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Abstract
Rock-inhabiting fungi were isolated for rock walls in Golubinka and Medova Buža littoral anchialine caves in Croatia and
tested for their halotolerance. Isolates were identified as Cladosporium psychrotolerans, C. delicatulum, Mucor circinelloides, Rhizopus stolonifer, Aureobasidium pullulans var. pullulans, and Talaromyces diversus. Of them, T. diversus
appears most resistant to cosmotropic (NaCl) and chaotropic (KCl) salts. It was also the most common species isolated
from rock walls. Despite the negative influence of salinity on acid production, we propose that some fungal strains can
be recognized as active agents in carbonate dissolution and as good competitors on rocks in saline environments.
Anchialine caves can be a refugium for unique halotolerant fungi.

Introduction
The coastal sea area including islands of the Republic of Croatia is about 33,200 km2. In comparison with the area
of the eastern Adriatic territorial waters, the groups of islands covers a large area, being divided into several groups
(Duplančić et al. 2004). The Adriatic Carbonate Platform (AdCP), is covered by Palaeozoic–Triassic deposits, Late Cretaceous–Palaeogene flysch, or Neogene and Quaternary deposits (Vlahović et al. 2005). The major types of rocks that
build AdCP are freshwater or brackish and foraminiferal limestones; mudstones; marles; and silicoclastics. The region
was changed by several tectonic events during the Palaeogene, Oligocene, and Miocene (Vlahović et al. 2005). Palaeogene compressional tectonics strongly influenced the area by faults oriented south-west to north-east. This direction
is typical for this part of the karst terrain in the region, and it is often called Dinaric strike or even Dinaric karst. Rocks are
eroded among zones of weakness by the hydraulic power of the waves and the abrasive force of suspended particles
in water. Corrosion and bioerosion also have a significant influence on coastal shape in the mixing zone of fresh and
sea water (Pikelj and Juračić 2013), and as a result, sea caves are formed. Among other karst features on islands are
panholes, channels and furrows, uvalas and others. More than 235 submerged caves and pits have been noted along
the Croatian coast and islands (Surić et al. 2010).
Anchialine cave, are the cave systems occurring in coastlines that are flooded with seawater. Pohlman et al. (1997)
presents the first extensive description of the ecological and biogeochemical relationships of the anchialine cave ecosystem. They hypothesized that organic matter supporting the anchialine ecosystem would be: algal detritus transported by groundwater flow from the cenotes; soil particulates percolating from the tropical forest soil through the cracks
and fissures of the limestone bedrock into the caves; coastal-borne particulate organic matter transported into the
cave systems with tidally-exchanged seawater; and the potential for chemoautotrophic production of organic matter by
bacteria. Only soil particulates from the forest did not occur in our caves due to lack of forest cover in the rock massive.
Instead of forest particulates, small and scattered deposits of bat guano were found in both investigated caves.
There are many papers dealing with fungi in caves and mines (Nováková 2009; Nováková et al. 2012, Ogórek et
al. 2013). A worldwide review of Fungi and Slime molds in caves was provided by Vanderwolf et al. (2013). Fungi and
Slime molds are heterotrophic, using organic carbon for carbon and energy. Mineral pores and cavities, cracks and fissures are inhabited by cryptoendoliths (Ehrlich 1981; Sterflinger 2000; Burford et al. 2003). Rock-inhabiting fungi (RIF)
dissolve minerals by excretion of enzymes, metal-binding ligands, siderophores, and acids. They transform minerals
by dissolution and secondary mineral formation (Gadd 1993, 1999; Verrecchia 2000; Burford et al. 2003; Barton 2006;
Barton and Northup 2007). Fungi are biosorbents for metal cations, such as Cd, Cu, Zn, Au, Ni, Fe, Ag and others (Tobin 2001). The presence of melanin and chitin in fungal cells increases the rate of biosorption (Gadd and Mowll 1985).
Investigations of fungi in marine sediments and organisms (sponges) have also been performed (Sponga et al. 1999).
The salinity of Mediterranean sea water ranges from 38–39 ‰. There are solids such as cosmotropic NaCl (86 % of
total solids), as well as Mg, S, Ca, K, Br, C, Sr and B (Masuma et al. 2001). Cosmotropic salts are stabilizing salts, such
as NaCl and KCl, that stabilize proteins, whereas chaotropic salts are recognized as destabilizing salts like MgCl2 that
unfold proteins and increase solubility of hydrophobic chemicals.
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The stimulation of CO2 production by low salt concentrations (1 % NaCl) has been confirmed by numerous experiments with yeast (Speakman et al. 1928). Marine fungi can grow abundantly in a medium with 4 % NaCl, whereas the
same NaCl concentration suppressed growth of terrestrial fungi (Masuma et al. 2001).
We were interested in the occurrence of rock-inhabiting fungi (RIF) that can decompose natural rocks in a cave.
We tested acidification of media by isolating fungi that can indicate the possibility of dissolution of rock minerals. We
also tested the ability of isolated fungi for their ability to grow in dissolved cosmotropic salt (NaCl) and chaotropic salt
(MgCl2).

Methods
Study Sites
Two anchialine caves were chosen for investigation: Medova Buža from Rab Island and Golubinka from Dugi Otok.
Dugi Otok (Long Island in English) and Rab Island belong to the megageomorphologic region of the Dinaric Mountain
Belt, specifically to the macrogeomorphologic region of central Dalmatia with archipelago (Bognar 2001).
Dugi Otok is the largest and easternmost of the Zadarian Islands and derives its name from its distinctive shape.
The semi-dark Golubinka Cave (Fig. 1) located on this island is one of 57 speleological features observed on Dugi Otok
Island (Dzaja 2003). This 100 m long cave with an entrance accessible from the sea is situated on the steep southern
slopes near Brbinjšćica Bay. Its main development extends to the north. The rock composition of the cave is dominated
by Mesozoic carbonates. The Golubinka Cave is inhabited by many bats; among them are approximately 2000 Myotis
emarginatus and approximately 1000 Rhinolophus ferrumequinum as well as Tadarida teniotis and Plecotus austriacus
(Pavlinič et al. 2010). Fifty species of Porifera occur on the submerged rock walls. The bottom of the cave corridor is
submerged; moreover, the lower parts of the cave walls are seasonally submerged or splashed by sea water such that
bat guano and other organic detritus cannot be deposited in these places. Only small deposits can be attached to the
upper part of cave walls.
Medova Buža Cave (107 m long) is located near Lopar on Rab Island (Fig. 1). It is composed of four rooms; only the
first was investigated by us. This cave stretches approximately 60 m into Rab Island and is connected to the sea. The

Figure 1. Anchialine caves in Croatia: A, B – Golubinka Cave on Dugi Otok Island; C, D – Medova Buža Cave on Rab Island.
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entrance is 4 m below the surface. The bottom of this cave corridor is also submerged. The cave is inhabited by 4270
bats (Inf.Eurobats.Ac.19 2004) as Miniopterus schreiberii, M. emarginatus and Rhinolophus euryale.
Dugi Otok Island is made of carbonates of the Cretaceous age that have been deposited in deeper environments
compared to carbonates from most of the other localities in coastal Croatia. These are commonly micritic-type limestones, occasionally with evidence of deposition from mass-flow and slope instabilities (Perica et al. 2004).
The oldest exposed rocks on Rab Island are Cretaceous carbonates, represented mainly by foraminiferal limestones, which are overlain by Eocene carbonates and clastics (limestones, marls and sandstones). The contact between Cretaceous and Eocene deposits is characterised by unconformity and occurrences of bauxite (Marjanac and
Marjanac 2007). Important influences also include abrasion, corrosion in the mixing zone of water and bioerosion
(Pikelj and Juračić 2013), especially in weak zones of cliffs.
Material Collection
Medova Buža: material was collected May 25, 2015 from its entrance; Golubinka Cave: material was collected June
2, 2015 from rock walls inside the cave. We collected chips of rocks approximately 150 cm above sea level (Fig. 2)
because the lower parts of the cave walls were seasonally submerged or splashed by sea water. We used an ethanol
flame-sterilized metal hammer to chip off cave rock walls. All collected materials were placed in sterile plastic boxes
and refrigerated. After six days material was transported to Poland and placed in an incubator at 10 °C. In the laboratory
the samples were mechanically crushed into small rock fragments.
Strain isolation Strains were isolated on RBC (Rose-Bengal Chloramphenicol, Merck KgaA) medium. Afterward,
PDA (Potato Dextrose Agar, Merck KgaA) and MEA (Malt Extract Agar, Merck KgaA) media were used. At the beginning, several additions of NaCl to the MEA media were used: 1.7 %, 3.4 % and 6.8 % NaCl. Strains put in RBC were
incubated at 10 °C; other material was stored at room temperature.
Morphology
The morphological characters of the living fungi were examined in water and in lactophenol cotton blue using light
microscopy (Nikon SMZ 1500, Nikon Labophot 2 and Nikon Eclipse 800) equipped with a digital camera. For identification of fungi we used taxonomic guides and articles (Bensch et al., 2010, 2012; Owczarek-Kościelniak et al. 2016;
Schipper 1976, 1984; Yilmaz et al., 2014; Zalar et al. 2007). Colony diameters were measured with a ruler.
Halotolerance
Halotolerance (ionic NaCl) and chaotolerance (ionic MgCl2) were identified from YMA (Yeast Salt Agar, Sigma-Aldrich) (Jančič et al. 2015). Conidia were suspended in 0.9 % NaCl and 0.05 % agar and were point-inoculated in triplicate on each plate onto prepared media in 9 cm Petri dishes incubated at room temperature for 7, 14, and 28 days.
Ionic MgCl2 at 4, 9, 15, 16 and 17 % and ionic NaCl at 10, 12, 14, 16, 18, 20, 24 and 28 % were used in six replicates
in each combination. Colony diameters were read after 14 days. We used the halotolerant strain of Wallemia mellicola
Jancic, Nguyen, Seifert & Gunde-Cimerman (Jančič et al. 2015) for comparison of its halotolerance with those of isolated species.
Acidity
For experiments with pH indicators, we used YMA medium with 20 drops dibromothymolsulphonephthalein and 10
drops of 10 % KOH. Such media were green at the beginning (pH = 7) and turned yellow with acidity. A change in medium color from green to yellow indicates production and secretion of acids by these fungi.

Results
Fungi Isolated from Rocks in the Caves
Cladosporium delicatulum
According to Bensch et al. (2012), this species has been isolated from indoor air, building materials, dead leaves,
fruits and tubers. It is a common and widely distributed hyphomycete, clustered as a sister to Cladosporium cladosporioides (Bensch et al. 2010).
Cladosporium psychrotolerans
This species was isolated from hypersaline water in Slovenia (Zalar et al. 2007). It was also reported from indoor
environments and on plant leaves (Bensch, et al., 2012). Typical strains have a maximum salt concentration tolerance
of 17%. We have viable cultures growing on PDA with 16 % salt concentration (Fig. 3).
Mucor circinelloides
This species was present in all plates and often overgrowing other fungal species. The fungus occurs on fruits, as
well as in soil; compost; guts and dung of animals; pellets; river water and hypersaline water of saltpans; air; decaying
plant material; and living animals, such as Troglophilus neglectus (Gunde-Cimerman et al. 1998), Ornithorhynchus
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Figure 2. Anchialine caves in Croatia: A – central part of Golubinka Cave under window of rock vault, inside Provler Trident 11 kayak (80
cm wide); B – entrance of Medova Buža Cave. Sample collection sites marked.
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Figure 3. Halotolerance: A – Talaromyces diversus; B – Aureobasidium pullulans; C – Cladosporium delicatulum; D – Cladosporium psychrotolerans; E – Wallemia mellicola. Concentration of NaCl from left to right: 10 %, 12 %, 14 %, 16 %, and 18 %.

anatinus (Stewart et al. 1999) and Pelteobagrus fulvidraco (Ke et al. 2009). The species is reported to infect other animals (cattle, swine, and fowl) in anaerobic condition (Lübbehüsen et al. 2003). The fungus has a growth optimum of
approximately 30 °C (Michailides 1991), and its upper temperature limit is 38 °C. It has a yeast-like growth phase in an
anaerobic atmosphere and in the presence of 30 % CO2 (Lübbehüsen et al. 2003). It is a carotene producer.
Rhizopus stolonifer
A single colony was isolated from an RBC plate. It is very common species, normally found at the entrance and
interior of caves (Ogórek et al. 2014).
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Aureobasidium pullulans var. pullulans
Colonies are mucoid and pink, hyphae septate and spores one-celled. Our strain was isolated from a single plate.
The species appeared sensitive to high salt concentrations, however, other strains of this species are able to grow at
relatively high concentrations of NaCl (Zajc et al. 2014). Our strain (unpublished data) has identical ITS sequence as a
fungus isolated from roots of Juncus trifidus (see Owczarek-Kościelniak et al. 2016).
Talaromyces diversus
This species belongs to the section Trachyspermi Yaguchi & Udagawa (Yilmaz et al. 2014). Novakova (2009) isolated similar species – Talaromyces flavus (Klöcker) Stolk & Samson (syn. T. vermiculatus) from earthworm casts in the
Dominica cave system in Slovakia. Nováková et al. (2012) noted it from timber in the abandoned Jeroným uranium mine
at Jáchymov. Moreover, the fungus can synthesise colloidal silver nanoparticles (Ganachari et al. 2012) and produce
mitorubrinic acid (Yilmaz et al. 2014).
Halotolerance
It is evident that some isolates are well accommodated to saline environments. Talaromyces diversus is the most
resistant halotolerant species (Table 2). Also, both species of Cladosporium are well adapted to saline environments.
At the same time, T. diversus is also the most resistant strain to chaotropic salt (Table 3).
Table 1. Fungi isolated from two littoral anchialine caves in Croatia.

Golubinka
Cave

Medova Buža
Cave

Aureobasidium pullulans var. pullulans (de Bary & Löwenthal) G. Arnaud

−

+

Cladosporium psychrotolerans Zalar, de Hoog & Gunde-Cimerman

+

−

Cladosporium delicatulum Cooke

−

+

Mucor circinelloides Tiegh.

+

+

Rhizopus stolonifer (Ehrenb.) Vuill.

+

−

Talaromyces diversus (Raper & Fennell) Samson, Yilmaz & Frisvad

+

−

Fungus Name

Note: + indicates presence of fungus in the cave.
− indicates absence of fungus in the cave.

Table 2. Halotolerance of fungi isolated from two anchialine caves in Croatia. (Wallemia mellicola added for comparison.)

10 % NaCl

12 % NaCl

14 % NaCl

16 % NaCl

18 % NaCl

20 % NaCl

24 % NaCl

Aureobasidium pullulans

Species

+

+

±

−

−

−

−

Cladosporium delicatulum

+

+

+

±

−

−

−

Cladosporium psychrotolerans

+

+

+

±

−

−

−

Mucor circinelloides

+

−

−

−

−

−

−

Talaromyces diversus

+

+

+

+

+

+

±

Wallemia mellicola

+

+

+

+

+

+

−

Note: + indicates that fungus can grow in these media with salt solution.
− indicates fungus growth inhibition by salt solution.

Table 3. Chaotolerance of fungi isolated from two anchialine caves in Croatia. (Wallemia mellicola added for comparison.)

Species

9 % MgCl2

Cladosporioum delicatulum

+
+

Cladosporium psychrotolerans

+

Mucor circinelloides

±
+
+

Aureobasidium pullulans

Talaromyces diversus
Wallemia mellicola
Note: + indicates presence of fungus in the cave.
− indicates absence of fungus in the cave.
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15 % MgCl2

−
−
−
−
+
+

16 % MgCl2

−
−
−
−
+
±

17 % MgCl2

−
−
−
−
−
−
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Table 4. Acid production by fungi isolated from two anchialine caves in Croatia. (+ indicates extent of colour change on PDA
medium with dibromothymolsulphonephthalein indicator.)

Fungus
Aureobasidium pullulans
Cladosporium delicatulum
Cladosporium psychrotolerans
Mucor circinelloides
Talaromyces diversus
Wallemia mellicola

0 % NaCl
+
++
++

−
++++
++

3.4 % NaCl
+
+
+
−
+++
+

5 % NaCl
+
+
+
−
++
−

10 % NaCl
−
−
+
−
+
−

Note: ++++ indicates bigger size of color change.
+++ indicates medium size of color change.
++ indicates small size of color change.
+ indicates very small size of color change.
− indicates lack of acid production.

Chaotolerance
Aureobasidium pullulans, both species of Cladosporium, and Mucor circinelloides were inhibited by 15 % MgCl2.
Whereas Talaromyces diversus and Wallemia mellicola were the most resistant strains to chaotropic salt (Table 3).
Acid Production
We tested isolated strains for acid production in media with dibromothymolsulphonephthalein, (pH 7). Species such
as Cladosporium delicatulum, T. diversus, and Aureobasidium pullulans var. pullulans alter pH in PDA plates (Table 4).
However, acid production and secretion in Mucor circinelloides was absent. Colony shape of A. pullulans var. pullulans
changes with increasing salinity of YMA medium. Margins of colonies in the absence of NaCl were fimbriate, whereas
other colonies influenced by NaCl contained slightly undulate to entire margins (10 % NaCl).

Discussion
Both caves investigated are littoral anchialine caves. Typical anchialine caves connect sweet water from the sea and
form a distinct boundary layer between them. Soil particulates mentioned by Pohlman et al. (1997) percolating from
the tropical forest soil into the caves did not occur in our caves due to a lack of forest cover on rock massifs. Instead of
forest particulates, bat guano was found in both caves.
Bat guano contains many phosphates and nitrates that can dissolve sandstone (Hosono et al. 2006). However, the
lower parts of cave walls are seasonally submerged or splashed by sea water. Also, drops of the marine water can
reach higher-located rocks so surfaces will be covered by various concentrations of diluted NaCl and small amounts of
other solids. Among fungi isolated on rocks in our caves were coprophilous species from the genera Aspergillus, Mucor
and Rhizopus. These fungi did not grow on media with highly concentrated NaCl and MgCl2. However, species of Cladosporium, A. pullulans and T. diversus grown in media with 14 % concentrations of NaCl (Table 2) can be recognized
as halotolerant fungi (see Cantrell et al. 2006). Some species of fungi belonging to the genus Cladosporium have been
described from hypersaline environments (Zalar et al. 2007), among them C. psychrotolerans, noted by us in Golubinka
Cave. Fungal deterioration of rocks can be made by acid excretion. Talaromyces diversus produces mitorubrinic acid
(Yilmaz et al. 2014), which can dissolve limestone rocks. However, salinity agents appear to decrease acid production
and excretion (Table 4). According to Harrison et al. (2015), differences in salinity influence microbial responses to mineralization. NaCl is an influencing factor that can decrease the amount of secondary metabolites (Huang et al. 2011).
Mucor circinelloides did not produce acid, and its growth was diminished distinctly by NaCl. The species most resistant
to NaCl and MgCl2 appears to be T. diversus. This species was the most common fungal strain isolated from the cave
rocks.
Wallemia ichthyophaga is the most halotolerant known fungus (Zajc et al. 2014). Used by us, W. mellicola has a halotolerance of 4–24 % NaCl (Jančič et al. 2015). The colony diameter of W. mellicola changed minimally (Fig. 3). W. mellicola is an advanced halotolerant species. Also, A. pullulans var. pullulans only slightly changed its colony diameter. The
species is also known for its halotolerance. However, our strains appeared sensitive to high concentrations of NaCl.
Despite the negative influence of salinity on acid production, we suppose that some fungal strains (i.e., Talaromyces
diversus) can be recognized as active agents in carbonte dissolution. These halotolerant fungi can be good competitors
on rocks in saline environments. Fungi identified here play a role in transforming the mineral environment of the cave.
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Conclusion
Anchialine caves have reduced food resources and low microbial diversity (see Culver and Sket, 2000). Ours is the
first report of fungal diversity in anchialine caves. These caves can be a kind of ‘refugium’ for preservation of these
unique halotolerant microorganisms.
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