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Abstract

The occurrence of cultivable fungi was investigated along the water column (25-2500 m depth) of four off-shore stations in
the Mediterranean basin. An unexpected high abundance of fungi, accompanied by a scarce biodiversity, was observed up
to 2500 m depth. The black yeast Hortaea werneckii, known to be one of the most salt tolerant eukaryotic organisms, was
isolated for the first time from the Mediterranean Sea, and it was the dominant fungus present in seawater in almost all stations
and depths, suggesting its ubiquitous distribution. Isolation of cultivable strains allowed their phylogenetic and taxonomic
characterization, and demonstrated that almost all the retrieved fungal species should be considered of terrestrial origin, but
well adapted to survive and reproduce at temperature and salinity conditions of the Mediterranean seawater.
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Introduction

The fungal biodiversity in the marine environment has been
not entirely explored (Nagano and Nagahama 2012; Richards
et al. 2012). Regarding the terminology of “marine fungi”,
it has been very much disputed and different interpretations
have arisen (Kohlmeyer and Volkmann-Kohlmeyer 2003;
Raghukumar 2008; Li and Wang 2009). Recently, Bonugli-
Santos et al. (2015) used the term “marine-derived fungi”
that includes both groups of fungi. Jones (2011, 2015) esti-
mated that more than 10,000 marine fungi are unknown
and suggested that the lack of information is mainly due
to the fact that some habitats or marine substrates such as
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sediments, sand, water, plankton, and deep sea need further
investigations. In addition, unculturable marine fungi and
cryptic species in all the above habitats are very difficult
to identify, increasing the number of unclassified species.

To date, very few studies have been carried out on the
occurrence of fungi in the Mediterranean Sea (Cuomo et al.
1988; Garzoli et al. 2012). Hofrichter (2002) associated the
presence of approximately 140 fungal saprophytic species
to lignin debris in the Mediterranean Basin. Some authors
(Alexander et al. 2009; Stock et al. 2012; Richards et al.
2015) explored the fungal biodiversity in deep-sea anoxic
hypersaline basins (characterized by extreme conditions in
terms of salinity and pressure) in the Mediterranean Sea
using metagenomics approaches on DNA and/or RNA sam-
ples. In particular, Stock et al. (2012), applying culture-
independent methods on Mediterranean hypersaline brines
(eastern Mediterranean deep-sea basin Thetis), observed
the predominance of fungi within the micro-eukaryotic
community.

In this context, this study was aimed at exploring the pres-
ence of cultivable fungi, along the off-shore water column
(25-2500 m) in the Mediterranean basin. Fungal isolates
were also tested under laboratory conditions for their abil-
ity to grow at high salt concentrations (up to 10% NaCl) in
combination with low temperatures (4 and 10 °C).
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Materials and methods
Sampling area

Sampling campaign was carried out in the framework of
the DEEP-PRESSURE Cruise on board of the R/V Urania
(December 2013) in different water columns of Mediterra-
nean Sea. There, three types of stratified water masses occur:
the uppermost layer (0-250 m depth), in which there is the
Modified Atlantic Water (MAW), coming from the Atlantic
Ocean water; the levantine intermediate water masses (LIW)
characterize the mesopelagic layer (250-700 m depth). The
mixture of highly oligotrophic LIW with Western mediter-
ranean dense water (WMDW) forms the tyrrhenian deep
water (TDW) present in the bathypelagic layer (700-3300 m
depth) (Kress et al. 2003; 2014).

A total of 14 water samples (as specified below) and
reported in Table 1 were collected along the water column
in four stations in the central and south-eastern Mediterra-
nean basin, as follows:

(a) Station vector (DP1) in the Tyrrhenian Sea located in
the central Tyrrhenian Sea. It presents three distinct
water masses at 25, 500 and 3000 m which have a cru-
cial role in the water circulation in the Mediterranean
Sea. As reported by Smedile et al. (2015), the main
hydrogeological characteristics of the site are winter
stratification, oligotrophic conditions, and presence of
homogeneous warm (> 13 °C) water masses down to
bathyal and abyssal (>4000 m) depths.

(b) Station KM3 (DP6) in the Ionian Sea, located about
100 km SE off Capo Passero in the open Ionian Sea. It
is the place of a submarine deep observatory (NEutrino
Marine Observatory; NEMO) for studying mammal
migrations (Sciacca et al. 2015).

Table 1 Coordinates, sampling depth, and Levantine Intermediate
Water (LIW) of the four sites

Station
DP1 (vector) DP2 DP5 DP6 (KM3)
(L’Atalante)  (Medee)

Latitude  39°32.006 35°18.92 34°24.00 36°30.613
Longitude 13°22.285 21°23.92 22°26.99 15°40.599
Depth (m) 25 25 25

50 94 55

200 200 200 200

2500 2500 2500 2500
DCM 50 25 94/100 55
LIW 400 Within 200

100 m
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(c) Stations DP2 and DP5 above the anoxic hypersaline
lakes (DHAB) L’Atalante and Medee, respectively, at
the depth > 3000 m in the Ionian Sea. The anoxic lakes
are characterized by strong phosphorus limitation and
very low primary and secondary productivity (Alexan-
der et al. 2009; Bortoluzzi et al. 2011; Yakimov et al.
2013).

Samplings were performed using 12-L Niskin bottles
(General Oceanics Inc., Miami, FL, USA), pre-treated with
a HCI 10 N solution, and mounted on a rosette system. Coor-
dinates, sampling depths, and depth of Levantine intermedi-
ate Water (LIW), where the maximum values of salinity and
temperature were observed, are summarized in Table 1 and
shown in Fig. 1.

Cultural analyses

Immediately after sampling, 1 L of each sample was divided
in three aliquots of 200, 300, and 500 ml, which were indi-
vidually filtered through sterile 1.2-pm pore-size Millipore
membranes (Millipore, S.A. 67120, Molsheim, France)
under vacuum (< 50 ml min™).

Each membrane was placed on the surface of a 60 mm
diameter Petri plate-containing the Whickeram agarized
medium, YMPGA (3 g of yeast extract, 3 g of malt extract,
5 g of peptone, 10 g of glucose, 20 g of agar in 1000 ml of
seawater; 200 mg/l chloramphenicol was added to inhibit
the growth of bacteria and pH was adjusted to 5.5) specific
for the isolation of marine fungi as reported by Kutty and
Philip (2008). The plates were incubated at temperature of
25 °C up to 1 month. Counts were done at regular interval
of time (7—15-30 days). Results are expressed as propagules
or cells/L.

Identification

Due to the high number of isolates, a preliminary group-
ing of the strains was carried out on the basis of micro-
and macro-morphological characteristics have been carried
out. To this purpose, strains were cultivated on different
cultural media (Potato Dextrose Agar, PDA, Malt Extract
Agar, MEA, Oatmeal Agar, OA, Czapek-Dox CZ, Oxoid)
and macro-morphology of the colonies (diameter, color
of the front and side back) and micro-morphology of the
reproduction structures, hyphal maturation, and conidio-
genesis were studied by setting up of cultures on slides on
MEA and observed under Light Microscopy (LEICA DMR
100) at intervals of time of 2 days (Ellis 1971; 1976; Domsh
et al. 1980; Fassatiova 1986; de Hoog 2000; Kurtzman et al.
2011). This approach allowed us in most cases to identify
the strains at genus level.
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Fig.1 Map of Central and South—East Mediterranean Basin showing the sampling site location

One-to-three representative isolates (where possible),
showing similar micro- and macro-morphological charac-
teristics, were randomly selected for the sequence analysis
of the rDNA internal transcribed spacer (ITS1 and ITS2 and
5.8S rDNA) rDNA that is the primary DNA barcode for the
fungal kingdom (Stielow et al. 2015) and the subsequent
phylogenetic identification by BLAST search comparison
sequences obtained as follows.

Strains are kept in the Mycological Collection (MC) of
the Department of Chemical, Biological, Pharmacological
and Environmental Sciences at the University of Messina
(Italy).

DNA extraction and PCR amplification

Cells were collected by centrifugation of 2 ml culture at
12,000 rev min~! in an Eppendorf centrifuge (Eppendorf
5417 R). The pellet was washed twice with sterile deminer-
alized water. DNA was extracted following the protocol of
Moller et al. (1992) with some modifications: the pellet was
dissolved in 0.5 ml of TES buffer (0.1 mM Tris-HCI, pH 5.8;
10 mM EDTA; 2% SDS) containing 400 pl of glass beads
(0.45-0.50 mm diam.) and vortexed several times for 1 min.
for at least 10 min. For protein degradation, Proteinase K
(Promega, Italy) (10 mg/ml) was added at the mixture that

was incubated at the temperature of 58 °C for 30 min. Then,
the salt concentration was adjusted to 1.4 M with 5 M NaCl
1/10 vol and 10% CTAB (cetyltrimethylammoniumbromide)
was added to the mixture and it was incubated at 65 °C for
10 min. DNA precipitation was carried out by adding one
vol. SEVAG (chloroform:isoamyl alcohol, 24:1, v/v), and
the mixture was incubated for 30 min at 0 °C. After centrifu-
gation for 10 min at 48 °C 12,000 rev min~', 225 ml 5 M
ammonium acetate were added to the supernatant, placed
on ice for 30 min, and then centrifuged at 48 °C at 12,000
rev min~! for 30 min. DNA was precipitated with 2.5 vol of
ethanol and 0.3 M sodium acetate, 1 h at 80 °C, then was
centrifuged for 20 min at 12,000 rev min~'. The pellet was
washed with 70% cold ethanol, dried and dissolved in 50 pl
TE (10 mM Tris-HCI, pH 7.4; 1 mM EDTA, pH 8.0).

The genomic DNA was PCR-amplified with the universal
primers ITS1/ITS4 which are specific for fungal interspac-
ers ITS1, ITS2, and 5.8S rRNA genes (White et al. 1990)
The reaction mixture contained 0.48 pM of each primer,
25 pl of MyTagq™ Mix 2x (Bioline, London, UK), and 2 pl
of template in the total reaction volume of 50 pl. PCR was
performed with the following thermocycling program: 5 min
denaturation at 95 °C, followed by 35 cycles of 1 min at
94 °C, 1 min 55 °C, and 1 min and 30 s at 72 °C, and final
extension was run at 72 °C for 10 min in the T-Personal
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Thermal Cycler (Biometra, Germany). The PCR products
were visualized on 1.5% (w/v) agarose gel in TAE buffer
(0.04 M Tris-acetate, 0.02 M acetic acid, and 0.001 M
EDTA), containing 1 ug/ml~! of ethidium bromide and visu-
alized under UV lamp.

Sequencing and analysis of ITS

After the verification of the successful amplification on aga-
rose gel electrophoresis, the PCR products were sent to a
commercial sequencing facility (Biofab, Rome, Italy) that
proceeded to purification and sequencing. BLAST search
comparison of rDNA gene sequences present in the NCBI
GenBank (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and
EMBL-EBI databases (http://www.ebi.ac.uk/fasta33/nucle
otide.html) were used to obtain the closest species. The
phylogenetic tree of aligned sequences was generated using
the neighbor-joining reconstruction method and Kimura2-
parameter model with 1000 bootstrap replications in MEGA
7 software. All sequences obtained were deposited in the
NCBI database under GenBank accession numbers from
KX427190 to KX427206 and from KX442762 to KX442764
(Table 2).

Tolerance to low temperature and high salt
concentration

Representative strains were inoculated in duplicate in
YMPGA agar medium prepared with seawater (3.8% NaCl,
v/w) as described in par. 2.2 and with the addition of NaCl
up to 10% (w/v). Incubation was carried out at the tempera-
tures of 4, 10, and 25 °C for 1 month. At the end of the
incubation time, the diameter of the colonies was measured
to evaluate the optimum conditions for growth.

Results and discussion

Fungal colonies were found in all the samples taken from
the four stations and at all depths. The number of cultivable
fungi was very high in all samples and estimated as more
than 500 propagules or cells/L (data not shown). However,
it was impossible to count due to the diffuse growth of black
small colonies (an example is given in Fig. 2). Kutty and
Philip (2008) reported that the low organic deep-sea oceanic
regions contain 10 or less cells of fungi/L, with some excep-
tions in polluted areas. The Mediterranean Sea is considered
an oligotrophic sea, and thus, one could expect a similar

Table 2 Number of isolates for each morphological group, list of the isolated strains sequenced, accession numbers, and SQ similarity

No. of isolates for each Ref. code MC GenBank accession no. Closest relative sequences and % of sequence similarity
morphological group ref. code
20 V25a MC846 KX427192 Hortaea werneckii 99.8% JX427043
V25¢ MC847 KX427193 Hortaea werneckii 99.6% 1X427043
V2500b MC848 KX427194 Hortaea werneckii 99.8% JX427043
KM3200r MC849 KX427195 Hortaea werneckii 99.6% 1X427043
AT25f MC851 KX427197 Hortaea werneckii 99.8% JX427043
M9%4a MC850 KX427196 Hortaea werneckii 99.8% JX427043
15 V2500 h MC875 KX427199 Purpureocillium lilacinum 100% GU980024
M2500 h MC882 KX427206 Purpureocillium lilacinum 100% GU980024
5 AT200i MC883 KX427203 Aspergillus sydowii 100% KT151589
10 AT200abis MC884 KX427204 Cladosporium sphaerospermum 100% KP794161
KM32500u MC885 KX427201 Cladosporium sphaerospermum 100% KP794161
5 M25¢q MC879 KX442764 Cladosporium cladosporioides 100% KT240141
13 KM32500yy MC887 KX442762 Penicillium chrysogenum 100% KM265096
5 M25¢ MC880 KX427190 Rhodotorula mucilaginosa 99.6% KF646154
15 V50d MC877 KX427191 Rhodotorula mucilaginosa 99.7% KP960512
6 M25i MC878 KX427205 Sarocladium strictum 99.2% JQ717337
5 M2500 g MC881 KX442763 Corallomycetella repens 100% F1654435
3 KM32500 s MC886 KX427202 Engyodontium album 83.7% LC035057
4 V2500i MC876 KX427200 Engyodontium album 100% KF876522
4 V200x MC875 KX427198 Acremonium sp. 100% FR822815

Small letters in the reference code indicate the studied strain

V25 vector 25 m depth, V50 vector 50 m depth, V200 vector 200 m depth, V2500 vector 2500 m depth, AT25 L’Atalante 25 m depth, AT200
L’Atalante 200 m depth, M25 Medee 25 m depth, M94 Medee 94 m depth, M2500 Medee 2500 m depth, KM3200 KM3 200 m depth, KM32500

KM3 200 m depth

@ Springer


http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.ebi.ac.uk/fasta33/nucleotide.html
http://www.ebi.ac.uk/fasta33/nucleotide.html

Extremophiles (2019) 23:9-17

13

Fig.2 YMPGA medium with colonies of fungi isolated from vector
seawater samples at the depth of 2500 m. The presence of a very high
number of little black colonies was observed

low number of fungi for deep-sea regions, but our research
showed a surprisingly very high number of fungi present
in all water columns in the different stations and without
significant differences at different depths.

One hundred and ten colonies were randomly isolated
from all samples and clustered in 12 morphotypes on the
basis of micro- and macro-morphological characteristics.
Twenty representative strains (listed in Table 2) were fur-
ther characterized by molecular and physiological analy-
ses. Based on the phylogenetic analysis (Fig. 3), the iso-
lates mostly belonged to the phylum Ascomycota within
the classes Dothideomycetes (species H. werneckii, Clad-
osporium sphaerospermum, and C. cladosporioides), Euro-
tiomycetes (species Aspergillus sydowii and Penicillium
chrysogenum), Sordariomycetes (species Purpureocillium
lilacinum (Luangsa-ard, Houbraken, Hywel-Jones and Sam-
son, comb. Nov., 2011) ex Paecilomyces lilacinus (Thom,
Samson 1974), Sarocladium strictum and Corallomycetella
repens), and Mitosporic fungi (species Engyodontium album
and Engyodontium sp.). Basidiomycota were represented
only by the species Rhodotorula mucilaginosa. Fungal
isolate classification was mainly based on morphological
characteristics and ITS sequence analysis. It could be noted
that, although this DNA barcode is discriminant at species
level for most of the fungal genera (Stielow et al. 2015),
such analysis could be not exhaustive for species belonging
to the genera Cladosporium and Aspergillus/Penicillium,
even if important indications are achieved. For these spe-
cies, the morphological analyses were discriminant for genus
assignment.

Regarding the distribution and abundance of fungal iso-
lates, H. werneckii and P. lilacinum occurred in all samples
until down to 2500 m except for DP6 station (KM3) in which

they were found at the maximum depth of 200 m. The fre-
quency of isolation of H. werneckii was very high in almost
all samples with percentages of isolation ranging from 40
to 80%, while some exceptions were found in the samples
collected from 25 m in DP5 station (10%; Fig. 4c), and from
55 m in DP6 station (5%; Fig. 4d).

In contrast, C. repens (ex Nectria mauritiicola) and S.
strictum were isolated only from the station DP5 (Medee)
at 25 m and 2500 m, (Fig. 4c), while E. album and Engyo-
dontium sp. were isolated from 2500 m from DP1 and DP6
stations, respectively. In this latter station this genus was
isolated at very high percentages (75%) (Fig. 4a—d). Remain-
ing species (i.e., Rh. mucilaginosa, C. cladosporioides, C.
sphaerospermum, Acremonium sp., P. chrysogenum, and A.
sydowii) were isolated at variable frequency and distribution
along the water column and down to 2500 m depth except
for Acremonium sp. and Rh. mucilaginosa which have were
never been isolated below 200 m depth (Fig. 4). As pre-
viously reported by different authors (Bianchi et al. 2012;
Coll et al. 2010; Rédou et al. 2015), our results highlighted
a lower number of fungal species than in samples near the
coast, with a similar distribution along the water column
off-shore. All fungal taxa retrieved in this study are typically
isolated from terrestrial environments and most of them are
saprobes and occasional pathogens for humans, plants or
animals. Some species, such as A. sydowii and C. repens,
were seldom found in the marine environment associated
with corals and/or deep sediments (e.g., E. album, Penicil-
lium, C. sphaerospermum, and Acremonium sp.), and in
the deep seawater, such as Rh. mucilaginosa isolated from
Pacific Ocean at 10,000 m depth (Nagahama et al. 2001; Li
and Wang 2009; Rédou et al. 2015).

The ability to grow at different salt concentrations and
temperatures demonstrated that our isolates were able to
grow and reproduce at the salt concentration of seawater,
and even at higher salt concentrations and lower tempera-
tures (Table 3). At 4 °C the majority of the strains grew only
at seawater salt concentration. On the contrary, some fungal
strains such as H. werneckii (strains V25¢, M94a and AT25f)
grew better at 25 °C at NaCl 10% (Table 3).

Due to the high frequency of isolation and distribu-
tion in the seawater even at 2500 m depth, the species of
H. werneckii, P. lilacinum and Engyodontium sp., should
be considered associated with deep-sea off-shore environ-
ments. Molecular and physiological studies of comparison
with strains from different environmental sources gave a
better understanding of their taxonomy and eco-physiolog-
ical characteristics (Marchetta et al. 2018). H. werneckii,
in particular, is the dominant species in almost all the
stations and depths and it is interesting to note that this
species has never been isolated from the Mediterranean
Sea, even if its presence was hypothesized in the brine
of an anoxic basin, but it not was demonstrated (Stock

@ Springer
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Fig.3 Phylogenetic tree (neighbor-joining; Kimura two-parameter)
showing the genetic divergence between the sequences of fungi iso-
lated from the seawater samples and of reference strains. Numbers at

et al. 2012). H. werneckii has been previously detected
in non-Mediterranean deep-sea environments. Two iso-
lates of H. werneckii were obtained by Le Calvez et al.
(2009) from a deep-sea hydrothermal ecosystem in the
Pacific Ocean, whereas Singh et al. (2012) reported on
the occurrence of such black yeast at 5000 m depth sedi-
ment in the Central Indian Basin, as observed by both
culture-dependent and culture-independent methods. H.
werneckii is a ubiquitous black yeast, isolated from both
terrestrial (e.g., food, rock, and sandy beach) and marine
environments (Gunde-Cimerman et al. 2000; Zalar et al.
2005; Gunde-Cimerman and Plemenitas 2006). It is also
known as etiological agent of human skin infection “Tinea
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nodes correspond to bootstrap values>75% (1000 replicates). Out-
group: Chytridium lagenaria

Nigra” occurring in tropical and subtropical regions of the
world and reported as a cause of occasional marine fish
disease (Todaro et al. 1983; Bonifaz et al. 2008). It is cur-
rently considered as the globally dominant fungal species
in high salt environments and hypersaline waters (>25%
w/v NaCl) (Gunde-Cimerman and Zalar 2014). For the
above-described reasons and for the yeast-like form and
fast growth in the common fungal media, this fungus is
used as a model-organism for studying extremo-tolerance
mechanisms in salty conditions, and it is also considered
as an excellent candidate for the discovery of new mol-
ecules (Gunde-Cimerman et al. 2018).
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Table 3 Growth at different 25 °C 10 °C 4°C
temperatures and salt
concentrations is measured as YMPGA 10% salt YMPGA 10% salt YMPGA 10% salt
diameter in mm of colonies
H. werneckii 3-6 4-6 34 2-4 + +
Rh. mucilaginosa 10-15 10-15 12 3 ++ +
S. strictum 20 10 12 4 + -
C. repens 10 1 5 1 + -
P. lilacinum 15 12 10 5 + +
C. sphaerospermum 30 20 12 10 + +
A. sydowii 19 13 10 3 + +
P. chrysogenum 25 10 20 15 - -
Engyodontium sp. 35 11 10 3 + +
E. album 26 16 13 7 + +
Acremonium sp. 45 18 12 6.7 + -

+ growth less than 2 mm of diameter, + weak growth
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Conclusion

The few studies regarding the occurrence of fungi in deep
marine Mediterranean Sea were based only on metagen-
omics (Alexander et al. 2009; Stock et al. 2012).

The application of modern culture-independent molec-
ular methods to study the microbial diversity in differ-
ent marine habitats is doubtless useful to give a wider
knowledge on fungal biodiversity by discovering a huge
number of fungal taxa. On the other hand, in the absence
of cultures, the identification at species level is almost
impossible due to insufficient sequence information in
the databases. Thus, data arisen from culture-dependent
methods accomplish not only the taxonomic identifica-
tion of the strains, but also their deep eco-physiological
characterization.

The present research reports the first survey on cultivable
fungi present in off-shore Mediterranean seawater and to a
depth of 2500 m, also demonstrating the small number of
fungal species that are well adapted to survive and reproduce
at conditions reported for the Mediterranean basin. H. wer-
neckii was isolated for the first time from the Mediterranean
Sea, and it was the dominant fungus present in seawater
in almost all stations and depths, suggesting its ubiquitous
distribution.

Cultivation methods, further, allowed the phylogenetic
and taxonomic characterization of fungal isolates. These
strains are under investigation for the production of enzymes
and secondary metabolites useful for biotechnological
application.
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