Chalm., and
Aspergillus fumigatus Fresen, were often isolated from both water and soil of polluted and human-
impacted environments (Ulfig 1994; Tigini et al. 2009). Many of these species are able to use
hydrocarbons, aromatic compounds, and natural gas as carbon source; they also grow at very low
oxygen partial pressure and in the presence of high ammonium and salt concentrations (Kaltseis et
al. 2009; Badali et al. 2011).

Bioremediation potential of autochthonous fungal strains was tested against wastewater samples by
means a miniaturized screening. The addition of 1 g I"* glucose as carbon source was also
considered, in order to evaluate a possible co-metabolism. After 20 days of treatment, the isolates
showed up to 15-17% decolorization for the leachate and up to 21-26% decolorization for the
effluent (Figure 2). In general, the addition of glucose (0.1%) did not affect the decolorization of
wastewaters. The most promising strains belong to Aspergillus P. Micheli, Penicillium Link and
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Scedosporium genera already known to be able to degrade recalcitrant compounds (Tigini et al.
2009).
Figure 2 Decolorization percentage of the leachate and the effluent obtained by autochthonous
fungi.
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Investigation for potential producers of antioxidant compounds was carried out on the Penicillium
chrysogenum strain 6F1 previously selected in a pool of isolates from hydrocarbon-polluted soils as
best user of low-sulphur content oil (BTZ) as sole carbon source (Tosi et al. 2010). The in vitro
fungal methanolic extracts antioxidant activites were investigated by DPPH (2,2-diphenyl-1-
picrylhydrazyl)-free radical scavenging assay, according to Cheung et al. (2003), and were
compared with those of an ascorbic acid standard. The strain from hydrocarbon-polluted soil (6F1)
was compared with a P. chrysogenum isolate (T) from a Thracian tomb (Bulgaria), an undisturbed
and stable site, climatically controlled. Moreover, data were compared with the antioxidant
response of a sample of commercial green tea, considered as the most antioxidant natural source. P.
chrysogenum 6F1 was the best producer of antioxidant, causing a 91.28% of DPPH reduction, with
differences statistically significant (p < 0.05) between this strain and P. chrysogenum isolate (T),
isolated from the tomb (41.35% ) and the green tea sample (Figure 3). The activity observed
highlighted the strong ability of strain 6F1 to overcome the oxidative stress.

Figure 3 Reduction of DPPH (expressed as percentage of decrease in the DPPH absorbance value)
with standard deviations as a measure of free radical scavenging activity in the two strains P.
chrysogenum analyzed: 6F1 originating from a hydrocarbon-polluted soil (white column), T
originating from a climatically controlled environment (gray column), and green tea (black
column).



http://www.tandfonline.com/doi/full/10.1080/11263504.2012.753134#CIT0064
http://www.tandfonline.com/action/downloadFigures?doi=10.1080%2F11263504.2012.753134&id=F0002
http://www.tandfonline.com/action/downloadFigures?doi=10.1080%2F11263504.2012.753134&id=F0002
http://www.tandfonline.com/doi/full/10.1080/11263504.2012.753134
http://www.tandfonline.com/doi/full/10.1080/11263504.2012.753134#CIT0065
http://www.tandfonline.com/doi/full/10.1080/11263504.2012.753134#CIT0013
http://www.tandfonline.com/doi/full/10.1080/11263504.2012.753134#F0003
http://www.tandfonline.com/doi/full/10.1080/11263504.2012.753134

50 1
T0 4
60 4

50 4 \

40 4

e RID

30 1

Q-

Penseillium Penieillinm (zreen Tea

chirysogemim 6F1 chivsogenim T
PowerPoint slideOriginal jpg (72.00KB)Display full size
Polluted sites reveal to be rich sources of microorganisms of enormous biotechnological potential
which are still waiting to be discovered. Zhao et al. (2010) noted that black yeasts can be enriched
by the use of hydrocarbon atmospheres. A novel species, Exophiala sideris Seyedmousavi & de
Hoog, repeatedly isolated from the environment by using this method was found by Seyedmousavi
et al. (2011) from a closed arsenic mine polluted by hydrocarbons. Hence all strains available to
date have been isolated in the presence of toluene.

Acidomyces acidophilus (Sigler & J.W. Carmich.) Selbmann,
de Hoog, & De Leo as a potential source of low-pH active
degradative enzymes
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Acidophiles have been defined as organisms which actively grow at pH < 4.0 and are still able to
grow even at pH 1.0. Extreme pH can result in irreversible damages in the primary and secondary
structures of proteins. The cellular membrane may represent an osmotic barrier to the external
environment: the cytoplasmic components are maintained at pH values different from that of the
surrounding substrate even if the external pH reaches extreme values; this ability has enabled fungi
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to become established in both extremely low-pH (close to 1) and high-pH (11) environments
(Longworthy 1978).

Although acidophilic microorganisms are predominantly bacteria (Ingledew 1990), fungi have also
been reported from various acidic environments. In acidic water environments, fungi, among other
organisms, are known to play an important role in the formation of microbial mats (Baker &
Banfield 2003) and, together with other eukaryotes as algae and protozoa, are reported to be the
principal contributors of Tinto's River water biomass (Spain), at pH 2 and 30°C (Zettler et al. 2002).
In the acid mine drainages, fungal hyphae are the major components of biofilms and provide a
surface for the attachment of other microorganisms (Johnson 1998; Baker et al. 2004). A number of
yeasts and filamentous fungi have been found to grow at very low pHs. Some fungal species are
known to be able to grow in extremely acidic conditions. Acontium velatum Morgan was isolated
from a solution containing 4% copper sulfate (pH 0.2-0.7; Starkey & Waksman 1943);
Trichosporon cerebriae (invalid name, Schleper et al. 1995) was reported to grow in 2N sulfuric
acid solution containing glucose and peptone (Sletten & Skinner 1948); an acidophilic species was
isolated from the soil (pH 1.4-3.5) adjacent to a sulfur pile field from a natural gas purification
plant as Scytalidium acidophilum Sigler & J.W. Carmich. (Sigler & Carmichael 1974); and acid
mine drainage (pH 0.8-1.38) as “Acidomyces richmondensis” (invalid name, Baker et al. 2004).
This fungus was recently validated as A. acidophilus (Sigler & J.W. Carmich.) Selbmann, de Hoog,
& De Leo, belonging to the order Capnodiales (Selbmann et al. 2008); Hortaea acidophila Holker
et al. another capnodialean species was isolated from brown coal (pH 0.6) containing humic and
fulvic acids (Holker et al. 2004). The latter two species were reported to grow even at pH 1 (Sigler
& Carmichael 1974; Baker et al. 2004; Holker et al. 2004; Selbmann et al. 2008). All the
acidophilic fungi hitherto reported are invariably anamorphic species; Teratosphaeria acidotherma
A. Yamaz., K. Toyama, & Nakagiri is an exception and is phylogenetically related to A.
acidophilus, recently described as a new teleomorphic species from acidic hot spring in Japan
(Yamazaki et al. 2010).

In general, extremozymes have attracted a great deal of interest due to their potential for practical
applications. However, studies on fungal acidic enzymes still remain limited with a few exceptions
including mannanase, xylanase (Luo et al. 20093, 2009b), and polygalacturonase (Yang et al. 2011)
from the acidophilic Bispora sp. strain MEY-1, or laccase from H. acidophila (Tetsch et al. 2005).
The aim of this study was to test the metabolic competences of A. acidophilus strains CCFEE 5419
(=CBS 270.74), CCFEE 5420 ( = CBS 335.97), and CCFEE 5421 ( = CBS 899.87), and to
investigate their potential interest for application. This species belongs to the ecological group of
black meristematic fungi known to be specialists in the extremes due to their morpho-physiological
adaptation (de Hoog & Grube 2008).

The strains were tested for the following enzymatic abilities: amylase, lipase, DNase, cellulase, and
protease by using semi-quantitative tests (Hankin & Anagnostakis 1957, 1977) and ligninase by
using the Poly R-478 (Sigma) indicator (Table 1). Tests were done on solid media prepared at pH 3
and pH 7 and inocula were obtained from fresh subcultures. Cultures were incubated at 25°C, which
was the optimal growth temperature for all strains tested (Selbmann et al. 2008). Solid media at pH
3 were prepared by sterilizing agar solution separately to avoid acidic hydrolysis. All the
experiments were carried out in triplicate; plates were controlled weekly. Since some black fungi
are known for their ability to degrade aromatic compounds, the potential of these fungi to use
phenol (PHE), catechol (CAT; 1,2 dihydroxybenzene), 4 hydroxybenzene (4HB), protocatechuic
acid (PCA; 3,4-dihydroxybenzoic acid), and phenylacetic acid (PAA) as carbon source at different
pHs was tested by using Czapek medium supplemented by 500 mg/I of the tested aromatic
compound as the sole carbon source. Tests were carried out in both liquid (8 ml in test tubes) and
solid media at pH 3 and pH 7; the growth was measured by means of dry weight (data not shown)
and colony diameter, respectively. A positive (Czapek broth) and negative control (Czapek broth
without glucose) were used; tests were carried out in triplicate. Inocula were prepared as follows:
the mycelium was grown for 1 week at 25°C on agar slant (Malt Agar) and then suspended in 5 ml
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of saline solution (0.9% NacCl); the biomass was gently scratched and transferred into 250 ml
Erlenmeyer flasks containing 50 ml of Czapek broth at 25°C in shaken culture (180 rpm) for 72 h.
Biomasses were then harvested by centrifugation (15 min at 4000 rpm), washed three times with
saline solution and finally resuspended in 50 ml of Czapek broth mineral solution. Two milliliters
of the suspension were used as inocula for tests in liquid media and then incubated at 25°C for 2
weeks. Forty microliters of the same inoculum were used for solid media tests in which the same
phenolic compounds were amended; cultures were incubated at 25°C for 2 weeks. Enzymatic
activities are reported as D/d ratio (halo diameter/colony); the ability to grow using phenolic
compounds as sole carbon source was recorded as dry weights compared with a negative control.

Table 1 Enzymatic activities of A. acidophilus strains.

CSVPDEFEDisplay Table

As shown in Table I, all strains tested provided negative results for both cellulase and protease at
pH 3 and pH 7. DNase was also negative, but this activity was tested at pH 7 only, since at pH 3
nucleic acids were invariably hydrolyzed. All the strains were positive for lipase production at both
pH values tested, even if the activity was invariably more intense at pH 7. The production was
particularly intense for the strain CCFEE 5419.

Strains CCFEE 5419 and CCFEE 5420 were also positive for ligninase at both pH 3 and pH 7,
whereas strain 5421 was positive at pH 7 only, showing a minimal growth at pH 3.

All the strains were also positive for amylolytic activity: strains CCFEE 5420 and CCFEE 5421
were active at both the pHs tested, but they were higher at pH 3. Strain CCFEE 5419 produced
amylases only at pH 3.

Overall, all strains grew more rapidly at pH 3 in most of the media tested but growth was
noteworthy for strain CCFEE 5419, for which the differences between colonies diameter were up to
five times higher at pH 3 (in the case of cellulase). Results obtained in this study reflect the ecology
of the fungi tested. The apparent stronger acidophily of the strain CCFEE 5419 may reflect an
adaptation at more rigid pH constrains. Strain CCFEE 5419 was, in fact, isolated from a soil near an
acidic elemental sulfur pile at pH 1.1, whereas strains CCFEE 5420 and CCFEE 5421 were isolated
from pyrite ore mine drainage (pH 2) and from the acidophilic alga Dunaliella acidophila,
respectively.

As shown in Table I1, all the strains tested were able to use 4HB and PCA, both at pH 3 and pH 7,
whereas PAA was efficiently metabolized only at pH 7; none of the strains were able to utilize PHE
and CAT, with the exception of a slight growth recorded on CAT for strain CCFEE 5420 at pH 3.
Most probably the strains tested may decarboxylate 4HB, PCA, and CAT, which are intermediate
products of toluene degradation (Prenafeta-Boldu et al. 2006), but they are unable to cleave the
aromatic ring.

Table 2 Phenolic compounds uptake.

CSVPDEFDisplay Table

The results obtained in this study revealed that these strains may be of enormous biotechnological
potential. Acid-active enzymes, such as amylase or lipase may have wide-scale applications as, for
instance, in acidic effluent treatment or in detergent and leather industries, respectively. The ability
of these fungi to metabolize phenolic compounds even at low pH make them good candidates for
the development of bioremediation programs.
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Littoral dunes are classified by USDA Soil Taxonomy (Soil Survey Staff 1999) as Dunelands-Typic
xeropsamments which evolved on incoherent deposits from 10 to 20 m a.s.l. and are characterized
by a coarse texture.

The sandy coasts are a poorly suitable habitat for the settlement of fungi that must face stressful
conditions caused by marine aerosol, blowing wind, limited nutrients, and water availability, and
high temperature that the sandy substrate may reach. The period of mushroom appearance in the
dunes and rear dunes is mainly between late November and early February.

Despite the limiting factors mentioned above, fungal diversity in the dune system is remarkable. A
group of species can be considered strictly arenicolous as reported for Italy by Contu (1988),
Lantieri et al. (2009, 2012), Franchi et al. (2001), and Venturella and Contu (2002). Similar results
have been highlighted in Finland (Eriksson 1964), France (Courtecuisse 1984, 1986; Bon 1991),
England (Rotheroe et al. 1987; Rotheroe 1993), Norway (Andersson 1950; Hgiland 1975), Holland
(Arnolds 1983), and Spain (Calonge & Telleria 1980; Moreno et al. 1994).

Sandy coasts may constitute a refuge for cosmopolitan species and also for rare and infrequent
fungi. Such species live in specific ecological niches, thanks to specific morphological and physio-
ecological adaptations. In these environments, soil fertility and the tendency to acidification depend
almost exclusively on organic inputs provided by the vegetation and on the performance of the
humification and mineralization processes in the soil surface horizons (Arrigoni 1990).

Besides, the presence of specific fungi is closely related to the occurrence of certain plant
communities (Figure 4). The innermost consolidated dunes (lithified sand dunes) are the most
susceptible habitats to the action of salt and wind. The vegetation of these habitats is mainly
characterized by Ammophila arenaria (L.) Link subsp. arundinacea H. Lindb. fil. which favors the
elevation of the dunes.

Figure 4 Distribution of sabulicolous fungi (sensu strictu) and plant communities of a dune transect
in Sicily: (1) A. aridicola Geml, Geiser, & Royse; (2) A. menieri Bon ex Bon; (3) H. conicoides
(P.D. Orton) P.D. Orton & Watling; (4) P. cinctulus (Bolton) Britzelm; (5) P. pseudoammophila
Bon & Donadini; (6) P. ammophila (Durieu & Lév.) P.D. Orton; (7) R. malenconii Pacioni & Lalli;
and (8) X. mediterranea (Pacioni & Lalli) Quadr. & Lunghini. (A) no plant communities; (B)
Salsolo-Cakiletum maritimae Costa & Mansanet 1981 corr. Rivas-Martinez & al. 1992; (Ca)
Sporobolo arenarii-Agropyretum juncei (Br.-Bl. 1933) Géhu 1984; (Cb) Echinophoro spinosae —
Ammophiletum arundinaceae Gehu, Riv.Mart. et R.Tx. 1972 in Géhu et al. 1984; (D) Centaureo-
Ononidetum ramosissimae Br.-Bl. & Frei in Frei 1937; and (E) Ephedro-Juniperetum macrocarpae
Bartolo, Brullo, & Marceno 1982. (*) Species growing only in NW-Sicily and (**) species growing
only in SE Sicily.
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Field investigation on fungi growing in sandy dunes follows the standard methodology adopted by
mycologists for the inventory of fungal diversity in Italy (Venturella et al. 2011). Periodical
observations, from 2001 until now, were carried out in the sandy habitat of SW and SE Sicily.
Target areas were selected in different protected areas of Sicily such as Oasi del Simeto (Catania),
Oasi Faunistica di Vendicari (Siracusa), and Macchia Foresta Fiume Irminio (Ragusa). Besides, the
following localities were also investigated: Santa Maria del Focallo and Sampieri (Ragusa), Manfria
(Caltanissetta), and Balestrate, Le Macchie, Lascari, and Salinelle (Palermo).

Psathyrella ammophila (Durieu & Lév.) P.D. Orton, growing throughout the year except during
summer in mobile dunes, can be observed at the base of tufts of A. arenaria subsp. arundinacea.
The role of A. arenaria subsp. arundinacea is to provide the fungus with a good degree of shading
and to protect it from the wind. Thanks to the capillary action of roots that allow water to rise from
the deep layers, the tufts of A. arenaria subsp. arundinacea create a moist and fresh microhabitat.
Some fungi which are considered exclusive of sea coasts, such as Agaricus aridicola Geml, Geiser,
& Royse, Agaricus menieri Bon ex Bon, Panaeolus cinctulus (Bolton) Britzelm, and Rhodocybe
malenconii Pacioni & Lalli, have been observed in the same type of habitat.

These species are characterized by long stipes embedded in the sandy substrate both to protect the
sporocarps from the mechanical and drying action of wind and for absorbing moisture from
substrate's deeper layers.

Peziza pseudoammophila Bon ex Donadini can be observed in the rear dune: it grows at the base of
the stumps of A. arenaria subsp. arundinacea or among dried plant residues deposited on the
surface of the substrate or into the deeper layers.

In eastern Sicily, erosion is responsible for the progress of the vegetation belt (characterized by
Ephedro-Juniperetum macrocarpae Bartolo, Brullo, & Marceno 1982) toward the seashore. There,
Xerula mediterranea (Pacioni & Lalli) Quadr. & Lunghini is the most common species among the
arenicolous and halophilic fungi. In western Sicily, X. mediterranea grows in rear dunes
characterized by the presence of Crucianelletalia maritimae Sissing 1974. X. mediterranea is easily
recognizable by the long stem deeply buried in the sand, and it is associated with Juniperus
macrocarpa S. & S., at the base of which the number of basidiomes may be conspicuous.
Hygrocybe conicoides [(P.D. Orton) P.D. Orton & Watling], a widespread sabulicolous species, is
infrequent in Sicily. The halophyte and heliophilous H. coinicoides grows along the dune belt and
in marginal areas in winter (December—January), and it is ecologically related to moss carpets in the
rear dunes, a typical habitat ensuring protection from sea spray.

Acknowledgement

Dr George Zervakis is kindly acknowledged for the English revision.


http://www.tandfonline.com/action/downloadFigures?doi=10.1080%2F11263504.2012.753134&id=F0004
http://www.tandfonline.com/action/downloadFigures?doi=10.1080%2F11263504.2012.753134&id=F0004
http://www.tandfonline.com/doi/full/10.1080/11263504.2012.753134
http://www.tandfonline.com/doi/full/10.1080/11263504.2012.753134#CIT0069
http://www.tandfonline.com/doi/full/10.1080/11263504.2012.753134

References

1. Adrio, JL and Demain, AL. 2003. Fungal biotechnology. Int Microbiol, 6: 191-199.
[CrossRef], [PubMed], [Web of Science ®], [CSA]

2. Agosta, SJ and Klemens, JA. 2008. Ecological fitting by phenotypically flexible
genotypes: Implications for species associations, community assembly and evolution. Ecol
Lett, 11: 1123-1134. [PubMed], [Web of Science ®]

3. Andersson, O. 1950. Larger fungi on sandy grass heaths and sand dunes in Scandinavia.
Bot Not, 2(Suppl. 2): 1-89.

4. Appoloni, S, Lekberg, Y, Tercek, MT, Zabinski, CA and Redecker, D. 2008. Molecular
community analysis of arbuscular mycorrhizal fungi in roots of geothermal soils in
Yellowstone National Park (USA). Microb Ecol, 56: 649-659. [CrossRef], [PubMed], [Web
of Science ®]

5. Arnolds, E. 1983. P.D. 257. Macrofungi 4.3. In flora and vegetation of the Wadden Sea
islands and coastal area. Communications. Biol Station Kampsweg, 61-74, 393-399

6. Arrigoni, PV. 1990. Flora e vegetazione della Macchia Lucchese di Viareggio (Toscana).
Webbia, 44: 1-62. [Taylor & Francis Online]

7. Badali, H, Prenafeta-Boldu, FX, Guarro, J, Klaasen, C, Meis, JF and de Hoog, GS. 2011.
Cladophialophora psammophila, a novel species of Chaetothyriales with a potential use in
the bioremediation of volatile aromatic hydrocarbons. Fungal Biol, 115: 1019-1029.
[CrossRef], [PubMed], [Web of Science ®]

8. Baker, BJ and Banfield, JF. 2003. Microbial communities in acid mine drainage. FEMS
Microbiol Ecol, 44: 139-152. [CrossRef], [PubMed], [Web of Science ®], [CSA]

9. Baker, BJ, Lutz, MA, Dawson, SC, Bond, PL and Banfield, JF. 2004. Metabolically
active eukaryotic communities in extremely acidic mine drainage. Appl Environ Microbiol,
70: 6264—6271. [CrossRef], [PubMed], [Web of Science ®]

10. Bon, M. 1991. Flore mycologique du littoral-9. Doc Mycol XXI, 82: 67-68.

11. Calonge, FD and Telleria, MT. 1980. Introduccion al conocimiento de los hongos de
Doiiana. Larazoa, 2: 271-326.

12. Ceci, A, Maggi, O, Pinzari, F and Persiani, AM. 2012. Growth responses to and
accumulation of vanadium in agricultural soil fungi. Appl Soil Ecol, 58: 1-11. [CrossRef]
13. Cheung, LM, Cheung, PCK and Ooi, VEC. 2003. Antioxidant activity and total
phenolics of edible mushroom extract. Food Chem, 81: 249-255. [CrossRef], [Web of
Science ®]

14. Contu, M. 1988. Agaricales delle dune sabbiose della Sardegna 1. Su due specie del
Genere Agrocybe Fay. Sydowia, 40: 42-45.

15. Courtecuisse, R. 1984. Transect mycologique dunaire sur la Cote d'Opale (France) (1ére
partie: les groupements héliophile et arbustifs de la xérosere). Doc Mycol, 15: 1-115.

16. Courtecuisse, R. 1986. Transect mycologique dunaire sur la Cote d'Opale (France) (2ére
partie: les groupements de I'hygrosére). Doc Mycol, 17: 1-70.

17. Dadachova, E, Bryan, RA, Huang, X, Moadel, T, Schweitzer, ADAisen, P. 2007.
lonizing radiation changes the electronic properties of melanin and enhances the growth of
melanized fungi. PLoS One, 2: e457 [CrossRef], [PubMed], [Web of Science ®]

18. de Hoog, S and Grube, M, eds. 2008. “Black fungal extremes”. In Stud Mycol Vol. 61,
194 pp,

19. de Hoog, GS, Zalar, P, Gerrits van den Ende, AHG and Gunde-Cimerman, N. 2005.
“Relation of halotolerance to human pathogenicity in the fungal tree of life: An overview of
ecology and evolution under stress”. In Adaptation to life at high salt concentrations in
archaea, bacteria, and eukarya, Edited by: Gunde-Climerman, N, Oren, A and Plemenitas,
A. 371-395. Dordrecht: Springer. [CrossRef]



http://www.tandfonline.com/servlet/linkout?suffix=CIT0001&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.1007%2Fs10123-003-0133-0
http://www.tandfonline.com/servlet/linkout?suffix=CIT0001&dbid=8&doi=10.1080%2F11263504.2012.753134&key=12898399
http://www.tandfonline.com/servlet/linkout?suffix=CIT0001&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000186379900007
http://www.tandfonline.com/servlet/linkout?suffix=CIT0001&dbid=256&doi=10.1080%2F11263504.2012.753134&key=issn%3D1139-6709%26vol%3D6%26firstpage%3D191
http://www.tandfonline.com/servlet/linkout?suffix=CIT0002&dbid=8&doi=10.1080%2F11263504.2012.753134&key=18778274
http://www.tandfonline.com/servlet/linkout?suffix=CIT0002&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000260466400001
http://www.tandfonline.com/servlet/linkout?suffix=CIT0003&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.1007%2Fs00248-008-9384-9
http://www.tandfonline.com/servlet/linkout?suffix=CIT0003&dbid=8&doi=10.1080%2F11263504.2012.753134&key=18449467
http://www.tandfonline.com/servlet/linkout?suffix=CIT0003&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000259863900007
http://www.tandfonline.com/servlet/linkout?suffix=CIT0003&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000259863900007
http://www.tandfonline.com/servlet/linkout?suffix=CIT0006&dbid=20&doi=10.1080%2F11263504.2012.753134&key=10.1080%2F00837792.1990.10670465
http://www.tandfonline.com/servlet/linkout?suffix=CIT0007&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.1016%2Fj.funbio.2011.04.005
http://www.tandfonline.com/servlet/linkout?suffix=CIT0007&dbid=8&doi=10.1080%2F11263504.2012.753134&key=21944214
http://www.tandfonline.com/servlet/linkout?suffix=CIT0007&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000296076300011
http://www.tandfonline.com/servlet/linkout?suffix=CIT0008&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.1016%2FS0168-6496%2803%2900028-X
http://www.tandfonline.com/servlet/linkout?suffix=CIT0008&dbid=8&doi=10.1080%2F11263504.2012.753134&key=19719632
http://www.tandfonline.com/servlet/linkout?suffix=CIT0008&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000182646200001
http://www.tandfonline.com/servlet/linkout?suffix=CIT0008&dbid=256&doi=10.1080%2F11263504.2012.753134&key=issn%3D0168-6496%26vol%3D44%26firstpage%3D139
http://www.tandfonline.com/servlet/linkout?suffix=CIT0009&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.1128%2FAEM.70.10.6264-6271.2004
http://www.tandfonline.com/servlet/linkout?suffix=CIT0009&dbid=8&doi=10.1080%2F11263504.2012.753134&key=15466574
http://www.tandfonline.com/servlet/linkout?suffix=CIT0009&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000224356200069
http://www.tandfonline.com/servlet/linkout?suffix=CIT0012&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.1016%2Fj.apsoil.2012.02.022
http://www.tandfonline.com/servlet/linkout?suffix=CIT0013&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.1016%2FS0308-8146%2802%2900419-3
http://www.tandfonline.com/servlet/linkout?suffix=CIT0013&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000181666800010
http://www.tandfonline.com/servlet/linkout?suffix=CIT0013&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000181666800010
http://www.tandfonline.com/servlet/linkout?suffix=CIT0017&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.1371%2Fjournal.pone.0000457
http://www.tandfonline.com/servlet/linkout?suffix=CIT0017&dbid=8&doi=10.1080%2F11263504.2012.753134&key=17520016
http://www.tandfonline.com/servlet/linkout?suffix=CIT0017&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000207446000005
http://www.tandfonline.com/servlet/linkout?suffix=CIT0018&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.1007%2F1-4020-3633-7_25

20. Eriksson, M. 1964. Larger fungi on dunes in Finland. Reports. Kevo Subarctic Res
Station., 1: 149-154.

21. Franchi, P, Gorreri, L, Marchetti, M and Monti, G. 2001. “Funghi di ambienti dunali”. In
Ente Parco Regionale, Edited by: Pacini. Migliarino: San Rossore. Massaciuccoli: 1-213.
Grafiche 2000, Ponsacco (PI)

22. Gilichinsky, DA, Wilson, GS, Friedmann, El, Mckay, CP, Sletten, RSRivkina, EM.
2007. Microbial populations in Antarctic permafrost: Biodiversity, state, age, and
implication for astrobiology. Astrobiology, 7: 275-311. [CrossRef], [PubMed], [Web of
Science ®]

23. Gomes, J and Steiner, W. 2004. The biocatalytic potential of extremophiles and
extremozymes. Food Technol Biotechnol, 42: 223-235. [Web of Science ®]

24. Gorbushina, AA and Krumbein, WE. 1999. “Poikilotroph response of micro-organisms
to shifting alkalinity, salinity, temperature and water potential”. In Microbiology and
biogeochemistry of hypersaline environments, Edited by: Oren, A. 75-86. Boca Raton, FL:
CRC Press, LLC.

25. Gostincar, C, Grube, M, de Hoog, S, Zalar, P and Gunde-Cimerman, N. 2010.
Extremotolerance in fungi: Evolution on the edge. FEMS Microbiol Ecol, 71: 2-11.
[CrossRef], [PubMed], [Web of Science ®]

26. Gunde-Cimerman, N, Ramos, J and Plemenitas, A. 2009. Halotolerant and halophilic
fungi. Mycol Res, 113: 1231-1241. [CrossRef], [PubMed], [Web of Science ®]

27. Gunde-Cimerman, N, Zalar, P, de Hoog, S and Plemenitas, A. 2000. Hypersaline waters
in salterns: Natural ecological niches for halophilic black yeasts. FEMS Microbiol Ecol, 32:
235-240. [PubMed], [Web of Science ®], [CSA]

28. Hankin, L and Anagnostakis, SL. 1957. The use of solid media for detection of enzyme
production by fungi. Mycologia, 67: 597-607. [CrossRef]

29. Hankin, L and Anagnostakis, SL. 1977. Solid media containing carboxymethylcellulose
to detect CX cellulose activity of micro-organisms. J Gen Microbiol, 98: 109-115.
[CrossRef], [PubMed]

30. Hofrichter, M, ed. 2010. The Mycota. Industrial applications, 509Berlin, Heidelberg:
Springer-Verlag. [CrossRef]

31. Hailand, K. 1975. De obligate storsoppene p sanddyner i Norge med saerling vekt pa
forekomstene p Lista, Vest-Agder. Blyttia, 33: 127-140.

32. Holker, U, Bend, J, Pracht, R, Miller, T, Tetsch, L and de Hoog, GS. 2004. Hortaea
acidophila, a new acidophilic black yeast from lignite. A Van Leeuw, 86: 287-294.
[CrossRef], [PubMed], [Web of Science ®]

33. Ingledew, WJ. 1990. “Acidophiles”. In Microbiology of extreme environments, Edited
by: Edwards, C. 33-54. Milton Keynes: Open University Press.

34. Johnson, DB. 1998. Biodiversity and ecology of acidophilic microorganisms. FEMS
Microbiol Ecol, 27: 307-317. [CrossRef], [Web of Science ®], [CSA]

35. Kaltseis, J, Rainer, J and De Hoog, GS. 2009. Ecology of Pseudallescheria and
Scedosporium species in human-dominated and natural environments and their distribution
in clinical samples. Med Mycol, 47: 398-405. [Taylor & Francis Online], [PubMed], [Web
of Science ®]

36. Lantieri, A, Gargano, ML and Venturella, G. 2009. The sabulicolous fungi from Sicily
(southern Italy): Additions and critical review. Mycotaxon, 110: 151-154. [CrossRef], [Web
of Science ®]

37. Lantieri, A, Smith, ME and Pfister, DH. 2012. A new species of Ruhlandiella
(Pezizaceae) from Italy. Mycol Prog, 11: 509-513. [CrossRef], [Web of Science ®]

38. Longworthy, TA. 1978. “Microbial life in extreme pH values”. In Microbial life in
extreme environments, Edited by: Kushner, DJ. 279-315. London: Academic Press.



http://www.tandfonline.com/servlet/linkout?suffix=CIT0022&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.1089%2Fast.2006.0012
http://www.tandfonline.com/servlet/linkout?suffix=CIT0022&dbid=8&doi=10.1080%2F11263504.2012.753134&key=17480161
http://www.tandfonline.com/servlet/linkout?suffix=CIT0022&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000246680700001
http://www.tandfonline.com/servlet/linkout?suffix=CIT0022&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000246680700001
http://www.tandfonline.com/servlet/linkout?suffix=CIT0023&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000226168200002
http://www.tandfonline.com/servlet/linkout?suffix=CIT0025&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.1111%2Fj.1574-6941.2009.00794.x
http://www.tandfonline.com/servlet/linkout?suffix=CIT0025&dbid=8&doi=10.1080%2F11263504.2012.753134&key=19878320
http://www.tandfonline.com/servlet/linkout?suffix=CIT0025&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000272452100002
http://www.tandfonline.com/servlet/linkout?suffix=CIT0027&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.1016%2Fj.mycres.2009.09.002
http://www.tandfonline.com/servlet/linkout?suffix=CIT0027&dbid=8&doi=10.1080%2F11263504.2012.753134&key=19747974
http://www.tandfonline.com/servlet/linkout?suffix=CIT0027&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000272811000001
http://www.tandfonline.com/servlet/linkout?suffix=CIT0026&dbid=8&doi=10.1080%2F11263504.2012.753134&key=10858582
http://www.tandfonline.com/servlet/linkout?suffix=CIT0026&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000087938900006
http://www.tandfonline.com/servlet/linkout?suffix=CIT0026&dbid=256&doi=10.1080%2F11263504.2012.753134&key=issn%3D0168-6496%26vol%3D32%26firstpage%3D235
http://www.tandfonline.com/servlet/linkout?suffix=CIT0028&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.2307%2F3758395
http://www.tandfonline.com/servlet/linkout?suffix=CIT0029&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.1099%2F00221287-98-1-109
http://www.tandfonline.com/servlet/linkout?suffix=CIT0029&dbid=8&doi=10.1080%2F11263504.2012.753134&key=401863
http://www.tandfonline.com/servlet/linkout?suffix=CIT0030&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.1007%2F978-3-642-11458-8
http://www.tandfonline.com/servlet/linkout?suffix=CIT0032&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.1007%2Fs10482-005-0101-0
http://www.tandfonline.com/servlet/linkout?suffix=CIT0032&dbid=8&doi=10.1080%2F11263504.2012.753134&key=15704285
http://www.tandfonline.com/servlet/linkout?suffix=CIT0032&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000225973100001
http://www.tandfonline.com/servlet/linkout?suffix=CIT0034&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.1111%2Fj.1574-6941.1998.tb00547.x
http://www.tandfonline.com/servlet/linkout?suffix=CIT0034&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000077699700001
http://www.tandfonline.com/servlet/linkout?suffix=CIT0034&dbid=256&doi=10.1080%2F11263504.2012.753134&key=issn%3D0168-6496%26vol%3D27%26firstpage%3D307
http://www.tandfonline.com/servlet/linkout?suffix=CIT0035&dbid=20&doi=10.1080%2F11263504.2012.753134&key=10.1080%2F13693780802585317
http://www.tandfonline.com/servlet/linkout?suffix=CIT0035&dbid=8&doi=10.1080%2F11263504.2012.753134&key=19085459
http://www.tandfonline.com/servlet/linkout?suffix=CIT0035&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000265367400008
http://www.tandfonline.com/servlet/linkout?suffix=CIT0035&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000265367400008
http://www.tandfonline.com/servlet/linkout?suffix=CIT0036&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.5248%2F110.151
http://www.tandfonline.com/servlet/linkout?suffix=CIT0036&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000273460600017
http://www.tandfonline.com/servlet/linkout?suffix=CIT0036&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000273460600017
http://www.tandfonline.com/servlet/linkout?suffix=CIT0037&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.1007%2Fs11557-011-0766-x
http://www.tandfonline.com/servlet/linkout?suffix=CIT0037&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000302483300016

39. Luo, H, Li, J, Yang, J, Wang, H, Yang, YHuang, H. 2009b. A thermophilic and acid
stable family-10 xylanase from the acidophilic fungus Bispora sp. MEY-1. Extremophiles,
13: 849-857. [CrossRef], [PubMed], [Web of Science ®]

40. Luo, H, Wang, Y, Wang, H, Yang, J, Yang, YHuang, H. 2009a. A novel highly acidic -
mannanase from the acidophilic fungus Bispora sp. MEY-1: Gene cloning and
overexpression in Pichia pastoris. Appl Microbiol Biotechnol, 82: 453—-461. [CrossRef],
[PubMed], [Web of Science ®]

41. Maggi, O, Tosi, S, Angelova, M, Lagostina, E, Fabbri, AAPecoraro, L. 2013.
Adaptation of fungi, including yeasts, to cold environments. Plant Biosyst, 147: 252—-263.
[Taylor & Francis Online], [Web of Science ®]

42. Moreno, G, Arenal, F and Gonzales, G. 1994. Algunos Agaricales de las playas de
Espafia peninsular. Cryptog Mycol, 15: 239-254.

43. Nagai, K, Suzuki, K and Okada, G. 1998. Studies on the distribution of alkalophilic and
alkali-tolerant soil fungi Il: Fungal flora in two limestone caves in Japan. Mycoscience, 39:
293-298. [CrossRef]

44. Onofri, S, Anastasi, A, Del Frate, G, Di Piazza, S, Garnero, NGuglielminetti, M. 2011.
Biodiversity of rock, beach and water fungi in Italy. Plant Biosyst, 145: 978-987. [Taylor &
Francis Online], [Web of Science ®]

45. Onofri, S, Barreca, D, Selbmann, L, Isola, D, Rabbow, EHorneck, G. 2008. Resistance
of Antarctic black fungi and cryptoendolithic communities to simulated space and Mars
conditions. Stud Mycol, 61: 99-109. [CrossRef], [PubMed], [Web of Science ®]

46. Onofri, S, de la Torre, R, de Vera, JP, Ott, S, Zucconi, LSelbmann, L. 2012. Survival of
rock-colonizing organisms after 1.5 years in outer space. Astrobiology, 12(5) DOI:
10.1089/ast.2011.0736 [CrossRef], [PubMed], [Web of Science ®]

47. Prenafeta-Boldu, FX, Summerbell, RC and de Hoog, GS. 2006. Fungi growing on
aromatic hydrocarbons: Biotechnology's unexpected encounter with biohazard. FEMS
Microbiol Rev, 30: 109-130. [CrossRef], [PubMed], [Web of Science ®]

48. Rotheroe, M. 1993. Fungi of Europe: Investigation, recording and conservation, Edited
by: Pegler, DN, Boddy, L, Ing, B and Kirk, PM. 121-137. Kew: R Bot Gardens.

49. Rotheroe, M, Hedger, JN and Savidge, JP. 1987. The fungi of Ynyslas sand dunes. A
preliminary survey. Mycologist, 1: 15-17. [CrossRef]

50. Rustler, S, Chmura, A, Sheldon, RA and Stolz, A. 2008. Characterisation of the
substrate specificity of the nitrile hydrolyzing system of the acidotolerant black yeast
Exophiala oligosperma R1. Stud Mycol, 61: 165-174. [CrossRef], [PubMed]

51. Schleper, C, Puhler, G, Kuhlmorgen, B and Zillig, W. 1995. Life at extremely low pH.
Nature, 375: 1741-1742. [CrossRef]

52. Selbmann, L, de Hoog, GS, Mazzaglia, A, Friedmann, El and Onofri, S. 2005. Fungi at
the edge of life: Cryptoendolithic black fungi from Antarctic deserts. Stud Mycol, 51: 1-32.
53. Selbmann, L, de Hoog, GS, Zucconi, L, Isola, D, Ruisi, SGerrits van den Ende, AHG.
2008. Drought meets acid: Three new genera in a dothidealean clade of extremotolerant
fungi. Stud Mycol, 61: 1-20. [CrossRef], [PubMed], [Web of Science ®]

54. Selbmann, L, Isola, D, Zucconi, L and Onofri, S. 2011. Resistance to UV-B induced
DNA damage in extreme-tolerant cryptoendolithic Antarctic fungi: Detection by PCR
assays. Fungal Biol, 115: 937-944. [CrossRef], [PubMed], [Web of Science ®]

55. Seyedmousavi, S, Badali, H, Chlebicki, A, Zhao, JJ, Prenafeta-Boldl, FX and de Hoog,
GS. 2011. Exophiala sideris, a novel black yeast obtained by enrichment with toxic alkyl
benzenes and arsenic. Fungal Biol, 115: 1030-1037. [CrossRef], [PubMed]

56. Sigler, L and Carmichael, JW. 1974. A new acidophilic Scytalidium. Can J Microbiol,
20: 267-268. [CrossRef], [PubMed], [Web of Science ®]

57. Sikkema, J, de Bon, JAM and Poolman, B. 1995. Mechanisms of membrane toxicity of
hydrocarbons. Microbiol Rev, 59: 201-222. [PubMed]



http://www.tandfonline.com/servlet/linkout?suffix=CIT0040&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.1007%2Fs00792-009-0272-0
http://www.tandfonline.com/servlet/linkout?suffix=CIT0040&dbid=8&doi=10.1080%2F11263504.2012.753134&key=19655217
http://www.tandfonline.com/servlet/linkout?suffix=CIT0040&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000269532200010
http://www.tandfonline.com/servlet/linkout?suffix=CIT0039&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.1007%2Fs00253-008-1766-x
http://www.tandfonline.com/servlet/linkout?suffix=CIT0039&dbid=8&doi=10.1080%2F11263504.2012.753134&key=18998121
http://www.tandfonline.com/servlet/linkout?suffix=CIT0039&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000263484600006
http://www.tandfonline.com/servlet/linkout?suffix=CIT0041&dbid=20&doi=10.1080%2F11263504.2012.753134&key=10.1080%2F11263504.2012.753135
http://www.tandfonline.com/servlet/linkout?suffix=CIT0041&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000317268600026
http://www.tandfonline.com/servlet/linkout?suffix=CIT0043&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.1007%2FBF02464011
http://www.tandfonline.com/servlet/linkout?suffix=CIT0045&dbid=20&doi=10.1080%2F11263504.2012.753134&key=10.1080%2F11263504.2011.633117
http://www.tandfonline.com/servlet/linkout?suffix=CIT0045&dbid=20&doi=10.1080%2F11263504.2012.753134&key=10.1080%2F11263504.2011.633117
http://www.tandfonline.com/servlet/linkout?suffix=CIT0045&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000299428800028
http://www.tandfonline.com/servlet/linkout?suffix=CIT0044&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.3114%2Fsim.2008.61.10
http://www.tandfonline.com/servlet/linkout?suffix=CIT0044&dbid=8&doi=10.1080%2F11263504.2012.753134&key=19287532
http://www.tandfonline.com/servlet/linkout?suffix=CIT0044&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000262296400011
http://www.tandfonline.com/servlet/linkout?suffix=CIT0046&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.1089%2Fast.2011.0736
http://www.tandfonline.com/servlet/linkout?suffix=CIT0046&dbid=8&doi=10.1080%2F11263504.2012.753134&key=22680696
http://www.tandfonline.com/servlet/linkout?suffix=CIT0046&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000305175400014
http://www.tandfonline.com/servlet/linkout?suffix=CIT0047&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.1111%2Fj.1574-6976.2005.00007.x
http://www.tandfonline.com/servlet/linkout?suffix=CIT0047&dbid=8&doi=10.1080%2F11263504.2012.753134&key=16438682
http://www.tandfonline.com/servlet/linkout?suffix=CIT0047&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000235268100006
http://www.tandfonline.com/servlet/linkout?suffix=CIT0048&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.1016%2FS0269-915X%2887%2980010-1
http://www.tandfonline.com/servlet/linkout?suffix=CIT0050&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.3114%2Fsim.2008.61.17
http://www.tandfonline.com/servlet/linkout?suffix=CIT0050&dbid=8&doi=10.1080%2F11263504.2012.753134&key=19287539
http://www.tandfonline.com/servlet/linkout?suffix=CIT0051&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.1038%2F375741b0
http://www.tandfonline.com/servlet/linkout?suffix=CIT0053&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.3114%2Fsim.2008.61.01
http://www.tandfonline.com/servlet/linkout?suffix=CIT0053&dbid=8&doi=10.1080%2F11263504.2012.753134&key=19287523
http://www.tandfonline.com/servlet/linkout?suffix=CIT0053&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000262296400002
http://www.tandfonline.com/servlet/linkout?suffix=CIT0054&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.1016%2Fj.funbio.2011.02.016
http://www.tandfonline.com/servlet/linkout?suffix=CIT0054&dbid=8&doi=10.1080%2F11263504.2012.753134&key=21944205
http://www.tandfonline.com/servlet/linkout?suffix=CIT0054&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000296076300002
http://www.tandfonline.com/servlet/linkout?suffix=CIT0055&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.1016%2Fj.funbio.2011.06.004
http://www.tandfonline.com/servlet/linkout?suffix=CIT0055&dbid=8&doi=10.1080%2F11263504.2012.753134&key=21944215
http://www.tandfonline.com/servlet/linkout?suffix=CIT0056&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.1139%2Fm74-043
http://www.tandfonline.com/servlet/linkout?suffix=CIT0056&dbid=8&doi=10.1080%2F11263504.2012.753134&key=4822789
http://www.tandfonline.com/servlet/linkout?suffix=CIT0056&dbid=128&doi=10.1080%2F11263504.2012.753134&key=A1974S425700027
http://www.tandfonline.com/servlet/linkout?suffix=CIT0057&dbid=8&doi=10.1080%2F11263504.2012.753134&key=7603409

e 58. Sletten, O and Skinner, CE. 1948. Fungi capable of growing in strongly acid media and
in concentrated copper sulfate solutions. J Bacteriol, 56: 679-681. [PubMed], [Web of
Science ®]

o 59. Soil Survey Staff. 1999. Soil Taxonomy. A basic system of soil classification for making
and interpreting soil surveys, 2nd ed., VVol. 436, 7-871. Washington, DC: United States
Department of Agriculture, Natural Resources Conservation Service. Agriculture U.S.
Government Printing Office. 20402

o 60. Starkey, RL and Waksman, SA. 1943. Fungi tolerant to extreme acidity and high
concentrations of copper sulfate. J Bacteriol, 45: 509-519. [PubMed]

e 61. Stegmann, R, Heyer, K-U and Cossu, R. 2005. “Leachate treatment”. In Proceedings
Sardinia 2005, Tenth International Waste Management and Landfill Symposium. S.
Margherita di Pula, Cagliari, Italy; 3—7 October 2005

e 62. Steinhart, CE and Steinhart, JS. 1972. Blowout. A case study of the Santa Barbara oil
spill, Belmont, CA: Duxbury (Wadsworth). 138pp

e 63. Tetsch, L, Bend, J, JanRen, M and Holker, U. 2005. Evidence for functional laccases in
the acidophilic ascomycete Hortaea acidophila and isolation of laccase-specific gene
fragments. FEMS Microbiol Lett, 245: 161-168. [CrossRef], [PubMed], [Web of Science ®]

e 64. Tigini, V, Prigione, V, Di Toro, S, Fava, F and Varese, GC. 2009. Isolation and
characterisation of polychlorinated biphenyl (PCB) degrading fungi from a historically
contaminated soil. Microb Cell Fact, 8: 5 [CrossRef], [PubMed]

e 65.Tosi, S, Picco, AM and Rodolfi, M. 2010. Selezione di ceppi fungini potenziali
biodegradatori dell'olio combustibile BTZ. Micol Ital, 39: 41-48.

e 66. Ulfig, K. 1994. The occurrence of keratinolytic fungi in the polluted environment of the
Labedy District in Gliwice. Rocz Panstw Zakl Hig, 45: 337-346. [PubMed], [CSA]

e 67. Varese, GC, Angelini, P, Bencivenga, M, Buzzini, P, Donnini, DGargano, ML. 2011. Ex
situ conservation and exploitation of fungi in Italy. Plant Biosyst, 145: 997-1005. [Taylor &
Francis Online], [Web of Science ®]

e 68. Venturella, G, Altobelli, E, Bernicchia, A, Di Piazza, S, Donnini, DGargano, ML. 2011.
Fungal biodiversity and in situ conservation in Italy. Plant Biosyst, 145: 950-957. [Taylor &
Francis Online], [Web of Science ®]

e 69. Venturella, G and Contu, M. 2002. Contribution to the knowledge of sand dunes
mycological flora from Sicily (South Italy). Doc Mycol, 123: 51-55.

e 70. Yamazaki, A, Toyama, K and Nakagiri, A. 2010. A new acidophilic fungus
Teratosphaeria acidotherma (Capnodiales, Ascomycota) from a hot spring. Mycoscience,
51: 443-455. [CrossRef], [Web of Science ®]

e 71.Yang,J, Luo, H, Li, J, Wang, K, Cheng, HPBai, Y. 2011. Cloning, expression and
characterization of an acidic endo-polygalacturonase from Bispora sp. MEY-1 and its
potential application in juice clarification. Process Biochem, 46: 272-277. [CrossRef], [Web
of Science ®]

o 72. Zettler, LA, Gomez, F, Zettler, E, Keenan, B, Amils, R and Sogin, M. 2002. Eukaryotic
diversity in Spain’s river of fire. Nature, 417: 137 [CrossRef], [PubMed], [CSA]

e 73.Zhao, J, Zeng, J, de Hoog, GS, Attili-Angelis, D and Prenafeta-Boldu, FX. 2010.
Isolation of black yeasts by enrichment on atmospheres of monoaromatic hydrocarbons.
Microb Ecol, 60: 149-156. [CrossRef], [PubMed], [Web of Science ®]

e 74. Zucconi, L, Selbmann, L, Buzzini, P, Turchetti, B, Guglielmin, MFrisvad, JC. 2011.
Searching for eukaryotic life preserved in Antarctic permafrost. Polar Biol, 5: 749-757.

Users also read

o Adaptation of fungi, including yeasts, to cold environments Oriana Maggi, et al.
Volume 147, Issue 1, 2013



http://www.tandfonline.com/servlet/linkout?suffix=CIT0058&dbid=8&doi=10.1080%2F11263504.2012.753134&key=16561618
http://www.tandfonline.com/servlet/linkout?suffix=CIT0058&dbid=128&doi=10.1080%2F11263504.2012.753134&key=A1948UK04300018
http://www.tandfonline.com/servlet/linkout?suffix=CIT0058&dbid=128&doi=10.1080%2F11263504.2012.753134&key=A1948UK04300018
http://www.tandfonline.com/servlet/linkout?suffix=CIT0060&dbid=8&doi=10.1080%2F11263504.2012.753134&key=16560661
http://www.tandfonline.com/servlet/linkout?suffix=CIT0063&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.1016%2Fj.femsle.2005.03.007
http://www.tandfonline.com/servlet/linkout?suffix=CIT0063&dbid=8&doi=10.1080%2F11263504.2012.753134&key=15796994
http://www.tandfonline.com/servlet/linkout?suffix=CIT0063&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000228276800023
http://www.tandfonline.com/servlet/linkout?suffix=CIT0064&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.1186%2F1475-2859-8-5
http://www.tandfonline.com/servlet/linkout?suffix=CIT0064&dbid=8&doi=10.1080%2F11263504.2012.753134&key=19138404
http://www.tandfonline.com/servlet/linkout?suffix=CIT0066&dbid=8&doi=10.1080%2F11263504.2012.753134&key=7792523
http://www.tandfonline.com/servlet/linkout?suffix=CIT0066&dbid=256&doi=10.1080%2F11263504.2012.753134&key=issn%3D0035-7715%26vol%3D45%26firstpage%3D337
http://www.tandfonline.com/servlet/linkout?suffix=CIT0067&dbid=20&doi=10.1080%2F11263504.2012.753134&key=10.1080%2F11263504.2011.633119
http://www.tandfonline.com/servlet/linkout?suffix=CIT0067&dbid=20&doi=10.1080%2F11263504.2012.753134&key=10.1080%2F11263504.2011.633119
http://www.tandfonline.com/servlet/linkout?suffix=CIT0067&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000299428800030
http://www.tandfonline.com/servlet/linkout?suffix=CIT0069&dbid=20&doi=10.1080%2F11263504.2012.753134&key=10.1080%2F11263504.2011.633115
http://www.tandfonline.com/servlet/linkout?suffix=CIT0069&dbid=20&doi=10.1080%2F11263504.2012.753134&key=10.1080%2F11263504.2011.633115
http://www.tandfonline.com/servlet/linkout?suffix=CIT0069&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000299428800025
http://www.tandfonline.com/servlet/linkout?suffix=CIT0070&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.1007%2Fs10267-010-0059-2
http://www.tandfonline.com/servlet/linkout?suffix=CIT0070&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000281985700005
http://www.tandfonline.com/servlet/linkout?suffix=CIT0071&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.1016%2Fj.procbio.2010.08.022
http://www.tandfonline.com/servlet/linkout?suffix=CIT0071&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000286538300038
http://www.tandfonline.com/servlet/linkout?suffix=CIT0071&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000286538300038
http://www.tandfonline.com/servlet/linkout?suffix=CIT0072&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.1038%2F417137a
http://www.tandfonline.com/servlet/linkout?suffix=CIT0072&dbid=8&doi=10.1080%2F11263504.2012.753134&key=12000949
http://www.tandfonline.com/servlet/linkout?suffix=CIT0072&dbid=256&doi=10.1080%2F11263504.2012.753134&key=issn%3D0028-0836%26vol%3D417%26firstpage%3D137
http://www.tandfonline.com/servlet/linkout?suffix=CIT0073&dbid=16&doi=10.1080%2F11263504.2012.753134&key=10.1007%2Fs00248-010-9651-4
http://www.tandfonline.com/servlet/linkout?suffix=CIT0073&dbid=8&doi=10.1080%2F11263504.2012.753134&key=20333373
http://www.tandfonline.com/servlet/linkout?suffix=CIT0073&dbid=128&doi=10.1080%2F11263504.2012.753134&key=000280701500013
http://www.tandfonline.com/doi/abs/10.1080/11263504.2012.753135?src=recsys

Next-generation sequencing as a tool for plant ecology and evolution Alex D.
Twyford, et al. Volume 5, Issue 4, 2012

An overview of the anatomy, development and evolution of the vascular system of
lianas Veronica Angyalossy, et al. Volume 5, Issue 2, 2012

Phylogeny and Molecular Evolution of the Green Algae Frederik Leliaert, et al.
Volume 31, Issue 1, 2012

Plant Domestication and Crop Evolution in the Near East: On Events and Processes
Shahal Abbo, et al. Volume 31, Issue 3, 2012



http://www.tandfonline.com/doi/abs/10.1080/17550874.2012.754513?src=recsys
http://www.tandfonline.com/doi/abs/10.1080/17550874.2011.615574?src=recsys
http://www.tandfonline.com/doi/abs/10.1080/17550874.2011.615574?src=recsys
http://www.tandfonline.com/doi/abs/10.1080/07352689.2011.615705?src=recsys
http://www.tandfonline.com/doi/abs/10.1080/07352689.2011.645428?src=recsys

	Biodiversity, evolution and adaptation of fungi in extreme environments
	Abstract
	Keywords

	Abstract
	Jump to section
	Keywords

	Fungi from polluted environments: A rich source for bioexploitation
	Jump to section

	Acidomyces acidophilus (Sigler & J.W. Carmich.) Selbmann, de Hoog, & De Leo as a potential source of low-pH active degradative enzymes
	Jump to section
	Table 1 Enzymatic activities of A. acidophilus strains.
	Table 2 Phenolic compounds uptake.

	Macrofungi colonizing littoral dunes in Sicily
	Jump to section
	Acknowledgement

	References
	Users also read


